
INTRODUCTION

Endocrine disrupting chemicals (EDCs) are exogenous

chemicals including a wide range of compounds, such as

environmental chemicals including phenol, industrial pro-

ducts and natural compounds. EDCs have potential to dere-

gulate hormonal reaction, immune system, development,

reproduction, and endocrine system (Bonefeld-Jorgensen

2004). Some EDCs mimic or alter the effect of physiological

estrogens (Kitamura et al. 2005). For example bisphenol A

(2,2-bis-(4-hydroxyphenyl) propane), industrial raw material

for polycarbonate and epoxy resins (Krishnan et al. 1993),

mimics estrogenic activity in cell lines such as breast cancer

cell line MCF-7 cells (Matthews et al. 2001) and has endoc-

rine disrupting effects in vivo (Gaido et al. 1997; Ashby and

Tinwell 1998; Ashby et al. 2000; Tinwell et al. 2000).

Nonylphenol, an alkylphenol used as antioxidant in plastics

(Soto et al. 1991) is also a xenoestrogen with an ability to

disrupt reproductive functions in many types of organisms

(Nagao et al. 2001; Weber et al. 2002).

It is known that estrogen plays important roles in vertebrat-

es by regulating sex differentiation, development, reproduc-

tion, and growth (Cheshenko et al. 2008). Even in lower

vertebrates such as amphibian, estrogen can directly influ-

ence development and reproductive events (Chang and Wits-

chi 1956). Cytochrome P450 aromatase is an enzyme that

converts androgen into estrogen which contains aromatic

hydrocarbon ring (Lee et al. 2010). Aromatase gene expres-

sion is elevated in the stage of ovarian development in R.

rugosa and expressed in follicle cells of ovarian tissue (Kato

et al. 2004). Aromatase activity is critical in gonochoristic

fish differentiation and also in sex change of teleost fish

(Chang et al. 1997).

Aromatase is a potential EDC targets because modulation

of its expression and function can change the level of estro-

gen and may lead to disruption of estrogen-dependent bio-

logical processes. A variety of reports indicate the effects

of EDC on aromatase, which is widely used as biomarkers

for endocrine disruption by EDCs (Rotchell and Ostrander

2003). Especially, the effect of EDC on aromatase on aqua-
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tic animals has been extensively studied. For example, aro-

matase gene expression was used as a marker for endocrine

disruption in EDC-exposed medaka fish (Scholz and Gutzeit

2000). In EDC-contaminated lake, decrease in aromatase

activity in wild populations of fish has also been reported

(Noaksson et al. 2001). We have also previously reported

that exposure of EDCs to Bombina orientalis, a common

amphibian, resulted in a decrease in ovarian aromatase activi-

ty (Lee et al. 2010). However, the use of wild-life animals

to assess the effect of EDCs on aromatase activity significant-

ly limits the efficacy of the experimental investigations

mainly due to the inadequate supply of wild animals and

individual variations in response to EDCs. In an attempt to

solve this problem, we have constructed a model system to

monitor the effect of EDCs on amphibian aromatase activity

using cultured animal cells. We have comparatively analyzed

the effect of EDCs on aromatase activities of ectopically

expressed Bombina orientalis and Mus musculus aromatase

in cultured animal cells.

MATERIALS AND METHODS

293T and Cos-7 cells were maintained in Dulbecco’s

modified Eagle’s medium with 10% fetal bovine serum, 100

U mL-1 penicillin and 100 mg mL-1 streptomycin (Welgene,

Daegu, Korea). Cells were incubated at 37�C with 5% CO2

in humidified atmosphere. Cells seeded in 6-well dishes

were transfected by calcium phosphate method as previously

described (Graham and van der Eb 1973).

Bisphenol A and nonylphenol (Sigma-Aldrich, St. Louis,

MO, USA) were dissolved in dimethyl sulfoxide (DMSO)

at the stock concentrations of 100 mM. Endocrine disruptors

were treated for 24 hours post-transfection and incubated

for additional 24 hours.

pTG18 (also called pTG6-aromatase) was obtained from

Dr. Tekmal (University of Texas Health Science Center),

Mus musculus aromatase gene in pTG18 (open reading frame

from 47 to 1,558 bp) was excised by HindIII/Eco RI double

digestion and subcloned into HindIII/Eco RI site of pCDNA

3.1 myc-His B vector. This transfers open reading frame of

aromatase from 47 to 1,511 bp hence l6 amino acids in C-

terminus were lost. Bombina orientalis aromatase gene was

cloned as described previously (Lee et al. 2010) and subclon-

ed into BamH1/XhoI site of pCDNA3.1 myc-His B vector.

All cells were lysed and processed at 48 h post-transfection.

The cells were washed once with phosphate-buffered saline

(PBS) and lysed with a lysis buffer (20 mM Tris-HCl, pH

7.4, 0.1 mM EDTA, 150 mM NaCl, 1% NP-40, 0.1% Triton

X-100, 0.1% SDS, 20 mM NaF, 1 mM Na3VO4, 1×protease

inhibitor (Roche)). All protein samples were resolved by

10% SDS-PAGE after boiling 5 min in SDS sample buffer.

For Western blot analyzis, proteins were electro-transferred

onto nitrocellulose membranes for 2 h. The nitrocellulose

membranes were blocked with 5% skim milk in Tris-buffer-

ed saline with 0.02% Tween-20 (TBST) for 1 h, incubated

with appropriated dilutions of primary antibody in TBST

containing 5% skim milk for overnight. The membrane was

washed three times with PBS and incubated with secondary

antibody solution for 2 h. The blots were then visualized

with WEST-ZOL-plus detection system (iNtRON Biotech-

nology, Seoul, Korea).

Aromatase assays were based on the method described

by Lepthart et al. (Lephart and Simpson 1991). Cells were

seeded in 6-well plates at the density of 2×105 cells well-1

and transfected with aromatase expression plasmids. After

24 h, media was changed with 1 mL of phenol-red free IMEM

supplemented with 10% charcoal stripped-serum containing

1 mCi mL-1 [3H]-androst-4-ene-3,17-dione (PerkinElmer,

Albany street, MA, USA) and incubated for additional 24

hours. The medium was then transferred to a test tube and

0.8 mL of 20% tricholoroacetic acid was added to precipitate

proteins. After centrifugation at 2,000 ×g for 5 min, 0.5 mL

of supernatant was mixed with 1 mL of chloroform, vortex

mixed and centrifuged at 2,000×g for 5 min. After centri-

fugation, 0.35 mL of aqueous phase was treated with 0.35

mL of 2.5% activated charcoal suspension for 1 hour. After

centrifugation, 0.5 mL of supernatant was obtained and aro-

matization activity was determined by measuring radioactivi-

ties in the supernatant by a liquid scintillation counter (Beck-

man, Fullerton, CA).

Differences between control and experimental group were

compared using Student’s t-test. The difference is significant

if the p value is ⁄0.05.

RESULTS AND DISCUSSION

The full length of aromatase amino acid sequence of Bom-

bina orientalis (Lee et al. 2010) and Mus musculus (GenBank
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accession no. BAA00551) were compared using ClustalW

(http://www.ebi.ac.uk/Tools/clustalw/). The similarity

between two amino acid sequences was about 66%. Being

convinced that the significant portion of amino acid sequ-

ence is conserved between two species, we set out to inves-

tigate the relative expression levels of two aromatase genes

in in vitro cultured animal cells. Comparison of relative

expression levels of two aromatase constructs by means of

anti-Myc epitope western blots indiacted that the Mus mus-

culus aromatase gene has higher expression level than Bom-

bina orientalis aromatase showing very low expression level

(lane 1 vs. lane 2, Fig. 2). To check whether low expression

level of Bombina orientalis aromatase was due to preferred

proteasomal cleavage of amphibian protein inside the cells,

we treated the aromatase transfected cells with, a proteasome

inhibitor-MG132. Both Bombina orientalis and Mus muscu-

lus aromatase expression levels were significantly enhanced

by MG132 treatment (lane 1 vs. lane 3 and lane 2 vs. lane 4,
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Fig. 1. Comparative analysis of Mus musculus and Bombina orientalis aromatase amino acid sequence. The conserved residues were indicated
as *. Colon (:) means that conserved substitutions were observed. Period (.) means that semi-conserved substitutions were observed.

Fig. 2. Western blot analysis of Mus musculus and Bombina orien-
talis aromatase gene expressed in 293T cells. Mus muscu-
lus and Bombina orientalis aromatase expression plasmids
were transfected into 293T cells. In 48 h post-transfection,
cells were harvested for western blot analyses. Where in-
dicated, MG132 (10 μM) was treated for 6 h before harvest.
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Fig. 2). This data indicate that low expression level of Bom-

bina orientalis aromatase might be due to preferred protea-

somal proteolysis.

To comparatively analyze the activities of aromatase con-

structs in cultured animal cells, we transfected two aroma-

tase constructs in a dosage-dependent fashion and performed

aromatase assays using the transfected cells. Aromatase

activities of Mus musculus aromatase transfected 293T cells

increased in a dosage-dependent manner up to 1 μg of M.

musculus aromatase construct per dish (Fig. 3a). However,

we observed the decrease in aromatase activities of 293T

cells transfected with more than 1 μg per dish (data not

shown). This might be caused by toxicity generated by high

concentration of exogenous plasmids. In contrast, when the

Mus musculus aromatase was transfected into african green

monkey kidney fibroblast-like cells Cos-7, we could observe

a dosage-dependent increase in aromatase activity (Fig. 3b).

We assume that the observed dosage-dependency up to more

than 1 μg per dish might be driven by the lower transfection

efficiency of Cos-7 cells as compared to 293T cells. This

conclusion is supported by the observation that expression

levels of Myc-tagged Mus musculus aromatase in Cos-7

cells was lower than the levels in 293T cells when the same

amount of plasmids were transfected (data not shown) and

the actual activities of aromatase in radioactivity counts

were much higher in 293T cells than Cos-7 cells.

The parallel experiments were also performed using Bom-

bina orientalis aromatase expression constructs. Although

the fold increase of aromatase activity in Bombina orientalis

aromatase transfected cells was relatively smaller than Mus
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Fig. 3. Enzymatic activity of ectopic aromatase expressed in cultured animal cells. Aromatase activity was assessed by using [3H]-androst-4-
ene-3,17-dione as substrates. *p⁄0.05 vs. Control group.
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musculus aromatase transfected cells, there was a statistical-

ly significant increase in aromatase activity of cells transfect-

ed with more than 0.5 μg B. orientalis aromatase per dish

(Fig. 3c, d). Next, to confirm the specificity of the aromatase

assays, we used a specific aromatase inhibitor letrozole.

The aromatase activities were effectively repressed by letro-

zole suggesting that the aromatase assay employed for our

study is specific (Fig. 4a, b, c, d).

In an attempt to use the animal cells transfected with

Bombina orientalis aromatase as a surrogate model system

to monitor the effect of EDCs on aromatase activity in aqua-

tic organisms, we treated bisphenol A and nonylphenol to

293T cells transfected with aromatase constructs. There

was a significant decrease in aromatase activities induced

by bisphenol A and nonylphenol treatment in both in Mus

musculus aromatase and Bombina orientalis aromatase

transfected cells (Fig. 5).

In this report, we propose a model system that can be used

for indirect assessment of the effect of EDCs on aromatase

activity in aquatic animals. We observed EDC’s inhibitory

effect on Bombina orientalis aromatase activity in cultured

animal cells. This result confirms our previous observations

in in vivo frog models (Lee et al. 2010). Transfection of

other amphibian genes into mammalian cells and subsequent

evaluation of their enzymatic activity inside the mammalian

cells have been previously reported (Yung et al. 1995;

Chang et al. 2005). A study using aromatase cDNA from a

Nile tilapia indicated that aromatase cDNA open reading

frame with 5’untranslated region (UTR) exposed greater

that three- fold estrogen production increase when com-
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Fig. 4. Effect of aromatase inhibitor on ectopic aromatase activity. Letorozole was treated at the concentration of 100 nM for 24 h. *p⁄0.05
vs. Control group.
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pared to aromatase without 5’UTR when transfected into

Cos-7 cells (Chang et al. 2005). This observation may sug-

gest that 5’UTR of the aromatase may play an up-regulatory

role in aromatase mRNA expression.

Amino acid residues in the active site of aromatase are

important in determining the efficacy of converting androgen

to estrogen. The structural analysis revealed that amino acid

residues E129, D222, E245, E302, D309, E379, and D380

line the active site cavity of human aromatase (GenBank

accession no. AAA35728.1) and D476 lies close to the cavity

(Murthy et al. 2005). We found that 6 out of these 7 residues

except D222 are conserved both in Mus musculus and Bom-

bina orientalis aromatase. This suggests that the structure

of aromatase active site is well conserved among vertebrates

and that difference in amino acid composition of the active

site is not responsible for the observed differences in cataly-

tic activity between ectopically expressed aromatase con-

structs. The relatively low enzymatic activity of Bombina

orientalis aromatase is therefore presumed to be resulted

from the relative low stability of B. orientalis aromatase as

compared to Mus musculus aromatase. Since the promoters

in the expression plasmid of Mus musculus and Bombina

orientalis aromatase are identical, we assume that the initial

mRNA level transcribed from the ectopic plasmids in two

expression constructs should also be identical. It is therefore,

the stability of mRNA or protein itself that could affect the

final protein levels of aromatase in the host animal cells.

The treatment with proteasome inhibitor indeed partially

rescued Bombina orientalis aromatase protein level. This

suggests that preferred proteasome-mediated proteolysis

could in part account for the lower protein level and enzy-

matic activity of Bombina orientalis aromatase, although

we could not completely rule out the relative lower stability

of B. orientalis aromatase. As stated above, addition of 5’UTR

to Bombina orientalis aromatase expression construct may

help to increase the mRNA stability and enzymatic activity

of aromatase and could enhance the efficacy of our model

system to assess the effect of EDCs on the aromatase activi-

ty in aquatic animals.
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