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There is increasing concern that certain chemicals in the envi-
ronment can cause endocrine disruption in exposed humans and
wildlife. Investigations of potential effects on endocrine function
have been limited mainly to interactions with hormone receptors.
A need exists for the development of alternate in vitro methods to
evaluate chemicals for their potential to disturb various endocrine
functions via other mechanisms. Our laboratory is using the hu-
man H295R adrenocortical carcinoma cell line to examine chem-
icals for their potential to interfere with the activity and/or expres-
sion of several key cytochrome P450 (CYP) enzymes involved in
the biosynthesis of steroid hormones. In this report we demon-
strated that the commonly used 2-chloro-s-triazine herbicides
atrazine, simazine, and propazine dose-dependently (0-30 uM)
induced aromatase (CYP19) activity to an apparent maximum of
about 2.5-fold in H295R cells. Basal- and triazine-induced aro-
matase activity was completely inhibited by the irreversible aro-
matase inhibitor 4-hydroxyandrostenedione (100 wM). The tria-
zines increased levels of CYP19 messenger ribonucleic acid
(mRNA) between 1.5- and 2-fold. The time-response profile of the
induction of aromatase activity and CYP19 mRNA by the tria-
zines was similar to that by 8-bromo-cyclic adenosine monophos-
phate, a known stimulant of the protein kinase-A pathway that
mediates the induction of aromatase in these cells. The observed
induction of aromatase, the rate-limiting enzyme in the conversion
of androgens to estrogens, may be an underlying explanation for
some of the reported hormonal disrupting and tumor promoting
properties of these herbicides in vivo.
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In recent years, there has been growing concern that cer
environmental contaminants and commercial products have
potential to disturb endocrine functions in exposed humans a&(ﬁ
wildlife. Disturbances by these “endocrine disrupters” m
lead to impaired reproductive capacity and other toxiciti
related to sexual differentiation, growth, and developme
Current research has focused on potential interactions with t

a

sex hormone receptors, particularly the estrogen receptor
(Davis et al.,, 1993; Kavlocket al., 1996; Villeneuveet al.,
1998). However, many other mechanisms of potential interfer-
ence with endocrine functions exist, and the term endocrine
disruption, unless more specifically defined, can refer to inter-
actions with an almost unlimited number of physiological
functions. We wish to focus on effects on key enzymes in-
volved in steroid synthesis and breakdown. For this purpose,
we have evaluated the human H295R adrenocortical carcinoma
cell line (Gazdaet al., 1990; Raineet al,, 1994) as ain vitro
tool for examining potential interferences of chemicals with
levels of MRNA and/or catalytic activities of several steroido-
genic cytochrome P450 (CYP) enzymes (Sanderson and Van
den Berg, 1998).

The H295 and H295R (a subpopulation of H295 that forms
a monolayer in culture) human adrenocortical carcinoma cell
lines have been characterized in detail and shown to express
most of the key enzymes necessary for steroidogenesis (Gazdar
et al, 1990; Raineyet al, 1993, 1994; Staelst al., 1993).
These include CYP11A (cholesterol side-chain cleavage),
CYP11B1 (steroid 1@-hydroxylase), CYP11B2 (aldosterone
synthetase), CYP17 (steroid d-hydroxylase and/or 17,20
lyase), CYP19 (aromatase), CYP21B2 (steroid 21-hydroxy-
lase) and B-hydroxysteroid dehydrogenase. The cells have the
physiological characteristics of zonally undifferentiated human
fetal adrenal cells, with the ability to produce the steroid
hormones of each of the three phenotypically distinct zones
found in the adult adrenal cortex (Gazaarl., 1990; Staelgt
al., 1993). To elucidate an underlying mechanism of action for
some of the reported endocrine-disrupting properties of the

%ghloro&triazine herbicides (Elridget al.,, 1994; Stevenst

e 1994), we examined the effects of atrazine (2-chloro-4-
ylamino-6-isopropyl-amine-riazine), simazine (2-chloro-
X,6-bis[ethylamino]s—triazine), and propazine (2-chloro-4,6-

eoﬁs[isopropylamino]srtriazine) on mMRNA expression and

tatalytic activity of CYP19 in the H295R cell line.

The triazine family of broad-leaved herbicides has been used

1 To whom correspondence should be addressed. Fax: 011-31-30—2#ereasingly since the 1960s to control weeds, particularly in
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maize crops, in North America and Europe. The estimated use
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of atrazine in the United States was almost 35,000 tons in 19@8), based on visual inspection of the cells, cell attachment, protein content

(U.S. EPA 1994)_ Consequently it is found in relatively higﬁf the wells, and the inability of the triazines to decrease the mitochondrial
concentrat}ons in surface Wateré in large parts of the No@ﬁtiViW of succinate dehydrogenase (MTT test; Denizot and Lang, 1986).
gep rotein concentrations were determined by the fluorometric method of Uden-

American continent (Solomoet al, 1996). It is relatively fiend et al, (1972), using bovine serum albumin (A9647, Sigma-Aldrich,
resistant to abiotic and biotic breakdown (Khan and Foster.s.) as standard. Triazines were added to the cell culture medium at concen-
1976; Solomonet al., 1996). Epidemiological studies haverations well below their aqueous solubility limit of 3QM. Exposures were
associated long-term exposures to triazine herbicides with [At24 h unless otherwise stated.

creased risk of ovarian cancer in female farm workers in Italy!solation and amplification of RNA. RNA was isolated using the RNA
(Donnaet al.,, 1989) and increased risk of breast cancer in tHrésta-Pure System (Eurogentec, Belgium) according to the manufdsturer

. . . instructions and stored at —70°C. RT-PCRs were performed using the Access
general pOpU|atlon of KentUCky in the United States (KeEIES RT-PCR System (Promega, U.S.). Northern blotting was not considered as an

al., 1997). In expgriments with female F344 rats, atrazine hggion because of the low basal expression of aromatase, which could not be
been shown to induce tumors of the mammary gland aaétected by other investigators using this technique (Seaels, 1993). RNA
reproductive organs (Pint@t al., ]_990)_ In female Sprague- preparations were considered acceptable for RT-PCR when their A260 (nm)/

Dawley rats, atrazine caused lengthening of the estrous Cye@o (nm) ratios were greater than 1.8. The purity of the RNA preparations
verified by denaturing agarose gel electrophoresis. Suitable primer pairs

: . a
and a dose-dependent mprease In plasme} levels 9f eStraaIecgi obtained by entering the human CYP19 cDNA sequence obtained from
(Wetzelet al,, 1994). Atrazine also resulted in an earlier ons@fe european Molecular Biology Laboratories database into the software

of the incidence of mammary and pituitary tumors (Wetel program Geneworks (version 2.4; IntelliGenetics, U.S.). The primer pair used
al., 1994), responses typical of exposure to exogenously &ef-CYP19 mRNA amplification was: 'STTA-TGA-GAG-CAT-GCG-GTA-

ministered estrogens (Brawer and Sonnenschein, 1975; §g:3: 5 -CTT-GCA-ATG-TCT-TCA-CGT-GG-3 resuiting in an amplifica-
.tion product of 314 base pairs. PCR conditions, such as annealing temperature

schickter and Byrnes, 1942)' Invgstlgatlons into the me‘:h,a”!%mj Mg" concentration were optimized empirically. The conditions of the
of the observed pro- and/or antiestrogenic effects of triaziRg_pcr using the Access RT-PCR system kit were adapted as follows:
herbicides have been limited to interactions with the estrogem-PCR for CYP19 mRNA (100 ng/reaction) was performed in the presence
receptor and effects on receptor-mediated responses (Cennof 0.75 mM MgSQ. After a reverse transcription step at 48°C for 45 min, the

al., 1996; Tennangt al., 1994a,b). These studies have not beéﬁsultam cDNA underwent 40 cycles of denaturation at 94°C for 30 s, anneal-

ng at 57°C for 1 min and extension at 68°C for 2 min. A final extension of 7

. . . i
able to prowde a consistent explanatlon for the observed rr??ﬁ completed the amplification. As reference, RT-PCR was performed on

sponses and any spurio_us effects on e'Stmgen receptor fun'CH%@tin mRNA using a commercially available primer pair (Promega, U.S.).
occurred at extremely high concentrations. Our study provide&a-actin mRNA (200 ng/reaction) was amplified according to the procedure

a mechanistically plausible explanation for the estrogen-relatave with slight modifications. RT-PCR was performed in the presence of 1

endocrine—disrupting effects of the family of 2-chlogo- mM MgSO,. The reverse transcription step took place at 55°C and the
nnealing and extension temperatures were 70 and 72°C, respectively, during

.mazme herb|C|de_s by q§monstrat|ng their common ab"'tY ttﬂe 40 cycles. The final extension took place at 68°C. Serial dilutions of total

induce the catalytic activity and mRNA levels of CYP19 usingna concentrations were amplified using each primer pair to determine the

the H295R cell line as a steroidogenic model system. linear range of the PCR reaction, so semi-quantitative inferences could be

made. Furthermore, beta-actin mRNA was found not to be affected by any of

the treatments (triazines or 8Br-cAMP) and could be used reliably as a

MATERIALS AND METHODS reference amplification response. To further enhance the reproducibility and

comparability of the RT-PCR method, we included in each triazine-exposure

experiment, apart from a vehicle control (cells exposed to DMSO), also a
positive control (cells exposed to 8Br-cAMP). Within a typical experiment,

(Greiner, Germany) under culture conditions published previously (Rm-heyamplification response ratios of CYP19/beta-actin obtained from RT-PCR of 3

al., 1993, 1994). Cells were cultured in the presence of 2% of the steroid-friferent RNA preparations would result in an average value with a standard
serum replacement Ultroser SF (Soprachem, France). Cells were grown ?,iY'at'on betyveen 10 and 20%..Tr|pllcate am'pllflcatlon requns_e ratios ob-
almost confluent and then trypsinized and suspended in 75 ml of cult géned from sm_gle RNA preparations resultedlln standard deviation less tha_n
medium, sufficient for seeding three 24-well plates. These plates were seedidy AMPplification products were detected using agarose gel electrophoresis
with 1 ml of cell suspension per well. The culture medium was changed 24a,qd thldlum?bromlde staining. Intensities of the et_hldlum bromide stains were
after plating, during which time attachment of the cells had occurred. unddyantified using a Fluorimager (Molecular Dymanics, U.S.).

these conditions, the cells were almost confluent in each well (between 1 andromatase assay. The catalytic activity of aromatase was determined

2 X 10° cells/well). At this time, cells were exposed to the triazine herbiciddsased on the method of Lephart and Simpson (1991) with minor modifications.
(Riedel-deHaen, Germany) added to the wells at various concentrations &wlls were exposed to 54 nVg1*H-androstenedione (New England Nuclear
dissolved in 1ul of dimethyl sulfoxide (DMSO; D4540, Sigma-Aldrich, U.S.), Research Products, U.S.) dissolved in serum-free (Ultroser SF-free) culture
resulting in a 0.1% or 14 mM concentration of DMSO in the culture mediunmedium and incubated for 1.5 h at 37°C in an atmosphere of 5%=@095%
Negative control cells received fl of DMSO. Positive control cells were air. All further steps were as reported previously (Letcaerl,, 1999). The
exposed to 10@M of 8-bromo-cyclic adenosine monophosphate (8Br-cAMPjelease of tritiated water was quantified by liquid scintillation counting after
dissolved in medium containing 0.1% DMSO. 8-Br-cAMP is a synthetiquench correction using an internal quench correction curve®forThe
analog of the intracellular signal transducer cAMP, which is known to increaaetivity of aromatase was corrected for the distribution of‘tHdabel on the
CYP19 gene transcription, resulting in the induction of aromatase activigndrostenedione molecule, which was 25.7% at th@dsition and 74.2 % at
Unexposed cells were included as further controls. DMSO at 0.1% had the 13-position (Krekelset al, 1991). A small volume (2Qul) of reaction
effect on CYP19 expression or catalytic activity relative to unexposed cellmedium directly added to liquid scintillation cocktail (total counts) verified the
The triazines did not cause cytotoxicity at any of the test concentrations (O-@&thcentration of tritiated androstenedione in the reaction medium. Incubations

Cell culture conditions. H295R cells were obtained from the American
Type Culture Collection (ATCC # CRL-2128) and grown in 75%cfiasks
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0.65 Estrone production increased dose-dependently in atrazine-
—=— Atrazine treated cells and in cells exposed to 8Br-cAMP (Fig. 3). The
= 0.60 ——Simazine amount of 'e.strone produced cor.responded well with the
£ —op ) amount of tritiated water released, in the expected one-to-one
5 055 F ropazine ratio (see correlation equation in legend of Fig. 3).
S Reverse-transcriptase polymerase chain reaction analysis of
§ 050 F various amounts of RNA isolated from cells exposed to
Zg 045 b atrazine (30uM) or 8Br-cAMP (100 M) demonstrated that
E ) CYP19 mRNA was consistently increased relative to control
= 040 | cells by both treatments (Fig. 4). The amplification response to
2 B-actin mRNA, used as a reference, was not affected by the
H] 035 k treatments (Fig. 4). The amplification responses to CYP19 and
§ B-actin mRNA were linear with the logarithm of the amount of
T o030t RNA used in the PCR reaction, indicating the ability of the
?: S RT-PCR assay to be used semi-quantitatively. H295R cells
0.25 exposed to atrazine, simazine, or propazine for 24 h, showed an
increase in the amplification response to CYP19 mRNA of 1.5-
0.20 L to 2-fold compared with control cells (Fig. 5). The amplifica-
0 1 10 100 tion response tgB-actin was not affected by any of these

treatments. A 24-h exposure to 1p01 8Br-cAMP led to an
increase in amplification response to CYP19 mRNA of about
FIG. 1. Examples of dose-response curves for induction of aromatag(_aS_fmd (Fig. 5)_

activity by the 2-chloros-triazine herbicides atrazine, simazine, and propazine The inducti f th talvti tivit f t b
in H295R human adrenocortical carcinoma cells, after a 24-h exposure. Each € Induction o € catalytic activity ol aromatase by

concentration was tested in quadruplicate: error bars represent standard da@itM atrazine was measured over several days and compared
ations. The first statistically significant & 0.05;t-test) increases in aromatase

activity were observed at 300 nM for atrazine and propazine, ang. for

simazine. Erratum: Values on y-axis should be multiplied by 4 for correct 1.40
aromatase activities. Basal activity was about 1.1 pmole/h/mg protein.

Triazine concentration (pM)

< 1.20 l Atrazine (24 h)
in the absence of cells (blanks or background counts) were included 8 O Atrazine (direct)
negative controls. The release of tritiated water by the cells was linear ovgr B Atrazine (24 h) + 4-HA

time and led to about 2—6% conversion of androstenedione after 1.5 & 1.00
Aromatase activity was expressed in pmol of androstenedione converted pe§h

per milligram protein. The specificity of the aromatase assay, based on {Be
release of tritiated water, was verified by measuring the production of estro 080
(the aromatization product of androstenedione), usingldabeled double- £
antibody radioimmunoassay kit (DSL-8700; Diagnostic Systems, Inc, U.S.), a@l g gg
by using 4-hydroxyandrostenedione, an irreversible inhibitor of the catalytic a&

tivity of aromatase, to block the formation of tritiated water (Breeli@l., 1977).

0.40

RESULTS

omatase ac

2 0.20
Atrazine, simazine and propazine induced aromatase activity

in H295R cells concentration-dependently after a 24 h expo-
sure, with an apparent maximum of about 2- to 2.5-fold around 0.00

’ . ; ' 0uM 1uM 10 uM 30 uM 100 uM
30 uM (Flg' 1)' A 24-h exposure to as little as 300 nM of Atrazine Atrazine Atrazine Atrazine 8Br-cAMP
atrazine or propazine resulted in a statistically significant in-

crease in aromatase activity. In contrast, direct addition of theFIG‘ 2. Aromatase activity in H295R human adrenocortical carcinoma
cells exposed to atrazine or 8-bromo-cyclic adenosine monophosphate (8Br-

ma,ZI_neS to the assay medlum !‘Jsed to de,term_me aromatgéﬁp) 24 h prior to aromatase assay (solid bars), exposed to atrazine or
activity had no effect (Fig. 2), ruling out a direct influence 0Bgr-camp for only the duration of the assay (1.5 h) (these cells were exposed
catalytic activity. The aromatase inhibitor 4-hydroxyandrae the test chemicals while they were being incubated in medium containing
stenedione completely blocked (95_98%) the basal and tddiolabeled androstenedione [open bars]), exposed to atrazine or 8Br-cAMP

azine- or 8Br-cAMP-induced activity of CYP19 at a concer?4 h prior to assay and to 100M of the irreversible aromatase inhibitor
4-hydroxyandrostenedione (4-HA) for the duration of the assay (shaded bars).

tration OT 100uM (Fig. 2). The induction of aromatase aCtIVItyEach concentration was tested in quadruplicate; error bars represent standard
bylatrazme was further Ve”ﬁ'ed by the parallel mealsureme'ntd%f\/iations. Erratum: Values on y-axis should be multiplied by 4 for correct
tritiated water and estrone in the same cellular incubatiorgomatase activities.
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FIG. 3. Comparison of aromatase activity based on estrone production or c° S o @Q \QQQ

tritiated water release in H295R human adrenocortical carcinoma cells treated

with atrazine or 10QuM 8Br-cAMP. Each concentration was tested in qua- FIG. 5. Levels of CYP19 mRNA in H295R human adrenocortical carci-

druplicate; error bars represent standard deviations. The correlation betwgema cells exposed to dimethyl sulfoxide (DMSO) vehicle .30 atrazine,

the two measurements resulted in the equation:<L(estrone production) — simazine or propazine, or 1Q2M 8Br-cAMP. Each concentration was tested

0.04= °H,0 releaser(= 0.99;n = 20). Erratum: Values on y-axis should bein triplicate; error bars represent standard deviations. Each treatment resulted

multiplied by 4 for correct aromatase activities. in an amplification response that was significantly greater than comtrel (
0.05; t-test).

with the response to 100M 8Br-cAMP (Fig. 6). Atrazine led

to induction levels of 2- to 2.5-fold after 72 h, less efficacious

than the 6-fold induction by 8Br-cAMP. Over the same tim&;e oy atrazine increased the amplification response to CYP19
MRNA about 1.5-fold in the first 24 h, after which the increase

reversed (Fig. 7). 8Br-cAMP-mediated induction of CYP19

4500000 — : o X X
—e—CON (CYP19) 4 700000 MRNA resulted in a similar response, causing a 2.5-fold in-
4 o . P . .
000000 £ | —a—atrazine (CYPIS) £ crease after 24 h, before declining (Fig. 7). The time-response
> - Q . . . .
g 5 3500000 [ T OT 800990 £ 2 profiles for aromatase and CYP19 mRNA induction by atrazine
= - % £ . .
§ € 3000000 | | ——Atazine (beta-actin) 4 500000 % 3 and 8Br-cAMP were comparable (Figs. 6 and 7), suggesting
] 2500000 | =C—8Br-cAMP (bsta-actin) 2 ¢ that the triazines induce aromatase by increasing transcription
- Q . .
§ 3 1%%%° &8  of the CYP19 gene. However, alternate mechanisms resulting
[ H .. - .
8 s 2000000 I J 300000 8 § in increased mMRNA levels, such as mRNA stabilization, cannot
§ 3. 1500000 | §& be ruled out at present.
88 1 200000 § £
= 35 1000000 | =%
25 g DISCUSSION
< 500000 b 4 100000 Z
o 0 The cellular regulation of CYP19 gene induction and that of
0.1 1 10 100 1000 10000 other steroidogenic CYPs is highly complex and tissue-spe-

Amount of RNA used for amplification {ng/reaction)

FIG. 4. Relationship between amount of RNA used in the PCR reacti

cific, and poorly understood (Simpseat al., 1993, 1994). In

Jhe human adrenal cortex, steroidogenic CYPs are induced

and the amplification response to CYP19 (coding for the aromatase enzyff@jowing an initial interaction of adrenocorticotropic hormone

(solid symbols) orB-actin messenger RNA (open symbols), after varioufACTH) with the ACTH receptor in the cell membrane, result-

treatments. The amplification response to the mRNA of both proteins wigg in increased intracellular cAMP levels and a subsequent
linear with the logarithm of the amount of RNA under the RT-PCR conditionéascade of events leading to increased gene transcription
used (see Materials and Methods). The amplification response to CYP(JFg) K d Schi 1995). H295R cell | )
mRNA was greater in H295R cells treated with atrazine (3@) or 8Br- . arker an chimmer, ) cells are poorly respon
CAMP (100 M) than in controls (DMSO). The amplification response toSIVE€ 10 ACTH, suggested to be due to loss of ACTH receptor

B-actin mRNA was not affected by any of the treatments. expression, which is a common phenomenon in cultured adre-
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3.0 studies are required to establish whether triazine-mediated
—o—Control (DMSO) aromatase induction can be achieved in other steroidogenic
”s —o— Atrazine (30 uM) tis_srl;](.es.ang inf'other speci'ezvitro andin vivo. ' o
- is is the first report to demonstrate consistently that sev-
—0—8Br-cAMP (100 pM o .
re (100 pM) eral members of the class of 2-chlasdriazine herbicides

induce the human aromatase enzyimeitro at relatively low
concentrations. Although the observed 2-fold induction is rel-
atively weak, aromatase is the rate-limiting enzyme in the
conversion of androgens to estrogens. Induction of this rate-
limiting enzymein vivowould be expected to lead to increased
local production of estrogens with the potential to cause or
contribute to estrogen-mediated pathologies, such as the tumor
promotion observed experimentally in atrazine-exposed rats
(Elridge et al., 1994; Pinteret al., 1990; Stevenst al., 1994;
Wetzelet al., 1994). Furthermore, elevated expression of aro-
matase has been associated with increased risk of breast cancer
(Bulun and Simpson, 1994, Let al,, 1996; Reectt al., 1993)
and endometrial cancer (Bulwt al,, 1994) in female humans.
A study examining the effects of aromatase inhibition on
embryonic development found that exposimrevoof chickens
Duration of exposure (h) to non-steroidal aromatase inhibitors led to “masculinization”
FIG. 6. Time-course of aromatase induction in H295R human adrenocoqf_ f,emal?s (ElbreCht and Smith, 1992)' Furthermore, co-ad-
tical carcinoma cells exposed to 3(M atrazine or 100+M 8Br-cAMP. Each Ministration of exogenous estrogen prevented the observed
concentration was tested in quadruplicate; error bars represent standard d@a&sculinization of females but led to “feminization” of males,
ations. The triazines and 8Br-cAMP induced aromatase activity significaniyhich is the “default” sex in avian species (Elbrecht and Smith,

above control at each time poim € 0.05;t-test). Erratum: Values on y-axis 1992)_ Estrogens appear to be the key hormones that lead to
should be multiplied by 4 for correct aromatase activities.

Aromatase activity (pmole/h/mg protein)

0.0 : . :
0 2 a8 72

nocortical cells (Raineyet al, 1993), but they are highly 300

responsive to forskolin and analogs of cAMP, indicating that
the cAMP-mediated protein kinase-A pathway is functiong§
(Raineyet al.,, 1993; Stael®t al, 1993). The observed simi- 8 250
larities in response between the triazines and 8Br-cAMP sug-
gest that they induce CYP19 by stimulation of this pathwa@
One possible mechanism of stimulation could be via the inn&
bition of phosphodiesterase, the enzyme responsible for tfe2 200
breakdown of cCAMP to AMP; some compounds containing @ =
triazine-moiety have been reported to be weak inhibitors of th§ £
enzyme, causing increased smooth-muscle relaxation in guingag 150
pig tracheal tissue (Lerougt al., 1999). Given the complex
and tissue-specific regulation of aromatase, the induction r
sponse observed in H295R cells, which appear to be mogt
similar to not-fully-differentiated fetal adrenocortical cells,§
may not be a general response of triazine herbicides in othiér
aromatase-expressing tissues such as ovaries, brain, and gdi-
pose tissue. It is, however, the first consisientitro response < 50 2 : 1
by these herbicides that may provide a plausible explanation 0 24 48 72
for some of their endocrine-disrupting propertiesvivo. A
recent study reported elevated aromatase activity in the gonad-
al-adrenal mesonephros of male alligatatliator mississip- FIG. 7. Time-course of the increase in CYP19 mRNA levels in H295R
piensid hatchlings exposeth ovo to atrazine (Crairet al, hun”_lan adrenocortic_al carcinoma cells exposed to dimethyl s_ulfoxide (DMSO)
1997). Although the increase was not statistically significa vz?h|ple_, 3O’fM atrazine or 10QwM 8Br-cAMP. Eaf:h_concentratlgn was tested
e 9 o y .g % triplicate; error bars represent standard deviations. The triazines and 8Br-
this finding leaves open the possibility that CYP19 inductiogamp increased the amplification response to CYP19 mRNA significantly
by triazine herbicides may be a more general response. Furthigive control at each time poim & 0.05; t-test).

—0—Control (DMSO)
—t— Atrazine (30 pM)
== 8Br-cAMP (100 pM)

rol ra

(% of

c
o

o
Q-

Y

00

Duration of exposure (h)
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feminization of the central nervous system in birds, while théjonna, A., Crosignani, P., Robutti, F., Betta, P. G., Bocca, R., Mariani, N.,
lead to defeminization and masculinization of the mamma"anFerrario, F., Fissi, R. and Berrino, F.(1989). Triazine herbicides and ovarian
. epithelial neoplasmsScand. J. Work Environ. Healths, 47-53.
central nervous system (Jost, 1983). Thus, it can be suggest%a' ht'A Z Smith R. G, (1092 AV' . i §
that during critical (irreversible) developmental periods, sudfbrecht A- and Smith, R, G. (1992). Aromatase enzyme activity and sex
. . determination in chickensScience255,467—-470.
as embryonic, perinatal, and pubertal development, aromat

. . L . L E%%dge, J. C.,, Tennant, M. K., Wetzel, L. T., Breckenridge, C. B., and
induction may result in Inappropriate (de)fem|n|2|ng re- Stevens, J. T. (1994). Factors affecting mammary tumor incidence in chlo-

sponses, depending on the tissues in which local estrogefdtriazine-treated female rats: Hormonal properties, dosage, and animal
concentrations have been increased. A logical concern wouldtrain.Environ. Health Perspectl02Suppl 11), 29-36.

be that exposure of wildlife and humans to triazine herbicide3azdar, A. F., Oie, H. K., Shackleton, C. H., Chen, T. R, Triche, T. J., Myers,

which are produced and used in large quantities, and ar&- E. Chrousqs, G. P., Brennan, M..F., .Stein, C. A, and La Roccg, R. V.

ubiquitous environmental contaminants, may similarly contrib—(19go)' Establishment and characterization of a human adrenocortical car-

. . . . inoma cell line that expresses multiple pathways of steroid biosynthesis.
ute to estrogen-medlated toxicities and Inappropriate sexua@ancer Res50 5488 -5496.

differentiation. Geschickter, C. F., and Byrnes, E. W. (1942). Factors influencing the devel-
The H295R cell system deployed in the present study hagpment and time of appearance of mammary cancer in the rat in response to

proven useful in identifying a potential essential target for theestrogenArch. Pathol 33, 334-356.

endocrine-disrupting effects of several 2-chlsrtriazine her- Jost, A. (1983). Genetic and hormonal factors in sex differentiation of the

bicides. If future studies vivo support our hypothesis linking  Prain. Psychoneuroendocrinology; 183-193.

aromatase induction in specific target tissues to the endocriffglock, R. J., Daston, G. P., DeRosa, C., Fenner-Crisp, P., Gray, L. E.,
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