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a b s t r a c t

Hydroxysteroid dehydrogenases (HSDs) represent a major class of NAD(P)(H) dependent steroid hormone
oxidoreductases involved in the pre-receptor regulation of hormone action. This is achieved by HSDs
working in pairs so that they can interconvert ketosteroids with hydroxysteroids resulting in a change in
ligand potency for nuclear receptors. HSDs belong to two protein superfamilies the aldo–keto reductases
and the short-chain dehydrogenase/reductases. In humans, many of the important enzymes have been
thoroughly characterized including the elucidation of their three-dimensional structures. Because these
hort-chain dehydrogenase/reductases
teroid hormone receptors
elective steroid receptor modulator

enzymes play fundamental roles in steroid hormone action they can be considered to be drug targets
for a variety of steroid driven diseases, e.g. metabolic syndrome and obesity, inflammation, and hor-
mone dependent malignancies of the endometrium, prostate and breast. This article will review how
fundamental knowledge of these enzymes can be exploited in the development of isoform specific HSD

inhibitors from both protein superfamilies.

Article from the Special issue on Targeted Inhibitors.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

In steroid hormone target tissues pairs of hydroxysteroid dehy-
drogenases (HSDs) co-exist which interconvert potent steroid
hormones with their cognate inactive metabolites and are thus
uniquely positioned to regulate the amount of ligand available to

bind and trans-activate nuclear receptors [1]. This is achieved by
HSDs functioning preferentially as either NADPH-dependent ketos-
teroid reductases or as NAD+-dependent hydroxysteroid oxidases.
The enzymes responsible for these transformations belong to two

dx.doi.org/10.1016/j.jsbmb.2011.01.009
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:penning@upenn.edu
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arge gene superfamilies the aldo–keto reductases (AKRs) and the
hort-chain dehydrogenase reductases (SDRs) [2,3].

HSDs catalyze positional and stereospecific reactions on ketone
r hydroxy-substituents on the steroid nucleus and side-chain.
or example starting with the C3 position, type 3 3�-HSD
AKR1C2) in the prostate is responsible for the reduction
f 5�-dihydrotestosterone (a potent androgen) to yield 3�-
ndrostanediol (a weak androgen), whereas “RoDH-like 3�-HSD”
17�-HSD6) is responsible for the reverse reaction [4,5]. Thus this
nzyme pair acts as a molecular switch to regulate ligand occu-
ancy of the androgen receptor (AR), Scheme 1. At the C11 position,
ype 1 11�-HSD is responsible for the reduction of cortisone (a weak
lucocorticoid) to yield cortisol (a potent glucocorticoid), whereas
ype 2 11�-HSD will catalyze the reverse reaction. Thus this enzyme
air will act as a molecular switch to regulate the ligand occu-
ancy of the mineralocorticoid receptor (MR) in the kidney, where
ortisol has high affinity for the MR. The same enzyme pair can
lso regulate the ligand occupancy of the glucocorticoid recep-
or (GR) in peripheral tissues [6–8], where type 1 11�-HSD can
ct as a local amplifier of glucocorticoid action. At the C17 posi-
ion, type 1 17�-HSD will catalyze the reduction of estrone (weak
strogen) to yield 17�-estradiol (a potent estrogen) in the breast,
hereas type 2 and type 4 17�-HSD will catalyze the reverse reac-

ion [9–11]. Thus these enzymes will act as molecular switches
o regulate ligand occupancy of the estrogen receptor (ER). Addi-
ionally, type 5 17�-HSD (AKR1C3) will catalyze the reduction of

4-androstene-3,17-dione (a weak androgen) to testosterone (a
otent androgen) in the prostate, whereas type 2 and type 4 17�-
SD will catalyze the reverse reaction [12,13]. Thus these enzymes
ill act as molecular switches to regulate ligand occupancy of the
R. Finally, at the C20 position, 20�(3�-)-HSD (AKR1C1) is respon-
ible for the reduction of progesterone (a potent progestin) to
ield 20�-hydroxyprogesterone (a weak progestin) while type 2
7�-HSD will catalyze the reverse reaction [10,14,15]. Thus these
nzymes will act as a molecular switch to regulate ligand access to
he progesterone receptor (PR).

Thus pairs of HSDs can regulate ligand occupancy of the AR,
R, GR, ER and PR in a tissue specific manner. Specific inhibitors

f these enzymes could benefit the treatment of hormone depen-
ent malignancies driven by androgens and estrogens as well as
etabolic syndrome where the underlying cause may be related to

xcess local glucocorticoid production [7]. During the last ten years
remendous progress has been made in identifying the discrete
SDs involved in the tissue specific control of steroid hormone

evels and this has culminated in the elucidation of the crystal struc-
ures of many of the relevant enzymes. Thus the field is poised for
he development of HSD isoform specific inhibitors for clinical use.

Concurrently, rapid progress has been made in the develop-
ent of selective steroid receptor modulators (SSRMs) which can

ct as agonists in some tissues and antagonists in another to
ain tissue specific effects of steroid hormones [16,17]. In this
nstance, ligand induced conformational changes dictate whether
here is recruitment of co-activators or co-repressors to the steroid
eceptor–ligand complex. It is apparent that rational design of
SRMs is challenging due to the targeting of macromolecule com-
lexes of increasing complexity. By contrast, HSDs represent single
rotein entities for which structures exist and appear to be more
ractable targets to attain tissue specific hormone effects. Because
SDs are involved in the intracrine regulation of steroid hormone
ction [11,18], drugs that act in this manner can be referred to as
Selective Intracrine Modulators (SIMs)”. It is predicted that SSRMs
nd SIMs will have the same pharmacological effect but different

odes of action. In the former case, the pharmacology is at the

eceptor level, but in the latter case the pharmacology is at the
nzyme level. For example, RU486 (a PR antagonist) can be used to
erminate early pregnancy by depriving the PR of its agonist [19].
& Molecular Biology 125 (2011) 46–56 47

By contrast epostane (a type 1 3�-HSD inhibitor) can also be used to
terminate pregnancy by blocking the intracrine formation of pro-
gesterone at the enzyme level [20]. This article will review some of
the principles that should be considered in designing and evaluat-
ing tissue specific HSD inhibitors. The reader is also referred to other
articles in this special issue on hydroxysteroid inhibitors [21–27].

2. Consideration of HSD enzyme superfamily

HSDs belong to one of two protein superfamilies the AKRs and
SDRs, which differ in their protein folds, stereochemistry of hydride
transfer, kinetic, and catalytic mechanisms, Schemes 2 and 3 [3,28].
An appreciation of these differences is important in inhibitor design
and evaluation.

HSDs in the AKR superfamily are NAD(P)(H)-dependent oxi-
doreductases and work in cells predominately in the reduction
direction due to their very high affinity for NADP(H) [5,29]. They can
be thought of as NADPH-dependent ketosteroid reductases. Human
HSDs which belong to the AKR superfamily include: 20�(3�)-HSD
(AKR1C1); type 3 3�-HSD (AKR1C2); type 5 17�-HSD (AKR1C3);
and type 1 3�-HSD (AKR1C4) [15,28]. They are soluble enzymes
and are monomeric. They exhibit a high degree of sequence iden-
tity (>86%) and have a characteristic (�/�)8 barrel protein fold. This
fold is often referred to as a triose-phosphate isomerase (TIM) bar-
rel. The fold consists of an alternating arrangement of �-helices and
�-strands which repeats eight-times, where the �-strands coalesce
in the center of the structure to form the staves of a barrel. At the
back of the barrel three large loops exist which act as antennae to
capture the steroid substrate and cap the steroid once bound. An
appreciation of this loop-structure is critical in homology modeling
especially when using computer-assisted docking experiments, or
in silico-drug screening to aid-drug design.

HSDs in the SDR superfamily are NAD(P)(H) dependent oxi-
doreductases and can work either as ketosteroid reductases or
hydroxysteroid oxidases based on their preference for NADP(H) or
NAD(H). Human HSDs that belong to this superfamily include: type
1 3�-HSD and type 2 3�-HSD; type 1 11�-HSD and type 2 11�-HSD;
and all 17�-HSD isoforms with the exception of type 5 17�-HSD
[11,30–32]. These enzymes are often membrane bound and mul-
timeric. They exhibit a low degree of sequence identity (>20%)
but share a characteristic protein fold in which there are seven
�-strands flanked on either side by three �-helices. The cofactor
straddles a Rossmann fold [3]. An appreciation of this structure
shows that it is hard to predict based on amino sequence alone
making homology building challenging.

3. Consideration of kinetic mechanism

AKRs and SDRs can catalyze their bi-substrate reactions via dif-
ferent kinetic mechanisms. An appreciation of these mechanisms
is important since they identify the number of different enzyme
forms available for inhibitor binding.

AKRs catalyze sequential reactions leading to the formation of a
central complex (ternary complex) in which chemistry takes place.
This sequential reaction is without exception an ordered bi bi reac-
tion. In this sequence, the binding of cofactor is the obligatory first
step, steroid then binds, the central complex forms and chemistry
occurs. After the chemical step the steroid product and cofactor
product are released in that order, see Scheme 4 [33,34].

This kinetic mechanism predicts that ligands that bind in the
steroid site can bind to either the E•NADPH or E•NADP+ complex,

which will give competitive and uncompetitive inhibition patterns,
respectively, when the concentration of the ketosteroid substrate
is varied. In both instances an abortive ternary complex is formed,
Scheme 4. The E•NADP+•I complex is a dead-end complex and is
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Scheme 1. Pre-receptor regu

esponsible for the uncompetitive inhibition pattern. Often inves-
igators may be deterred if uncompetitive inhibition patterns are
bserved but this is exactly what the kinetic mechanism predicts.

Examination of the rate-determining step in AKRs has been dis-
ected by measuring transient fluorescence changes by stopped
ow spectrometry associated with cofactor binding. These studies
how that it is often the release of cofactor that is rate-determining
ince the initial E•NADP(H) complex undergoes isomerization
vents (associated with loop movement) to form a very tight
**•NADP(H) complex [34,35]. Thus second ligands that bind
ightly to the E**•NADP(H) complex would be desirable since they

ay form an abortive ternary complex that would be hard to dis-

ociate.

SDRs also catalyze a sequential reaction mechanism. However,
epending on the SDR member the mechanism can occur in the
bsence of a measurable ternary complex (Theorell-Chance) or via
of hormone action by HSDs.

a ternary complex (central complex) in which chemistry takes place
[36,37]. In the latter case this sequential reaction can be either an
ordered bi bi reaction (see above), or it can be a random mecha-
nism. In the random mechanism either steroid or cofactor can bind
first on route to the central complex (Scheme 5). Of the human
enzymes of interest type 1 11�-hydroxysteroid dehydrogenase cat-
alyzes an ordered bi bi mechanism [38]. Type 1 17�-hydroxysteroid
dehydrogenase was originally thought to catalyze either an ordered
mechanism in which steroid bound first or an iso-Theorell Chance
mechanism with cofactor binding first [39]. However, crystallo-
graphic data supports the presence of a random mechanism since
a binary complex of a type1 17�-HSD•NADP+ (1QYV) has been

reported and a large number of crystal structures of binary com-
plexes which contain only steroid ligand, e.g. type 1 17�-HSD
•17�-estradiol (1FDS); type 1 17�-HSD •testosterone (1JTV); type
1 17�-HSD•dehydroepiandrosterone (3DHE); and 17�-HSD• 5�-
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S deoxycholate complex (PDB11H1) (blue: �-helix, green: �-strand, red: loop structures,
y iven for rat liver 3�-hydroxysteroid dehydrogenase (AKR1C9). (For interpretation of the
r of the article.)

d
b
b
o
d
s
o
b
T
e
t
p

i
i
e
s
i
p
a
d

S
(
l

cheme 2. Properties of AKRs. Inset shows structure of the AKR1C2•NADP+• urso
ellow-stick: cofactor, and red-stick: steroid), where the amino acid numbering is g
eferences to colour in this scheme legend, the reader is referred to the web version

ihydrotestosterone (3KLM) also exist. Importantly, these steroid
inary complexes were formed by co-crystallization rather than
y crystal soaking. The existence of binary complexes that contain
nly one ligand supports a random kinetic mechanism. This ran-
om kinetic mechanism predicts that inhibitors that bind to the
teroid site can bind to one of three enzyme forms. E, E•NAD(P)+,
r E•NAD(P)H. Since the ligand can bind to both free enzyme and
inary complexes mixed-type inhibition patterns may be observed.
hese mixed-type inhibition patterns can be simplified if the
nzyme is saturated with cofactor first to yield competitive pat-
erns. Often investigators are deterred when mixed-type inhibition
atterns emerge but once again they are the predicted ones.

In light of the different kinetic models for AKRs and SDRs,
t is important to underscore that comparison of IC50 values for
nhibitors is only valid if the inhibitors are binding to the same
nzyme complex. Often this is the case for inhibitors from the
ame structural class. But distinct differences are possible when

nhibitors are derived from different structural classes of com-
ounds. It is recommended that for each structural class of inhibitor
complete kinetic profile be performed with the lead compound to
etermine the pattern of inhibition. Only when patterns of inhibi-

cheme 3. Properties of SDRs. Only some representative SDRs are shown. Inset shows t
1FDS) (blue: �-helix, green: �-strand, yellow: loop structures, magenta-stick: cofactor, a
egend, the reader is referred to the web version of the article.)
Scheme 4. Ordered bi bi kinetic mechanism used by AKRs. In this scheme—E:
enzyme; S: steroid substrate; P: steroid product; and I: inhibitor.

tion are the same across different structural classes of inhibitor can
the IC values be directly compared. When the pattern of inhibi-
50
tion is competitive, the IC50 values can be converted directly to Ki
values provided the Km for the steroid substrate is known using the
Cheng–Prussof relationship [40]. If only IC50 values are computed

he monomer structure of human 17�-HSD type1•NADP+• 17�-estradiol complex
nd red-stick: steroid). (For interpretation of the references to colour in this scheme
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cheme 5. Random bi bi kinetic mechanism used by some SDRs. The binding of su
his scheme—E: enzyme; A: NAD(P)(H); B: steroid substrate; P: steroid product and

t is important to know that all compounds follow the same pattern
f inhibition, and to keep the substrate concentration across IC50
alue determination constant, and at a value equal to Km. Without
hese considerations comparison of IC50 values can be meaningless.

. Consideration of stereochemistry

HSDs in both families catalyze the reduction of ketones and
he oxidation of secondary alcohols. In the reduction direction the
etosteroid is reduced to only one of two stereoisomeric products.
n the oxidation direction they are stereospecific for the alcohol uti-
ized. A few exceptions exist in which there is an epimerase activity,
.g. a 3�-hydroxy group is converted to a 3�-hydroxy group. But
his invariably occurs via the intermediacy of the corresponding
etone and requires build up of the NAD(P)H cofactor [4,41,42].

AKRs are A-face dehydrogenases so that during the catalytic
echanism there is 4-pro-R-hydride transfer from the A-face of
he cofactor to the recipient carbonyl [43,44]. To achieve this stere-
chemical outcome the nicotinamide head group of the cofactor
s bound in an extended anti-conformation with respect to the
-glycosidic bond [33,45]. Hydride transfer is facilitated by pro-

Scheme 6. Catalytic mec
es (top panel) and the binding of an inhibitor against B (bottom panel) is show. In
D(P)(H); I: inhibitor.

tonation of the recipient carbonyl by a highly conserved catalytic
tetrad Tyr 55, Lys 84, His 117 and Asp50, where Tyr 55 acts as the
general acid–base (numbering with respect to the prototypic rat
liver 3�-HSD, AKR1C9) [46–48].

By contrast SDRs are B-face dehydrogenases so that during the
catalytic mechanism there is 4-pro-S-hydride transfer from the B-
face of the cofactor to the recipient carbonyl [49]. To achieve this
stereochemical outcome the nicotinamide head group of the cofac-
tor is bound in a syn-conformation with respect to the N-glycosidic
bond. Hydride transfer is facilitated by protonation of the recipient
carbonyl by highly conserved catalytic residues Tyr-X-X-X(Ser)-
Lys, where the Tyr acts as the general acid–base [50–52]. Thus any
bisubstrate analog of AKRs or SDRs must take into account these
stereochemical constraints.

5. Consideration of catalytic mechanism
Both AKRs and SDRs rely on a catalytic tyrosine to act as the
general acid–base in the reduction and oxidation directions, respec-
tively. Spatial overlay of the catalytic residues in AKR1C9 (rat
3�-HSD) with those in the 3�,20�-HSD from Streptomyces hydro-

hanisms for AKRs.
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Scheme 7. Catalytic mechanism for SDRs.
F
c

g
fl
h
o
S
e
d
e
d
r
r
n
a
T
i
i
f
l
r
e
n
f

t
s
t
d
t
t
a
d

rom Filling et al. [54]. Reproduced with permission from American Society of Bio-
hemists and Molecular Biologists.

enas (an SDR) revealed that once the nicotinamide head group was
ipped to compensate for the differences in the stereochemistry of
ydride transfer there was excellent superimposition (1.8 Å rmsd)
f the catalytic Tyr, Lys and His from AKRs with the Tyr, Lys, Ser from
DRs [53]. This led to the concept that there had been convergent
volution to a common catalytic mechanism for all HSDs. Further,
etails of the catalytic mechanisms for the two superfamilies have
merged by detailed site-directed mutagenesis. In the reduction
irection in AKRs, the catalytic Tyr partners with the adjacent His
esidue to generate TyrOH2

+ character for proton donation to the
ecipient carbonyl [46–48]. In the oxidation direction the Tyr part-
ers with the adjacent Lys residue to generate TyrO− (phenolate
nion) for proton abstraction from the steroid alcohol, Scheme 6.
his mechanism predicts that in the reduction direction an oxyan-
on hole is generated. It also predicts that the enzyme can exist
n two protonation states and a diprotic model has been proposed
or enzyme catalysis [48]. In the case of SDRs, the catalytic Tyr is
inked to the adjacent lysine so that its pKa is modulated for either
eduction or oxidation. In this mechanism the lysine is part of an
xtensive proton relay that links to the 2′OH group of the nicoti-
amide ribose [54] that was further elaborated upon by Negri et al.

or 17�-HSD type 1 [55], Scheme 7.
Akhtar et al. proposed three possible mechanisms for hydride

ransfer to a recipient carbonyl [56] and these mechanisms are pos-
ible for both AKRs and SDRs, Scheme 8. First, if hydride transfer to
he recipient carbonyl occurs after proton donation the interme-
iate transition state would be a carbocation. Second, if hydride
ransfer to the recipient carbonyl occurs before proton donation

he intermediate transition state would be an oxyanion. Third, if
concerted mechanism occurs with hydride transfer and proton

onation occurring simultaneously the transition state would be

Scheme 8. Mechanisms of ketosteroid reduction.
& Molecular Biology 125 (2011) 46–56 51

neutral. Knowledge of this mechanism could have profound con-
sequences on the design and synthesis of transition state analogs
for HSDs since it will define whether these should be charged
or neutral. Despite the important need to identify the transition
state in HSDs, this has yet to be performed with rigor for any HSD
isoform. To solve the problem both primary and solvent kinetic
isotope effect measurements would have to be performed under
conditions in which the chemistry step is isolated kinetically, and
this may require the use of transient kinetic approaches (e.g. sin-
gle turnover experiments). Despite this lack of knowledge many
negatively charged inhibitors have been used as HSD inhibitors
suggesting a role for the putative oxyanion hole [57–62].

6. Thermodynamic considerations

In vitro, HSDs irrespective of their superfamily can function as
fully reversible oxidoreductases where the reaction is governed by
an equilibrium constant Keq (Eq. (1)) [63].

Keq = [Ketosteroid] [NAD(P)H] [H+]
[Hydroxysteroid] [NADP+]

(1)

Examination of this equation shows that the direction of the
reaction will be governed by cofactor ratio NAD(P)+:NAD(P)H and
by pH. Manipulation of these conditions can thus force the reac-
tion in either the reduction or oxidation direction [5,29]. Direct
measurement of the Keq shows that AKRs have a Keq that favors
reduction at physiological pH [29,34]. Moreover the 200-fold higher
affinity for NADPH over NAD+ suggests that they will work as ketos-
teroid reductases in a cellular environment. Transfection studies of
cDNA’s for HSDs into mammalian cells where the HSD is forced
to use the prevailing concentration of NAD(P)(H) have been used
by investigators to assign the directionality of HSDs [5,30]. Care-
ful work by Auchus has exposed the danger of this approach since
once the enzymes reach their set equilibrium, isotope scrambling
demonstrates interconversion of ketosteroids and hydroxysteroids
occurs freely in both directions. This work clearly demonstrated
that while AKRs had an equilibrium set point that favored reduc-
tion this was less clear for 17�-HSD isoforms of the SDR family.
However, this approach has its own short-comings since these
experiments were performed in HEK-293 cells where the HSD was
examined out of context of the steroid metabolic pathway in which
it resides [64,65]. In steroid hormone target tissues the equilib-
rium end-point many not be reached due to the flux of the keto- or
hydroxysteroid down a metabolic pathway.

7. Validating the target

We and others have made a number of recommendations
regarding the validation of an HSD as a drug target [1,66]. These
include: (a) demonstration that the recombinant enzyme (homo-
geneous or by transfection studies) performs the desired reaction;
(b) comparison of the catalytic efficiency of the enzyme (kcat/Km)
for the measured reaction versus other isozymes that perform the
same reaction; (c) measurement of the HSD (transcript, protein and
functionality) in the target organ and cell; (d) demonstration that
the HSD is necessary and sufficient to alter trans-activation of a
steroid hormone receptor by modulating ligand levels; (e) demon-
stration that the target shows altered expression in the disease
state; (f) conduct proof-of-principle experiments to determine the
consequence of enzyme inhibition using si-RNA (cell-based work)
or knock-out animals when a rodent ortholog exists; and (g) exam-
ine human HSD deficiency syndromes to predict consequences of

enzyme inhibition. In this regard, work by the Bunce group has
clearly shown that a knock-out mouse approach is not feasible to
study the effects of inhibitors on AKRs since the murine homologs
of the human enzymes are not possible to assign [67].
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. HSD inhibitor classes

On writing this article PubMed listed 1917 articles for a
earch of “hydroxysteroid dehydrogenase and inhibitors”. In
hese articles HSD inhibitors belong to several major classes of
ompounds: reversible (steroidal and nonsteroidal); bisubstrate
nalogs; mechanism-based inactivators; as well as natural prod-
cts and xenobiotics (endocrine disrupting chemicals). Apart from
postane and trilostane which are 3�-HSD inhibitors there are no
ompounds that have yet been approved for clinical use. However,
hase II clinical trials are advanced for type 1 11�-HSD inhibitors
PF(Pfizer)-91575 and INCB(Incyte)-13739] for the treatment of

etabolic syndrome and type 2 diabetes [68,69]. While one of the
ost promising type 1 17�-HSD inhibitors for the treatment of

ormonally dependent breast cancer is STX (Sterix)1040 has under-
one extensive preclinical evaluation [66,70]. In addition a search
f the patent literature identified a large number of patents for
nhibitors of the different 17�-HSD isoforms [71]. The reader is also
eferred to a recent comprehensive review of 17�-HSD inhibitors
70].

.1. Reversible HSD inhibitors

Reversible HSD inhibitors can be either steroidal or nonsteroidal
72]. Steroid based ligands have traditionally raised concerns that
hey could have unintended off-targets, e.g. inhibit other steroid
ormone transforming enzymes or act as steroid hormone recep-
or agonists or antagonists. However, with the emergence of SSRMs
ased on quite different nonsteroidal scaffolds, nonsteroid based
eversible inhibitors may also suffer from the same specificity con-
erns. The advantage of the non-steroidal compounds is that there
s enormous structural diversity that can be exploited whereas the
igid steroid ring system limits the size of an inhibitor library.

hichever approach is used lead compounds (sub-micromolar
ffinity) need to be counter-screened extensively against possible
nintended targets.

For HSDs which belong to the AKR superfamily, nons-
eroidal based inhibitors have been based on nonsteroidal
nti-inflammatory drugs (NSAIDs) following the early observa-
ions of Penning and Talalay [61] which showed that these drugs
otently inhibited rat liver 3�-HSD (AKR1C9). Human AKR1C iso-
orm specificity can be achieved by using different NSAID scaffolds.
hus N-phenylanthranilic acids are non-discriminatory between
KR1C1 to AKRC14, salicylate inhibitors are specific for AKR1C1
nd AKR1C2, while indomethacin and indole acetic acids dis-
lay specificity for AKR1C3 [57,58]. Efforts have been made to
xploit known structure–activity relationships for COX-1 and COX-
(accepted NSAID) targets to develop inhibitors that retain AKR1C

pecificity while eliminating activity for COX-inhibition. Lead com-
ounds, however, still require secondary screening to ensure that
his is achieved and that inhibition of other human AKRs does not
ccur. This is particularly important since recent studies show that
KR1B10 is inhibited by N-phenylanthranilates [73]. Recently, 3-

phenylamino)benzoic acids which show nanomolar affinity for
KR1C3 which are 200–300-fold selective versus other AKR1C

soforms have been developed [74]. Salicylate analogs have been
ursued as potential specific inhibitors of AKR1C1 since their Ki
alues are 2-orders of magnitude lower for AKR1C1 than those
eported for the reversible inhibition of COX enzymes. The chal-
enge has been to eliminate AKR1C2 inhibition from the salicylates.
ead compounds include 3,5-dichlorosalicylic acid and 3′-bromo-
′-phenylsalicylate where the additional phenyl group provides

21-fold selectivity for the inhibition of AKR1C1 over AKR1C2

59,75].
For HSDs that belong to the SDR superfamily, non-steroidal

ased ligands have been based on a number of differ-
& Molecular Biology 125 (2011) 46–56

ent pharmacophores. For type 1 11�-HSD, inhibitor series
include diverse scaffolds: triazoles (Merck-544) and azabi-
cyclic sulphonamides developed by both Merck and Eli Lilly
[76,77]; pentanedioic acid diamides developed by Merck-
Serono [78]; pyridinyl arylsulfonamides developed by Pfizer
(PF-915275) [79]; (phenylsulfonamido-methyl)-nicotine and
(phenylsulfonamido-methyl)-thiazole derivatives [80]; arylsul-
fonylpiperazines, piperdyl- and cyclo-benzamides developed
by Amgen (Amgen 2922) [81–83]; thiazolones developed by
Biovitrum (BVT-2733) [84]; 1,5-substituted-1H-tetrazoles devel-
oped by the group at Edinburgh [85]; and adamantyl ethanones
developed by Ipsen/Sterix [86]. Many of these have nM affinity
for the target. However, the challenge is to have high selec-
tivity for type 1 11�-HSD over type 2 11�-HSD and to have
compounds that may be more efficacious and less toxic than
metformin (a biguanide oral anti-diabetic). In this regard,
the thiazolones and the adamantyl ethanones have excellent
selectivity.

For type 1 17�-HSD inhibition, inhibitors have been developed
based on bis-(hydroxyphenyl)azoles [87], 6-phenyl-2-naphthols
[88,89] and substituted, thiophenes, benzenes and aza benzenes
[90,91]. The most promising compounds had selectivity for type
1 17�-HSD over type 2 17�-HSD and have low binding affinity
for ER�. Several of the lead non-steroidal compounds mimic the
substrate estrone. They contain a phenolic ring that will bind to
the site occupied by the phenolic A ring of estrone and a bridge
to another ring that will occupy the site that binds the D-ring
of estrone, which is in proximity to the catalytic residues of the
enzyme [92]. A similar approach was used to develop biphenyl
ethanone-based molecules which showed promising inhibition of
type 1 17�-HSD, where the best compounds had an IC50 = 3.7 �M
[93]. For type 3 17�-HSD, inhibitors with pM–nM affinity based on
tetrahydrodibenzazocines have been developed for prostate can-
cer [94]. Using these compounds as leads, an homology model
of type 3 17�-HSD was built for structure-aided drug design
which led to 1-(4-[2-(4-chloro-phenoxy)phenylamino]-piperidin-
1-yl)ethanone which inhibited the enzyme with an IC50 770 nM in
transfected cells [95].

8.2. Bisubstrate analogs

Bisubstrate analogs refer to compounds that contain both a por-
tion of the cofactor and steroid substrate or product. This approach
has been used extensively to develop 17�-HSD inhibitors by Poirier
and co-workers [96–98] and by the Reed group [66,99,100]. While
these compounds may have the potential to be higher affinity
ligands than steroid-based reversible inhibitors, there are sev-
eral challenges. First, if the HSD target has an ordered bi bi
kinetic mechanism it is uncertain that these compounds will
even bind since they may have insufficient cofactor character.
Second, the synthesis of these compounds can be challenging.
Third, bisubstrate analogs for AKRs may by necessity require to
be linked to a AMP analog with a 2′phosphate group. This phos-
phate group is essential for the anchoring of the cofactor where
the tight binding of the cofactor precedes steroid binding in the
ordered bi bi mechanism [33–35]. Additionally, phosphate analogs
and their mimics have difficulty crossing the plasma membrane.
Despite these concerns a bi-substrate analog of type 1 17�-
HSD which contains a 16�-methylene-benzamide substituent (to
mimic the nicotinamide head group) of the cofactor yields an IC50
value of 42 nM for the inhibition of the conversion of estrone to

17�-estradiol in T47D cells [96–98]. A similar inhibitor, 2-ethyl-
16�-m-pyridylmethylamidomethyl-estrone (STX1040) inhibited
the conversion of estrone to 17�-estradiol in T47D cells with an
IC50 value of 27 nM [66].
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.3. Mechanism-based inactivators

Mechanism-based inactivators of HSDs refer to steroidal and
onsteroidal ligands that act as pseudo-substrates so that upon turn
ver by their target enzyme they form a potent electrophile that
an alkylate an active site residue leading to irreversible enzyme
nhibition [101]. Early proof-of-principle experiments showed that
sing acetylenic alcohols as substrates, HSDs could be tricked into
xidizing these substrates to the corresponding �,�-unsaturated
cetylenic ketones which would then cause enzyme inactivation
102,103]. This approach also poses several challenges. First, if
he kcat/kinact (partition ratio is high) the enzyme generated elec-
rophile may react with other unintended macromolecules in the
ell. Second, many of the HSDs that need to be targeted work
n the reduction direction and thus far it has been difficult to
evelop mechanism-based inactivators in which the reduction step
roduces an enzyme generated electrophile. Generally the intro-
uction of a carbonyl group rather than its removal increases
lectrophilicity.

.4. Natural products as HSD inhibitors

Natural products also can suffer from specificity problems. For
xample, licorice derivatives (carbenoxolone and glycyrrhetinic
cid) were shown to be prototypic inhibitors of type 2 11�-HSD but
lso inhibit many related SDRs [60,104]. 18�-Glycyrrhetinic (GA)
metabolite of the natural product glycchizin inhibits both type
11�-HSD and type 2 11�-HSD. Interestingly, the diastereomer

8�-GA inhibits only type 1 11�-HSD, and this has been explained
y docking experiments into the type 1 11�-HSD crystal structure
105].

. Structure-based drug design and HTS

HSDs which appear to be the most promising drug targets are
s follows: type 1 11�-HSD (for metabolic syndrome, obesity and
ype 2 diabetes); type 1 17�-HSD for hormonally dependent breast
ancer; and type 3 17�-HSD and type 5 17�-HSD for hormonally
ependent and castrate resistant prostate cancer, respectively. The
DB lists 14 structures for human type 1 11�-HSD and its com-
lexes; 18 structures for human type 1 17�-HSD and its complexes;
nd 11 structures for human type 5 17�-HSD and its complexes.
any of these structures are of abortive complexes of E•NADP+•

nhibitor. In each of these cases atomic details of how the inhibitor
s bound are clearly discerned. These structures were initially used
o explain how an inhibitor binds to the complex. More recently,

any of these structures have been used for in silico screening of
arge compound libraries to identify potential leads. This approach
as been used for AKR1C1 [106,107], type 1 11�-HSD [108] and
ype 1 17�-HSD [109].

Simultaneously there has been a revolution in screening com-
ounds for HSD inhibitor activity because of their potential as
herapeutics. This has been facilitated by high-through put screen-
ng (HTS) assays and the availability of large compound libraries.
TS assays can now be performed using human recombinant
nzymes in vitro, and in cell-based assays. Counter screens can also
e performed efficiently for AR, ER, PR and GR trans-activation using
ppropriate luciferase reporter gene assays.

0. Future directions
For many of the HSD isoforms inhibitors with nanomolar affin-
ty now exist that have been developed by diverse approaches. The
hallenge will be to identify compounds that are truly selective
n vitro in counterscreens and which have favorable absorption, dis-
& Molecular Biology 125 (2011) 46–56 53

position, metabolism, excretion and toxicological properties and
move them into preclinical testing in animals. In vivo screening
requires animal models of disease to test their efficacy. For example
xenograft models in which AKR1C3 or type 1 17�-HSD are over-
expressed in prostate and breast cancer cells can be used to test
the efficacy of inhibitors for prostate and breast cancer treatment
[110,111]. Similarly, 11�-HSD transgenic mice which are models
for obesity and metabolic syndrome can be used to screen inhibitors
of this enzyme [112]. Much of this work is ongoing and 11�-HSD
inhibitors are in clinical trial. The future is bright since continued
progress will result in new clinical trials that will bring SIMs into
the clinic, where they can ultimately share a place with SSRMs.
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