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Modulatory effects of o,p’-dichlorodiphenyl
-trichloroethan on genes involved in drug

metabolism and inflammation

Ji Young Kim

Department of pharmacy
Graduate school of Chosmiversity

Advisor : Prof. Hye Gwang dgo

Abstract

Down-regulation of 2,3,7,8-tetrachlorodibenzgs-dioxin-induced CYP1Al
gene expression by o0,p’-DDT in murine heap-1clc7I=

Cultured mouse hepatoma Hepa-1clc7 cells wereetteaith o,p'-DDT
and/or 2,3,7,8-tetrachlorodibenpedioxin (TCDD) to assess the role of o,p'-
DDT in CYP1ALl expression. 0,p'-DDT alone did ndeaf CYP1A1-specific
7-ethoxyresorufin O-deethylase (EROD) activity. In contrast, TCDD-
inducible EROD activities were markedly reduced mpooncomitant
treatment with TCDD and o,p’-DDT in a dose dependeanner. Treatment

with ICI 182.780, an estrogen-receptor antagonditi not affect the



suppressive effects of o,p’-DDT on TCDD-induciblR@D activity. TCDD-

inducible CYP1A1 mRNA levels were markedly suppeessipon treatment
with TCDD and o,p’-DDT, and this consistent witheitheffects on EROD

activity. A transient transfection assay using dieresponse element (DRE)-
linked luciferase and an electrophoretic mobilitjftsassay revealed that o,p’-
DDT reduced the transformation of the aryl hydrboais (Ah) receptor to a
form capable of specifically binding to the DRE wence in the promoter
region of the CYP1A1 gene. These results suggasthie down regulation of
TCDD-induced CYP1A1 gene expression by o,p’-DDTHepa-1clc7 cells
might be an antagonism of the DRE binding potentifathe nuclear Ah

receptor but is not mediated through the estradu#ptor.



0,p'-DDT reduced testosterone production via indugbn of aromatase
(CYP19 gene expression in rat testicular Leydig cells

Various pesticides known or suspected to interféth steroid hormone
function were screened for determining effects atalgtic activity and
MRNA expression of aromatase in leydig cells. Artasa CYP19) is the
cytochrome P450 enzyme complex that converts CIiffogens to C18
estrogens. In this work, the effect of o,p’-DDT steroid hormone through
aromatase activity and its molecular mechanism wiekestigated in
testicular leydig R2C cells by using radioimmunegsgRIA). Treatment
with o,p’-DDT caused a dose-dependent inhibition testosterone (T)
production in R2C cells. o,p’-DDT-induced inhibitioof testosterone
production is related to a decreased in the gepeession of cytochrome
P450 1'é-hydroxylase (P450,) and B-hydroxysteroid dehydrogenase’{3
HSD). o,p’-DDT was found to increase aromatase viigtiand gene
expression in R2C cell in a dose dependent marfaithermore, the
inducible effects of o,p’-DDT on aromatase genereggion by the ER
mediates the inducible effects of o,p’-DDT. Our aghgesis is that higher
levels of COX-2 expression result in higher levefs prostaglandin £
(PGE), which in turn increase€YP19 expression through increases in

intracellular cyclic AMP levels. Therefore, whetlep’-DDT in



Effect of 0,p’-DDT on aromatase gene expressioautn cyclooxygenase-
2 (COX-2) was investigated in R2C cells. T increasgomatase gene
expression by o,p’-DDT is mediated through incrdaB&E production by
0,p’-DDT-induced COX-2 gene expression. Overall, édgvated levels of
these factors in R2C cells o,p’-DDT could resultimcreased aromatase
activity via autocrine mechanisms in R2C cells. From studiedetermine
whether effects of o,p’-DDT on aromatase gene esgio@ might be
influenced by EP, it was found that the,Ed ER mediates the inducible
effects of 0,p’-DDT. In summary, these results destmated that o,p’-DDT-
induced inhibition of T production in R2C cell mighe mediated through

aromatase gene expressivoa ERB, ER, and ERwhich might be influenced

by COX-2 and PGE



Up-regulation of cyclooxygenase-2 and iNOS gene agrgsion in

macrophages exposed to the o,p’-DDT

A number of reports have indicated that DDT may a&tan endocrine
disruptor and that DDT has possible carcinogerfieces. o,p'-DDT has been
reported to possess immunomodulatory activity. Hmxeits influence on
cytokine production or the functions of the macmgds remains unclear.
Macrophages are crucial for the inflammatory respohecause they can
release a number of proinflammatory mediators. pimgposes of this study
were to test thkypothesis that o,p’-DDT induces COX-2 gene exjoess
macrophages and that this is regulated at the le/ehitogen-activated
protein kinases (MAPKS). In addition, effects gb’eDDT on the production
of nitric oxide (NO) and proinflammatory cytokin€k-13, IL-6, TNF-0)
were investigated to characterize the underlyindemdar mechanism in
mouse macrophages. Exposure of the murine macrepbelline RAW
264.7 to o,p’-DDT for 24 h markedly enhanced thedpiction of PGE, a
major COX-2 metabolitd?GE, elevation was preceded by increases in the
epression of COX-2 mRNAnd COX-2 protein in o,p’-DDT-treated cells.
0,p’-DDT induced rapid phosphorylation of ERK, p38 and JNK

phosphorylationTo investigate the significant cis-acting regionsGOX-2



promoter, transient transfection experiments wergiexd out using reporter
vectors harboring deleted COX-2 promoters. The stdptional factor
binding sites for activator protein 1 (AP-1) appmshbe important for the
induction of COX-2 by o,p’-DDT. These results susfgel that the induction
of transcriptional activation of COX-2 by o,p’-DDMmight be mediated

through AP-1 activation.

The addition of o,p-DDT to macrophages induced N&hd
proinflammatory cytokines production in a dose-dwjsnt manner. o,p'-
DDT also increased inducible nitric oxide synthag®NOS) and
proinflammatory cytokines expression levels in tedls. NFkB sites were
identified in the promoter of the iINOS and proinfimatory cytokine genes.
Pretreating the cells with NKB pathway inhibitors suppressed the iINOS
and proinflammatory cytokines expression induced dp'-DDT. The
transient expression and electrophoretic mobilitft #ssays with the NkB
binding sites revealed that o,p’-DDT-induced inseean the iNOS and
proinflammatory cytokines expression level were iaedl by the NFB
transcription factor. However, pretreating the sellith o,p-DDT and the
NF-kB pathway inhibitors suppressed o,p’-DDT-induced-#¥8-activation.
These results demonstrated that o,p'-DDT stimuldtesproduction of NO

and proinflammatory cytokines and can up-reguldte gene expression



levels via NFKB transactivation. Overall, the results of this stedggested
for the first time that o,p'-DDT might possess afliammatory potential that

is previously unrecognized immunomodulating acfiat o,p’-DDT.



Introduction
Down-regulation of 2,3,7,8-tetrachlorodibenzg-dioxin-induced CYP1A1l
gene expression by o0,p’-DDT in murine heap-1clc7ltz
DDT [1,1,1-trichloro-2,2-bis ff-chlorophenyl) ethane] was a commonly used
pesticide in home gardens and in agriculture. Tieelhigrade DDT contains
80% and 20% of thp,p’-DDT ando,p’-DDT isomers, respectively, and it has
been used for almost 50 years, mainly for malaoiatrol and other vector-
ransmitted diseases. Although DDT has been bammethny countries (e.qg.
the USA in the 1970s) it is still prevalent in agosystem. The toxicological
effects of DDT in animal models include neurotolyicihepatotoxicity, and
reproductive and metabolic disruption. It also raltéhe activity of hepatic
mixed function oxidase [Conney, 1967] and inducgsession of cytochrome
P450 (CYP) 2B and 3A subfamilies in rodents [Leaigl Lake; 1997]. Its
current use is restricted in many countries; howebecause of its high
efficacy and low mammalian toxicity, it is still ed for mosquito vector
control for malaria prevention. Due to its lipophilnature and its slow
chemical and biological degradation, DDT tendseddken up by biological
membranes and tissues, is concentrated in organiants progresses up
through the food chain; it is thus considered majorironmental contaminant

in addition to polyaromatic hydrocarbons such axids and heavy metals. It



is assumed that these compounds, alone or in catiiyiy may promote
human diseases [Augetral., 1995]. Although more evident toxic signs by an
acute exposure to DDT occur in the central neraystem, a few studies
have suggested that chronic exposure to DDT atexgal steroidal hormone
homeostasis in wildlife and experimental animalst Example, female rats
given o,p’-DDT  (1,1,1-trichloro-2-(p-chloropheny2Ho-chlorophenyl)
ethane) as neonates exhibited advanced pubertpesistent vaginal estrus
in later life [Sotoet al., 1994]. Environmental estrogens are a class wirala
and synthetic compounds, which can mimic the fwmcir activity of the
endogenous estrogenftéstradiol. DDT has been shown to mimic estrogen
[Soto et al., 1994]. Therefore, DDT is an "endocrine disrupttréat has a
significant influence on sexual and reproductiveeliepment [Sharpet al.,
1995]. Human exposure to environmental compounds &gtrogenic activity
and their potential effects on human health is shbject of an ongoing
scientific debate. These environmental estrogeng fonaction as endocrine
disruptors both in wildlife and humans, and leaddavelopmental defects,
disease and, potentially, cancer [Colbueh al., 1993]. However, the
mechanism by which DDT causes these adverse effegtglear.

Cytochrome P450s (CYP) are a superfamily of henmgaioing

monooxygenase enzymes that metabolize foreign dadsnisuch as drugs



and environmental chemicals, and endogenous comdgolike steroids and
fatty acids [Nelsonet al., 1996]. CYP1Al is one of the xenobiotic
metabolizing enzymes, which is induced by polyayealiomatic hydrocarbons
(PAHSs). The most potent inducer of CYP1A1 is 2&{eétrachlorodibenzo-p-
dioxin (TCDD). In addition, TCDD induces a broacsppum of biochemical
and toxic effects, such as teratogenesis, immumuegpion and tumor
promotion. Most, if not all, of the effects caudeyl TCDD and other PAHs
are known to be mediated by AhR (aryl hydrocarbeoeptor or dioxin
receptor) which has a high binding affinity to TCDDhe liganded AhR
translocates from cytoplasm to nuclei where it cindts its partner molecule
from Hsp90 to Arnt. Thus formed AhR/Arnt heterodimi@nds a specific
DNA sequence designated XRE in the promoter regibthe target genes
including CYP1A1, UDP-glucuronosyl transferase attiers to enhance their

expression (Fig. 1).
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Fig. 1. Induction Pathway of Cytochrome P450 1A1
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CYPs activate, in-activate, and facilitate the ekon of most xenobiotics,
thus modulate both the durations and intensitietheif respective toxicities.
The levels of the gene expressions of these enzwaresnfluenced by a
number of endogenous regulatory factors, such amdmes and xenobiotic
substrates, including natural and synthetic chemifldelsonet al., 1996].
The effects of both natural and synthetic chemioaldthe CYP enzymes are
currently of considerable interests, as these ®ffery indicate a possible
mechanism by which they affect the toxicity of eowimental chemicals. It
has been shown that CYP3A is normally responsitiesteroid metabolism
[Juchau, 1990], and there is also an indirect eMidewhich suggest that
CYP1A is similarly involved [Aoyamat al., 1990]. Conversely, estradiol has
been shown to inhibit CYP1ALl activitin vitro [Jeong and Lee, 1998].
CYP1A1 oxidatively biotransforms various polyaroimodtydrocarbons, like
benzo(a)pyrene. Moreover, 2,3,7,8-tetrachlorodibgndioxin (TCDD) is a
potent environmental contaminant that has been aseal model compound
for investigating the mode of action of aryl hydadmons (Ah). The control
and regulation of CYP1Al gene expression have begtensively
investigated, and it is currently believed that T@nd its related Ah
receptor agonists induce CYP1Al gene expressioougfr Ah receptor-

mediated signal transduction. After binding witte tigand, the Ah receptor

12



forms a heterodimer with the Ah receptor nucleangtocator and binds to
specific DNA recognition sequences known as digrsponse elements
(DREs), which are located upstream of the CYP1lAhdcription start site

[Hankinson, 1995]. Binding to these enhancer secpgicauses a change in
the chromatin structure that facilitates the bigdaf the transcription factors

to the CYP1ALl promoter [Ket al., 1996].

DDT is a well-known inducer of microsomal monooxggsee systems in
rodent liver. Based on the preferential inductioh @YP2B and 3A
subfamilies, DDT was classified as a Phenobarbyad-inducer [Nimst al .,
1998]. Furthermore, the preferential induction 6ff2B and 3A by DDT in a
sex-related manner suggested that CYP regulatiofd qoay an important
role in endocrine disruption [Sierra-Santogbal., 2000]. Studies on the
expressions of CYPs are of considerable interesturiderstanding the
toxicity of DDT on wildlife and human health. Howary the molecular basis
for the regulation of CYPs by DDT has not been welcidated. 0,p’-DDT is
very similar in chemical structure to the synthetstrogen, diethylstilbestrol.
Moreover o0,p’-DDT has been reported to have estriogactivity [Sotoet al .,
1994]. In this regard reported thatft&stradiol suppress CYP1A1l in Hepa-
1cic7 cells [Jeong and Lee, 1998]. However, thectsfof o,p’-DDT on the

regulation of CYP1A1 have not been investigated.

13



In the present study, the effect of o,p’-DDT on T@induced CYP1Al
gene expression was investigated in mouse hepatmpa-1clc7 cells. The
possible involvement of the estrogen receptor iis fhrocess was also
investigated using the estradiol receptor antagoh®d 182,780. Our study
suggested that o,p’-DDT down-regulates TCDD-inducedP1Al gene
expression in Hepa-1cl1c7 cells but do not act tiinahe estrogen receptor in

these cells.

14



0,p'-DDT reduced testosterone production via indugbn of aromatase
(CYP19 gene expression in rat testicular Leydig cells

There are serious concerns that certain envirorahesgntaminants and
commercial products have the potential to disturdioerine function in humans
and wildlife, lead to impaired reproductive capgcitnd have other toxic
effects on sexual differentiation, growth, and depment [Colbornet al.,
1996]. Recently, Several studies have shown thpbsxe to DDT at early
developmental stage results in altered sexual rdifté&ation in male rats
[Sandersoret al., 2003. DDT, which has anti-androgenic properties [Kedte
al., 1997], has been reported to increase aromataseirpin rat [Youet al.,
2001].There is increasingvidence that certain environmental contaminants
have the potential to disrupt endocrine processgsch may result in
reproductive problems, certain cancers and othecites related to sexual
differentiation, growth, and development. Testaster biosynthesis requires
five steroidogenic proteins: steroidogenic acutgulaory protein (StAR),
cholesterol side chain cleavage enzyme (P450s0),1C, 1 B-hydroxysteroid
dehydrogenase (BHSD), and B-HSD. In the mitochondria, cholesterol is
converted to pregnenolone by P450scc. Pregnenoisnéhen converted
sequentially to progesterone b§-BISD, to 1a-hydroxyprogesteron and then

to androstenedione by CYP17, and finally to testaste by 1B-HSD (Fig. 2).
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Fig. 2. Major pathways in steroid biosynthesis.
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The biosynthesis of estrogens from testosteroratahyzed by an enzyme
complex which has been called aromata@¥¢P(19, cytochrome P450arom)
[Simpsonet al., 1994]. P450arom is present in many tissuesudtiey the
gonads, brain, placenta, bone and adipose tissmp$Bnet al., 1994].

The expression of aromatase is controlled by régulgpathways involving
gonadotropins, steroid hormones, and growth facfBselli and Resko,
1997]. In addition to steroidogenic tissues, tlegation occurs at a number of
nonsteroidogenic sites and serves various physabgoles through the
production of estrogens. Similar to other CYP enggnaromatase expression
is also responsive to environmental factors, indgadutritional elements and
chemical exposures [Roselli and Resko, 1997]. A bmmof synthetic
compounds have been shown to affect aromatase,ibofito andin vitro
[Smith., 1996]. Aromatase was expressed in a wadétell types, including
tumor, stromal, adipose, and endothelial cells. sRgiandin G/H
endoperoxide synthase, also known as Cyclooxyge(@8¥), is a key
enzyme which catalyzes the conversion of arachidacid to prostaglandins.
Two isoforms have been identified, cyclooxygenas€dOX-1) and
cyclooxygenase-2 (COX-2) [Smith., 1996]. Even tho@dX-1 is present at
a constant level in most cells and tissues and eleved to play a

housekeeping role, some studies have shown that -CQitivity and
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expression is elevated in human breast cancer tufftwanget al., 1998].
Most studies have shown that COX-2 is present madir cancer tissue
samples but not in the normal breast tissue [Hwahgal., 1998].
Prostaglandins produced by COX-2, predominanthstaglandin & (PGE),
induce inflammation and are potent mediators of wmlmer of signal
transduction pathways that are implicated in cadegelopment.

The biological activities of PG are mediated by #utivation of specific
cell surface receptors. PgEeceptors (EP receptors) are pharmacologically
distinguished into four different subtypes (EP,), each receptor encoded by
a distinct gene and differently expressed in divdesget cells [Fedykt al.,
1996]. The PGE receptor family, a member of the G protein-coupled
receptor family, has been characterized as hawng $ubtypes, EFEP,
[Funk et al., 1993]. The EPand ER receptors have been shown to couple
with the G protein and to stimulate increases irlMEA[AN et al, 1993;
Bastienet al., 1994]. ER receptors have been primarily shown to either
couple to Ga;, thus inhibiting cAMP accumulation; t modulate
intracellular Ca changes, depending on the alterelgt spliced form
studied [Kunapuliet al., 1994]. ER induces changes in intracellular
calcium levels that are believed to be mediatelgeeiby the PLC signaling

pathway, most likely via Gaor via direct activation of a calcium channel
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independent of PLC activation [Breyest al., 2001]. Prostaglandins
increases intracellular cAMP levels and stimulagstrogen biosynthesis
[Zhaoet al., 1996]. Local production of PGREia the COX isozymes may
influence estrogen biosynthesis. o,p’-DDT could uhesin increased

aromatase activity via autocrine mechanisms in B2EG (Fig. 3).
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Fig. 3. Model of autocrine pathways in the regulation xgfression of

aromatase, COX-1, and COX-2.
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Aromatase was strongly correlated with COX-2 exgices This finding
suggests a possibility that the feminization seemw,p’-DDT-exposed R2C
cells may also be involved in decreased testostepooduction. The current
study suggested the possibility that o,p’-DDT irntiim of T production and
in R2C cell is mediated through aromatase geneessgjwn via ER and EP
influenced by COX-2 and PGEnediates.

Therefore, the objectives of the present studytewatetermine whether o,p’-
DDT can affect the inhibition of T production thgiuaromatase. Moreover,
the inducible effects of o,p’-DDT on aromatase gem@ression might be

influenced by medicated COX-2 and PGk testicular leydig cell, R2C.
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Up-regulatory effects of o,p’-DDT on cyclooxygenasg and iNOS gene

expression in RAW 264.7 cells
Cyclooxygenase (COX) catalyzes the synthesis ostpgtandins (PGs)

from arachidonic acid. Two isozymes, COX-1 and CBXhave been
identified which are encoded by separate genes. CBX-1 isozyme is
believed to be a housekeeping protein in mostdssund appears to catalyze
the synthesis of prostaglandins for normal phygiicial functions. In contrast,
COX-2 is not present under normal physiologicalditons but is rapidly
induced in various cell types by tumor promoterswgh factors, cytokines
and mitogens [Simon, 1999; Prescott and Fitzpatri2800]. Increased
expression of COX-2 in malignancy is likely to oceia multiple routes.
COX-2 induction by lipopolysaccharide (LPBas been shown to occur
through both the MAPK and protein kinase C (PKGhpays [Ridleyet al.,
1998]. Ithas also been shown that ceramide-stimulated #iotivaf MAPK
can activate c-Jun N-terminal kinase (JNK), which turn canlead to
increased COX-2 gene expression. This occurs ¢iMP response element
(CRE) inthe COX-2 promoter. Transient transfection expeni®ehave
demonstrated that nuclefactorkB (NF-kB), nuclear factor IL-6 (NF-IL6)
and CRE promotesites mediate gene transcription independenthg&paonse
to LPS treatment [Inouet al, 1994; Inoueet al, 1995]. LPS can activate

different pathways to inducgOX-2 gene transcription: through NB via
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extracellular signaklated kinase (ERK-2), p38 and JNK pathways, tiinou
NF-IL6via a p38 pathway, and through CRE via ERK-2 anH {idthways.
Moreover, PKC signalling seems to mediate transonpafterLPS treatment
through all three promoter sites. Therefore, irdiialsignalling pathways,
such as ERK, p38, JNK or PKC, apptmabe sufficient to mediate COX-2
gene transcription by virtue their ability to recruit transcription factors at
leasttwo promoter sites. This may indicate redundancythie signalling
pathways and promoter elements regulating COX-@stdption,at least in
endotoxin-treated cells of macrophage/monocyte atipe Several
inflammatory stimuli that induce COX-2 gene expr@sslso activate the
MAPKSs [Guanet al., 1998; Scherlet al., 1998; Ridleyet al., 1998; Xieet al.,
1994]. MAPKs are a group of serine/threonine proteihases comprising
three well-characterized subfamilies: the p42/p4draeellular regulated
kinases ERKs, which also known as p42/p44 MAPKas; dhlun N-terminal
kinases JNKs, which are also known as stress-aetivarotein kinases, and
the p38 MAPKs [Mestreet al.,, 2001]. The MAPKs are important
intermediates in various signaling pathways in maplyysiological
processes, including cell growth, differentiati@md apoptosis [Wadleigh
et al., 2000]. A major consequence of MAPK phosphorylatienthe
activation of these transcription factors [Wadledlal.,2000], which serve
as immediate or downstream substrates of thesesésneERK1/2 MAPK

stimulates AP-1 activity by inducing c-Fos, whiaktdrodimerizes with c-Jun
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(Karin, 1995). p38 MAPK induces AP-1 activity bygephorylating ATF-2. A
heterodimer comprised of phospho-ATF-2 and c-Jun gauce c-Jun
expression [whitmarsh and Davis, 1996]. JNK induties expression and
phosphorylation of c-Jun [Karin, 1995]. A recemag suggested that a tumor
promotor, phorbol esters up-regulates PKC, stirmdatlAPKs [Inoueet al.,
1995]. Tumor promoting phorbol esters induce COX¥ehe expression by
activating the PKC signal transduction pathway fathat al., 1998]. More
specifically, the AP-1 transcription factor is andstream target of activated
PKC that is implicated in inducing COX-2 and proimgtcarcinogenesis [Xie
and Herschman, 1995].

It is reasonable to suggest that the capacity pf-DDT to activate
MAPKs may contribute to transcriptional activatiohCOX-2 genes. Here,
we hypothesized that MAPKs and transcription fastare activated prior
to or concurrently with COX-2 gene up-regulatior fEst this hypothesis,
RAW 264.7 cells were treated with o,p’-DDT for MAR¥hosphorylation as
well as for activation of nuclear proteins binditagfour different consensus
transcriptional control motifs associated with C@Xpromoters. Response
elements associated with NB, C/EBP, CREB and AP-1 were selected
based on the presence of these DNA sequences i@@e2 promoters as
well as on the recognized capacities of these draoton factors to mediate

proinflammatory cytokine gene transactivationvitro. In the COX-2 genge

23



promoter elements for NEB (-223/-214)and nuclear factor NF-IL6 (-132/-
124) and CRE (-59/-53) have been found to be inapbrin regulating
transcription [Inoueet al., 1994; Inoueet al., 1995; Kosakaet al., 1994,
Mestreet al., 2001; Subbaramaiadt al., 2002]. The CRE appears to be the
crucial site irepithelial cells [Subbaramaiah al., 1998; Xie and Herschman,
1995] whereas other promoter elemestish as those for NiEB and NF-IL6,
seem to have a role in regulati@®X-2 gene transcription in macrophage-
like cells [Hwanget al., 1997; Inoue and Tanabe, 1998; Wadlaighl., 2000].
Therefore, the purpose of this study was to ingasti that o,p’-DDT may
induce COX-2 gene expression in macrophages, atdHhis was regulated at
the level of MAPKSs and transcriptional factors.

Nitric oxide (NO) mediates a diverse range of fiowd, including
vasodilatation, neurotransmission, the inhibitidnptatelet aggregation and
other homeostatic mechanisms [MacMickieg al., 1997]. Following the
exposure to interferon (IFN)- lipopolysaccharide (LPS) as well as a variety
of proinflammatory cytokines, inducible nitric oxdsynthase (iNOS) can be
induced in various cells such as macrophages, kKugftlls, smooth muscle
cells, and hepatocytes [MacMicking al., 1997]. INOS catalyzes the
formation of a large amount of NO, which plays & kele in a variety of
pathophysiological processes including various forof circulatory shock,

inflammation and carcinogenesis [MacMickireg al., 1997; Maeda and
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Akaike, 1998]. Therefore, NO production by iNOS nraflect the degree
of inflammation and provide a measure for assesdimg effect of
chemicals on the inflammatory process. In additipnpinflammatory
cytokines such as ILB, IL-6 and TNFe appear to play an active role in the
pathogenesis of many diseases with autoimmuneflarrimatory components,
including rheumatoid and osteoarthritis, atherossis, and osteoporosis
[Elenkov and Chrousos, 2002]. Macrophages are wadbin inflammatory
reactions by synthesizing and releasing a varidtynediator molecules,
including NO, arachidonic acid metabolites and kiytes [Colemanret al.,
2001]. The nuclear transcription factor, MB; is the central regulator for the
expression of various genes involved in inflammatiafections and immune
response including the genes encoding iINOS and3|Utt6, TNF-a and the
leukocyte adhesion molecules [Baeuerle and Baicht@®7; Ghostet al.,
1998]. Because these proinflammatory molecules ragulated at the
transcription level, N&B is a critical intracellular mediator of the

inflammatory cascade [Baeuerle and Baichwal, 1997].

Several studies investigate the effects of DDT lo@ immune system.
DDT decreases the anti-ovalbumin serum antibodystiand the number of
mast cells in animals [Banerjegt, al., 1986]. Futhermore, it was reported
that mice exposed to DDT exhibited suppressed pyinsad secondary

humoral immune responses to thymus-dependent addpéndent antigens
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in addition to decreased cell mediated responsesdiee,et al., 1986,
1997]. The mechanism of how DDT results in the appa selective
reduction of a particular cell population and huahcand cellular immune
responses has not been explained. Although DDT igelyw used as a
pesticide and despite evidence that DDT can modtiiatéenmune functions,
little is known regarding its effects on inflamnmati Studies on the
production of NO and inflammatory cytokines areconsiderable interest
toward understanding the toxicities of DDT on wifielas well as human
health. 0,p’-DDT has a similar chemical structurettte synthetic estrogen,
diethylstilbestrol. Moreover, o,p’-DDT has been adpd to exhibit
estrogenic activity [Banerjeef al., 1986]. Recently, it was reported that 4-
nonylphenol and bisphenol A, which like o,p’-DDTeawrell known as xeno-
estrogens, suppress the LPS-induced iNOS and d'dkpression level in
LPS-activated macrophages [Yat al., 2002; Kim and Jeong, 2003].
However, few studies have examined the effects ,@f-@DT on the
regulation of INOS and proinflammatory cytokineshefefore, this study
investigated the effect of 0,p-DDT on NO and pfEmmatory cytokines
production in mouse macrophages. In addition, thesrof NFKB in o,p’-
DDT-mediated iINOS and proinflammatory cytokine egqsion were

examined. It was observed that o,p’-DDT up-regglattNOS and
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proinflammatory cytokines expression in macrophagesl this induction

was mediated in part via NEB sites of these genes
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Il. Materials and Methods
1. Materials
Chemicals and cell culture materials were obtaifieon the following
sources: 0,p'-DDT (AccuStandard); ICI 182,780 (&)cr7-ethoxyresorufin
and resorufin (Pierce Chemical Co.); TCDD (Chemsycience Lab.);
LipofectAMINE Plus,aMEM and fetal bovien serum (FBS) (Gibco BRL);
Penicillin-streptomycin solution, and trypsin (Lifechnologies, Inc); pCMV-
B-gal, and the luciferase assay system (Promega)E, PEhzyme
Immunoassay kit (cayman Co); RIA kits (Diagnostisteéms Laboratories);
Antibodies to COX-2, Aromatase, affidactin (Santa Cruz Biotechnology,
Inc.); Western blotting detection reagents (ECL)m@sham Phamacia
Biotech.); Escherichia coli 0111:B4 lipopolysaccharide (LPS) (Sigma Co.);
pGL3-4&B-Luc, pGL3-3AP-1-Luc and the luciferase assay (R¥ga);
pCMV-B-gal (Clonetech); MTT-based colorimetric assay (Roche Co.);
Enzyme-linked immunosorbent assay (ELISA) kit forll3, IL-6, and TNFe
(R&D Systems); MAPKs Primary antibodies (anti-phosfMAPK (Erkl/2)
(Thr202/ Tyr204), anti-phospho-p38 MAPK (Thr180/rI82), and anti-
phospho-SAPK/INK (Thrl83/ Tyrl85) and Secondarybandly (HRP-linked
anti-rabbit IgG) (Cell Signaling Technology); Altteer chemicals were of the

highest commercial grade available.
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2. Cell culture and treatment

Mouse hepatoma Hepa-1clc7 cells, human breast MCEH8 and rat
testicular leydig R2C cells were obtained from #merican Type Culture
Collection (Rockville, MD). Hepa-1c1c7 cells and®R2ells were cultured in
an a-MEM and RPMI 1640 supplemented with 10% fetal bevserum at
37°C in a humidified 5% C@incubator. MCF-7 cells were cultured in a
MDEM. o,p-DDT, TCDD, and ICI 182,780 were dissalvein
dimethylsulfoxide, and stock solutions of thesensivals were added directly
to culture media and incubated with o,p'-DDT andif@DD. The cell were
incubated with different concentration of DDT dis®al in ethanol absolute
(EtOH) or with EtOH as vehicle control (the final@H concentration was

0.1%, which is ineffective by itself).

3. 7-Ethoxyresorufin O-deethylase assay

Hepa-1clc7 cells were incubated with 0.5 nM TCDDthe presence of
dimethylsulfoxide (the vehicle control), or o,p'-DD for 18 h.
Ethoxyresorufin®©-deethylase (EROD) activity was determined in intadls

grown in 24-well plates, as described previouslpli6o et al., 1998].
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4. RNA preparation and CYP1A1 mRNA analysis by RTHR

Hepa-1clc7 cells were incubated with 0.5 nM TCDD/ano,p'-DDT for 6 h.
Total cellular RNA was isolated by the acidic pheextraction procedure as
described previously [Kimet al., 2004]. cDNA synthesis, semiquantitative
RT-PCR for CYP1Al and glyceraldehyde-3-phosphatéhydiegenase
(GAPDH) mRNAs, and the results were analyzed agritest previously
[Oinonen et al., 1994]. cDNA was synthesized fromg2of total RNA using
an Omniscript RT-PCR kit as instructed. Cycle nursltbat fell within the
exponential range of both the CYP1A1 (302 bp, 28eas) and GAPDH (983

bp, 17 cycles) responses were used.

5. Transfection and luciferase an@-galactosidase assays of DRE
Hepa-1c1c7 cells (2.5 x J)0were plated in each well of a 12-well plateoin
MEM supplemented with 10% FBS. After 12 h, the sallere transfected
using LipofectAMINE Plus. Subsequently, the cellsrevco-transfected with
0.2 ug of pCMV{3-gal and 1ug of DRE-regulated luciferase reporter gene,
pCYP1Al-Luc, or estrogen responsive element (ERBMated luciferase
reporter gene pGE3-ERE3-Luc per well. The repogeme pCYP1Al-Luc
contains a fragment of the murine CYP1A1 gene apstrregion (482bp: -

1306~-824), which contains four DREs (TTGCGTGAGAgdted upstream
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of the mouse mammary tumor virus promoter thatinked to the firefly
luciferase gene. pGE3-ERE3-Luc reporter gene wasstnmted by
conjugation of the three consensus ERE-binding ssite
(AGCTTGTCAGGTCAGCGTGACCTCCAA). Four hours afternisdection,

a fresh medium containing 10% FBS was added toc#ils, which were
treated with TCDD or o,p'-DDT. After 18 h exposuttee cells were washed
with 2 ml of PBS and lysed. The lysed cell pregaret were then centrifuged,
and the supernatants were assayed for luciferat@-galactosidase activity.
Luciferase activity was determined using the lueiée assay system
(Promega) in accord with the manufacturer’s indtoms using a luminometer.
The-galactosidase assay was carried out inj|25if assay buffer containing
0.12 M NaHPQ,, 0.08 M NaHPQ,, 0.02 M KCI, 0.002 M MgGl 0.1 Mf3-
mercaptoethanol, 50g of o-nitrophenylf-galactoside, and 1Q@y of the cell
extract. Luciferase activity was normalized usgigalactosidase activity and

is expressed as a proportion of the activity deteat the vehicle controls.

6. Electrophoretic mobility shift analysis of DRE
Nuclear extracts were prepared and electrophoratbility shift analysis
performed according to the procedure previouslycidiesd [Jeonget al.,

1997; Jeong and Lee, 1998]. Briefly, the nucledraex (5ul/10 pg protein)
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was mixed with 1511 HEDG (HEPES-EDTA-DTT-Glycerol) containing 1
mM dithiothreitol, 0.1 mM PMSF and 140g of poly(didC), and incubated
for 20 min at 26C before the addition of 1.0l of **P-labeled synthetic
oligonucleotide (100,000 dpm). After incubating fam additional 20 min,
samples were run on a 4% polyacrylamide gel wittircalating 1X TAE

buffer (6.7 mM Tris-HCI, pH 8, containing 3.3 mMdiom acetate and 1.0

mM EDTA). The gel was then vacuum dried and exp@te80C to X-film.

7. Testosterone determination

Testosterone was assayed in duplicate by usinfg’a(Coat-A-Count)-
radioimmunoassay (RIA) kit. Details of the hormoredsays have been
published previously (Harmaset al., 200). T levels were determined in
duplicate using*®! double antibody RIA kits obtained from Diagnostic
Systems Laboratories (Webster, TX). The radioagtiof " was quantified

by a gamma-counter. All experiments were repedtéehat three times.

8. RT-PCR assay of stoidogenic genes
Steady-state mMRNA levels for P450scc were measaftedimmature Leydig
cells were incubated for 12 h. Total RNA was issdblby a single-step method

after cells were lysed in culture plates withoutadament using phenol and
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guanidinium thiocyanate in accordance with the meagturer's instructions.
The sense/antisense primers used were: aromatase,5'
GGTCACAGTCTGTGCTGAATCC-3/5-CTCGAGTCTGTGCAT-CCTTA3
cytochrome P450 side-chain cleavage (P450scc). ifiogtion products were
electrophoresed in 2% agarose gel and stainedetvitdium bromide. The gel
images were captured on a gel doc image analysiemy(Kodak) and the
yield of PCR productswas normalized to GAPDH after quantitative

estimation using the NIH Image software.

9. Aromatase activity assay

Aromatase activity was determined using tfd] [H,O release method that
was reported previously [Zhaat al., 1990]. In the "In-cell" aromatase assay,
the cells grown in 6-well culture plates were wakheice with PBS. After a
3-h incubation at 37°C, the reaction mixture wanaeed and extracted with
an equal volume of chloroform to extract unusedssabe and further treated
with dextran-treated charcoal. After centrifugatieapernatant containing the
product, fH] H,0O, counted in a liquid scintillation counter. Theotgin
concentration was determined after dissolving del3.5 N NaOH [Bradford,

1976]. Aromatase activity was calculated as ppapfrotein/h.
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10. PGE immunoassay using ELISA

PGE in the culture medium was measured with an enzynmeunoassay Kit
(Cayman Chemical Co., Inc.). The assay was perfdraeording to the
manufacturer's instructions. Briefly, 25 or 50 fiitlie medium, along with a
serial dilution of PGE standard samples, were mixed with appropriate
amounts of acetylcholinesterase-labeled tracer BGE, antiserum and
incubated at room temperature for 18 h. After thelsvwere emptied and
rinsed with wash buffer, 200 ul of Ellman's reageomtaining substrate for
acetylcholinesterase were added. The enzyme reagts carried out on a
slow shaker at room temperature for 1 h. The plat® read at 415 nm, and

the results were analyzed.

11. Aromatase, COX-2, EP, and ER gene expressioRIWPCR assay

R2C cells were incubated with o,p’-DDT for COX-2 It®, estrogen receptor
and aromatase (6 h). Total cellular RNA was isdldtg the acidic phenol
extraction procedure. For COX-2 and aromatase,cDR®A, which was
reverse transcribed from total RNA, was amplifiey WCR. The
sense/antisense primers used were: aromatase, 5-

GGT/CAC/AGT/CTG/TGC/TGA/ATC/C-3/5-CTCIGAG/TCT/GTIGAT/CC
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T/TA-3';, COX-2 5-ACT/CAC/TCA/GTT/TGT/TGA/GTC/ATTIE3'/5'-
TTT/GAT/TAG/TAC/TGT/AGG/GTA/AAT/G-3'ERr- 5 TAT/GGG/GTCITG

G/TCC/TGT/GA-3'/5-GGG/CGG/GGC/TAT/TCT/TCT/TA-3', HB  5'-

TCC/CTCITTT/GCG/TTT/IGGA/CT-3'/5-TTC/CCG/GCA/GCA/GCGTA
IAC-3', ER5'-CGC/AGG/GTT/CAC/GCAICACIGA-3'/5'-CACITGT/GCC/
GGG/AGC/TAC/GC-3' [Fedyket al., 1996; Okuda-Ashitakat al., 1996];
EP,, 5-TTC/AAT/GAC/TCC/AGG/CGA/GT-3/5-AGG/ACAIGTA/GG/GA
C/GTA/CT-3 [Nemotcet al., 1997]; ER,5-GCC/CGG/CAC/GTG/GTG/CTT
ICAT-3'/5'-TAG/CAG/CAG/ATA/IAAC/CCA/GG-3' [Kasugaiet al., 1995];
EP,5-TTC/CGC/TCGI/TGG/TGC/GAG/TGT/TC-3'/5'-GAG/GTG/GTRC
TIGCTITGG/GTC/AG-3' [Fedyket al., 1996]. glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) sense: 5'-TGA/AGG/TCG/GAG/TAR2G/GAT/
TTG-3/5'-CAT/GTG/GGC/CAT/IGAG/GTC/CAC/CAC-3").  Amification
products were electrophoresed in 2% agarose gektiged with ethidium
bromide. The gel images were captured on a gelirdage analysis system
(Kodak) and the yield of PCR productss normalized to GAPDH after

quantitative estimation using the NIH Image sofevar

12. Transient transfection and reporter gene assaysromatase
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R2C cells, rat testicular leydig cells ere transfddor 22 h with 1.5ug of a
chimeric DNA reporter gene construct containing Bpdof the 5'-regulatory
region upstream of promoter I.4 of the hun@rP19 gene fused to a Luc
reporter gene in the pGL3 vector (a generous giftnf Dr. Makio Shozu,
Kanazawa University, Kanazawa, Japan), CRE geredfts a Luc reporter
gene in the pGL3 vector (a generous gift from Duniko Saeki, Research
Institute, International Medical Center, Japan)d ggCMV{3-galactosidase
control vector (Promega, Sydney, New South Walesistialia) using
LipofectAMINE tansfection reagent according to miuturer's instructions.
After serum starvation, cells were stimulated witp’-DDT for 18 h. Cells
were washed with 2 ml of PBS and lysed. The lyselt preparations were
then centrifuged, and the supernatants were asdayeluiciferase andg3-
galactosidase activity. Luciferase activity wasedeined using the luciferase
assay system (Promega) in accord with the manuaétunstructions using a
luminometer. The3-galactosidase assay was carried out in |250f assay
buffer containing 0.12 M N&lPQ,, 0.08 M NaHPQ,, 0.02 M KClI, 0.002 M
MgCl,, 0.1 M B-mercaptoethanol, 5Qg of o-nitrophenylB-galactoside, and
100 pg of the cell extract. Luciferase activity was nafized usingf3-
galactosidase activity and is expressed as a pgiopaf the activity detected

in the vehicle controls.
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13. Preparation of peritoneal macrophages and arlltures

Peritoneal macrophages were isolated from speg#dtbogen free-BALB/c
mice (females, 5-7 weeks old), which were obtaifreth KRIBB (South
Korea), and cultured as described previously [Veetlal., 1999]. The RAW
264.7 cells, a mouse macrophage cell line, werairdd from the American
Type Culture Collection (Bethesda, MD), and growm RPMI 1640
supplemented with 10% FBS, 2 mM L-glutamine, 10@nUpenicillin, and
100 pg/ml streptomycin at 3T in a 5% CQ humidified incubator. The o,p'-
DDT was dissolved in DMSO, and stock solutionstedse chemicals were
added directly to the culture media. The contrdlsosere treated only with
the solvent, with a final concentration that negrceeded 0.1%, which is a
concentration that did not have any effect on theag systems. The cell
viability was assessed by a MTT assay accordinghto manufacturer's

instructions.

14. Plasminds and COX-2 promoter constructs

The COX-2 promoter constructs (-1432/+59, -327/+390/+59, -124/+59, -
52/-59, KBM, ILM, CRM, and CRM-ILM) were a gift frm Dr. Chieko

Yokoyama (National Cardiovascular Center Researstitlite, Osaka, Japan).
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15. PGE assay in RAW 264.7 cells

The cells were incubated with the o,p’-DDT and/&3.(0.5ug/ml). After
incubating the cells for 24 h, the culture mediuasweollected and the level
of PGE released into culture media was measured usimgeefe enzyme

immunoassay according to the manufacturer's irbns

16. Nitrite assay

The peritoneal macrophages (2 X tells/ml) or RAW 264.7 cells (5 X 10
cells/ml) were cultured in 48-well plates. Aftecubating for the cells for 24
h, the level of NO production was determined byagssy the culture
supernatants for nitrite, which is the stable rieacproduct of a reaction of
NO with molecular oxygen, using a Griess reagendesribed previously

[Choi et al., 2001].

17. RNA preparation and COX-2 and iNOS mRNA analydiy reverse RT-

PCR in RAW 264.7 cells

RAW 264.7 cells were cultured with either o,p"-DDIALPS for either 2 or 6

h. The total cellular RNA was isolated using thédi@cphenol extraction
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procedure described previously [Chomczynski andcl8acl987]. cDNA
synthesis, semiquantitati®T-PCR for COX-2, IL{8, IL-6, TNFa, GAPDH
MRNA, and the analysis of the results were perfdrnaes described
previously [Choiet al., 2001]. The PCR products were electrophoresed
through a 2% agarose gel and visualized with athidbromide staining and

UV irradiation.

18. Western blotting of COX-2

RAW 264.7 cells were cultured with the chemicald/an LPS (0.5ug/ml)
for 24 h and equal amounts of the total cellulantgins (50g) were
resolved by 10% SDS—-PAGE and transferred onto pofidene difluoride
membranes. After blocking, the membranes were imaadb with COX-2
polyclonal antiserum or monoclonal afitactin antibody. The secondary
antibody to IgG conjugated to horseradish peroxdaas used. The blots
were probed with the ECL Western blot detectionesysaccording to the

manufacturer's instructions.

19. Detection of MAPK phosphorylation

Phosphorylation of MAPKs was assayed by Westerr, higing rabbit
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polyclonal antibodies specific for phospho-JNK 1ghospho-ERK 1/2, and
phospho-p38 MAPK (Cell Signaling, Beverly, MA) asesdribed in

manufacturer's instruction. RAW 264.7 cells werepdrsed in SDS lysis
buffer (1% SDS, 1 mM sodium orthovanadate, 10 mMs,TpH 7.4),

transferred to a microcentrifuge tube, boiled fom, and then sonicated
briefly. The lysates was centrifuged at 15,000 g6 min at 4°C to pellet
insoluble material. Protein concentration of theuf@ant supernatant was
determined using a Bio-Rad DC Protein Assay KitofBiad Laboratories,
Inc., Melville, NY). Total cellular proteins weresolved by 10% (w/v) SDS
PAGE and transferred to a polyvinylidene difluor{@/DF) membrane (Am-
ersham, Arlington Heights, IL). After blocking wiB% (w/v) nonfat dry milk,
the immobilized proteins were incubated with phasphecific antibodies
followed by horseradish peroxidase-conjugated it IgG antibodies
(Amersham). Bound peroxidase was determined using BCL

chemiluminescence detection kit (Amersham). Tossskeading, membranes
were stripped and reprobed with specific antibodieat recognize both

phosphorylated and unphosphorylated forms (Ceh&igg) of each MAPK.

20. COX-2 promoter constructs transfection and lteiase assays

RAW 264.7 cells (5 X 10cells/ml) were plated in each well ofl2-well
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plate, and 12 h later transiently co-transfectedhwhe plasmids using
LipofectAMINE Plus according to the manufacturgrstocol. The constructs
used were as follows : the COX-2 promoter constu8R7/+59), its NFB
mutant constructs (designated as KBM, -223/-21t§, CEBP mutant
constructs (designated as ILM, —-132/-124) and REGnutant constructs
(designated as CRM, —-59/-53), have been descritmdopisly [Inoueet al.,
1995], and were generous gifts from Dr. Tadashiaban and Chieko
Yokoyama (National Cardiovascular Center Researstitlite, Osaka, Japan),
pGL3-4&B-Luc, and pCM\B-gal using LipofectAMINE Plus according to
the manufacturer's protocol. After 18 h, the cellere treated with the
chemicals and/or LPS (0.ag/ml) for 12 h, which were then lysed. The
luciferase and(-galactosidase activity were determined as degtribe
previously [Jeong and Kim, 2002] The luciferaseivétgt was normalized
with respect to th@-galactosidase activity and was expressed reladitie to

the activity of the control.

21. Enzyme-linked immunosorbent assay (ELISA) ofomflammatory
cytokines
For the cytokine immunoassay, the RAW 264.7 c@IX (10 cells/ml) were

cultured in 24-well plates. The supernatants weraoved at the designated
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times and the level of TNF IL-IB, and IL-6 production was measured using

a sandwich ELISA according to the protocol suppbgdr&D Systems.

22. Electrophoretic mobility shift assay of NkB

The nuclear extracts were prepared as previousigriteed [Jeomt al., 1999].
Two double-stranded deoxyoligonucleotides contaginine NFkB binding
site (5'-GGGGACTTTCC-3") [Ghos# al., 1998] were end-labeled withy-[
¥P]dATP. The nuclear extracts () were incubated with Rg of poly (dI-
dC) and the*P-labeled DNA probe in a binding buffer (100 mM Niag0
mM HEPES, 1.5 mM MgGH 0.3 mM EDTA, 10% glycerol, 1mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluorideand 1 pg/ml each of
aprotinin and leupeptin) for 10 min on ice. The DWAs separated from the
free probe using a 4.8% polyacrylamide gel in X0MBE buffer (44.5 mM
Tris, 44.5 mM boric acid, and 1 mM EDTA). Followirgdectrophoresis, the

gel was dried and autoradiographed.

23. Statistical analysis
All experiments were repeated at least three titnesnsure reproducibility.
Results are reported as meansS.D. ANOVA was used to evaluate the

difference between multiple groups. If a significalifference was observed

42



between groups, Dunnet's 't' test was used to camipe means of two

specific groups; P < 0.05 was considered significan
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[1l. Results
Down-regulation of 2,3,7,8-tetrachlorodibenzg-dioxin-induced CYP1A1l

gene expression by o,p’-DDT in murine heap-1clc7 Itz

1. Suppressive effects of 0,p'-DDT on TCDD-indua@ltROD activity

EROD activities were measured in Hepa-1clc7 chls were treated with
vehicle (VH), TCDD (0.5 nM) or/and various concetitons of o,p'-DDT (0.1
UM ~ 20uM) for 18 h. Subsequent to treating cells with M6 TCDD, there

was a marked increase in EROD activity comparethécontrol (Fig. 4).

Maximum activities were detected 18 h after theitémd of the inducer (data
not shown). However, TCDD-inducible EROD activitie®re significantly

reduced in cultures co-treated with both o,p'-Di@l &CDD versus induced

cultures treated with TCDD alone (Fig. 4).

2. Estrogenic activity of 1#-estradiol and o,p’-DDT was examined in MCF-
7 cells

Estrogenic activity of 1fF-estradiol and o,p’-DDT was examined in MCF-7
cells. Using an estrogen-responsive reporter gesayalp-estradiol or o,p'-
DDT treatment was shown to result in a increadadiferase activity (Fig. 5).

Addition of the anti-estrogen ICI 182,780 with eithl'p-estradiol or o,p'-
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DDT reduced luciferase activity, indicating thae teffect of o,p-DDT on
ERE-mediated transcriptional activity was dependenthe estrogen receptor

in MCF-7 cells (Fig. 5).
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Fig. 4. Effects of o,p’-DDT on TCDD-induced EROD activity Hepa-1c1c7
cells. EROD activities were measured in Hepa-1ladalls that were treated
with vehicle (VH), TCDD (0.5 nM) or/and various amntrations of o,p'-
DDT (0.1uM ~ 20puM) for 18 h, as described in Materials and Methddse
values are presented as the means = S.D. of #iplicultures* P < 0.05,
significantly different from TCDD.
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Fig. 5. Effects of o,p-DDT on luciferase activity in MCFeells transiently

transfected with pGL3-ERE3-Luc. MCF-7 cells werangiently transfected
with pGL3-ERE3-Luc, and then treated withBi&stradiol (EST; 1 nM), o,p'-
DDT (DDT; 100 nM), ICI 182,780 (ICI; 100 nM), or tombination for 18 h.

The cells were harvested, and their luciferasevidies determined, as
described in Materials and Methods. Values shovenrmaeanst S.D., each

performed in triplicate. Enzyme activities are egzed relative to those of
the vehicle (VH) alone: P < 0.05, significantly different J3-estradiol.
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3. Effects of 1 B-estradiol or 0,p'-DDT on TCDD-inducible EROD actityi

In order to assess whether the suppressive eftdctsp'-DDT on TCDD-

inducible EROD activity might be influenced by thetrogen receptor, ICI
182,780, was used. However, IClI 182,780 was foundbd no effect on
suppressing TCDD-induced EROD activity by eithef-Estradiol or o,p'-

DDT (Fig. 6), which suggests that the suppressifeceof o,p'-DDT and

17B-estradiol on TCDD-induced EROD activity might et mediated by the
estrogen receptor in Hepa-1clc-7 cells. The aatfdhe o,p-DDT appears to

be cell specific.
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Fig. 6. Effects of ICI 182,780 on EROD activity in Hepalt7 cells. EROD
activities were measured in Hepa-1clc7 cells thaewireated with vehicle
(VH), TCDD (0.5 nM), 1B-estradiol (EST; 1M), o,p'-DDT (10uM), ICI
182,780 (ICI; 100 nM), or in combination for 18 The values are presented
as the means * S.D. of triplicate cultures? < 0.05, significantly different
from the TCDD.
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4. Down regulation of CYP1A1 gene expression by @pT

Hepa-1clc7 cells were treated with TCDD (0.5 nMj/ano,p'-DDT (1 ~ 20
uM) for 6 h. Total cellular RNA was isolated frometttells.The effects of
0,p'-DDT on the TCDD-induced induction of CYP1Al MR levels were
determined by RT-PCR. Consistent with the resuitsioed from the EROD
activity assay, CYP1A1 mRNA levels were markedhypmessed by co-

treatment with o,p’-DDT and TCDD (Fig).

CYP1Al —

GAPDH oo

O,p-DDT 0 20 0 1 10 20

+ TCDD

Fig. 7. RT-PCR analysis of CYP1A1 mRNA in Hepa-1clc7 cdllells were
treated with TCDD (0.5 nM) and/or o,p'-DDT (1 ~ M) for 6 h. Total
cellular RNA was isolated from the cells. For CYH1#&nd glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression, tidAs, which were
reverse transcribed from the total RNA, were anwgdif by PCR.
Amplification products were electrophoresed in 3g8arase gel and stained
with ethidium bromide, as described in Materiald &ethods.
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5. Effects of 0,p-DDT on luciferase activity in H&-1cl1c7 cells.

Hepa-1clc7 cells were transiently transfected wilYP1Al-Luctreated with
TCDD and/or o,p'-DDT and luciferase activities deteed. TCDD treatment
resulted in an increase in luciferase activity camg with control. However,
when the cells were treated simultaneously with DCa&nd o,p'-DDT, the
luciferase activity was significantly lower thanthre cells treated with TCDD

alone (Fig. 8).
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Fig. 8. Effects of o,p-DDT on luciferase activity in Hepalc7 cells
transiently transfected with pCYP1Al-Luc. Hepa-Ittells were transiently
transfected with pCYP1A1-Luc, which contains theegjulating region of the
CYP1A1 gene, and then treated with TCDD (0.5 nMj)/ano,p’-DDT (1 ~
20 uM) for 18 h. The cells were harvested, and theaiféwase activities
determined, as described in Materials and Methdalsies shown are means
+ S.D., each performed in triplicate. Enzyme adtsitare expressed relative
to those of vehicle alon&.P < 0.05, significantly different from the TCDD.
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6. Effects of o,p-DDT on TCDD-induced transformation of a Ah

receptor #P-DRE complex

An electrophoretic mobility shift assay was perfedhrto determine whether
0,p'-DDT is capable of reducing the transformatiéthe Ah receptor, which
are capable of specific binding to*P-labeled double-stranded
oligonucleotides containing DRE sequence. Afteattrent of Hepalclc?
cells with TCDD and/or o,p'-DDT to Hepa-1clc7 cefisclear extracts were
isolated and the electrophoretic mobility shiftaassas performed. o,p'-DDT
reduced the TCDD-induced transformation of a Aheptor?’P-DRE

complex (Fig. 9).
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TCOD - - +
0,p’-DDT 0

Fig. 9. Electrophoretic mobility shift assay of DRE-bindiproteins in Hepa-
1cic7 cells. Cells were treated with TCDD (0.5 ravy/or o,p’-DDT (1 ~ 20
uM) for 3 h. Nuclear extracts were isolated and use@ electrophoretic
mobility shift assay with**P-labeled DRE oligonucleotide as probe, as
described in Materials and Methods. The arrow iagis the Ah receptor-
DRE complex. Excess DRE; 200-fold excess of noéabBRE.
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0,p'-DDT reduced testosterone production via indugbn of aromatase

(CYP19) gene expression in rat testicular Leydig tle

7. Suppressive effects of 0,p’-DDT on testosterpneduction in R2C cells
Testosterone (T) production by immature Leydig sseihcubated in fresh
media for 3 h after treatment with 1-iM of o,p’-DDT for 18 h, is shown in
Figure 8. 0,p’-DDT caused a dose-dependent inbibitef T production in
R2C cells. Inhibition of T production commencedLatM, while the highest
concentration of 0,p’-DDT (1QM) reduced T production to as low as 68% of
control (Fig. 10). Assessment of cell viability the trypan blue exclusion test
showed that the fraction of vehicle control and-®pT-treated Leydig cells
taking up the blue stain was less than 10% in adles, indicating that the

concentrations of o,p’-DDT used were not overtlyotgxic.
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Fig. 10. Effects of o,p’-DDT on testosterone production &t testicular
Leydig R2C cellsAfter cells were cultured in the presence of o,PID(1-10
puM) for 18 h, testosterone concentrations were nredasby RIA. Three

experiments were conducted for this determinatioR.< 0.05, significantly
different from the VH.
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8. Steady-state mMRNA levels of P450sc8;RBSD, CYP1@ and 173-HSD in
0,p’-DDT-treated R2C cells

R2C cells were treated with o,p"-DDT (0.1 ~|d\) for 6 h. Treatment of the
R2C cells with o,p’-DDT significantly decreased the45Q,, (17o-
hydroxylase) and BHSD (3-hydroxysteroid dehydrogenase), which one
related with T biosynthesis. Meanwhile, BtASD and P450scc were no
affected by o,p’-DDT (Fig. 11). o,p’-DDT causes #edt inhibition of T
biosynthesis by leydig cells and this inhibitiores® to be derived from a

decrease in the activity of P450and $-HSD.
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Fig. 11. Effects of o,p’-DDT on steady-state mRNA levelsR¥#5Q 7q,, 3B-
HSD, P45G¢cc and 1B-HSD in o,p’-DDT-treated R2C cells. R2C cells were
lysed and total RNA was prepared for RT-PCR anslg$igene expression.
The ratio of RT-PCR product of P4bgy, 33-HSD, P45@cc and 1B-HSD

to GAPDH was determined. Amplification products evetectrophoresed in
3% agarose gel and stained with ethidium bromidejescribed in Materials

and Methods.
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9. Effects of o0,p'-DDT on aromatase activity, mRN#d protein expression
in R2C cells
Various pesticides known or suspected to interigith steroid hormone
function were screened for determining effects atalgtic activity and
MRNA expression of aromatase in R2C cells. o,p’-Dbduced aromatase
activity in R2C cells in a concentration-dependeainner The effects PGE
and phorbol ester TPA, known regulators of aroneatadivity, of o,p’-DDT
on aromatase activity were determined (Fig. 12p-BDT significantly
stimulated aromatase activity in R2C cells in aeddspendent manner. TPA
significantly stimulated aromatase activity oventrol levels (p < 0.05). TPA
was identified to be the most potent inducer ofvagtseen (mean activity,
0.095 + 0.098 pmol/h per i@ells).

The increase in T biosynthesis was associated indgtiction of aromatase
gene expression, because steady state aromatasA ke were induced in
0,p’-DDT-treated leydig cells compared with contflig. 13). The patterns of
aromatase mMRNA expression are generally consigtigéimthose of aromatase
activity. Western blotting analysis was performed determine aromatase
protein expression (Fig. 14). Using an equine atas@polyclonal antibody,
aromatase protein was detected primary as a doobl&6,000 molecular

mass and quantified usifig-actin protein as a contrdlhese results indicated
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that o,p’-DDT-mediated inhibition of T productiom iR2C cell might be

through the increase in aromatase enzymes.
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Fig. 12. Effects of o,p’-DDT on aromatase activity in R2dIseAromatase
activity was determined in cells treated with DT (1-10 uM), TPA (10
nM), PGE (1 puM), or vehicle (control) for 18 h. The amount ohibition

was determined by measuring the tritium reIeaseéI—@@ from [1[3-3H]

androst-4-ene-3,17-dione, as described in MategimdsMethods* P < 0.05,
significantly different from the VH.
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Fig. 13. Effects of o0,p'-DDT on aromatase mRNA expressiorRRC cells.

R2C cells (1x16 cells/ml) were cultured for 6 h in the presencenwdia
alone, with the indicated concentrations of o,pIDR2C cells were lysed

and total RNA was prepared for RT-PCR analysiseniegexpression.
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Fig. 14. Effects of o,p’-DDT on aromatase protein expressin R2C cells.

Cells (1 X 16 cells/ml) were cultured for 24h in the presenceneflia alone,
with the indicated concentrations of o,p-DDT. Thimicrogram whole cell
lysates were analyzed by western blotting with ajuiree aromatase
polychlonal antibody and a mousg-actin monoclonal antibody. (A)
Quantified aromatase levels are shown as aromaf@saftin protein

expression (B) and reported as mean £’SP.< 0.05, significantly different
from the VH.
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10. Effects of o,p'-DDT on transcriptional activain of aromatase
expression in R2C cells
To gain further insight into how o,p’-DDT interfewdgth the transcription of the
aromatase gene, Cells were transfected with pGL&orecontaining 5'-
regulatory region between -774 and +14 or with pia3ic vector. Fig.
15A demonstrated that in the absence of treatmsaal levels ofLuc
gene expression were observed in cells transfestddboth pGL3-basic
vector and -774/+14 P450-1.4/Luc. Treatment with |11 of o,p’-DDT
(which up-regulate aromatase expression througmpter 1.4) caused a
4.5-fold induction in aromatadeic gene expression (Fig. 15B). This
result was consistent with the effect of o,p’-DDW aromatase activity
(Fig. 12) and expression (Fig. 13). Treatment wif'-DDT had no effect
on basalLuc or B-galactosidase expression, and treatment with 0.1%

DMSO vehicle did not affect Luc activity (data restown).
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Sequence of cis-acting elements of human cyp19 gene
AP-1: TGATTAA

GAS: TTCCTGTGAAA

GRE: AGAAGATTCTGTTCT
SP1: GGGCGGGG
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Fig. 15.Effects of o,p’-DDT on aromatase gene transcriptienpromoter 1.4.
Cells (1 X 16 cells/ml) weretransfected for 22 h with jug of the Luc
reporter gene construct containing 774 bp of thee§ulatory gene upstream
of the aromatase gene promoter 1.4 (-774/+14 P4B0dC) or pGL3-basic
vector and cotransfected with uf of pCMV{3-galactosidase control vector.
Cell were stimulated for 12 h with o,p’-DDT (1-10M) or TPA. Cells were
lysed, andLuc activity was determined and normalized [¥egalactosidase
activity. * P < 0.05, significantly different from the VH.

65



11. Effects of o,p'-DDT on functional El& and ERBin R2C cells

0,p’-DDT was found to increase aromatase activitgd gene expression in
R2C cells in a dose dependent manner. In orderstesa whether the
increased effects of o,p’-DDT on aromatase generessgpn might be
influenced by the ER (estrogen receptor). Stimotatf R2C cells with o,p’-
DDT for 6 h induced a marked increase infFBERRNA (Fig. 16). In particular,
the increase of HRin R2C cells after stimulation with 1-1M of o,p’-DDT
was 4-fold higher compared to the increase ir8 BBt not ERx. Therefore,
inducible effects of o,p’-DDT on aromatase gene reggion might be

influenced by the ER
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Fig. 16. Effects of o0,p’-DDT on ERx and ERB mRNA expression in R2C
cells. Cells (1 X 1?)ce|ls/ml) were cultured for 6 h with o,p-DDT (D-M).
Total cellular RNA was isolated from the cells. ER-a, ER and GAPDH
expression, their cDNAs, which were reverse trabedrfrom the total RNA,
were amplified by PCR. Amplification products wedectrophoresed in 2.5%
agarose gel and stained with ethidium bromide,essribed in Materials and
Methods.
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12. Effects of o,p’-DDT on COX-2 activity and itgene expression in R2C
cells

Effects of o0,p-DDT on COX-2 activity and expression werkettefore
assesseid R2C cells. Exposure of the cells tqu¥ 010 uM o,p’-DDT for
24h markedly enhanced the production of RGéhe of the majoCOX-2
metabolites (Fig. 17). The veracity of the assag wanfirmedusing LPS,
which is well known to induce COX-2 in R2&lls including RAW 264.7
cells. To explain PGEelevation by,p’-DDT, protein and mRNA levels of
COX-2 were determined following treatment with e[JDT using, Western-
blotanalysis and RT-competitive PCR, respectively.-DPT caused a dose
dependent increase in levels of COX-2 mRNA. o,p’ID& a dose dependent
increase in amounts of COX-2 mRNA in R2C céfry. 18A). Treatment
with 1110 uM o,p’-DDT for 18 h caused dose-dependent increas€©X-2
protein (Fig. 18B).Thus, o,p-DDT markedly up-regidd COX-2 gene
expressiorand activity in R2C cells. Since PGES known to regulate
aromatase gene expression and is the product of -ZOah enzyme
frequently over-expressed in R2C cells, aromatasehelieved to be strongly
correlated with COX-2 expression. This finding sestgd a possibility that

the feminization seen in o,p’-DDT-exposed R2C celtsy also be involved in

decreased T production.
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Fig. 17.Effects of o,p’-DDT on PGEproduction in R2C cells. Cells (1 X 10
cells/ml) were cultured for 24 h with o,p’-DDT. Theedium was removed
and the production of PGRvas measured by PGEnzyme immunoassay.
P < 0.05, significantly different from the VH.

69



COX-2

GAPDH

VH 1 5 10
0,p™-DDT (uM)

COX-2 | w—— i gy ‘

B-actin |

VH 1 5 10
0,p’-DDT (uM)

Fig. 18.Effects of 0,p’-DDT on COX-2 mRNA and protein exgseon in R2C
cells. (A) Cells (1 X 16cel|s/ml) were cultured for 2 h with o,p'-DDT. @Gl
were lysed and total RNA was prepared for RT-PCRlyais of gene
expression. Total cellular RNA was isolated frore ttells. For COX-2 and
GAPDH expression, their cDNAs, which were reversagcribed from the
total RNA, were amplified by PCR. Amplification mhocts were
electrophoresed in 2.5 % agarose gel and staingdethidium bromide, as
described in Materials and Methods. (B) Cells (11]8(6 cells/ml) were
cultured for 18 h with o,p'-DDT. Cells were lyseddatotal protein was

prepared for Western blotting.
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13. Expression of EP receptors in R2C cells andeeft of o,p’-DDT on EP
receptor expression in R2C cells

Effects of o,p’-DDT on the expression of EER, EPR;, and ER receptor
MRNAs were assessed in R2C cells using RT-PCR sisalyhe mRNAs of
EP, 4 subtype receptors were detected in R2C cells. WporDDT treatment
for 6 h, the mRNA level of EPand ER subtype receptor was evidently
increased (Fig. 19), Whereas other subtypes of E€pter mRNAs remained

unchanged (data not shown).
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Fig. 19.Effects of o,p’-DDT on EP receptors mRNA expressio R2C cells.
Cells (1x16 cells/ml) were cultured for 6 h in the presenceneidia alone or
with the indicated concentrations of o,p-DDT. Totallular RNA was
isolated from the cells. For EE, receptor and GAPDH expression, their
cDNAs, which were reverse transcribed from thel tBfdA, were amplified
by PCR. Amplification products were electrophoresed®.5% agarose gel
and stained with ethidium bromide, as describedaterials and Methods.
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14. Effect of 0,p’-DDT on the intracellular cAMP prduction

In this wok, treatment with o,p’-DDT for 1 h resdt in dose dependent
increase of CAMP levels in the R2C cells (Fig. 28GE, a potent activator
of intracellular cAMP production activator, was dsa&s the positive control.
Subsequently, examine the role of putataie-element in cAMP-induced
transcriptional activity, the site were mutated CREAMP responsible
element) of CYP19 promoter 1.4 were constructed with luciferase gene
Mutation of CRE decreased o,p-DDT-induceldasal promoter by
approximately 70% (Fig. 21). Therefore, it was daded that cCAMP-induced

transcription from promoter 1.4 in R2C cells mightjuire CRE.
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Fig. 20. Effects of 0,p’-DDT on intracellular cAMP produati in R2C cells.
Cells (6 X 10 cells/ml) were cultured for 1 h in the presencenefdia alone
or with the indicated concentrations of o,p'-DDFIAuM) or PGE (1 uM).
Intracellular accumulation of cAMP was determineg BLISA. o,p’-DDT
dose dependently increased intracellular cAMP coinagon in R2C cells.
Data points represent means + S.D. of duplicatermi@tations from three
independent experiments. Error bars standard dengat* P < 0.05,
Significantly different from the VH.
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Fig. 21.Effects of mutation in CRE-like sequence witi&P19 promoter |.4.
on o0,p’-DDT-induced luciferase activity in R2C &IllR2C cells were
transfected with th€YP19 promoter 1.4. Reporter construct depicted above,
harboring mutation in CRE site, and incubated m phesence or absence of
0,p’-DDT (5, 10 uM) for 12 h. Cells were lysed, aniduc activity was
determined and normalized t@-galactosidase activity* P < 0.05,

Significantly different from the VH.
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Up-regulatory effects of o,p’-DDT on cyclooxygenasg and iNOS gene

expression in RAW 264.7 cells

15. Effects of 0,p’-DDT on COX-2 activity in RAW 267 cells

The effectof o0,p-DDT on COX-2 activity and expression weteeitefore
assesseid RAW 264.7 cells. Exposure to 0.gM 01 uM o,p’-DDT for 24h
markedly enhanced the production of BGBne of the majolCOX-2
metabolites (Fig. 22). The veracity of the assag wanfirmedusing LPS,
which is well known to induce COX-2 in macrophagdls including RAW

264.7 cells.
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Fig. 22.Effects of 0,p’-DDT on PGEproduction in RAW 264.7 cells. RAW
264.7 cells were treated with 0.aM O 1 puM o,p'-DDT for 24 h. The
medium was then replaced with fresh medium congirb uM sodium
arachidonate. 30 min later, the medium was coltedte determine the
synthesis of PGE Production of PGE was determined by enzyme
immunoassay. One of three representative expergrisnshown. Each bar
shows the mean = S.D. of three independent expetangerformed in
triplicate.* P < 0.05, significantly different from the VH.
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16.Effectsof o,p’-DDT on COX-2 gene expression in RAW 264.7 cells
To explain PGEelevation by,p’-DDT, protein and mRNA levels of COX-2
were measured using, Western béotalysis and RT-competitive PCR,
respectively. Treatment wihh01uM 01 uM o,p’-DDT for 18 h caused dose-
dependent increase$ COX-2 protein (Fig. 23A). For mRNA expression
study, cells were treated with o,p’-DDT for 2h. 'eDT caused a dose
dependent increase in levels of COX-2 mRNA. o,p™ D&t a dose of UM
lead to about 3-fold increase in amounts of COXRNA in RAW 264.7
cells (Fig. 23B). Thus, o,p’-DDT markedly up-regulatedOX-2 gene

expressiomand activity in RAW 264.7 cells.
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Fig. 23 Effects of o,p-DDT on COX-2 mRNA and protein eggsion in
RAW 264.7 cells. (A) Cells (5 X facells/ml) were treated with o,p'-DDT
for 2 h. Total cellular RNA was then extracted ®F-PCR with specific
mouse COX-2 primers. Quantitation of bands norneslizo GAPDH
showed 0,p'-DDT (LM) increased COX-2 mRNA 3.5-fold compared with
control. The results in each panel represent onethoée separate
experiments with similar findings. (B) Cells (5 X°Icells/ml) were treated
with o,p"-DDT for 24 h. Western blot analysis wasfpaned as described
in "Materials and Methods." The membrane was prow@td a COX-2-
specific antibody, and bands were visualized wi@lLEeagents. o,p'-DDT
induced COX-2 in a dose-dependent manner with aimelxeffect at 1
UM. Each blot in this figure is representative ofed separatexperiments
independently performed, with similar results.
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17. Effects ofo,p’-DDT on MAPK activation

MAPKSs are known to be important signaling modulatior COX-2expression
and these had been recently shown to be actibgt&DT [Shinomiya and
Shinomiya, 2003; Robinson and Dickenson, 200dssier and Matsumura,
2001]. Therefore, the involvement of MAPK-signalipgthwaysn o,p’-DDT-
induced COX-2 expression was investigated. Wheneffextsof o,p’-DDT
on phosphorylation of ERK, p38, and JNK were analybgWestern blot
analysis, the,p’-DDT was found to enhance phosphorylatiball 3 MAPKs,
with maximal effects being observed 30 min aft€luM 1 uM o,p’-DDT
exposure (Fig. 24). The levels of non-phosphordlatell APKs were
unaffected by o,p’-DDT treatment.

Treatment with MAPK-signaling inhibitors PD9805% (MEK1/2inhibitor
that inhibits ERK activation) oiISB203580 (a p38 MAPHKnhibitor) or
SP600125 (a SAPK/IJNK MAPKhibitor) significantly reduced o,p’-DDT-
induced phosphorylatioof all 3 MAPKs (Fig. 25). At the concentrations
employed, PD98059, SB203580 and SP600125 inhilfeld, p38 and JNK

activities respectively, without having cytotoxic effects @aibt shown).
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Fig. 24 Effects of o,p-DDT on MAPK phosphorylation in RA264.7 cells.
Cells (5 X 106 cells/ml) were treated with vehicle, o,p'-DDT dP%. 15 min
After, stimulation with various concentrations (DM 01 uM) of o,p'-DDT,
cells were harvested and suspended in the lysierbuf each lane, cell
lysates from 1 X 10cells were separated by 10% SDS-PAGE and examined
by Western blot analysis. Extracts were analyzadM&PK activation by
Western analysis using antibodies to phosphoryldititi ERK, and p38.
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Fig. 25 Effects of inhibitors on o,p'-DDT-induced MAPK pdphorylation in
RAW 264.7 cells. Cells (5 X fOcells/ml) were treated with vehicle,
0,p'-DDT (1 uM), PD98059, SB203580 or SP600125. After 15 mirlsce
were harvested and suspended in the lysis buifieeach lane, cell lysate
from 1 X 10 cells were separated by 10% SDS-PAGE and exantiyed
Western blot analysis. Extracts were analyzed fokPM activation by
Western analysis using antibodies to phosphorylditéti ERK, and p38.
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18. Effects of o,p’-DDT on AP-1 activation

Since o,p’-DDT has previously been shown to indd€ekB activation in the
RAW 264.7 macrophage cell line [Kigt al., 2004]. This suggests that the
0,p’-DDT-induced stimulation of COX-2 expressionRAW 264.7 cells may
require NFkB. To obtain further insights into the molecularamanism of
0,p’-DDT action during COX-2 induction, | was deténed the effects on
transcription factors such as AP-1, since they larewn to affect COX-2
promoter activity. AP-1 activation was analyzedtlgnsactivational activity
following transient transfection. RAW 264.7 celleng also stimulated with
100 nM PMA as positive control for AP-1 activityells were transfected
with an AP-1 luciferase reporter construct and lingferaseactivity was
determined following a 24 h incubation in the alegeor presence of o,p’-
DDT. To ascertain whether AP-1 activation is requiiire 0,p’-DDT-mediated
COX-2 expression, we treated RAW 264.7 cells withcamin, which is an
inhibitor of AP-1 binding [Gucet al., 2001; Moharet al., 2000]. RAW 264.7
cells were transiently transfected with a pGL3-A-lplasmid containing
COX-2 promoter coupled with reporter gene and pegtd with or without
curcumin for 0.5 h and then stimulated with 0.A1uM of o,p’-DDT for 24 h.
Curcumin (40uM) completely abolished AP-1 induction induced dy'-
DDT (Fig. 26).Thus, these findings demonstrated thia¢ AP-1 is an

important intermediate ithe o,p’-DDT-mediated COX-2 gene expression in

83



RAW 264.7 cells. These results suggested thakBIFend AP-1 is required
for the transcriptional induction of COX-2 in o,pBT-stimulated RAW

264.7 cells.
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Fig. 26. Effects of 0,p-DDT on AP-1-dependent luciferasee expression in
RAW 264.7 cells. The RAW 264.7 cells (5 X°1€ells/ml) were transiently
co-transfected with pGL3-3AP1-Luc and pCNBvgal. After 18 h, the cells
were pretreated with curcumin (1) for 15 min. Then was added o,p'-DDT
or PMA (200 nM) for 18 h. The cells were then hatee, and their luciferase
and B-galactosidase activities were determined. Thefduase activity was
normalized with respect to thggalactosidase activity. Each bar shows the
mean + S.D. of three independent experiments, paed in triplicate. P <
0.05; significantly different from the control. P* < 0.05; significantly
different from the o,p’-DDT.
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19. Effects of 0,p’-DDT on transcriptional activainh of COX-2 expression.

Subsequently the regions of the COXxdmoter that was important for
mediating the inductive effectsf o,p’-DDT were identified. Transient
transfections were performed withsaries of human COX-2 5'-promoter-
deletion constructs (Fig. 27A). In agreement witk tesults shown in Fig
21A, treatmenof cells with 0,p’-DDT led to @oubling d COX-2 promoter
activity when a —1432/+59 COX-2 promoter constwasutilized (Fig. 27B).
A stepwise decrease in basal COX-2 promatgivity was observed when
shorter constructs were used. We carried out eahsiansfections to further
elucidate the effects of o,p’-DDT on COX-2 tranption. PMA at 100 nM
was used as the positive control, becaubadtalso been shown to activate
COX-2 promoter activity in RAV264.7 cells [Pautt al., 1999]. o,p’-DDT, at
concentrationsf 0.01 0 1 puM, significantly increased luciferasxpression
dose-dependently in the transfected cells at 18dweverthe magnitude of
induction by o,p’-DDT remained essentialipnstant with all promoter
deletion constructs except the —52/+ahstruct (Fig.27C). The —52/+59
COX-2 promoter construavas not stimulated by o,p’-DDT. This result
implied that on®r more promoter elements lying between —53 an® afie?
necessary for o,p’-DDT-mediated induction of COXFRe fact that a CRE
present between nucleotides —59 and —53 raisiagpossibility that this

element could be involved in mediatithg inductive effects of o,p’-DDT. To
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test this hypothesis, transigrdnsfections were performed utilizif@OX-2
promoter construcia which specific known enhancer elements includhg
CREwere mutated. As shown in Fig. 25B, mutation in @REsite abrogated
0,p’-DDT-mediated stimulation of COX-2 promotactivity. By contrast,
mutation in the NF-IL6 sitdsad no effect or€COX-2 promoter function.In
addition, the involvement of MAPKs in o,p’-DDT-inded transcriptional
activationwas investigated. The MAPKSs inhibitors (PD98059,288580 or
SP6001253ignificantly suppressed luciferase reporter iniducin o,p’-DDT-
treatedransfected cells (Fig. 27D). Taken together, thgults indicate that
p3&ERK<IJNK MAPKs activation and by o,p’-DDT contributed to

transcriptional activation of the COXgne.
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Fig. 27. Localization of theCOX-2 promoter region that mediates the effects
of o,p’-DDT. (A) A scheme of the humaBOX-2 promoter. B) RAW 264.7
cells were transfected with 1 pg of a series of &u@OX-2 promoter
deletion constructs ligated to luciferase (-1438/+8327/+59, -220/+59, -
124/+459, or -52/+59) and 0.5 pug of pCM-R-g&) RAW 264.7 cells were
transfected with 1 pg of a series of huma@®X-2 promoter-luciferase
constructs (-327/+59, KBM, ILM, CRM, and CRM-ILM)nd 0.5 ug of
pCMV-3-gal. KBM represents the -327/+%30X-2 promoter construct in
which the NFkB site was mutated; ILM represents the -327/«39X-2
promoter construct in which the NF-IL6 site was atatl; CRM refers to the -
327/+59 COX-2 promoter construct in which the CR&swnutated; CRM-
ILM represents the -327/+59 COXgtomoter construct in which both the
NF-IL6 and CRE site were mutagenized. After tracksbm, cells were treated
with vehicle, PMA (200 nM), or various concentraso(0.01uM 01 uM) of
0,p'-DDT. Reporter activities were measured in ¢ailextract 6 h later.[)
RAW 264.7 cells were transfected with 1 ug of -35® and 0.5 ug of
pCMV-3-gal. After transfection, cells were preteshatwith 10uM PD98059,
10 uM SB203580 or 1M SP600125 for 30 min. Then, M of o,p'-DDT
was added. Reporter activities were measured inlaelextract 12 h later.
Luciferase activity represents data that have bmermmalized with -
galactosidase activity. The values are presentethe@gneant S.D., each
performed in triplicate. P < 0.05; significantly different from the control.
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20. Effects of 0,p’-DDT on NO production

Peritoneal macrophages and RAW 264.7 cells, a mmaseophageell line,
were incubated with o,p’-DDT for 24 h, and the N@ncentrations in the
culture supernatants were assessed using the @Ggstion. o,p’-DDT had a
significant effect on NO production from a doseOd? uM. Upon o,p’-DDT
stimulation, NO production bythe macrophages increased in a dose-
dependent manner (Fig. 28). The cytotoxicity of tlep’-DDT in
macrophages was assessed by a MTT assay, whichatiedi that the
concentration of 0,p’-DDT used in these experimelidsnot decrease the cell

viability in the cells (> 95% cell viability, Fig26).
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Fig. 28. Effects of o,p-DDT on NO production in macrophaghbhirine
peritoneal macrophages (2 X *Itklls/ml) or RAW 264.7 cells (5 X %0
cells/ml) were cultured for 24 h in the presencehef media alone, with the
indicated concentrations of o,p’-DDT, or with LR®B1(ug/ml). The level of
NO production was determined by measuring the aatation of nitrite in
the culture medium. The cell viability was assedsed MTT assay. Each bar
shows the mean = S.D. of three independent expataneerformed in

triplicate. *P < 0.05; * P < 0.005, significantly different from the control.
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21. Effects of o,p’-DDT on macrophage-related prdammmatory cytokines
production

In order to assess the effects of o,p’-DDT on TaNFIL-1B and IL-6
production, RAW 264.7 cells were incubated in thespnce of o,p’-DDT and
the quantities of the these cytokines secreted tilkoculture supernatants
were then monitored by ELISA. o,p’-DDT increasecdttie levels of TNFa
and IL-6 secretion in the supernatant at 6 h inoaeedependent manner.
However, the level of ILB secretion in the supernatant 6 h after o,p’-DDT
treatment was slightly increased without showingigmificant difference in
IL-I3 secretion between o,p’-DDT and control. Thereaftee cells were
cultured foreither 6 h (TNFa and IL-6) or 12 h (IL-B) in the presence of
media with o,p’-DDT and the amount of TNE-IL-1(3, and IL-6 released to
the culture medium were measured by an immunoassdiis study,0,p’-
DDT increased the levels of TNE- IL-13, and IL-6 secretion in the
supernatant in a dose-dependent manner and in igrsimanner to that
observed for NO production (Table 1). LPS, a knguatent macrophage
activator, was used as a positive control. Theeseer of these cytokines
might be due to the activation of the macrophagestlre autocrine or

paracrine action of the secreted TNMFH-I3 or IL-6 by o,p’-DDT.
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Table 1. Effects of o0,p-DDT on the production of cytokinesRAW 264.7
cells

Treatment?® TNF-a (ng/ml) IL-1B (ng/ml) IL-6 (ng/ml)
Control 0.62 +0.09" 0.31+0.05" 0.28 +0.05"
0,p'-DDT (0.2 pM) 2.13 + 0.29+ 1.33+0.17* 0.83 +0.11*
0,p'-DDT (0.5 pM) 6.72 + 0.87x 2.24 + 0.31#x 1.67 £ 0.19%x
0,p'-DDT (1 pM) 12.73 + 1.41%* 3.72 + 0.42%x 2.85 + 0.34%%
LPS (0.1 pg/ml) 18.22 + 212 5.58 + 0.73x 3.98 + 0.54%*

*The RAW 264.7 cells (5 X f@ells/ml) were cultured for either 6 h (TNF-
and IL-6) or 12 h (IL-B) in the presence of media alone, with op'-DDT, or
LPS. The amount of TNB; IL-1(3, and IL-6 released to the culture medium
were measured using an immunoasS&e Results are expressed as a mean
+ S.D. of four independent experiments, performedriplicate. P < 0.05;

**P < 0.005, significantly different from control.
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22. Effects of o,p’-DDT on the gene expression oNAS and
proinflammatory cytokines

As described above, 0,p’-DDT induced the macrophsegretion of NO,
TNF-a, IL-IB, and IL-6. A RT-PCR assay was conducted in orddetermine
whether or not o,p’-DDT regulates NO as well as faeretion of these
cytokines at the mRNA level. LPS, a known potentrophage activator, was
used as the positive control. Consistent with #wilts obtained from the NO
and cytokines secretion immunoassays, the iINOS,-GNHE-I3, and IL-6
MRNA levels were markedly increased by thp'-DDT treatment (Fig. 29).
Control3-actin was constitutively expressed and was untfteby o,p’-DDT
treatment. Therefore, the increase in INOS, TNHRE-IB, and IL-6 by o,p’-

DDT is believed to be regulated by the transcrigicactivation.
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Fig. 29. Effects of o,p-DDT on iNOS, TNE; IL-1B, and IL-6 mRNA
expression in RAW 264.7 cells. RAW 264.7 cells (118 cells/ml) were
cultured for 6 h in the presence of media alonethwhe indicated
concentrations of 0,p’-DDT, or with LPS (Qud/ml). The cells were lysed and
the total RNA was prepared for analysis of genaesgqion by RT-PCR. PCR
amplification of the housekeeping geractin, was performed for each
sample. The PCR amplification products were elgtiooesed in 2.5%
agarose gel and stained with ethidium bromide. Gmntiree representative

experiments is shown.
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23. Effects of the 0,p’-DDT on the activation of NkB

The transcription factor, NkB, is the central regulator for the expression of
the genes encoding iINOS and the proinflammatorgkines, and NReB was
identified as a critical intracellular mediator tife inflammatory cascade
[Baeuerle and Baichwal, 1997; Ghosh al., 1998]. In order to further
investigate the role of 0,p'-DDT on iNOS gene espi@n, the effect of o,p’-
DDT on the NFkB-dependent gene expression level was assessesifiy u
the luciferase reporter gene assay. The macrophagee transiently
transfected with a plasmid containing 4 copieshaf NFkB binding sites,
and the luciferase activities were measured. LPSthen used as the positive
control. Consistent with NO and proinflammatory alyhe production and
these mRNA expression, o,p’-DDT also significantigreased the NKB-
dependent luciferase activities in a dose dependenner (Fig. 30). In order
to further investigate the putative mechanism,dffiects of o,p’-DDT on the
activation of a family of transcription factors wasonitored by an
electrophoretic mobility gel shift assay (EMSA). Ahown in Fig. 31,
incubating the cells with o,p’-DDT for 1 h markedhcreased the level of
NF-xB binding at its conserved site, which wasualized as a distinct band
(indicated by an arrow). The addition of an excefsan unlabeled wild

type probe completely prevented the NB- binding, indicating the
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binding specificity of the NkeB complex. In order to further confirm the
role of NFKB in iINOS expression caused by o,p’-DDT, we usedYBA
11-7082, an HBa kinase inhibitor, which specifically inhibits N&B
activation by inhibiting the phosphorylation ana teubsequent degradation
of IkBa, an endogenous N&B inhibitor [Pierceet al., 1997]. As shown in
Fig. 32, pretreating the macrophages with BAY 112768ectively inhibited
the NO production and iINOS expression induced py¥DDT. This suggests
that the induction of INOS, TNE; IL-IB, and IL-6 expression by o,p’-DDT

occurred via NReB activation.
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Fig. 30. Effects of o,p'-DDT on NkB-dependent luciferase gene expression
in RAW 264.7 cells. RAW 264.7 cells (5 X “16ells/ml) were transiently co-
transfected with pGL3#B-Luc and pCMVB-gal. After 18 h, the cells were
treated with the indicated concentrations of opTor LPS (0.1ug/ml) for

12 h. The cells were then harvested, and theifdtase an@-galactosidase
activities were determined. The luciferase activitias normalized with
respect to the3-galactosidase activity and expressed relativeo radi the
activity of the control. Each bar shows the mea®.B. of three independent
experiments, performed in triplicateP* 0.05; *P < 0.005, significantly
different from the control.
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Fig. 31. Effects of o,p'-DDT on NkB-binding in RAW 264.7 cells. RAW
264.7 cells were treated with o,p'-DDT or LPSu¢ml) for 1 h. The nuclear
extracts were isolated and used in an electropbaregbility shift assay with
¥p_jabeled NFkB oligonucleotide as a probe, as described in N&seand
Methods. The arrow indicates the XB-binding complex. Excess N&B;
200-fold molar excess of non-labeled KB- probe. One of three

representative experiments is shown.
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Fig. 32.Effects of NFKB inhibition on NO production and iNOS expression
by 0,p-DDT in RAW 264.7 cells. RAW 264.7 cells X510° cells/ml) were
pretreated with BAY 11-7082 for 1 h and then cudturfor 24 h in the
presence of the media alone or with o,p'-DDT (1 puWhe level of NO
production was determined by measuring the accuioolaf nitrite in the
incubation medium. Each bar shows the mean + Silhree independent
experiments, performed in triplicateP* 0.05; *P < 0.005, significantly
different from the op'-DDT. (B) The RAW 264.7 ce{ts X 10 cells/ml) were
cultured for 6 h in the presence of media alon¢h wip'-DDT (1 uM). The
cells were lysed and the total RNA was preparedtferRT-PCR analysis of

gene expression. PCR amplificationfelctin was performed for each sample.
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V. Discussion

Down-regulation of 2,3,7,8-tetrachlorodibenzgs-dioxin-induced CYP1Al
gene expression by o,p’-DDT in murine heap-1clc7 I

The present results indicated that the inhibitocyioa of o,p'-DDT on
TCDD-induced CYP1ALl gene expression might be altrdsam decreased
Ah receptor-dependent transcriptional activaticewised by an alteration in
the DRE binding potential of either the nuclear rdheptor or a blockage of
the Ah receptor in transport to the nucleus. Howewsther possibilities such
as the possibility that o,p'-DDT exert an indir&etnscriptional interference
between other transcription factors binding tortbgative regulatory element
region in the CYP1Al promoter region, or changeshim phosphorylation
state of the cytosolic receptor complex could reekcluded [Reinerat al.,
1993]. 1t is also possible that the inhibitory effect gp'eDDT on TCDD-
inducible CYP1A1 gene expression may be the resduttne or more of its
metabolites irreversibly inactivating an essentianponent of the CYP1Al
gene expression system. Additional studies are aukad answer these
questions, and further studies to elucidate thehar@ism are in progress. To
date, a number of chemicals have been reporteshtelg@nize some of the
biological and toxicological effects of TCDD. Theswlude 2,2'4,4'5,5'-

hexachlorobiphenyl [Biegelet al., 1989], 6-methyl-1,3,8-trichlorodiben-
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zofuran [Piskoska-Pliszczynzka, 1991], and thyrb@mone [Honget al.,
1987]. Previous studies have shown that in Ah-raspe mammalian cells in
culture a-naphthoflavone antagonizes TCDD-induced CYP1A1l egen
expression [Gasiewicz and Rucci, 1991].

The estrogen receptor and the Ah receptor are poesged in several Ah
and estrogen-responsive cell lines. Some studies staown that the estrogen
receptor is important for Ah receptor-mediated $eantivation in breast cancer
cells, such as in MCF-7 cells [Thomsetral., 1994]. Another study reported
that estradiol inhibited Ah responsiveness in modepa-1clc7 cells, and
therefore, demonstrated the presence of two-wagsealk between the
intracellular signaling pathways involving the eggn and Ah receptors
[Kharat and Saatcioglu, 1996]. To assess the ptigsitinat the suppressive
effects of o,p'-DDT on TCDD-inducible EROD actie$ might be related
with the estrogen receptor, ICI 182,780, an antigen that acts through the
estrogen receptor was used. ICl 182,780 treatmadt o effect on the
influence of o,p-DDT on TCDD-induced EROD activityrhus, the
antagonism of TCDD-induced CYP1A1 gene expressioHepa-1clc7 cells
by o0,p'-DDT is not mediated through the estrogasepeéor in this cell line.
This suggests that o,p'-DDT action might be indepeh of the classical

estradiol receptor pathway. One possible recepaarcibuld mediate the effect
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of endosulfan is the pregnane X receptor or agélegceptor. These receptors
can bind several steroids and xenobiotics. Recemlies have shown that
organochlorine pesticides can bind and activate riaceptor [Schuet al.,
1998]. Furthermore, the pregnane X receptor is esqad in liver cells.
Treatment of the Hepa-1clc7 cells with rifampicentypical activator of
pregnane X receptor, did not affect the basal ER@fvity but suppressed
TCDD-inducible EROD activity like as o,p'-DDT (datat shown). Thus, this
result suggests that the pregnane X receptor rétherthe estrogen receptor
could be implicated in the o,p'-DDT effect in Hepatc7 cells. Additional
studies are required to firmly establish this medta.

This work showed that o,p’-DDT inhibits the TCDDtutible expression
of CYP1Al. Thus, o,p'-DDT may serve to modulateoese to xenobiotics.
Several studies have shown that o,p’-DDT inducesGWP3A gene, which
codes for an enzyme that is capable of metaboligtegoids including 13-
estradiol [Juchau, 1990]. There is also indiredtevce which suggest that
CYP1A is similarly involved in steroid metabolistAdyamaet al., 1990].
Thus, in liver derived cells, addition of o,p’-DI@3d TCDD leads to a shift in
the ratio of steroid-metabolizing enzymes by insmieg CYP3A and
decreasing CYP1A1l. The physiological consequendethis shift remain

unclear. It is well known that humans usually aoetaminated by a com-
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bination of several xenobiotics. It is likely thée interaction between these
contaminants, synergy or antagonism, will be retédar the final toxic effect
[Augeret al., 1995]. Our data suggest that the regulatiom@ef@YP1A1l gene
may constitute an important aspect of the toxiofta combination of dioxins
and o,p'-DDT. Such a combination of contaminanty mat be uncommon
because dioxins are produced during the synthésisroerous pesticides and

because both compounds contaminate food.
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0,p'-DDT reduced testosterone production via indugbn of aromatase
(CYP19 gene expression in rat testicular Leydig cells

In this study, we have found that o,p’-DDT-causelibition of T production
in R2C cell is mediated through aromatase geneessjfon via ER and EB,
sand might be influenced by COX-2 and PGIEhere is increasing evidence
that diverse environmental contaminants have théenpial to disrupt
endocrine processes, which may result in reprodeicgiroblems, certain
cancers and other toxicities related to sexualedfitiation, growth, and
development [McLachlan, 2001leydig cells are specialized interstitial cells
in the testis that produce the testosterone redjfimespermatogenesis [Zhao
et al., 1996]. The present study demonstrated that exposto
environmentallyrelevant level of o,p’-DDT has adverse effects estitular
function and reducing Leydig cell steroidogenesis.

In the present study, we tested the effects ofRIPT on T synthesis in R2C
cells. Steroidogenesis in leydig cells is initiateith cholesterol transfer into
the mitochondria, which is mediated by the stergaoc acute regulatory
(StAR) protein. Steroidogenesis in leydig cellsnaiily regulated by LH
through the production of the intracellular secontkssenger cAMP
[Akingbemi et al., 2003]. cCAMP stimulates steroidogenesis by insirgathe

expression of steroidogenic-enzyme genes [Dufau88119Studies on
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steroidogenic enzyme gene expression by RT-PCRateti that o,p’-DDT
caused specific inhibition of the P4%0enzyme, which is known to be
inhibited by environmental estrogens [Akingbeshal., 2003]. In the present
study, treatment of the R2C cells with o,p’-DDT réfgcantly decreased the
P45Q,, 33-HSD, and relative genes of T synthesis. Thesdtsesuggested
that o,p’-DDT causes a direct inhibition of T biofyesis by leydig cells and
that o,p’-DDT-induced inhibition of T production ielated to a decrease in
the activity of P45@,and $-HSD.Various pesticides known or suspected to
interfere with steroid hormone function were scezkfor effects on catalytic
activity, mRNA and protein expression of aromatase leydig cells
[Sandersoret al., 2002]. o,p’-DDTincreased aromatase activity and gene
expression in rat testicular leydig R2C cells ircancentration-dependent
manner. These results indicated that o,p’-DDT-imdlidnhibition of T
production in R2C cell is mediated through aromatds addition, it was
observed that, 0,p’-DDT increased the aromatasestriptional activation

in R2C cells by using aromatase gene promoterradsient transfection.
The change in T biosynthesis and related aromatse expression by o,p’-
DDT were associated with changing in T hormonesainleydig cell line,
R2C cells. These results suggested that the indueffects of o,p’-DDT on

the T biosynthesis and related aromatase gene ssxpnemay, therefore,
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partly explain the induction of imposex.

ERB expression which is thought to be significantiwés than ER has
been known to up-regulate both ER subtypes in tingapy and cause
transcriptional activation through both forms of thR [Penniet al., 1998].

In the present study o,p’-DDT treatment increastzhdy state level of
pituitary ER3 mRNA, but not ER (Fig. 16). This observation supported the
hypothesis that o,p’-DDT has a greater potencyHBBrmediated activity
than was previously thought [Kuiperal., 1997]. Also, activation of the ER
by endocrine disruptors is known to be moderatedeftyogen-responsive
elements, transcription factors, and the trandoriptegulating domains of

the target gene [Kuipet al., 1997].

Therefore, o,p’-DDT-induced inhibition of T prodiat was ER -
mediated, and o,p’-DDT-induced suppression of théPLT7 gene, which
encodes the P45 enzyme, was presumably mediated by BERS
previously suggested [Akingbenst al., 2003]. As T is required for male
reproductive tract development and function, suggiom of steroid synthesis
may be responsible for testicular abnomalies aasatiwith endocrine
disruptor, such as pesticides, in consumer prodtitis fact that humans are
chronically exposed to endocrine disruptors wasganhe continued

investigation of this compound at low dose exposewels for the purpose of
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risk assessment. PGE known to regulate aromatase gene expressiofmsand
the product of COX-2, an enzyme frequently overresped in R2C cells.
The expression of aromatase was strongly correlaitdCOX-2 expression.
This finding suggested a possibility that the femation seen in o0,p’-DDT-
exposed R2C cells may also be related with theedser in testosterone
production. Treatment witb,p’-DDT (110 uM) caused dose-dependent
increasef COX-2 mRNA and protein expression. As PGEerts its
biological activity through the different G protetoupled receptors (EPEP

2, EP3, and EPR)), it was important to eveluate their expressiolREC cells
[Zhaoet al., 1996]. PGs increases intracellular cAMP leveid atimulates
estrogen biosynthesis [Zhabal., 1996]. Local production of PGFia the
COX isozymes may influence estrogen biosynthesifiehVR2C cells
were treated with o,p’-DDT for 6 h, the mRNA lew#|EP, and ERsubtype
receptor was evidently increased, whereas othdypeb EP receptor mRNA
remained unchanged (data not shown). In additigp;-RDT increased
cAMP levels by CRE transcriptional activation inetlR2C cells. These
results suggested that the o,p’-DDT-induced inductiof aromatase

expression level in R2C cells is mediated parthpdigh the transactivation.

In conclusion, this study demonstrated that o,pTBiduced inhibition of

T production in R2C cell is mediated through thduiction of aromatase
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activity and gene expression through at least tineeeptor subtypes, EP
EP,, and ER by COX-2 and PGnediates. This present study indicated that
the organochlorlines, such as DDT and methoxychirich have been
studied during recent years as a major issue aferarfor the toxicity may
result from T production through the modulation Tofbiosynthsis-related

genes.
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Up-regulatory effects of o,p’-DDT on cyclooxygenas2 and iNOS gene

expression in RAW 264.7 cells

Critical finding in this study was the establishrhef a definitive link
between MAPKs phosphorylation and transcriptfaotor activation in
macrophages exposed to o0,p’-DDT. This study cleslitywed thao,p’-DDT
induces COX-2 gene expressinmmacrophages and that this is regulated at
the level of MAPKs. Overall, these datgere consistent with a model
whereby 0,p’-DDT induceglAPK phosphorylation, which, in turn, activate
AP-1 and CRE transcriptiofactors. MAPKs are known to be important
signaling modulators in COX-2xpression and these have been recently
shown to be activatddy DDT [Shinomiya and Shinomiya, 200Rpbinson
and Dickenson, 2001; Tessier and Matsumura, 2001l data clearly
showed that o,p’-DDT induces COX-2 mRNA, proteamd prostaglandin
synthesis in macrophages. Transient transfecti@modstrated that o,p’-
DDT treatment of macrophages increased in theafa®OX-2 transcription.
0,p’-DDT-mediated activation of NKB has recently been demonstrated
[Kim et al., 2004]. This becomes important, especially forregulation of
COX-2, since activation of both NEB and AP-1 is necessary for o,p’-DDT-

induced COX-2 expression.

MAPKSs, including three structurally related subfties of the ERKSs, the
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JNKs, and the p38 MAPKs (p38), are known to be fegulators of NFB

and AP-1 proteins. MAPKSs, including ERK, p38, ardK] are the most
important protein kinases that mediate the poststedgional modification

of AP-1 proteins [Niederbergest al., 2003; Glinghammaet al., 2002;
Allport et al., 2000]. These data suggested that activation of H53&, and
JNK were critical in o,p’-DDT-induced up-regulatiaaf COX-2 gene
expression. HumagOX-2 gene promoter contains several sequences that
have been shown to act as positive regulatory etesrfer theCOX-2 gene
transcription in different cell types [Smitt al., 2000]. p38 is also known

to mediate xenobiotic- or endogenous factor-ind@@X-2 expression by
transcriptional and post-transcriptiona¢chanisms [Vogel, 20004s shown
here, p38 contributed to o,p’-DDT-inducgdOX-2 expressiorby both
mechanisms. o,p’-DDT-induced transactivation of B®X-2 gene may
result from JNK-mediated activation of APThe COX-2 promoter contains
multiple potential cis-activating elements. To da&®-1, CRE, E-box, NF-
IL6 (C/EBP3), and NFkB transcriptional elements have been reported to be
involved in COX-2 expression [Gus al., 2001;Xie and Herschman, 1995;
Yamamotoet al., 1995; Zhouet al., 2003]. As shown by our results, o,p’-
DDT plays a role in up-regulating the expressiol€afX-2 in macrophages.

Investigations are currently under way to determine identity of the
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transcription factors involved in o,p’-DDT-reguldtéranscription activity
of the COX-2 promoter in macrophages.

The regulation of cytokine production is a potdntiearget for
environmental toxicants that are capable of mothgahe immune function.
In vitro studies using established cell lines hbgen useful for characterizing
the effects of chemicals on the immune functioaration. o0,p’-DDT is still a
widely distributed pesticide and has been linkecdwersely affects on the
humoral and cellular immune responses [Banege&]l., 1997]. Therefore, it
was necessary to determine whether or not o,p’-Dif¥cts the production of
NO and proinflammatory cytokines as well as thepression in
macrophages. Murine macrophages can be stimuiatedro with LPS, a
bacterial product, to secrete high levels of vasiaytokines, which may
influence the outcome of the immune response duramg infection
[MacMicking et al., 1997]. LPS was used in this study as non-speicifiucer
of macrophage activation and cytokine gene expassihis study clearly
showed that o,p’-DDT increases in NO and proinflatory cytokines such
as TNFe, IL-1B, and IL-6 production and expression of these gdnes
macrophages. The macrophage-derived excess NG el play a key role
in the inflammatory response [Colemas al., 2001]. Proinflammatory

cytokines also play an important role in the retiofaof the inflammatory
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responses:; ILf4 and/or TNFe have been shown to correlate with the
induction of inflammatory mediators in various sdlElenkov and Chrousos,
2002]. Furthermore, it has been demonstrated thetetis a correlation
between the proinflammatory cytokines, such as 4rné TNFe, and several
chronic inflammatory diseases, including asthmaunrhatoid arthritis and
inflammatory bowel and allergic diseases [Eigieal., 1997; Ohkubat al.,
1998]. 0.p'-DDT increased in the production of Ni@l ahe proinflammatory
cytokines, such as TNé&; IL-1[3, and IL-6, in macrophages. However, it has
been reported that the DDTs inhibit NO, IB;ATNF-a production and
decreases in the IFNdinduced iINOS, IL-B, TNF-0 expression in the IFN-
activated macrophages [Nuneizal., 2002]. In the previous study, they used
more than 2.5 pug/ml (about 7 uM) DDT and they ditl report the effects of
DDTs alone on iNOS, IL{3, TNF-a expression in the resting or non-
stimulated macrophages. This study also observat d@b'-DDT at high
concentrations (more than 10 uM) decreased LPSe@tiNO production and
the INOS expression level in macrophages (data statwn). However,
op'-DDT at low concentrations (less than 1 pM),ikenin a previous study
[Nunezet al., 2002], significantly elicited a dose-dependertréase in NO,
TNF-a, IL-1B, IL-6 production in the absence of any stimulatbhese

suggests that op'-DDT can induce an increase itetred of NO TNFe, IL-
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1B, and IL-6 production and expression even thoughD&PI causes a
reduction in the LPS-inducible NO, TNF- IL-13, IL-6 production and
expression level. The biological significance cég@ different effects of o,p’-
DDT between the resting and LPS- or Ifitimulated state need to be
further examined. Previous studies revealed thaaidphenol and bisphenol
A, which are also known as xeno-estrogens, supeSsinduced iNOS and
TNF-a expression in LPS-activated macrophages [&oal., 2002; Kim and
Jeong, 2003]. However, either 4-nonylphenol or héswl A alone did not
affect the INOS and TNEBE- expression level in the absence of LPS. The
rational for the different effects of o,p'-DDT, émylphenol and bisphenol A
on the between resting and stimulated macrophagesr&nown. Moreover,
this o,p-DDT-induced NO production was reversedemtthe cells were
treated with both o,p’-DDT and the N-nitro-L-argiaimethyl ester, which is
a competitive NOS enzyme inhibitor (data not showijerefore, o,p’-DDT
unlike 4-nonylphenol and bisphenol A, has the gbilo increase the NO
production level alone in the resting macropha@#skB appears to play a
primary role in the transcriptional regulation afrious genes such as iNOS
and the proinflammatory cytokines [Baeuerle andcBaal, 1997; Ghoslat
al., 1998]. In the resting cells, the NdB- dimer is held in the cytosol via

an interaction with the inhibitotB (IxB) inhibitory proteins [Baeuerle and
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Baichwal, 1997]. After exposure to proinflammatatymuli, IkB becomes
phosphorylated byxB kinaseo andf, ubiquitinated, and then degraded.
Therefore, the liberated NEB dimers are translocated to the nucleus,
where the transcription of the target gene is irmdufMacMickinget al.,
1997]. This study found that o,p’-DDT increases Mie«B activation in
macrophages using transient transfection (Fig. 8@ EMSA (Fig. 31).
These effects of o,p’-DDT confirm with the BAY 1182 an kBa kinase
inhibitor, which specifically inhibits NkB activation by preventing the
phosphorylation and subsequent degradation kBa)J an endogenous
inhibitor of NFkB [Pierceet al., 1997]. As shown in Fig. 5, NO production
and iNOS expression were reduced by BAY 11-708ficating that o,p'-DDT
may induce the gene transcription mediated byBFFurthermore, when the
macrophages were treated with o,p’-DDT for 20 mihe KB rapidly
degraded (data not shown). Therefore, the o,p-Didliced NFkB

activation occurs by modulatingB degradation.

In this study, it was revealed that o,p’-DDT inges the NB binding
activity. Although the precise molecular mechanisirthe inducible effects
of INOS and the proinflammatory cytokines by o,D are unclear, these
results suggest that the o,p’-DDT induction of iINO&d the

proinflammatory cytokines expression level in matrages is mediated
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partly through the NKB sites of these genes. However, it cannot be
completely ruled out that o,p’-DDT, in addition tiee induction of the NF-
KB-dependent activity, modulates INOS and the plammatory cytokines
MRNA levels by influencing the activity of otherettranscription factors that
are important for cytokine induction, such as ARfid C/EBP [Giriet al.,
2002], or at the posttranscriptional level. Additb studies will be needed to
answer these questions and further clarify the eng@isins involved. The
current study suggests the possibility that o,pTDinight act as an
inflammatory immunomodulator, which is a new ingigind a previously
unrecognized phenomenon. Although information comiog the level of
exposure to o,p’-DDT in humans is limited, further vivo studies are
necessary to understand whether or not o,p’-DD@&ctdfthe production of
NO and proinflammatory cytokines and ultimately eedt the immune
function. In conclusion, these results demonstrétet 0,p’-DDT stimulates
the production of PGEand can up-regulate th@OX-2 gene expression
levels via AP-1 and CRE transactivation by actatof all 3 MAPKSs. In
addition, o,p’-DDT induces the iINOS and proinflamiorg cytokines in the
macrophages. In addition, these results indicat this induction is
mediated through NKB transactivation in the macrophages, which pogsibl

provides o,p’-DDT with the means to alter the immuwasponse.
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