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ABSTRACT

The specific conversion of androstenedione to testosterone is catalyzed
by 17-β-hydroxysteroid dehydrogenase type 3 (17-β-HSD 3), an enzyme
which has been shown to be localized in the microsomal fraction of the
Leydig cells of the testis. As such, this enzyme has become a major tar-
get in the treatment of hormone-dependent prostate diseases, since
the biosynthesis of testosterone allows the formation of the more
potent androgen dihydrotestosterone. Here we report some of the
steroidal and nonsteroidal inhibitors that have been considered for
development as potent and specific inhibitors of 17-β-HSD 3.

INTRODUCTION

The 17-β-hydroxysteroid dehydrogenase (17-β-HSD) family of
enzymes catalyze the activation and deactivation of sex steroids
involving redox reactions centered about the C(17) area of the steroid
backbone (Fig. 1) (1). As such, this family of enzymes has a direct
impact on diseases such as breast and prostate cancers that have
been shown to be hormone-dependent. More specifically, both dis-
eases depend on the long-term exposure to potent estrogens (e.g.,
estradiol [E2]) and androgens (e.g., testosterone), which are biosyn-
thesized as a result of the action of different types of 17-β-HSD
enzymes.  

To date, some 15 forms of this enzyme have been reported (2), with
each form catalyzing a substrate- and cofactor-specific reaction
(Figs. 2A and 2B) (3). The specific conversion of androstenedione to
testosterone is catalyzed by type 3 (17-β-HSD 3) utilizing NADPH as
the cofactor, and this enzyme has been shown to be localized in the
microsomal fraction of the Leydig cells of the testis (4).

The crystal structure of 17-β-HSD 3 has yet to be elucidated,
although Ghosh et al. (5) have shown that, in comparison to the pre-
viously determined crystal structure of type 1 17-β-HSD (17-β-HSD 1),
an additional 46 amino acid residues have been shown to exist with-
in the primary structure of 17-β-HSD 3, thereby totaling some 310
amino acid residues. Furthermore, comparison of the two structures
shows that the substrate specificity of 17-β-HSD 1 in comparison to
17-β-HSD 3 is due to the former amino acid sequences (residues 192-
228) at the portion of the helix αG’ of the enzyme, while the latter
shows amino acid sequence residues at 235-261 which could there-
fore be associated with substrate specificity and preferential andro-
gen catalysis by 17-β-HSD 3 (5, 6).

STEROIDAL INHIBITORS OF 17-β-HSD 3

As previously mentioned, the crystal structure of 17-β-HSD 3 is
unknown, and therefore a number of workers within the field have
used the substrate as a template for the design of novel inhibitors (7,
8). An early attempt to map the active site of 17-β-HSD 3 with the
view of determining a pharmacophore so as to aid in the design of
novel inhibitors was undertaken by Pittaway (9). From that study of
numerous steroid-based compounds, the author concluded that the
C(17) carbonyl moiety, together with a nonaromatic A-ring, were two
important features of potential inhibitors of 17-β-HSD 3. Numerous
androgen-based compounds were evaluated using enzyme derived
from canine testis, but only two compounds were found to possess
inhibitory activity. More specifically, compounds 1 and 2 (Fig. 3) were
found to competitively inhibit the enzyme and were found to possess
Ki values of 2.4 and 6.8 µM, respectively. However, due to the
steroidal nature of compounds 1 and 2, in particular due to their
structural similarity to androstenedione, they were found to possess
a strong androgenic effect. 

Lombardo et al. (10) undertook the evaluation of atamestane (Fig. 3)
for activity against 17-β-HSD 3. This compound is a substrate ana-
logue of androstenedione, for both aromatase and 17-β-HSD 3, and
has previously been reported to be an irreversible inhibitor of aro-
matase (11). However, it was found to possess an identical Km value
to androstenedione for 17-β-HSD 3.

Poirier et al. (12) screened 80 steroids of different classes and based
their inhibitor design on the C(19) steroid androsterone. The various
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Figure 1. General mechanism catalyzed by the 17-β-HSD family of enzymes on the C(17) position of the steroid backbone.
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inhibitors designed were biologically evaluated in the microsomal
fraction of human embryonic kidney HEK-293 cells transfected with
17-β-HSD 3. The initial derivatization undertaken involved substitu-
tions at the 3β-position of androsterone. Indeed, the 3β-substituted
compounds 3-13 (Fig. 4) showed good inhibitory activity and were
found to possess IC50 values between 57 and 147 nM. More specifi-
cally, of the compounds evaluated against 17-β-HSD 3, 3β-propylan-
drosterone (4), 3β-sec-butylandrosterone (5), 3β-2(cyclohexylethyl)-
androsterone (10) and 3β-benzylandrosterone (12) were the most
potent, showing IC50 values of 67, 73, 60 and 57 nM, respectively; in
comparison, androsterone was found to have an IC50 value of 330
nM. Furthermore, the compounds were found to be specific
inhibitors of 17-β-HSD 3 compared to 17-β-HSD 1 and 17-β-HSD 5,
even at an inhibitor concentration of 0.3 µM. However, as with previ-
ous androgen-based compounds, they were all found to possess
strong androgenic effects (13). In an effort to reduce the androgenic-

ity of the compounds, derivatization at the C(16) position of the
steroid backbone was undertaken, but these compounds showed
weak inhibitory activity. For example, the use of a 3’-bromopropyl
side-chain at the C(16β) position resulted in a compound that was
found to possess 39% inhibitory activity against 17-β-HSD 3 at a con-
centration of 3 µM (14).

Maltais et al. (15), using combinatorial chemistry, undertook the
solid-phase synthesis of derivatives of 3β-peptido-3α-hydroxy-5α-
androstan-17-one. The compounds were derivatized so as to produce
a number of levels of molecular diversity in an effort to optimize the
inhibitory activity while decreasing their androgenic properties. The
compounds were evaluated against 17-β-HSD 3 and the most potent
inhibitors were found to be those containing a trisubstituted amino
acid residue at the 3β side-chain of androsterone. The most potent
was compound 14 (Fig. 4), which was found to have an IC50 value of
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Figure 3. Steroidal inhibitors of 17-β-HSD 3.
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Figure 4. Androsterone derivatives as inhibitors of 17-β-HSD 3.



227 nM, being twice as potent as androsterone (IC50 = 489 nM).
Furthermore, compound 14 showed weak androgenic activity at 1 µM
and was devoid of any androgenic properties at 0.1 µM. The synthe-
sis of further 3β-substituted derivatives of androsterone resulted in
four inhibitors that showed extremely potent inhibitory activity
against Shionogi AR+ 17-β-HSD 3 cells, namely compounds 15 (IC50
= 57 ± 13 nM), 16 (IC50 = 85 ± 9 nM), 17 (IC50 = 35 ± 6 nM) and 18 (IC50
= 80 ± 18 nM) (Fig. 4). The synthesis of a library based on 3-carba-
mate-N-substituted-5α-androstan-17-one was also undertaken and
resulted in compound 19 (IC50 = 74 ± 12 nM), which was found to pos-
sess good inhibitory activity and was devoid of androgenic activity
(Fig. 4) (16, 17).

Some saturated and unsaturated azole-containing steroidal
inhibitors (Fig. 5) have also been synthesized and on subsequent
evaluation were found to possess inhibitory activity against 17-β-
HSD 3. Ferrari and Arnold (18) showed that pyrazole-containing
steroidal compounds were potent and selective inhibitors of bacter-
ial 17-β-HSD 3 obtained from Pseudomonas testosteroni and were
found to inhibit the enzyme via a reversible and competitive mode of
action. Although the enzyme from P. testosteroni is not directly com-
parable to the human enzyme, these compounds were shown to
selectively inhibit the bacterial 17-β-HSD 3. Furthermore, Levy et al.
(19) examined the specificity of pyrazole-fused steroidal compounds
and their derivatives against 17-β-HSD 3 obtained from P. testos-
teroni and showed that the isoxazole-fused steroidal compounds
were less potent than the previously reported pyrazole-fused com-
pounds. For example, consideration of the 2,3-steroidal fused pyra-
zoles shows that compounds 20 and 21 were found to possess Ki val-
ues of 20 ± 4 and 15 ± 3 nM, respectively, while the 3,4-derivatives
(compounds 22 and 23) were found to be more potent, possessing Ki
values of 6 ± 2 and 7 ± 2 nM, respectively. In comparison, the intro-

duction of a double bond functionality at the C(1) position of the
steroid backbone resulted in a decrease in inhibitory activity, with
compound 24 showing a Ki value of 100 ± 20 nM. The isoxazole
derivative 25, however, was found to possess the weakest inhibitory
activity against 17-β-HSD 3, with a Ki value of 190 ± 30 nM.

Recently, a number of esters of both androgens and estrogens have
been synthesized and evaluated against rat testis microsomal 17-β-
HSD 3 and were found to be potent and specific inhibitors of the
enzyme (20, 21). Within the same study, the synthesis of a series of
sulfonate derivatives of estrone (E1), including estrone-3-O-sulfa-
mate (EMATE) and compounds 26-35, was undertaken, and on sub-
sequent evaluation the compounds were found to possess potent
inhibitory activity against 17-β-HSD 3 (Table I). Furthermore, the
compounds were found to be weak inhibitors of both 17-β-HSD 1 and
3-β-HSD, suggesting that they are specific inhibitors of 17-β-HSD 3.
Detailed modeling of the compounds within the representation of
the active site of 17-β-HSD 3 shows that the inhibitors are good mim-
ics of the substrate and that the sulfonate moiety undergoes confor-
mational change so as to avoid steric hindrance, with the area of the
active site corresponding to the C(3) area of the substrate backbone
(Fig. 6). These compounds, containing an estrogenic backbone,
would therefore be expected to possess weak androgenic properties,
and as such, they provide an alternative route to the design and syn-
thesis of novel steroidal inhibitors of 17-β-HSD 3.

NONSTEROIDAL INHIBITORS OF 17-β-HSD 3

In general, steroidal inhibitors have been shown to possess andro-
genic effects, and therefore the synthesis of nonsteroidal com-
pounds has increased in pace to decrease this effect. That is, due to
the structural differences between both steroidal and nonsteroidal
compounds, the latter compounds should not be able to mimic the
androgens and therefore would not elicit an androgenic effect.  

For example, glycyrrhetinic acid (Fig. 7), produced from the hydroly-
sis of the licorice component glycyrrhizic acid, has been shown to
inhibit the in vitro conversion of androstenedione to testosterone
using rat testis microsomal enzyme, giving an IC50 value of 4 µM
(22). To determine the effect of licorice on gonadal function, male
volunteers were administered licorice (7 g daily containing 0.5 g of
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Figure 6. Compound 26 (in green) superimposed onto the transition state for
the reaction catalyzed by 17-β-HSD 3 (20, 21).



glycyrrhizic acid) and it was found that serum testosterone levels
decreased by 35% while 17α-hydroxyprogesterone levels increased
by 21%, thereby suggesting that licorice was able to inhibit both 17-
β-HSD 3 and 17,20-lyase enzymes; as such, it lacked specificity and
therefore was not developed further (23, 24).

Le Lain et al. (25) screened a series of derivatives of p-benzo-
quinones, flavones, isoflavones and triphenylethene (Fig. 8), in
human testicular microsomes in the presence of androstenedione
(Km = 0.28 ± 0.06 µM; substrate concentration = 2 µM) and NADPH
as cofactor; these compounds were found to give IC50 values within
the range of 2.7-100.5 µM. Diphenyl-p-benzoquinone and phenyl-p-
benzoquinone were found to be the most potent inhibitors, with IC50
values of 2.7 and 5.7 µM, respectively.

Coumarin-based compounds have also been evaluated against
human testis microsomal 17-β-HSD 3, with umbelliferone and 4-
methylumbelliferone (Fig. 8) found to be potent inhibitors, possess-
ing IC50 values of 1.4 and 0.91 µM, respectively (26).

However, Olusanjo (20, 21) showed that substituted 4-methylum-
belliferone-based compounds (compounds 36-38) possessed low
inhibitory activity against rat testis microsomal 17-β-HSD 3 (Table II).
These compounds were found to show greater inhibitory activity

against estrone sulfatase; for example, coumate showed 97% and
~45% inhibition, respectively, of estrone sulfatase and 17-β-HSD 3
(27). In this study, 4-methylumbelliferone (36) was found to show
59% inhibition of 17-β-HSD 3 at 100 µM, much less than that
observed by Le Lain et al. (26) using human microsomal enzymes.

Smith et al. (28), using 17-β-HSD 3 from human testicular micro-
somes, evaluated the inhibitory effect of a series of novel benzylte-
tralin-based inhibitors (compounds 39-47), which were found to
possess good inhibitory activity (biochemical evaluation was under-
taken at pH 7.45 with a substrate concentration of 2.0 µM and an
inhibitor concentration of 200 µM) (Fig. 9). Compounds 39, 40 and
41 were found to possess IC50 values of 1.8, 8.3 and 7.0 mM, respec-
tively. The compounds were also evaluated against 17-β-HSD 3
obtained from rat testicular microsomes at a concentration of 100
µM; under these conditions, the compounds showed inhibitory activ-
ity within the range of 58-79%. More specifically, compounds 39 and
41 were found to give IC50 values of 46.9 and 48.6 µM, respectively.
The most potent compound against rat 17-β-HSD 3 was compound
42, which showed an IC50 value of 32.7 µM. In an effort to determine
specificity, the compounds were also evaluated against both 17-β-
HSD 1 and 17-β-HSD 2 enzymes and were found to inhibit these
enzymes; for example, compound 41 showed an IC50 value of 21.0
µM against 17-β-HSD 1. Compound 41 was more potent against 17-
β-HSD 1 than 17-β-HSD 3, and the compounds were therefore not
further developed. Derivatives of 47 and the novel benzofuranone
48 (Fig. 9) have also been considered and were found to possess
inhibitory activity against 17-β-HSD 3, and were therefore considered
to have potential therapeutic use against prostate cancer (29, 30).
However, all of these compounds showed potent inhibitory activity
against other members of the 17-β-HSD family of enzymes, especial-
ly 17-β-HSD 1, and therefore have not been further developed.

Lota et al. (31, 32) undertook the design and synthesis of a series of 4-
hydroxyphenylketones (49-62). The inhibitors were designed with a
ketone functionality so as to mimic the C(17) carbonyl of the steroid
backbone and a hydroxyl moiety that would form hydrogen bonds
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Table I. Estrone-based inhibitors of 17-β-HSD 3.

Compound R1 R2 % Inhibition of 17-β-HSD 3 at 100 µM IC50 (µM)

EMATE SO2NH2 O 82.4 ± 0.09 22.15 ± 1.57
26 SO2Me O 87.7 ± 0.22 1.45 ± 0.08
27 SO2CF3 O 80.8 ± 2.32 1.64 ± 0.01
28 4-NO2-PhSO2 O 29.5 ± 4.85 ND
29 4-Ph-PhSO2 O 60.7 ± 0.61 ND
30 4-Br-PhSO2 O 68.1 ± 0.70 ND
31 4-Cl-PhSO2 O 71.9 ± 1.91 ND
32 4-CF3-PhSO2 O 65.6 ± 0.56 ND
33 4-I-PhSO2 O 68.4 ± 1.96 ND
34 PhSO2 O 71.3 ± 1.36 ND
35 SO2Me OSO2Me 4.1 ± 1.68 ND
ND = not determined.
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with potential hydrogen-accepting groups about the C(16) area of the
steroid backbone (Table III). Biochemical evaluation using rat testis
microsomal enzyme showed that a number of compounds were, in
general, more potent than previously reported standard inhibitors
such as baicalein or 7-hydroxyflavone, except for compounds 49 and
50. The most potent compounds were found to be 54 (IC50 = 7.8 µM),
55 (IC50 = 6.5 µM), 56 (IC50 = 2.9 µM), 57 (IC50 = 5.0 µM) and 58 (IC50
= 7.6 µM), with 56 being the most active, while 52 (IC50 = 60.5 µM)
was equipotent to 7-hydroxyflavone (IC50 = 67.0 µM); compound 56
was approximately 65 and 23 times more potent, respectively, than
baicalein and 7-hydroxyflavone. Consideration of increasing alkyl
chain length with inhibitory activity showed that the calculated parti-
tion coefficient (logP) was an important factor in the determination of
the overall inhibitory activity of the compounds. Indeed, a good corre-
lation was observed when the logP was plotted against IC50 values of
the inhibitors, with the optimum logP being 4.1.

Day et al. (33) recently reported a range of novel compounds as
potent and selective inhibitors of 17-β-HSD-3 (Fig. 10). When STX-

2171 and STX-2624 were evaluated against 17-β-HSD 3, these
inhibitors were shown to possess IC50 values of 200 and 441 nM,
respectively, compared to a dibenzothiazocine standard (STX-2622;
IC50 = 201 nM), which was previously shown to be a potent inhibitor
by Bristol-Myers Squibb (34). STX-2171 and STX-2624 were found to
be selective inhibitors, as both showed no activity against 17-β-HSD 1
or 17-β-HSD 2 when evaluated in vitro and in vivo using radiometric
assays. When evaluated against wild-type and transfected LNCaP
prostate cancer cell lines, STX-2171 showed cytotoxicity at 5 µM, but
both STX-2171 and STX-2624 inhibited androstenedione-stimulated
transfected cell lines at 500 nM, without toxicity (33, 35).  

Owen et al. (36) recently reported the inhibitory activity of a series of
imidazole-based compounds (63-79) against 17-β-HSD 3. These
compounds were originally designed to inhibit the 17β-hydroxyl-
ase/17,20-lyase (P45017α) enzyme (Table IV). The compounds were
evaluated against rat testis microsomal 17-β-HSD 3 and P45017α in
comparison to ketoconazole, a standard that has previously been
shown to be a potent inhibitor of P45017α. Compounds 68, 71 and 73
were found to provide ~40% maximal inhibition of 17-β-HSD 3, where-
as ketoconazole produced 15% inhibitory activity and 63 7% inhibition
at a concentration of 100 µM. However, these compounds were found
to show potency and specificity for P45017α rather than 17-β-HSD 3.

The use of known commercially available nonsteroidal compounds
prescribed for other diseases to inhibit steroid biosynthesis in rats
was first reported by Ghosh and Dasgupta (37). Gentamicin (Fig. 11),
an aminoglycoside used in the treatment of Gram-negative bacteri-
al infections, was administered as a short-term treatment to male
Wistar rats for 7 days at doses of 40, 60, 80 and 100 mg/kg. The
results showed that 17-β-HSD 3 enzyme activity was reduced to the
greatest extent at higher doses, with 34% and 37% inhibition,
respectively, at 80 and 100 mg/kg. Sesquiterpene S-petasin (Fig. 11),
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Table II. Coumarin-based inhibitors of 17-β-HSD 3.

Compound R % Inhibition of 17-β-HSD 3 at 100 µM

36 H 59.2 ± 0.08
Coumate SO2NH2 44.6 ± 2.93
37 SO2Me 12.9 ± 1.59
38 SO2CF3 12.2 ± 3.59
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an anti-inflammatory and analgesic agent, was also evaluated both
in vitro and in vivo against 17-β-HSD 3 by Lin et al. (38). For the in
vivo assay, adult male Sprague–Dawley rats were administered an
i.v. injection of 1 µg/kg, which produced a decrease in plasma testos-
terone levels of 38% after 30 min. For the in vitro assay, rat testicu-
lar interstitial cells were incubated with the drug at concentrations
of 0-43 µM in the presence of androstenedione (1 nM), with the
greatest inhibition being observed at concentrations of 0.43 and 43
µM, equivalent to 0.14 and 14.4 µg/mL, respectively, S-petasin dose.

Andric et al. (39) studied the use of a mixture of poly (tri-, tetra- and
penta-) chlorinated biphenyls (combination named arochlor-1248)
for inhibition of rat testicular androgenesis using both in vitro and in
vivo assays. For the in vivo studies single i.p. (10 mg/kg) or bilateral
intratesticular (25.5 mg/testis) injections were used and resulted in
a significant decrease in serum testosterone after 24 h. When rat
interstitial cells were incubated with arochlor-1248 in the presence
of androstenedione (2 µM) for 2 h in vitro, weak inhibitory activity
was observed against 17-β-HSD 3. Furthermore, the conversion of
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Table III. Some 4-hydroxyphenylketones as potent inhibitors of 17-β-HSD 3.

Compound R IC50 (µM)

49 Me 1708.9 ± 170.7
50 Et 150.6 ± 12.2
51 Pr 89.5 ± 6.7
52 Bu 60.5 ± 5.8
53 C5H11 18.0 ± 0.9
54 C6H13 7.8 ± 0.3
55 C7H15 6.5 ± 0.1
56 C8H17 2.9 ± 0.0
57 C9H19 5.0 ± 0.2
58 C11H23 7.6 ± 0.3
59 Cyclobutyl 27.2 ± 2.2
60 Cyclopentyl 33.2 ± 1.6
61 Cyclohexyl 36.2 ± 2.5
62 Cycloheptyl 29.7 ± 0.7
Baicalein 185.9 ± 12.7
7-Hydroxyflavone 67 ± 0.9
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progesterone to testosterone and dihydrotestosterone was inhibited
in a concentration-dependent fashion, with IC50 values in the sub-
nanomolar range, suggesting that arochlor-1248 is specific for the
P45017α enzyme and not 17-β-HSD 3. 

CONCLUSIONS

In conclusion, the design and synthesis of selective inhibitors of 17-β-
HSD 3 has progressed considerably since the initial synthesis of

androgen-based compounds, which were shown to possess andro-
genic effects. Indeed, recently, with the development of molecular
models for the active site of 17-β-HSD 3, considerable progress has
been made towards the synthesis of potent and specific (both
steroidal and nonsteroidal) inhibitors of this enzyme.
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