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Abstract

P450 aromatase (P450arom) is a well known target by anti-cancer drugs and toxic chemicals and efficient and convenient analytical tools are
desired for. We established a convenient assay for P450arom inhibition based on an enzyme-linked immunosorbent assay (ELISA). The first
step of the assay consists of a P450arom reaction, which converts a testosterorfe-esaddiol using a recombinant human P450arom and
a NADPH regenerating system. The second step of the assay consists of an ELISA system using a highly specific and sensitive anti-estradiol
monoclonal antibody in conjunction with estradiol-3-CMO-horseradish peroxidasg (BV1O-HRP). This system has advantages over other
P450arom assays because it does not use radioactive ligands and because it is not subject to interference from self-fluorescing test compound:
We could successfully estimate some types of P450arom inhibitors reported before. This assay should be very useful for high throughput
screening of drug candidates and endocrine disrupting chemicals via P450arom.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction pollutants have the potential for influencing P450arom activ-
ity of shellfish and other animals. For example, some organic
P450 aromatase (P450arom) is a member of the well-tins (like tributyl tin, etc.) inhibit shellfish P450aro{i,8]
known P450 enzyme family, which mediate steroid hormone and may cause a disruption of their sexual orggh0],
biosynthesis. Specifically, P450arom converts androgensalthough this is somewhat controverdibl]. Because of the
to estrogens. The estrogens and androgens regulate maninterest in this enzyme for drug discovery and for studying
proteins, which, in turn, control development, sexual dif- the effects of endocrine-disrupting chemicals, recombinant
ferentiation and sexual activity, as well as estrogen receptorhuman P450aronfil2] and P450arom from other species
and an androgen receptor expressidn6]. Inhibition of [13-16]have been generated. This enzyme can be produced
P450arom can reduce the production of estrogens, andinavariety of expression systems, including mammalian cells
thereby reduce the growth of estrogen-dependent tumors[17], yeas{18], bacterig19] and insect cellf20]. Currently,
Therefore, P450arom has been well studied as a drugP450arom activity is measured by several methods, including
target, and several effective inhibitors have been discovered.a radioisotope assg1,22] HPLC [23], mammalian cell
However, there is need for even more effective and selectivebioassay24], fluorescence substrate as$ay], and in vivo
P450arom inhibitors. In addition, many drugs, including can- tests using transgenic AROM+ male mj26é]. The mostwell
cerdrugs, have a potential to interact with P450arom, and thusknown assay is the “tritium water assay”, which uses tritium-
disrupt hormone homeostasis. Also, various environmental labeled androsten-di-one. In this assay the radioactive tritium
is transferred to a water moleculef®)) from androsten-di-
one[11]. Each of these methods has different advantages and
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have differential uptake of test compounds depending on (from Leuconostocsp.). Concentration of testosterone that
the cell type. The AROM+ bioassay requires a long time for is a substrate of P450arom was decided by considering a
animal preparations and for compound evaluations. Finally, cross-reactivity of the antibody immobilized on the plate.
the tritium water assay requires specialized equipment andThe antibody has high specificity tooEand can detect
methods for measuring and disposing of radioisotope as wellpmol/L level of B. It has very low cross-reactivity toHthe
as specialized training for users. Currently, there is no singleratio E2/testosterone is less than 0.001%). As a substrate
method to satisfy all requirements for the rapid, reliable, of P450arom we typically useM—mM level. Too much
user-friendly and effective evaluation of P450arom activity. substrate will effect on the ELISA signals because of the
We expected that a competitive enzyme-linked immunosor- cross-reactivity, so we must have set the concentration of
bent assay (ELISA) might be the solution to this problem testosterone at 62.5nM (in R1 sol.).
because this type of assay is easy to perform and does not Diluent-1 for chemical samples and concentrated
require the use of radioisotopes or specialized equipment.P450arom consisted of 0.1% BSA, 50mM PB, pH 7.2.
In this report, we describe the successful development of aDiluent-2 for E-3-CMO-HRP consisted of 0.2% BSA,
competitive ELISA system for measuring P450arom activity 10mM PBS, pH 7.2. Concentrated human P450arom
that can be carried out using either endogenous testosteronegl ng/ml) was diluted to 1:1000 in Diluent-2 just prior to start-
or androsten-di-one as a substrate. ing the P450arom reaction. Stopping solution for P450arom
consisted of 500.M aNF, 0.1% BSA and 50 mM PB, pH
7.2.
2. Materials and methods
2.4. Aromatase reaction
2.1. Reagents
Test chemicals and positive contrakNF) were dis-
Human recombinant P450arom was purchased from BD solved in dimethylsulfoxide (DMSO) and then diluted 1:10
science via Daiichi Pure Chemical, Japan. Anti-estradiol- in Diluent-1. Sample (1Q.l) followed by 50ul ice cold R1
3 monoclonal antibody was purchased from Fitzgerald solution was added to wells of a polypropylene 96-well plate
Inc., USA. Estradiol-3-CMO-horseradish peroxidase-8& on ice (sample plate). A second polypropylene 96 well plate
CMO-HRP) was purchased from Cosmo Bio, Japan. Testos-(P450arom reaction plate), also kept on ice, and received
teronepx-naphtoflavonedNF), bovine serumalbumin (BSA) 10l of diluted P450arom solution in each well. After prepar-
and other chemicals are purchased from Nakarai tesquejng the P450arom working solution, B0 R2 solution was

Japan; Kanto chemicals, Japan; and Sigma, Japan. added to each well of the sample plate. The contents of the
wells were mixed by repetitive (2—3 times) and very gentle
2.2. ELISA plates pipeting. A 90ul portion from each well of the sample plate
was transferred to the P450arom reaction plate and incubated
Antibody-coated were prepared as follows. Ant-Ean- for 20 min at 37C. The reaction was terminated with 10

tibody (100wl of 0.5-10wg/ml) was mixed with ice-cold  of stopping solution.

20 mM carbonate buffer, pH 9.6 and was added to each well of

a 96 polystyrene microtiter plate. The plates were incubated 2.5. Immuno reaction

overnight at #C after which the wells were washed three

times with 20Qul 10 mM phosphate-buffered saline (10 mM After completion of the P450arom reaction, jbldof each
PBS: 10 mM phosphate + 150 mM NacCl), pH 7.2 containing final mixture was transferred to wells of the ELISA plate.
0.1% Tween20. Blocking solution, consisting of 1% BSA The immuno reaction was initiated by adding@iluted
and 5% sucrose, 10mM PBS (200 was added to each  E>-3-CMO-HRP solution to each well, followed by incu-
well and the plates were incubated overnight &C4 After bation at #C for 1 h. The wells were washed three times
removing the blocking solution, plates were dried under vac- with 200wl of PBS containing 0.1% Tween 20. Next, 0D
uum, and packed in plastic bags and refrigerated {(£)9 of TMB solution (BioFx Laboratories, Inc., USA) was dis-
The concentration of £3-CMO-HRP was selected to give pensed into each well and incubated for 20 min at@7
an Assonm/esonmbetween 1.5 and 2.5 enough to obtain sen- Color development was stopped with 30i0of 1 N sulfuric

sitivity and dynamic range. acid. The Ai50nm/ss0 nmivas measured using a Spectra Clas-
sic microplate reader (Tecan Austria Gesellschaft, M.B.H.,
2.3. Reagents for aromatase reaction Austria).

R1 solution consisted of 0.1% BSA, 50 mM phosphate 2.6. Test chemicals
buffer (PB), pH 7.2, 3.3 mM NADP-2Na, 0;8M glucose-6-
phosphate and 62.5nM testosterone. R2 solution consisted The following compounds were tested in our ELISA
of 0.1% BSA, 50mM PB, pH 7.2, 8.3mM magnesium system:aNF, aminoglutethimide (AG), chrysin, triphenyl
chloride and 1U/mL glucose-6-phosphate dehydrogenasetin (TPT), tributyl tin (TBT), androsten-di-one (AG),
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Fig. 1. Chemical structures of evaluated chemicals. Benomygnyl phenol (NP)n-octyl phenol (OP)n-diethylstibestrol (DES)q-naphtoflavonedNF),
chrysin, aminoglutethimide (AG), ketoconazole (KC), androsten-di-one (AD), tri-butyl tin (TBT), tri-phenyl tin (TPR)btrtyl (2-thienyl) tin (TBTT).

ketoconazole (KC), benomyl, diethylstibestrol (DES), curve of typical competitive ELISA assay. A maximal signal

n-octyl phenol (OP),n-nonyl phenol (NP), tria-butyl is obtained in the ELISA if there is no targeted chemical

(2-thienyl) tin (TBTT). All compounds were dissolved in  (E). Fig. 2b shows a model of dose-response curve for

DMSO. Chemical structures are showrHig. 1 P450arom inhibitorFig. 2c is a typical dose—response curve
of aNF.

3.2. Evaluation
3. Results and discussion

The absorbance values were converted to P450arom inhi-
3.1. Principle of the P450arom inhibition assay by bition ratios (Al ratios) as follows:
competitive ELISA
{A450 nnys50 nn{blank)
When R1 solution and R2 solution are mixed together . —A4s0nnyesonm(€valuated chemicals)
and incubated at 37, NADP is converted to NADPH by  [Alratio] = {Aasommresonm(olank)
G6PDH. The R1/R2 mixture includes a NADPH regenerating A " i trol “aNF
system. P450arom converts testosterone in the R1/R2 mix- 450 ny650 nm(POSitive control - )}(1)
ture into B, which can be detected by the competitive ELISA
system. Strong inhibitors of P450arom can decrease the Calculated Al ratios are apparent values as inhibition
amount of i produced, and this is detected as an increase inratios compared to full inhibition by the positive control
the color productiorfFig. 2a shows anillustration of detection  (aNF). Al ratio is an original scale proposed by us and used
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Fig. 2. The principle of P450arom inhibition ELISA. (a) A model curve for a detection of target chemical on a competitive ELISA. (b) Dose-respense curv
for a P450arom inhibitor chemical A. (c) Typical dose—response curveNét

for calculating approximate marker to comparison. After 3.4. Determination of the amount of P450arom to be
determining Al ratios for each concentration of an evaluated used in the assay

chemical, the P450arom inhibition index (Al index) can be

calculated from the dose responsive curve. Al index (50) or  Fig. 3 shows the relationship between P450arom
Al index (30) indicates 50% or 30% inhibition, respectively. concentration and the ELISA signal. If the P450arom
In these experiments, we usetlF at 0.4u.M as a positive concentration is above 0.4 pg/ml (dilution ratio: 1:250) in
control for P450arom inhibition (final concentration). the reaction mixture, inhibition cannot be detected. We
Formula (2) was used to determine the relative inhibition found that a concentration of P450arom between 0.05 and
activity (RIA) for the various tested compounds: 0.1 pg/ml (dilution ratio 1:1000-1:2000) provided sensitive

detection.
Relative inhibition activity at 50% inhibition (RIA50)

_[Alratiofor an evaluated chemical (50)]
[Alratio for «NF (50)]

)

1.20

1.00

0.80

3.3. Determination of the testosterone concentration to

be used in the assay 0.60

0.40

Testosterone is utilized in the assay as a substrate. Its con-

ELISA signals (ABS 450nm/650nm)

centration must be carefully selected because there is some - \
weak cross-reactivity with the anti-E3 antibody, and too ' ﬁ
much could cause interference in the ELISA reaction. On the 0.00 @
0 0.002 0.004 0.006 0.008 0.01 0.012

other hand, too little testosterone will give too low of a signal
in the ELISA reaction. We found that the appropriate con-

centration of testosterone in the P450arom reaction mixture Fig. 3. Therelationship between concentrations of human P450in P450arom

is between 0.05 and OpaM. assay mixture and signals from ELISA.

P450arom conc. ( ng/ml )
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Fig. 4. Dose-response curves for various kinds of evaluated chemicald\Fa)fb) AG, (c) chrysin, and (d) KC. All points of data were plotted as average
values (=2-4).

Table 1shows the values of Al(40) and RIA(40) for some
compounds. DES, OP, NP, TBTT displayed little inhibition
of P450arom (up to {LM). These are consistent with
Several inhibition dose—response curves for various com- previous findings that they do not inhibit P450arom. Also
pounds &NF, AG, chrysin, TPT, TBT, AD, KC and TBTT)  benomyl displayed little inhibition or little activation (up
are shown irFigs. 4-5 Average valuesn=2-4) were used  to 1uM), although benomyl was reported as an aromatase
to generate inhibition curves. The percent variance in control inducer[27,28] In addition,aNF, AG, chrysin, TPT, TBT,
values (CV) of all experiments was between 2 and 10%. AD and KC inhibited P450arom. The rank order of potency

3.5. Inhibition dose-response curves for various
compounds.
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Fig. 5. Dose—response curves for various kinds of evaluated organic tins. (a) TBT, (b) TPT, and (c) TBTT. All points of data were plotted as aesrage valu
(n=2-4).
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Table 1 presentations and discussions that took place at the following
Evaluations for some known aromatase inhibitors using Al (40) values and ~gnferences. 13th International Conference on Cytochromes
relative inhibition activities [RIA (40)] P450 (2003) and Aromatase 2002 (6th International Confer-

Al (40) (uM) RIA (40) Relative ratioaNF=1.0 by ence on Aromatase).
fluorescence methd@9]
oNF 011 10 1.0
Chrysin 034 30 3.9
KC 0.75 66 51 References
AG 0.35 31 4.3
AD 0.3 26 05 [1] L.L. Hart, J.R. Davie, Biochem. Cell. Biol. 80 (2002) 335-341.
TPT 19 1727 _ [2] C. Chang, A. Saltzman, S. Yeh, W. Young, E. Keller, H.-J. Lee,
C. Wang, A. Mizokami, Crit. Rev. Eukaryot. Gene Expr. 5 (1995)
97-125.
. o ) [3] A.E. Drummond, K.L. Britt, M. Dyson, M.E. Jones, J.B. Kerr, L.
in the competitive ELISA systema(NF >chrysin, AG, O’Donnell, E.R. Simpson, J.K. Findlay, Mol. Cell. Endocrinol. 191
AD>KC» TPT >TBT) supported by previous resul29]. (2002) 27-33.

Further, the dose—response curve for TBT suggests that it is [4] R-W. Brueggemeier, Am. J. Ther. 8 (2001) 333-344.

TR : [5] M. Toi, H. Bando, S. Saji, Breast Cancer 8 (2001) 329-332.
a partial inhibitor of P450aroif8]. By separate experiments [6] G. Seralini, S. Moslemis, Mol. Cel. Endocrinol. 178 (2001)

we could also confirm the inhibition activity by apigenin, 117-131.
hesperetin, naringenin, (+)-catechir;)¢epicatechin which (7] p.b. Heidrich, S. Steckelbroeck, D. Klingmuller, Steroids 66 (2001)
were reported as aromatase inhibitors by our method. 763-769.

Our P450arom inhibition ELISA method requires 100 min  [8] G-M. Cooke, Toxicol. Lett. 126 (2002) 121-130.
except time for dispensing, washing and reading absorbance. [°! I\P/Iél\r:é Sﬁg:oznﬁé; t;ZSHZZe('SJOJg)gZ? g'éswe"a' J.p. Boon, C.
This time can be reduced by shortening the length of the ;4 i sgle, v. Morcillo, C. Porte, Environ. Pollut. 99 (1998) 241—246.
P450arom and/or immuno reactions. Further, our P450arom[11] E. Oberdorster, P. McClellan-Green, Mar. Environ. Res. 54 (2002)
inhibition ELISA method has many advantages over other 715-718.
assays. For example, none of the compounds tested interferet2] Y. Morcillo, C. Porte, Environ. Res. 81 (1999) 349-354.

; P~ o ; [13] F.P. Guengrich, Nat. Rev. Drug Discov. 1 (2002) 359-366.
mtuttrf]lfoissﬁ yu![r;g(’jedeltrl]?:’ E:: daifsfe?g :i ignn%lzg?:r ?;g%t:;if\?é[m] G.E. Seralini, A. Tomilin, P. Auvray, C. Nativelle-Serpentini, P. Sour-
g ghp g daine, S. Moslemi, Biochem. Biophys. Acta 1625 (2003) 229-238.

compounds or specialized and expensive instruments. [15] S. ljiri, Y. Kazeto, P.M. Lokman, S. Adachi, K. Yamauchi, Gen.
Comp. Endocrinol. 130 (2003) 193-203.
[16] S. Fukada, M. Tanaka, M. Matsuyama, D. Kobayashi, Y. Nagahama,
Proc. Natl. Acad. Sci. U.S.A. 85 (1996) 8948-8952.
[17] C.J. Corbin, S. Graham-Lorence, M. Mcphaul, J.J. Mason, C.R.
Mendelson, E.R. Simpson, Mol. Reprod. Dev. 45 (1988) 285-290.
Our P450arom inhibition ELISA method is suitable for [18] D. Pompon, R.Y. Liu, M.J. Besman, P.L. Wang, J.E. Shively, S.
screening drug candidates, endocrine-disrupting compounds.  Chen, Mol. Endocrinol. 3 (1989) 1477-1487.
Our main purpose was not calculating kinetic values. Con- [19] F. Zhang, D. Zhou, Y.C. Kao, J. Ye, S. Chen, Biochem. Pharmacol.
struction of a screening tool and approximate evaluation by a 64 (2002) 1317-1324.

f dtob ful. E h h |[20] M. Lahde, H. Raunio, O. Pelkonen, M. Karp, C. Oker-Blom,
ew assays seemed to be successiul. For more thorough eval- ~ gischem, Biophys. Res. Commun. 197 (1993) 1511-1517.

uations of potent chemicals we should conduct further exper-[21] s. Steckelbroeck, D.D. Heidrich, B. Stoffel-Wagner, V.H. Hans,
iments by other types of methods. We designed the method  J. Schramm, F. Bidlingmaier, D. Klingmuller, J. Clin. Endocrinol.
for screening mainly, however, the method can be adjusted  Metab. 84 (1999) 2795-2801.

and improved for a kinetic study with some changes in future. (22 gé"é_sgg'”o’ Y. Osawa, J. Clin. Endocrinol. Metab. 44 (1977)

. .Our methc_)d.does an[ require e.XtenSNe tra'_“'”gg radioac- [23] H. Taniguchi, H.R. Feldmann, M. Kaufmann, W. Pyerin, Anal.
tivity or specialized equipment. Given the availability of re- Biochem. 181 (1989) 167-171.

combinant protein, specific antibodies and substrates, this[24] D.J. Zhou, D. Pompon, S.A. Chen, Cancer Res. 50 (1990)
powerful assay system should also be applicable to other  6949-6954.
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