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Abstract

To exclude that aromatization plays a role in the estrogenic activity of tibolone, we studied the effect tibolone and metabolites on the
aromatization of androstenedione and the aromatization of tibolone and its metaboliies&thyl-1 & -ethynylestradiol (@-MEE) by
human recombinant aromatase. Testosterone (B;rh@thyltestosterone (MT), 19-nortestosterone (Namjnethyl-19-nortestosterone
(MENT) and norethisterone (NET) were used as reference compounds. Sensitive in vitro bioassays with steroid receptors were used to
monitor the generation of product and the reduction of substrate. LC-MSMS without derivatization was used for structural confirmation.

A 10 times excess of tibolone and its metabolites did not inhibit the conversion of androstenedione to estrone by human recombinant
aromatase as determined by estradiol receptor assay whereas T, MT, Nan, and MENT inhibited the conversion for 75, 53, 85 and 67%,
respectively. Tibolone,@ and P-hydroxytibolone were not converted by human aromatase whereas the estrogenic activity formed with
the A%-isomer suggests a conversion rate of 0.2% after 120 min incubation. In contrast T, MT, Nan, and MENT were completely converted
to their A-ring aromates within 15 min while NET could not be aromatized. Aromatization of T, MT, Nan and MENT was confirmed with
LC-MSMS. Structure/function analysis indicated that thethynyl-group prevents aromatization of (19-nor)steroids whilenethyl
substitution had no effect.

Our results with the sensitive estradiol receptor assays show that in contrast to reference compounds tibolone and its metabolites are not
aromatized.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction and ERB at about 30% of the potency of estradiol (E2}].
Despite the low binding compared to E2 the estrogenic
In humans tibolone displays tissue-specific effects and effects on bone can be explained by the tissue-specific acti-
is used for the treatment of climacteric complaints and vation of the large amounts of circulating inactive sulfated
the prevention of osteoporosis: it acts as an estrogen onestrogenic metaboliteld0,11] However, we also want to
bone, central nervous system and on vagina while no estro-investigate to what extent the estrogenic activities of ti-
genic stimulation could be found on breast or endometrium bolone are due to aromatization of the A-ring of tibolone
[1-6]. After oral application tibolone is rapidly converted or the A*-isomer by the enzyme aromatase, leading to
to 3a- and PB-hydroxytibolone and the\*-isomer without ~ 7a-methyl-1%&-ethynylestradiol (&@-MEE).
detecting phenolic A-ring metabolite’—10]. The ob- The enzyme aromatase belongs to the cytochrome P450
served estrogenic activities can be mediated by theaBd superfamily, located in the microsomal fraction and formed
3B-hydroxytibolones which are shown to bind to the&eR  from the CYP19 gengl2]. The enzyme complex is com-
posed of two polypeptides, aromatase cytochrome P450 and
" Corresponding author. Tels31-412-663745; fax:31-412-663532.  an NADPH-cytochrome reductas€g13,14] CYP19 con-
E-mail address: marcel.degooyer@organon.com (M.E. de Gooyer). verts the androgens, androstenedione and testosterone to the
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phenolic A-ring derivatives, estrone and estradiol, respec- els of test compounds and the generation of the phenolic
tively. The aromatization of C19 steroids takes place in three A-ring analogue, we have used two different, sensitive, de-
sequential oxidative steps. The first step is the hydroxylation tection methods, bioassays and the conventional analytical
of the C19-methyl group followed by a second hydroxyla- LC-MSMS without derivatization.

tion on the C19-methyl group resulting in the formation of a

19-oxo-compound. The last step is the cleavage of the bond i

between C10 and C19 resulting in the formation of formic 2 EXperimental

acid and the aromatized A-ring analogue with specific loss .
of the 13- and B-hydrogen atomgl5,16] CYP19 is widely 21. Materials
expressed in human tissues and is found in placenta, ovary,
endometrium, bone, and brajih7] but not in human adult
liver [18].

In the literature a controversy exists about the arom-
atization of 19-norsteroids. Since these synthetic steroids
lack the C19-methyl, required for the initial step for arom-
atization, some authors claim that 19-norsteroids cannot
be aromatized by (human) aromatase in in vitro systems
[19-22]while other authors claim that aromatization is pos-
sible[23-26] It is suggested that another type of aromatase
enzyme could be involve[d9,27] or that the 19-norsteroids
are irreversible or suicide inhibitors of aromat4d26—30]

It is also not clear whether the d#substituted progesta-
gen norethisterone (&fethynyl-19-nortestosterone, NET)
can be aromatized. In menopausal women some conversio
of NET to ethynyl estradiol (EE) has been reported to a
degree varying from 0.35 to 2.3%. These conversion rates
were considered to be of little clinical significanf3] or
small but significanf32], respectively. In a study with post-
menopausal women on HRT (2 mg estradiol, 1 mg estriol,
and 1 mg NET), a conversion rate of 0.35% of NET to EE
was found33]. In some in vitro systems NET inhibited the
aromatase activitjf34—37]whereas in other in vitro systems
cell cultures NET could be aromatized to EEB—40] In
addition, a recently published _study reported that tibolone tors and culture conditions are described by de Gooyer et al.
could be converted too#MEE in young pre-menopausal [11].

women [41]. The common detection techniques in these

in vitro and in vivo studies were, thin Ia){er. chromatogra- 2 3. Inhibition studies of human aromatase

phy, HPLC, gas chromatography, and radio immuno assays.

Ga_s chromatography requires deri\{atiz_ation of the sterqids The method described by Geelen et @3] was used
which may lead to chemical aromatization of some steroids it slight modifications. In brief, purified recombinant
as demonstrated by the conversion of norethynodrel to EE

[42]. Therefore, we wanted to investigate whether assays OH OH
measuring in vitro biological activity would yield more sen- F
sitive detection methods. The detection limit of the recently
developed analytical assay, LC-MSMS without derivatiza-
tion, is in the nanomolar range. The bioassays are expected
to detect activities in the (sub)picomolar rarjgjé]. We used “
CHO cells stably transfected with human steroid receptors tibolone
and a luciferase reporter gene to detect both the reduction

and generation of hormonal activities in the cell cultures.
LC-MSMS detection was used as the golden standard ana-
lytical assay for detection of phenolic A-ring derivatives. .

This study investigates whether tibolone, its metabolites, HO" “
19-norsteroids and hZsubstituted steroids can interfere 3o-hydroxytibolone
with the aromatization of androstenedione or whether these
steroids can be aromatized. To detect the reduction in lev- Fig. 1. The chemical structure of tibolone and its metabolites.

The following compounds were supplied by the Depart-
ment of Medicinal Chemistry of N.V. Organon, Oss, The
Netherlands: Tibolone (Org OD 14) [¢717«)-17-hydroxy-
7-methyl-19-norpregn-5(10)-en-20-yn- 3-onaf -tibolone
[(7a,17a)-17-hydroxy-7-methyl-19-norpregn- 4-en- 20-yn-
3-one];  3-hydroxytibolone  [(3,7a,17a)-7-methyl-19-
norpregn-5(10)- en-20- yne-3,17-diol]dhydroxytibolone
[(3B,7x,17a)-7-methyl-19-norpregn-5(10)-en-20-yne-3,17-
diol]; norethisterone (NET); estradiol (E2); d+thynyl-
estradiol (EE); 1&-methylestradiol (1&-ME); 7a-methyl-
estradiol (&-ME); 7a-MEE; testosterone (T); k¥methyl-
testosterone (MT); 19-nortestosterone (nandrolone, Nan);
7a-methyl-19-nortestosterone (MENT); a&lihydrotesto-
sterone (DHT); and the aromatase inhibitor, Org 33201.
"burified recombinant human aromatase was obtained from
GenTest (Woburn, MA, USA), @[®H]-androstenedione
from New England Nuclear (Boston, USA), and NADPH
from Boehringer—-Mannheim (Mannheim, Germany).

The structures of tibolone and its metabolites are dis-
played inFig. 1

2.2. Cdl lines

The CHO cells stably transfected with the steroid recep-
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0

HO

3B-hydroxytibolone
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human aromatase (0.05nmol/ml) was resuspended in aHPLC (Shimadzu LC10Advp binary LC system, Duisburg,
phosphate buffer (100 mmol/l, pH 7.4) and compounds Germany) employing a Waters Symetry C18 HPLC column
were added as ethanolic solution (final concentration: (30 mmx 2 mm, 3.5um, Milford, MA, USA), elution was
0.1%). The final B-[3H]androstenedione concentration performed with a linear gradient of 40-100% of methanol
was lumol/l; tibolone, its metabolites and T, MT, Nan, in 10 mmol/l ammonium formiate in 3 min at a flow rate of
and MENT were tested at 30mol/l. The non-steroidal 1ml/min and a Sciex APl 4000 MSMS detector (Toronto,
aromatase inhibitor Org 33201 was tested at 2 nmol/l. The Canada). The detection limits for all compounds tested were
final incubation volume was 1ml. The incubations were 1-2nmol/l, except for tibolone which cannot be detected
terminated by the addition of 1QQ trichloroacetic acid with LC-MSMS.
(1g/ml). The aromatase activity was measured by the
production of tritiated water during an incubation time 2.7. Satistical analysis
of 20 min.

The meant S.D. were calculated and Studerittest was
2.4. Conversion studies by human aromatase performed to calculate statistical significance (two-tailed un-

aired).

Human aromatase (0.05nmol/ml) was resuspended inp )

phosphate buffer (100 mmol/l, pH 7.4) and compounds
were tested at a concentration of 100 nmol/l. The reaction 3. Results
was started with the addition of NADPH (1 mmol/l) and
terminated after an incubation period of 15, 30, 60, and 3.1. Inhibition studies of human aromatase
120 min by an extraction with ethylacetate. The ethylac-
etate was evaporated and the I’eSidue was diSSOlVed in 1ml The resu'ts are SummarizedTﬁb'e 1 The Conversion of

DMEM/HAM F-12 medium. The remaining parent com- 1 ,,mol/l 18-[3H]androstenedione by human aromatase was
pound and formed A-ring analogue were determined with 59 pmol/20 min. The aromatase inhibitor Org 33201 inhib-
LC-MSMS and bioassays for estrogenic, androgenic, and/orijted aromatase activity 55% at a concentration of 2 nmol/l.
progestagenic activities. T, MT, Nan, and MENT showed significan(< 0.005)
Tibolone, A%-isomer, and NET were incubated during inhibitory activities at 1mol/l of 75, 53, 85, and 67%,
60 min at concentrations of 100 and 1000 nmol/l. The gen- respectively. Tibolone and its metabolites did not signif-

eration or reduction of ER- or AR-activity was measured jcantly inhibit the aromatase activity at a concentration
with the respective bioassay. of 10 mol/l.

2.5. In vitro receptor bioassays 3.2. Cornversion studies with human aromatase

CHO cells stably transfected with the human estrogen g 2shows the activity of the phenolic A-ring analogues
receptora (ERw), human estrogen recept@r (ERB), hu- in the in vitro receptor bioassays with CHO cells stably

man androgen receptor (AR) or human progesterone recepiransfected with ER and ERB. The compounds E2ZME,

tor (PR), a promotor gene, and a luciferase reporter gene;74-ME, EE, and &-MEE are able to activate both BR
were seeded into a 96-well plate at a density af®* cells

per well and diluted samples (100 times (time course) or
1000 times (concentration range)) of the test cultures with

the test compounds were added. After incubation during 16 h 20 *

. P ) - 9 Inhibition of purified recombinant human aromatase with various
in DMEM/HAM F-12 medium with 5% charcoal-treated  compounds

supplemented defined bovine calf serum af@7in hu-

g . . Compound Inhibition
midified atmosphere of air supplemented with 5% CO pou P
200p. of the total 25Qul incubation volume were removed Tigol_one 2.6+ 2.7
and 50ul LucLite (Canberra Packard, Meridan, USA) were 2 -Tibolone 0.9+ 4.8

dded f Il Ivsi d lucif . T 3a-Hydroxytibolone 1.1+ 2.6
added for cell lysis and luciferase measurement in a TOP- 35 Hydroxytibolone 10+ 86
count luminescence counter (Canberra Packard, Meridan,testosterone (T) 74.% 1.8
USA). 17a-Methyltestosterone (MT) 53.6- 1.8

Nandrolone (Nan) 85.2 6.1
. . 7a-Methylnandrolone (MENT) 67.3 3.6°
2.6. LC-MSMS detection Org 33201 549 41

Sample pretreatment was performed using on-line solid Androstenedione concentration wagrhol/l, test compound concentration
phase extraction (C18,;Bn) with a Prospekt automatic SPE =~ Was 1OpL_m0I/I W!th exception of Org 33201 which was_te_sted at_2 nmol_/l.
id h . d with d Production of tritiated water was measured after 20 min incubation period.
cartri ge exchanger equippe with an Endurance autosam-Data represent percentage inhibitierS.D. (n = 3).

pler (Spark, Holland, Emmen, The Netherlands). Following * Significantly different from controlP < 0.005.
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Fig. 2. Activation of human estrogen receptorand 3 (ERx and ERB) by estradiol (E2), 1&-methylestradiol (1&-ME), 7a-methylestradiol (&-ME),
17a-ethynylestradiol (EE), anda#methyl-1#&-ethynylestradiol (&-MEE). The agonistic activation curves are determined as described by de Gooyer
et al.[11].

and ERB. The detection limits for both ERand ERB in an incubation period of 120 min as shown in the in vitro re-
these bioassays (0.01-0.1 nmol/l) are well below those of ceptor bioassays and by LC-MSMS. The estrogenic activity
LC-MSMS for EE (1 nmol/l) and &-MEE (1.6 nmol/I). found with 3x- and 3-hydroxytibolone is already present

The aromatization time curves for the reference com- before incubation with the aromatase enzyme=(0) and
pounds T, MT, Nan, MENT, and NET, all at a concentration is exclusively mediated through BRWith the A%-isomer
of 100 nmol/l, as shown in the receptor bioassays are shown(100 nmol/l), a slight increase in activity exclusively through
in Fig. 3. The activities found at = 0 reflect the activities of  the ERx is observed after an incubation for 30 min and
the test compounds before being subjected to the aromatase
enzyme. The compounds T, MT, Nan, and MENT are com-
pletely converted by human aromatase within 15min. For, ... »
e.g. T, this is shown by a decrease of activation via AR and conversion of tibolone, its metabolites, and reference compounds by
simultaneous increase in the &Rnd ERB activation. The purified recombinant human aromatase
data in the bioassay are confirmed by LC-MSMg@kle 2.

. Compound Phenolic A-ring formed (nmol/l)

NET could not be metabolized by human aromatase dur—T o6 124
H H H H H H estosterone . .
It?g an InCUba(;I(?_rz:p'\eAI’ISOJSCinf%O nllg a.s ShO\llynh\,:vgh receptorf 17a-Methyltestosterone 59.8 23.3

ioassays an - . After 15 min a slight decrease of . iroione 51t 05
NET was found. 7a-Methylnandrolone 29.2+ 10.1

The results with the reference compounds also show thatNorethisterone <12

under these conditions the resultingy-ME (from MENT) Ti5>0|9ne <le
and EE activate both the BRand ERB confirming the results & -Tibolone <16

f the concentration curve§ig. 2) Jo-Hydroxytibolone <1e
0 = 3B-Hydroxytibolone <1.68

The results with tibolone and its metabolites are shown in , —
Fig. 3 andTable 2 Tibolone, 3 and 3-hydroxytibolone Concentration was 100 nmol/l. Detection with LC-MSMS, data represent

. _meant SD. (n=2).
(100 nmol/l) are not converted by human aromatase during  apggjow d(etectio)n limit.
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Reference compounds Tibolone and its metabolites
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Fig. 3. Conversion of the reference compounds testosteronemEthyltestosterone, nandrolone-hethylnandrolone, and norethisterone (left panel) and
tibolone and its metabolites (right panel) by purified recombinant human aromatase detected with in vitro receptor bioassays. Compoundnoncentrati
was 100 nmol/l. Data represent inhibitienS.D. (n = 2).
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Fig. 4. Tibolone, A%-isomer, and norethisterone (NET) were incubated with recombinant purified human aromatase at 100 and 1000 nmol/l and the
conversion was measured with in vitro receptor bioassays fgs B&t panel) or AR (right panel). Testosterone was used as positive control at a
concentration of 0..umol/l. Data are expressed as inhibiti&rS.D. (» = 2). Hatched bars represent control incubations without NADPH.

longer. No ERB activity can be measured and no aromatic tor bioassay for ER to detect the generation obxYyMEE
A-ring could be detected by LC-MSMS. and for AR to detect the reduction of the androgenic activ-
To further study the possible conversion by aromatase ti- ity of the test compound. Testosterone is used as positive
bolone, A%-tibolone, and NET were incubated at 100 and control. Incubations of test compounds and aromatase with-
1000 nmol/l for 60 min and analyzed with the in vitro recep- out NADPH were used as negative controls. In these assays
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concentration curves of E2,o/MEE, and m-DHT were inhibitors of aromatase activity also confirms our results
used as controls for receptor activatiig. 4 shows that in- [28-30]
cubation of testosterone generategERtivation and reduce After incubation of tibolone and its metabolites with the

AR activity. In contrast, at a concentration of 100 nmol/l, no aromatase enzyme, no aromatic structures could be detected
conversion can be found for tibolona?-isomer, and NET. by LC-MSMS without derivatization, which has a detection
At a 10 times higher concentration (1000 nmol/l), only the limitin our hands of 1.0 and 1.6 nmol/l for EE and-MEE,
A*-isomer showed some activation of the ER respectively. In the 10-100 times more sensitive in vitro
receptor bioassays, no conversion with tibolone and the 3
and PB-hydroxymetabolites has been found, as measured
4. Discussion by the generation of estrogenic activity. With 100 nmol/I of
the A%-isomer, a slight activity is found only in the in vitro
The conversion of tritium-labeled androstenedione to es- ERa bioassays and only after an incubation of over 30 min,
trone could be effectively inhibited by the aromatase in- whereas in the ER assay no activity could be detected.
hibitor Org 33201, the reference compounds T, MT, Nan, In contrast, all reference compounds after aromatization
and MENT as expected and confirmed by literature data for showed both ER and ERB activity and a complete con-
MT [44] and MENT][25,26] Tibolone and its metabolites do  version after 15 min incubation with aromatase. These dif-
not inhibit the aromatase activity at concentrations which are ferences may indicate that the low estrogenic activity found
10 times higher than the androstenedione concentration andwith the A%-isomer is not due to conversion by aromatase
5000 times higher than Org 33201 indicating that the affinity and that other mechanisms e.g. hydroxylation at C3 are
of tibolone and its metabolites for the active site of aromatase involved. This is in agreement with our previous findings
is very low, if any. This could be due to structural elements that after oral application of tibolone no aromatic metabo-
of tibolone and its metabolites. The fiénol/l concentra- lites of tibolone could be found in anima]8] and humans
tions used in this assay are very high compared to the cir-[10]. The reported unknown metabolites by Vi0] do
culating levels of tibolone<£10 nmol/l) and theA*-isomer not correspond to theo?MEE (Delbressine, personal com-
(<2nmol/l) found in the circulation after treatment with munication). It is concluded that the estrogenic effects of
Livial® [10]. Also, the 3:- and 3-hydroxytibolones do not  tibolone cannot be attributed to the formation ofWIEE.
inhibit the conversion of androstenedione. The concentra- Recently, it was claimed that/MEE is a newly discov-
tions of these metabolites<60 and<15 nmol/l for 3x- and ered metabolite of tibolonf41,45] and it was suggested
3B-hydroxytibolone, respectively) in circulation are much that the &-MEE would be responsible for the estrogenic
higher than that of tibolon§l0] but well below the con-  effects observed with tibolone in womga5]. Our data
centrations used in our in vitro assays. Thé&-isomer of with human aromatase, however, prove that tReMiEE is
tibolone does not show any inhibitory effects in contrast to not formed by conversion of tibolone or its metabolites in a
the effects of NET reported ifiL5,35]. These results indi-  sufficient quantity to explain the estrogenic effects. It should
cate that the affinity of tibolone and its metabolites for the be noted, however, that for the determination of estrogens
aromatase enzyme is very low, if any. the detection method is very important, since e.g. NET and
In our newly developed test system, compounds are NED can be chemically aromatized during the derivatiza-
incubated with human aromatase and the formation of ac-tion procedure for gas chromatograpgB®,42] This chem-
tive estrogenic phenolic A-ring derivatives are detected ical conversion of NET and NED has been attributed to the
with in vitro receptor bioassays for BRand/or ERB. As heating step during GC-MS. The discrepancy between our
a complementary check the decrease of the AR and/orresults and the recently reported formation o-MEE in
PR activity of the parent compound is monitored with in an in vivo study[41] may well be due to these artifacts in
vitro receptor bioassays. The test systems have been valithe GC-MS analysis. We are currently investigating this
dated with T, MT, Nan, MENT, and NET. The compounds possibility. Therefore, in our study, we did not use GC-MS
and reaction products are also monitored with the ana-to determine the amount of EE on®MEE formed during
Iytical method, LC-MSMS. Our results indicate that EE the incubations, but used bioassays and LC-MSMS without
and ®&-MEE are able to activate both the ERand ERB derivatization which do not employ heating steps. Instead,
with a level of detection in the 0.01-0.1 nmol/l range. This our assays measure the steroids directly in the culture media.
implies that the formation of MEE after aromatization The results reported by Wiegerdgil] indicate that ti-
of a steroid would result in activation of both receptors. bolone is converted very rapidly, suggesting a first pass ef-
In addition, the conversion in our system of the reference fect. However, the aromatase enzyme is found in the human
compounds to E2, oME, or 17a-ME is very rapid and ovary, testis, placenta, adipose tissue, osteoblast cells, en-
is complete in about 15min. The formation of estradiol dometrium and brain but not in healthy human adult liver
from testosterone derivatives is higher than from Nan. [17,18] Therefore, the formation of &#MEE must have
This indicates that 19-norsteroids are less susceptible forbeen formed locally but not in the liver, resulting in a dif-
aromatase than C19-steroids, as has been previously referent time—concentration curve. In addition, the formation
ported[23-27] The observation that 19-norsteroids act as in vivo of 7a-MEE from tibolone as claimed by Wiegeratz
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[41] is very unlikely since the pharmacodynamic profile of [2] Palacios S. Tibolone: what does tissue specific activity mean?

tibolone is different from that of EE and EE NET. Oral Maturitas 2001;37:159-65.

EE alone increases in postmenopausal worfissh while [3] Lundstréom E, Christow A, Svane G, Azavedo E, Soderqvist G,

tibolone decreases sex hormone bindin lobulin (SHBG) Kersemaekers W, et al. Effects of tibolone and a continuous combined
T . 99 HRT regimen on mammographic breast density. Am J Obstet Gynecol

levels[54-56] In addition, tibolone does not affect the lev- 2002:186:717—26.

els of cortisol binding globulin (CBG) which is solely af-  [4] Tang B, Markiewicz L, Kloosterboer HJ, Gurpide E. Human endo-
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