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Abstract

Background: The continued uses of dichlordiphenyltrichloroethane (DDT) for indoor vector control in some developing
countries have recently fueled intensive debates toward the global ban of this persistent legacy contaminant. Current
approaches for ecological and health risk assessment has ignored the chiral nature of DDT. In this study by employing an
array of cytotoxicity related endpoints, we investigated the enantioselective cytotoxicity of o,p’-DDT.

Principal Findings: we demonstrated for the first time that R-(—)-o,p’-DDT caused more neuron cell death by inducing more
severe oxidative stress, which selectively imbalanced the transcription of stress-related genes (SOD1, SOD2, HSP70) and
enzyme (superoxide dismutase and lactate dehydrogenase) activities, and greater cellular apoptosis compared to its
enantiomer S-(+)-o,p-DDT at the level comparable to malaria area exposure (parts per million). We further elucidated
enantioselective modes of action using microarray combined with enzyme-linked immunosorbent assay. The
enantioselective apoptosis might involve three signaling pathways via caspase 3, tumor protein 53 (p53) and NF,B.

Conclusions: Based on DDT stereochemistry and results reported for other chiral pesticides, our results pointed to the same
directional enantioselectivity of chiral DDT toward mammalian cells. We proposed that risk assessment on DDT should
consider the enantiomer ratio and enantioselectivities.
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Introduction

Dichlordiphenyltrichloroethane (DDT) was hailed as an effec-
tive insecticide to control malaria and typhus in 1940s. It was
banned for agricultural use in 1970s—-1980s primarily on the basis
of ecological consideration [1]. When DD'T emissions ceased in
1990, about 634 kt DDT were released into the environment [2].
Even though the Stockholm Convention on Persistent Organic
Pollutants listed DDT" as the “Dirty Dozen” in 2001 for the global
community [3], DDT is still currently used in indoor residue
spraying (IRS) in 14 tropical countries and several other countries
are preparing to reintroduce it [4]. High levels of DD'T' (parts per
million levels) were always detected in malaria control area. Taken
IRS areas of South Africa for example, the mean DDT
concentration approached 7.3 ug/g in human serum and
240 mg/kg in chicken fat [5]. Because of the nature of high
bioaccumulation, DDT level in organism would be elevated in the
future in malaria control area. As DDT has gained renewed
interest, the debates continue regarding its benefits and risks.

Several decades of studies on DDT have given its notoriety for
egg shell thinning, intersex, neurological and carcinogenic effects
[6]. However, these studies have mainly originated in developed
countries with lower levels of DDT than that in malaria control
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areas [7,8]. As a potential neurotoxic pesticide, DDT preferen-
tially accumulates (one hundred times greater) in organs contain-
ing a high level of lipid such as neural system [9]. Neuron injuries
or neurodegenerate diseases have been reported at high doses of
occupational or indoor direct exposure [10,11]. DDT-induced
neuronal cell death has also been concerned recently with limited
studies using i vitro model [12-14], whereas the molecular
mechanism for DDT-induced cellular toxicity remains widely
unknown.

Complications arise for the risk assessment of DDTs because
one of the steroisomers o,p’-DDT is chiral. Technical DDT
comprises approximately 75% achiral p,p-DDT and only 25%
chiral 0,p>-DD'T' [15]. However, in some area such as the Taihu
Lake of China, the average concentration of 0,-DDT was
reportedly 6.3 times higher than p,p’-DDT in the air [16], which
indicated this minor component cannot be neglected. Since R-(—)-
enantiomer is preferentially metabolized in animals, S-(+)-0,p’-
DDT would largely accumulate [15,17]. Consequently, risk
assessment based on enantioselective toxicity would be much
more accurate than that using its racemate. Our group has
recently clarified the enantioselective toxicity of several chiral
pesticides and demonstrated the enantioselective endocrine
disruption, immunotoxicity, cytotoxicity as well as development
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toxicity [18-23]. For 0,p-DDT, our result [19] was in accordance
with other chiral pesticides in that the R-enantiomer is the more
active estrogen mimic [24-27]. However, concerns to date
regarding the enantioselective environmental safety and health
risk of 0,p’-DDT have only been focused on estrogenic activities,
the enantioselective toxicity (particularly neurocyte toxicity and
mechanism) associated with 0,-DDT  [28] has never been
reported.

Herein we conducted a systematic study on o,’-DDT" induced
stereoselective cytotoxicity by exploring a widely used in vitro
neuron cell model with PC12 cells. A plausible molecular
mechanism is also proposed, for the first time, based on
microarray analysis. The goal was to determine the extent of
enantioselective cytotoxicity of o,p’-DD'T under the dose at part
per million levels typical of malaria control areas. The implications
of our results in respect to risk assessment of chiral DDT and other
chiral compounds of environmental importance are discussed.

Results

Enantioselectivity in Cell Viability

Cell damage and viability as measured by lactate dehydroge-
nase (LDH) are shown in Fig. S1 (A, B). LDH activities were
significantly increased at a dose dependent manner after treatment
with rac-op’-DDT, a 1.8-fold increase at 3.5%107° mol/L
(p<0.05). At this concentration, R-(—)-0,4-DDT induced
1014.9 U/L LDH compared with 828.8 U/L of $-(+)-0,4’-DDT.
An enantioselective leakage of LDH (reported in its relative form)
triggered by the two enantiomers of o,’-DDT is shown in Fig. 1.

Enantioselectivity in Oxidative Stress Effect

The increased anti-oxidative enzymatic activities of superoxide
dismutase (SOD) and the accumulation of oxidant malondialde-
hyde (MDA) in PC12 cells in response to oxidative stress are also
shown in Fig. 1. The spectrophotometric analysis data (Fig. S2)
showed that PC12 cells exposed to rac-0,,’-DD'T had a significant
increase (2.3-fold) in SOD when compared to the negative control
in a dose-dependent manner. The two enantiomers of 0,p’-DDT,
however, displayed obvious enantioselective effect on SOD
activity, 1. e., S-(+)-0,-DD'T significantly increased SOD while
R-(—)-0,p’-DD'T significantly decreased its activity ($<<0.05, Fig. 1).

For the oxidant MDA production, rac-0,p’-DDT" significantly
induced MDA in PC12 cells, indicating a severe oxidative damage
(»p<<0.05). At the enantiomeric level, both enantiomers increased
MDA contents expressed in nmol/mg protein. However, R-(—)-
0,p-DDT induced 1.4-fold more MDA than that of S-form
(»p<<0.05). The different regulations of oxidative stress genes
described below are intended to further examine their association
with enantioselective alterations of the activities of both oxidants
(MDA) and antioxidant enzyme (SOD).

Alteration of Gene Expression Encoding Antioxidative
Enzymes and Heat Shock Protein

Since mild oxidative stress together with stress protein induction
often result in cell death in vertebrate cells [29], we determined the
mRNA levels of antioxidative-related genes (two major isomers
encoded SOD, ie., SODI1, SOD2) as well as a set of stress
response genes (Table S1) which are induced to synthesize a
group of heat shock proteins (HSPs). Exposure to o,p’-DDT for
24 h showed a small but significant downregulation of SODI
rather than SOD2 (Fig. 2). Enantioselective transcription has
been observed between the two enantiomers. R-(—)-0,p-DDT
exhibited a significant upregulation of SOD1, while S-form had no
significant effect (p=0.07) on the expression of anti-oxidative
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SOD1. Downregulation of SOD2 was observed in the treatment
of S-(+)-0,p’-DDT, compared with the lack of induction by the R-
form. Among genes encoding the HSPs, only HSP70 was
significantly upregulated by rac-0,p-DDT. Furthermore, enantio-
selective increases in the expression of HSP70 were noted between
the two enantiomers with the induction order of $-(+)-0,p-DDT <
R-(—)-0-DDT (Fig. 2).

Enantioselectivity in Apoptosis Induction

rac-o,p>DDT and both enantiomers induced apoptosis in
PC12 cells after 24 h exposure (sce Fig. 3 for relative data). rac-
0,p’-DDT induced the most significant apoptosis in PC12 cells
(14.4%) compared with 2.4% of control group, implying that the
racemate 1s more toxic to the neuron cells. R-(—)-0,’-DDT
induced 10.3% of cellular apoptosis, while $-(+)-0,p-DDT caused
only 7.2%, which showed the enantioselective apoptotic induction.

Enantioselectivity in Altering Apoptosis-related Genes
Expression by Microarray and qRT-PCR Validation

As can be seen in Fig. 4, approximately 52, 39, and 31 genes,
involved in most of families, were changed under the treatment of
rac-0,p’-DDT, R-(—)-0,p’-DDT and S-(+)-0,,-DD'T’, respectively.
Among them, 18 members of genes displayed enantioselecitivity.
The disrupted transcription of TNF, caspase, Bcl-2 and p53, all
critical to apoptosis, are further described below.

TNF family. The most important extrinsic pathway for
triggering apoptosis is the TNF family as a remarkable change
was noted in gene expression after 24 h rac-0,p’-DDT exposure
(Table S2). The members of TNF ligand family such as TNF,
Tnfsf12 and Faslg were upregulated approximately 1.5-fold by rac-
0,p-DDT. Among TNF receptor family, Ltbr, Tnfrst]11b, Tnfrsfla
and Tnfrsflb were upregulated 1.9 to 2-fold, whereas Tnfrsf5,
Tnfrsf6 and Tnfrsfl0 were enhanced 1.7-fold. Between two
enantiomers, the mRNA levels of TNF and Faslg under the
treatment of R-(—)-0,’-DDT was about 1.82 and 1.42-fold higher
than that of S-(+)-0,p-DDT.

Caspase family. Exposure to rac-0,/’-DDT increased caspase
1.4-2.7 fold (Table S3). The activator caspase 2 and 8 were
upregulated 2- and 1.4-fold, respectively. The expression of
executioner caspase 3 and 7 were increased about 2-fold.
Moreover, caspase 12 commonly found in endoplasmic reticulun
was increased 2.7-fold. The inflammatory mediator caspase 4
increased expression almost 7-fold. Exposure to R-(—)-0,p>-DDT
had a greater alteration of the mRNA expression of caspase 1 and
3 compared to $-(+)-0,,’-DDT. For the regulation of caspase 8ap2
gene expression, R-(—)-o0,p-DDT increased the mRINA level 1.8
fold compared to a 2.5-fold downregulation for $-(+)-0,p-DDT.
The enantioselective induction of caspase 8ap2 by R-(—)-o,p’-
DDT is approximately 4.5-fold greater than that by the S-form.

Bcl-2 family. The expressions of 19 genes in Bcl-2 family
were analyzed (Table S4) given its importance for Bcl-2 related
molecules in the apoptosis. Bax and MCI11 were upregulated 1.9-
fold in response to rac-0,p’-DDT, and Bcl-211, Bcl-212 and the Bcl-2
aderiouvirus E1b19KD interacting protein 3 (Bnip3) were
upregulated to approximately 1.6-fold. Only the Bad was
downregulated 2.0 fold after exposure to rac-0,p’-DDT. When
compared the expression induced by R-(—)-0,’-DD'T to that by $-
(+)-0,p’-DDT, a 2.17-, 1.85-, and 2.33-fold difference in the levels
of Bcl-2111, Bid3 and Bnip3 was noted.

p53 and DNA damage-induced family. Results with 7ac-
0,p-DDT (Table S5) indicated that p53 was upregulated 2.3-fold
whereas Trp63, Trp73 and Trp53bp2 were increased nearly 1.6-
fold. Faim (the apoptotic inhibitory molecule), Prdx2 (an
important gene in eliminating peroxides generation regulator)
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Figure 1. Oxidative stress induced by racemate and enantio-
mers of o,p“DDT. Effect of the racemate of o,p-DDT and individual
stereoisomers on extracellular lactate dehydrogenase (LDH) release,
intracellular superoxide dismutase (SOD) and malondialdehyde (MDA)
production at concentration of 3.5x10~° mol/L. Data are presented as
the relative value of control. PC12 cells were exposed to different
compounds for 24 h. The asterisk above each bar indicates a significant
difference compared to a negative control (p<<0.05, n=3). Different
letters above adjacent bars indicate a significant difference (p<<0.05)
between the two enantiomers, whereas the same letter indicates no
significant difference.

doi:10.1371/journal.pone.0043823.9001

and Sphk?2 (a lipid mediator) were downregulated. In contrast, the
levels of mRNA of Mapk8ip involved in stress-activated protein
kinase (SAPK) mediated stress-induced cellular responses, NF,B1,
polymerase beta (Polb) (important for base excision repair), Prlr (a
receptor for the anterior pituitary hormone prolactin) were
activated (Table 86). As compared to other families, only several
genes in p53 and DNA-damage induced apoptosis family
exhibited a slight enantioselectivity in transcription.

The disrupted transcriptions of other gene families are detailed in
the Supporting Information (Tables 87, S8, S9, S10, S11).
Overall, for the apoptotic-induced genes the alteration was generally
greater when treated with R-(—)-0,’-DDT than $-(+)-0,p-DDT.

The preceding results based on microarray technique were
further validated by RT-PCR, because RT-PCR is more sensitive
and capable of reducing the false-positive/negative error. To this
end, only a part of genes in TNF, Bcl2, caspase, p53 and some
anti-apoptotic families with more than 1.8-fold induction were
chosen to do the verification. Results summarized in Table 1 and
Table 2 clearly shows a good agreement between the two
methods, indicating the reliability of enantioselective results
obtained from the microarray.
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Enantioselectivity of o,p’-DDT on the Expression of p53,
Caspase 3 and NF,B

Apart from gene expression results, three important apoptotic
inducers p53, caspase 3 and NI;B vital to apoptosis were further
analyzed using the ELISA assay to examine the enantioselectivity
at the protein transcription level. Data in Figure 5 implied that
rac-0,p’-DDT and two enantiomers had the ability to induce the
transcription of proteins (p<<0.05). However, there was a
significant difference between the two enantiomers in their
potential for upregulating apoptotic proteins (p<<0.05). The
average level of p53 and caspase 3 exposed to R-(—)-0,p-DDT
was 1.8- and 1.6-fold higher than that exposed to the S-form. The
most noticeable enantioselective induction was observed on NF,B
protein when R-(—)-0,0-DDT induced as much as 2-fold as
compared to the other enantiomer. In summary, o,p-DDT
enantioselectively induced apoptotic proteins in the order of R-

(—)-04-DDT > S-(+)-0,,’-DDT.

Discussion

Environmental Significance of Chiral DDT and its

Implications

Decades of research on DD'T toxicity often neglected cytotox-
icity, whereas chirality of DDT has been largely ignored in risk
assessment associated with its use during the last 70 years. Only
limited data are available suggesting DDT" isomers were apoptosis
inducers in several types of cell lines [30-32]. In the present study
using an array of toxicity tests, we demonstrated how R-(—)-o,p’-
DDT induced more cellular toxicity than S-(+)-0,p’-DD'T" under the
concentration typical of malaria control area. Translating this
finding into a practical avenue for health risk assessment of DDT
1s, however, not a straightforward task. Partially, this is because the
environmental significance for any chiral pesticide is dependent of
both degradation and toxicity [18]. For example, if two
enantiomers have the same degradation or transformation but
different enantioselective toxicity, the enantiomer ratio will remain
the same over time and the risk will be predictable from the
racemate. Since enantioselective degradation in human and other
vertebrates [33], enantiomeric profiling in environmental soils and
sediments [34], and stereospecific cytotoxicity in mammalian cells
and organs [20-23,35,36] have been frequently reported, the
environmental significance of enantioselectivity of o,p-DDT is
warranted.

Questions further remain, however, as how to estimate the
enantioselective behavior in a predictable manner and how to
incorporate such data into risk assessment. In our previous study
with fenamiphos, a consistently higher toxicity to daphnid was
obtained for R- than S-fenamiphos. Using a computer-aided
molecular docking simulation tool widely applied in drug designs,
we determined that the three-dimensional (3-D) chemical structure
of R-fenamiphos favors its hydrogen bonding with the active site of
the acetylcholinesterase. Unfortunately, this simulation approach
cannot be readily applied to distinguish the enantioselectivities of
0,p’-DDT because the evaluation must consider the 3-D structure
of the chiral pesticide, but also the chiral environment of the
unknown biological receptor [37].

Enantioselectivity as Measured by Oxidative Stress
Biomarkers

Our work is the first reported effort to elucidate the
enantioselective effects of DDT on neuron cytotoxicity. With an
array of neurocytotoxicity related endpoints, we were able to
provide an insightful working model as shown in Fig. 6. In this
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plausible pathway, selective oxidative stress and apoptosis alone or
together could contribute to the enantioselective cytotoxicity.

At first, one should note several biomarkers reliable for
measuring oxidative stress (Fig. 6), including LDH, MDA,
SOD, HSPs, SOD1 and SOD2. Chiral pesticides induced
enantioselective oxidative stresses have been widely observed for
their alteration of SOD enzyme activity, induction of reactive
oxygen species (ROS) and MDA, and the decreased chloram-
phenicol acetyltransferase (CAT) and glutathione (GSH) activity
[36,38-42].

One salient feature of observed enantioselectivity is that R-form
enantioselectively overproduced the level of MDA, more LDH
leakage related to cell damage, and significant (p<<0.05) upregula-
tion of HSP70 associated with the expression of heat shock protein
[43-45]. This is clearly an indicative of the higher toxicity and
stress intensity of PC12 cells following R-form treatment. This
result is in accordance with the significant (p<<0.05) increase of
SOD induced by S-(+)-0,4-DDT, as compared to a decreased
SOD by the R-form. Since MDA is a reactive oxidant and SOD is
an anti-oxidative enzyme, our observations imply the toxic effect
under the exposure to R-form as opposed to the stress protective
effect for its counterpart. Another notable feature is that the
mRNA and protein levels do not always correlate in respect to the
enantioselectivity of 0,>-DD'T’, since in principle an increased level
of oxidant following pesticide treatment will result in the induction
of antioxidant genes such as SOD1 and SOD2 [43]. In our study,
however, the decreased enzymatic activity of SOD was coupled
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with the upregulation of SODI1 by R-(—)-0,,-DD'T', whereas the
racemate and S-(+)-0,p’-DD'T increased the SOD activity along
with the downregulation of SOD gene transcription. All these
results pointed to the fact that 0,p>DDT enantioselectively induced
cytotoxicity in PC12 cells, which was characterized by a rapid
increase in cellular level of toxic oxidant and HSPs along with an
imbalance between intracellular antioxidant enzyme and genes
expression. The significant response of oxidative stress related
genes detected here may shed some light on future research on
enantioselective toxicity of chiral chemicals.

Molecular Mechanism of DDT-induced Apoptosis

Leading to Neuron Cytotoxicity

While oxidative stress is a good inducer of apoptosis, cellular
apoptosis can exert direct neuron toxicity through the stimulation
by a series of orderly signal cascades. Up to now, only mitogen-
activated protein kinase (MAPK) pathway has been studied on
DDT induced cellular apoptosis [44,45]. Our group was able to
show enantioselective regulation of molecular p53 and Bcl-2 in
response to other chiral pesticides [21,35,46], however, we were
unable to identify any prior studies regarding the possible
molecular mechanisms of DDT-induced enantioselective apopto-
sis.

Cell apoptosis can be mediated by genes in several families.
First, as an extracellular mediator, TNF family is important in
DDT-induced apoptosis because of its ability to activate some pro-
apoptoptic proteins (e.g., caspase) or inhibiting some anti-

[ Icontrol

v/~ rac-o,p-DDT
Bl 5-(+)-0,p-DDT
R~(-)-0,p-DDT

SOD1 SOD2

HSP70

The categories of genes

Figure 2. Oxidative stress related gene induction by racemate and enantiomers of o,p-DDT. The relative expression of anti-oxidative
related genes encoding superoxide dismutase (SOD1 and SOD2) and heat shock protein (HSP) genes in response to racemate and enantiomers of
o,p"-DDT. The asterisk denoted p<<0.05 relative to the negative control. Different letters above adjacent bars indicate a significant difference (p<<0.05)
between individual enantiomers or between an enantiomer and racemate, while the same letter indicates no significant difference.

doi:10.1371/journal.pone.0043823.g002
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Figure 3. Enantioselectivity in DDT-inducted apoptosis in PC12 cell. The percent of early apoptotic cells following treatment with individual
enantiomers or racemate of DDT was measured with flow cytometry quantified by Annexin V (AV)-PI staining.

doi:10.1371/journal.pone.0043823.g003

apoptopic proteins (e.g., Bcl-2). Both op- and pp’-DDT were
reported to increase TNFoo mRNA level and stimulate the TNFo
promoter in human embryonic kidney cells, which ultimately
induced cell death [45]. In this study, we also observed the changes
in the expression of TNF superfamily. A better attenuated
expression of TNF family such as Faslg, TNFa, CD40lg genes
by S-enantiomer seems to partly account for the observed
enantioselective cytotoxicity. TINF superfamily causes recruitment
of several intracellular adaptors to activate multiple signal
transduction pathways, such as apoptosis, NI;B pathway, and
JNK pathway [47].

Following alterations of TINF and its superfamily, the activation
of caspase becomes the central event of the apoptosis. The present
data showed that caspase-1 and -8 vary in the same direction by
both enantiomers (both increase caspase-1 and both decrease
caspase-8), whereas an induction of caspase 8 was not observed
(Table S3). The vulnerable and critical caspase 3 is commonly
observed in many pesticide-induced apoptosis [45,48]. Consistent
with genetic transcription, the higher protein level of caspase 3
induced by R-(—)-0,p’-DDT reconfirmed its contributing role in
the enantioselective toxicity induction.

The Bcl-2 family governs mitochondrial outer membrane
permeabilization and can exert either pro- or anti-apoptoptic
effect. The overexpression of pro-apoptotic genes of Bcl-2 family
have been observed in neuron cell apoptosis [49-51]. In our study,
0,p>>DD'T mainly upregulated six pro-apoptotic genes (Bax, Bag,
Bel2-111, Bid, Bik and Bnip3). An excess of pro-apoptotic proteins
can make the cells more sensitive to apoptosis, thereby amplifying
cell apoptosis. The more induction of pro-apoptotic genes on
Bcl2l11, Bid3 and Bnip3 by R-(—)-0,-DDT may partly explain
the higher potency of R-(—)-0,p>DDT in causing cell apoptosis.

Concerning the signaling cascade after the alterations of caspase
and Bcl-2 members, one can further notice cell physiological
changes such as DNA fragmentation and chromatin condensation
characterized by p53 family induction. 0,p>DDT treated cells
increased the Tp53, Trp53bp2 and Gadd4ba, as well as Trp63,
Trp73 mRNA expression. The activation of Tp53 may be

PLOS ONE | www.plosone.org

commonplace in neurotoxicity. After treating neural cells with
paraquat, the mRNA levels of Tp53, Tp53bp2 and Gadd45a were
all upregulated [52]. The expression of Tp53 showed enantiose-
lective activity under o0,p’-DDT treatment. The protein level of p53
was higher following exposure to R-(—)-0,p-DDT' than S-(+)-0,p’-
DDT, which was opposite to the gene transcription. This
enantioselective upregulation of p53 gene expression was also
observed in response to insecticide acetofenate [36]. Finally, the
observed upregulation of NF;B protein indicated that an activation
of NF;B pathway might also be involved in the enantioselectively
induced apoptosis by 0,,-DDT enantiomers. In conclusion, the
enantioselective apoptosis might involve three signaling pathways
via caspase 3, tumor protein 53 (p53) and NF,B.

In summary, since DDT usage in IRS will be prevalent in the
foreseeable future, the relative higher dose exposure should be
concerned especially in malaria control countries. The acquisition
of enantioselective modes of action, casual relationships among
observed toxicological endpoints, and quantitative dose-response
data will be essential to help us establish more accurate environment
standards needed for risk assessment. The shortcoming of current
values of slope factor and reference dose of DDT set forth by the
U.S. EPA without consideration of enantiomers is evident, and an
appropriate toxicity model [53] should be examined for 0,p-DDT
and any other chiral environmental contaminants.

Materials and Methods

Chemical Reagents and Culture Medium

The analytical standard of racemic o,-DDT [98.5%, 1,1,1-
trichloro-2-(o— chlorophenyl)-2-(-chlorophenyl) ethane| was pur-
chased from Bestown (Beijing, China). Stock solutions (10™2 mol/
L) of 0,-DDT were prepared in ethanol. Dulbecco’s modified
Eagle’s medium (DMEM)/F12 and fetal bovine serum (FBS)
(Hyclone, Logan, UT, USA) were purchased from Katimesbio
(Hangzhou, China). The reagent kits for lactate dehydrogenase
(LDH), superoxide dismutase (SOD) and malondialdehyde (MDA)
were obtained from Nanjing Jiancheng Bioengineering Institute
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(China). Solvents for enantiomer separation were all high-
performance liquid chromatography (HPLC) grade which meets
ACS specifications (SK Chemicals, China).

o,p'-DDT Enantiomers Separation and Quantitative
Analysis

The enantiomers of 0,-DDT were resolved on a Jasco LC-
2000 HPLC system (Easton, MD, USA) with Chiralcel OJ-H
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column (0.46 cm internal diameter Xx25 cm; Daicel Chemical
Industries, Tokyo, Japan). The chromatographic condition of
100% n-hexane at 0.4 mL/min was similar to our previous report
[19]. Concentrations of manually collected eluent were deter-
mined using an Agilent 6890N gas chromatograph equipped with
an electron capture detector (Wilmington, DE, USA).

Cell Culture and o,p’-DDT Treatment

The rat pheochromocytoma 12 cell line was obtained from the
cell bank at the Chinese Academy of Sciences. They were
maintained at 37°C with 5% COy in DMEM/F12 containing
10% FBS. PC12 were seeded in culture plates (Coaster) at a
density of 1x10° cells/mL. After adhering to plates, the experi-
mental medium (containing 5% FBS) with or without pesticides
was added for a period of 24 h. Cells and experimental medium
were then collected for testing with ethanol (<0.4%) served as the
negative control. All experiments were performed within 30
passages. The exposure doses were set at 1x107°, 2x107°,
3.5%107> mol/L for 0,-DDT affected enzymatic activity mea-
surement. Based on the results (Figure S1 and Figure S2) from
racemate and MTT assay (a colorimetric cell proliferation test),
the effect threshold for enantiomer treatment was set at

3.5x107” mol/L in the following assays.

Measurement of LDH Release and Intracellular SOD and
MDA

LDH is an oxidoreductase released into tissues or extracellular
environment when cells are damaged. SOD is an important
antioxidant enzyme that produces hydrogen peroxide and
molecular oxygen. MDA, a reactive aldehyde-type oxidant, is
regarded as a reliable biomarker in lipid peroxidation [54]. These
three indexes were determined spectrophotometrically with an
assay kit according to a manufacturer’s protocol (see Supporting
Information). Together, they were used to measure oxidative stress
triggered by o,>-DD'T.

Determination of Cell Apoptosis by FACS

Apoptosis, another inducer of cytotoxicity, is a common
endpoint in organisms when exposed to environmental pollutants.
The cellular apoptosis was determined using Annexin-V FITC/PI
double staining apoptosis kit (Multisciences, China) with a flow
cytometer (Becton Dicklin Lakes, NJ, USA) (see Supporting
Information).

RT-PCR for Antioxidative Gene Investigation and
Microarray Verification

Quantitative real-time polymerization chain reaction (QRT-PCR)
was performed to quantify the expression of antioxidative genes
(Table S1) and validate the results obtained from microarray assay.
The detailed procedures can be found in Supporting Information.

PC12 Cells Apoptosis PCR Array

Microarray experiments allow for a comparison of gene
expression profiles between treatment and control mRNA samples
in a single database. It also allows gene expression profiles from
different samples to be compared with each other and analyzed
together. PCR-microarray for 84-apoptotic related genes was
performed in an effort to provide a molecular mechanism for
DDT-induced apoptosis using the rat Apoptosis RT? Profiler ™
PCR Array. The array includes the tumor necrosis factor (TNF)
ligands and their receptors, members of the B-cell lymphoma 2 (Bcl2,
anti-apoptotic/pro-apoptotic proteins), cysteine-aspartic acid prote-
ase (caspases), inhibitor of apoptotic (IAP), TNF receptor-associated
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factor (TRAF), caspase recruitment domain (CARD), death domain,
death effectors domain, cell death-inducing DNA fragmentation
factor-a-like effector (CIDE) families, and genes involved in the
DNA damage. Transcripts with a ratio of change >1.4 or <0.7 were
delineated as upregulated or downregulated, respectively [55].

The Protein Expression of Caspase 3, p53, NFkB by ELISA
Assay

The protein levels of tumor protein 53 (p53), cystein-aspartic
acid protease 3 (caspase 3) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF;B) were assessed from o,’-DDT
treated cells by an enzyme-linked immunosorbent assay (ELISA).
Cells were allowed to attach in 35 cm? dishes overnight and
exposed to test chemicals. After 24 h treatment, the whole cell
protein was extracted according to a nuclear extract kit (Active
Motif North America, Catalog # 40010). The amount of protein
expressed was assayed by the ELISA kits (R&D System, China).
The concentrations of p53, caspase 3 and NFkB were determined
from their respective standard curves obtained under the same

Table 1. Results of RT-PCR verification of microarray on rac-o,p’-DDT.
Gene name Gene Bank Rac-o0,p'-DDT/Control

Fold Change by Microarray Fold Change by Real- time PCR
TNFrsf11b NM_012870.2 20 38
TNFrsfla NM_013091.1 2.1 15
Casp4 NM_053736.2 73 6.4
Casp3 NM_012922.2 1.9 14
Casp7 NM_022260.2 1.8 2.1
Bid NM_022684.1 23 22
Bax NM_017059.1 1.9 1.6
Dffa NM_053679.2 3.0 1.4
Gadd45A NM_024127.2 29 4.9
Tp53 NM_030989.1 23 15
Mapk8ip1 NM_053777.1 20 0.9
NFkB1 XM_001075876.2 1.8 2.7
doi:10.1371/journal.pone.0043823.t001

conditions as samples. All concentrations of p33, caspase 3 and
NFkB were expressed as the mass of the target molecules per ug
protein.

Statistical Analysis

Results are shown as mean =SD with at least 3 independent
replicates. The statistical significance of the differences between
two groups was determined by Student’s t test and the multiple
comparison among two enantiomers and the racemate was tested
by ANOVA, with a probability value of p<<0.05 considered
statistically significant.

Associated Content
Supporting information. One figure for cell proliferation
test results, one table for the primers of anti-oxidative related
genes, plus ten tables of microarray results are listed in Supporting
Information. Additional experimental details are also provided in

Supporting Information.
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Table 2. Results of RT-PCR verification of microarray on enantiomers of o,p"-DDT.
Gene Name Gene Bank Fold Change by Real-time PCR

5(+)-o0,p'-DDT/Control R-(—)-o0,p’-DDT/Control
TNF NM_012675.2 1.8 2.7
Casp1 NM_012762.2 6.9 9.8
Casp3 NM_012922.2 1.8 2.8
bcl2111 NM_022612.1 1.2 24
bnip3 NM_053420.2 26 23
birc1b XM_001070799.1 1.8 26
birc3 NM_023987.2 2.1 1.7
Gadd45a NM_024127.2 29 24
Tp53 NM_030989.1 1.4 0.8
NFkB XM_001075876.2 2.5 2.1
Aven NM_001107757.1 15 12
doi:10.1371/journal.pone.0043823.t002
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Figure 5. Apoptotic related proteins induced by racemate and enantiomers of o,p’-DDT. The protein expression of (A) p53, (B) caspase3
and (C) NF,B after exposured to rac-o,p"-DDT, R-(+)-0,p’-DDT, and S-(—)-o0,p’-DDT. The asterisk indicates p<<0.05 relative to a negative control. Different
capitalized letters above adjacent bars indicate a significant difference (p<<0.05) between individual enantiomers or between an enantiomer and
racemate, while the same letter indicates no significant difference.

doi:10.1371/journal.pone.0043823.9g005

Figure 82 The oxidative stress (endpoint: SOD, MDA and

) ) LDH) for rac-0,p’-DDT in two concentrations.
Figure S1 Cell proliferation test results for rac-o,p’-DD'T" (A) and (TIF)

two enantiomers of o,p’-DDT" (B).
(TTF)

Supporting Information

Table S1 Gene names and GeneBank accession numbers for
stress-related genes
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Figure 6. A speculated signaling pathway mediated by o,0'-DDT for the induction of cells apoptosis. The red arrowheads indicate the
more significant upregulation of apoptosis-related molecules induced by R-form than that of S-form. Reactive oxygen species (ROS), Heat shock
proteins (HSPs), Lactate dehydrogenase (LDH), Superoxide dismultase (SOD), Malondialdehyde (MDA).

doi:10.1371/journal.pone.0043823.g006
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Table 82 The relative fold change of TNF ligand and receptor
family
DOCX)
Table 83 The relative fold change of caspase family
DOCX)
Table S4 The relative fold change of Bcl2 family
DOCX)
Table S5 The relative fold change of p53 and DNA-damage
induced apoptosis family
DOCX)
Table S6 The relative fold change of other genes
DOCX)
Table S7 The relative fold change of IAP family
DOCX)
Table S8 The relative fold change of TRAF family
(DOCX)
References
1. Leber ER, Benya TJ (1994) Chlorinated hydrocarbon insecticides. Patty’s

Industrial Hygiene and Toxicology. Vol. 2, Part B, New York: John Wiley and
Sons Inc; 1503-1506.

Stemmler I, Lammel G (2009) Cycling of DDT in the global environment 1950—
2002: World ocean returns the pollutant. Geophys Res Lett 36: 1.24602-1.24606.

. UNEP. Stockholm convention on persistent organic pollutants (POPs). UNEP/

Chemicals/2002/9. 2002, Geneva: United Nations Environment Programme.

. van den Berg H (2009) Global status of DD'T" and its alternatives for use in vector

control to prevent disease. Environ Health Perspect 117: 1656-1663.

. van Dyk JC, Bouwman H, Barnhoorn IE, Bornman MS (2010) DDT

contamination from indoor residual spraying for malaria control. Sci Total

Environ 408: 2745-2752.

. Cohn BA, Wolff MS, Cirillo PM, Sholtz RI (2007) DDT and breast cancer in

young women: New data on the significance of age at exposure. Environ Health
Perspect 115: 1406-1414.

. Ennaceur S, Gandoura N, Driss MR (2008) Distribution of polychlorinated

biphenyls and organochlorine pesticides in human breast milk from various
locations in Tunisia: Levels of contamination, influencing factors, and infant risk
assessment. Environ Res 108: 86-93.

. Ennaceur S, Driss MR (2010) Serum organochlorine pesticide and polychlori-

nated biphenyl levels measured in delivering women from different locations in

Tunisia. Int J Environ Anal Chem 90: 821-828.

. Forsyth J, Peterle TJ (1973) Accumulation of chlorine-36 ring-labeled DDT

residues in various tissues of two species of shrew. Arch Environ Contam Toxicol
1: 1-17.

. van Wendel de Jood B, Wesseling C, Kromhout H, Monge P, Garcia M, et al.

(2001) Chronic nervous-system effects of long-term occupational exposure to

DDT. Lancet 357: 1014-1016.

. Bosma H, van Boxtel MP, Ponds RW, Houx PJ, Jolles J (2000) Pesticide

exposure and risk of mild cognitive dysfunction. Lancet 356: 912-913.
Song Y, Liang XM, Hu YF, Wang YN, Yu HG, et al. (2008) p,p’-DDE induces
mitochondria-mediated apoptosis of cultured rat Sertoli cells. Toxicology 253:

53-61.

. Alegria-Torres JA, Diaz-Barriga F, Gandolfi AJ, Pérez-Maldonado IN (2009)

Mechanisms of p,p-DDE-induced apoptosis in human peripheral blood
mononuclear cells. Toxicol in Vitro 23: 1000-1006.

Shi YQ, Wang YP, Song Y, Li HW, Liu CJ, et al. (2010) p,p’-DDE induces
testicular apoptosis in prepubertal rats via the Fas/FasL pathway. Toxicol Lett
193: 79-85.

Buser H-R, Miiller MD (1995) Isomer-selective and enantiomerselective
determination of DDT and related compounds using chiral high-resolution
gas chromatography/mass spectrometry and chiral high-performance liquid
chromatography. Anal Chem 67: 2691-2698.

. Qiu XH, Zhu T, Li J, Pan HS, Li QL, et al. (2004) Organochlorine pesticides in

the air around the Taihu Lake, China. Environ Sci Technol 38: 1368-1374.
Ochme M, Kallenborn R, Wiberg K, Rappe C (1994) Simultaneous
enantioselective separation of chlordanes, a nonachlor compound, and o,p’-
DDT in environmental samples using tandem capillary columns. J High Resolut
Chrom 17: 583-588.

. Liu WP, Gan JY, Schlenk D, Jury WA (2005) Enantioselectivity in

environmental safety of current chiral insecticides. Proc Natl Acad Sci USA

102: 701 —706.

. Wang LM, Zhou SS, Lin KD, Zhao MR, Liu WP, et al. (2008) Enantioselective

estrogenicity of o,p’-dichlorodiphenyltrichlorocthane in the MCF-7 human
breast carcinoma cell line. Environ Toxicol Chem 28: 1-8.

PLOS ONE | www.plosone.org

Enantioselective Cytotoxicity of o,p’-DDT

Table S9 The relative fold change of CARD family

DOCX)

Table S10 The relative fold change of CIDE domain family
DOCX)

Table S11 The relative fold change of death domain and

receptor domain family

(DOCX)

Supporting Information S1

Additional experimental details.

(DOC)

Author Contributions

Conceived and designed the experiments: CW MZ WL. Performed the
experiments: CW MZ. Analyzed the data: YW CW CZ. Contributed
reagents/materials/analysis tools: YW CW MZ. Wrote the paper: CW MZ

CZ.

20.

21.

22.

23.

24.

26.

27.

28.

30.

31.

32.

33.

34.

36.

37.

38.

39.

Zhao MR, Zhang Y, Liu WP, Xu C, Wang LM, et al. (2008) Estrogenic activity
of lambda-cyhalothrin in the MCF-7 human breast carcinoma cell line. Environ
Toxicol Chem 27: 1194-1200.

Zhao MR, Liu WP (2009) Enantioselectivity in the immunotoxicity of the
insecticide acetofenate in an i vitro model. Environ Toxicol Chem 28: 578-585.
Liu HG, Zhao MR, Zhang C, Ma Y, Liu WP (2008) Enantiosclective
cytotoxicity of the insecticide bifenthrin on a human amnion epithelial (FL) cell
line. Toxicology 253: 89-96.

Xu C, Zhao MR, Liu WP, Chen SW, Gan JY (2008) Enantioselectivity in
zebrafish embryo toxicity of the insecticide acetofenate. Chem Res Toxicol 21:
1050-1055.

MecBlain, W A., Lewin V, Wolfe FH (1977) Estrogenic effects of the enantiomers
of 0,p"-DDT in Japanese quail. Can. 7. Jool. 55, 562-568.

. McBlain WA (1987) The levo enantiomer of 0,p’-DDT inhibits the binding of 17

beta-estradiol to the estrogen receptor. Life Sci 40: 215-221.

Lascombe I, Beffa D, Riiegg U, Tarradellas J, Wahli W (2000) Estrogenic
activity assessment of environmental chemicals using in vitro assays: identification
of two new estrogenic compounds. Environ Health Perspect 108: 621-629.
Hoekstra PF, Burnison BK, Neheli T, Muir DC (2001) Enantiomer-specific
activity of 0,p’-DD'T with the human estrogen receptor. Toxicol Lett 125: 75-81.
Garrison AW, Nzengung VA, Avants JK, Ellington JJ, Jones W], et al. (2000)
Phytodegradation of p,p-DDT and the enantiomers of 0,0-DDT. Environ Sci
Technol 34: 1663-1670.

Slater AF, Stefan C, Nobel I, van den Dobbelsteen DJ, Orrenius S (1995)
Signaling mechanisms and oxidative stress in apoptosis. Toxicol Lett 82/83:
149-153.

Shinomiya N, Shinomiya M (2003) Dichlorodiphenyltrichloroethane suppresses
neutrite outgrowth and induces apoptosis in PC12 pheochromocytoma cells.
Toxicol Lett 137: 175-183.

Tebourbi O, Rhouma KB, Sakly M (1998) DDT induces apoptosis in rat
thymocytes. Bull Environ Contam Toxicol 61: 216-223.

Pérez-Maldonado IN, Diaz-Barriga F, de la Fuente H, Gonzalez-Amaro R,
Calderoén J, et al. (2004) DDT induces apoptosis in human mononuclear cells in
vitro and is associated with increased apoptosis in exposed children. Environ Res
94: 38-46.

Kurt-Karakus PB, Stroud JL, Bidleman T, Semple KT, Jantunen L, et al. (2007)
Enantioselective degradation of organochlorine pesticides in background soils:
variability in field and laboratory studies. Environ Sci Technol 41: 4965-4971.
Yang HY, Xue B, Yu P, Zhou SS, Liu WP (2010) Residues and enantiomeric
profiling of organochlorine pesticides in sediments from Yueqing Bay and
Sanmen Bay, East China Sea. Chemosphere 80: 652-659.

. Liu HG, Liu J, Xu LH, Zhou SS, Li L, et al. (2010) Enantioselective cytotoxicity

of isocarbophos is mediated by oxidative stress-induced JNK activation in
human hepatocytes. Toxicology 276: 115-121.

Li L, Hu F, Wang C, Wang X (2010) Enantioselective induction of oxidative
stress by acetofenate in rat PC12 cells. J Environ Sci 22: 1980-1986.

Wang C, Zhang N, Li L, Zhang Q, Zhao MR, et al. (2010) Enantiosclective
interaction with acetylcholinesterase of an organophosphate insecticide fenami-
phos. Chirality 22: 612-617.

Qian HF, Hu HJ, Mao YY, Ma J, Zhang AP, et al. (2009) Enantiosclective
phytotoxicity of the herbicide imazethapyr in rice. Chemosphere 76: 885-892.
Hu F, Li L, Wang C, Zhang Q, Zhang XF, et al. (2010) Enantioselective
induction of oxidative stress by permethrin in rat adrenal pheochromocytoma
(PC12) cells. Environ Toxicol Chem 29: 683-690.

August 2012 | Volume 7 | Issue 8 | e43823



40.

41.

42.

43.

44.

46.

47.

48.

Jia Z, Misra HP (2007) Reactive oxygen species in in vitro pesticide-induced
neuronal cell (SH-SY5Y) cytotoxicity: Role of NF,B and caspase-3. Free Radic
Biol Med 42: 288-298.

Bagchi D, Bagchi M, Hassoun EA, Stohs SJ (1995) In vitro and in vivo generation
of reactive oxygen species, DNA damage and lactate dehydrogenase leakage by
selected pesticides. Toxicology 104: 129-140.

LuXT, Hu F, Ma Y, Wang C, Zhang Y, et al. (2010) The role of oxidative stress
in enantiomer-specific, bifenthrin-induced cytotoxicity in PC12 cells. Environ
Toxicol 26: 271-278.

Rohrdanz E, Kahl R (1998) Alterations of antioxidant enzyme expression in
response to hydrogen peroxide. Free Rad Bio Med 24: 27-38.

Shinomiya N, Shinomiya M (2003) Dichlordiphenyltrichloroethane suppresses
neurite outgrowth and induces apoptosis in PC12 pheochromocytoma cells.
Toxicol Lett 137: 175-183.

. Frigo DE, Vigh KA, Struckhoff AP, Elliott S, Beckman BS, et al. (2005)

Xenobiotic-induced TNF-o0 expression and apoptosis through the p38 MAPK
signaling pathway. Toxicol Lett 155: 227-238.

Zhao MR, Chen F, Wang C, Zhang Q, Gan ], et al. (2010) Integrative
assessment of enantioselectivity in endocrine disruption and immunotoxicity of
synthetic pyrethroids. Environ Pollut 158: 1968-1973.

Baker SJ, Reddy EP (1998) Modulation of life and death by the TNF
superfamily. Oncogene 17: 3261-3270.

Carlson K, Jortner BS, Ehrich M (2000) Organophosphorus compound-induced
apoptosis in SH-SY5Y human neuroblastoma cells. Toxicol Appl Pharmcol 168:
102-113.

PLOS ONE | www.plosone.org

10

49.

50.

51.

52.

53.

54.

Enantioselective Cytotoxicity of o,p’-DDT

Bollimuntha S, Singh BB, Shavali S, Sharma SK, Ebadi M (2005) TRPC1-
mediated inhibition of 1-methyl-4-phenylpyridinium ion neurotoxicity in human
SH-SY5Y neuroblastoma cells. J Biol Chem 280: 2132-2140.

Luo X, Budihardjo I, Zou H, Slaughter C, Wang X (1998) Bid, a Bcl2
interacting protein, mediates cytochrome ¢ release from mitochondria in
response to activation of cell surface death receptors. Cell 94: 481-490.
Anantharam V, Lehrmann E, Kanthasamy A, Yang Y, Banerjee P, et al.(2007)
Microarray analysis of oxidative stress regulated genes in mesencephalic
dopaminergic neuronal cells: relevance to oxidative damage in Parkinson’s
disease. Neurochem Int 50: 834-847.

Moran JM, Gonzalez-Polo RA, Ortiz-Ortiz MA, Niso-Santano M, Soler G, et
al. (2008) Identification of genes associated with paraquat-induced toxicity in
SH-SY5Y cells by PCR array focused on apoptotic pathways. J Toxicol Envrion
Health Part A 71: 1457-1467.

Stanley JK, Brooks BW (2009) Perspectives on ecological risk assessment of
chiral compounds. Integr Environ Assess Manag 5: 364-373.
Kedziora-Kornatowska K Z, Luciak M, Paszkowski J (2000) Lipid peroxidation
and activities of antioxidant enzymes in the diabetic kidney: effect of treatment
with angiotensin convertase inhibitors. [IUBMB Life 49: 303-307.

. Hemish J, Nakaya N, Mittal V, Enikolopov G (2003) Nitric oxide activates

diverse signaling pathway to regulate gene expression. J Biol Chem 278: 42321~
42329.

August 2012 | Volume 7 | Issue 8 | e43823



