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Abstract
The human androgen receptor (AR) is a ligand activated nuclear transcription factor and mediates
the induction of genes involved in the development of the male phenotype and male secondary sex
characteristics, as well as the normal and abnormal growth of the prostate. We have identified the
pair of hydroxysteroid dehydrogenases (HSDs) that regulate ligand access to the AR in human
prostate. We find that type 3 3α-HSD (aldo-keto reductase (AKR)1C2) catalyzes the NADPH
dependent reduction of the potent androgen 5α-dihydrotestosterone (5α-DHT) to yield the inactive
androgen 3α-androstanediol (3α-diol). We also find that RoDH like 3α-HSD (RL-HSD) catalyzes
the NAD+ dependent oxidation of 3α-diol to yield 5α-DHT. Together these enzymes are involved in
the pre-receptor regulation of androgen action. Inhibition of AKR1C2 would be desirable in cases
of androgen insufficiency and inhibition of RL-HSD might be desirable in benign prostatic
hyperplasia.
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1. Pre-receptor regulation of steroid hormone action
Steroid hormone receptors [androgen receptor (AR), estrogen receptor, progesterone receptor,
glucocorticoid receptor (GR), and mineralocorticoid receptor (MR)] are ligand-activated
nuclear receptors (Carcon-Jurica et al., 1990; Evans, 2005). The activated receptors bind to
hormone response elements on hormone responsive genes resulting in gene expression in target
tissues (Truss and Beato, 1993). Ligand specific conformational changes on the receptor
determine the recruitment of co-activators and co-repressors in a tissue specific manner, and
as a result tissue specific effects on gene transcription can be observed (Shibata et al., 1997).
This is the pharmacological basis for the mechanism of action of selective steroid receptor
modulators (especially partial agonists). Often the co-activators and co-repressors are involved
in chromatin remodeling and act as histone-acetyl transferases and histone-deacetylases (Liu
et al., 1999). Thus multiprotein complexes determine changes in gene transcription mediated
by nuclear receptor ligands and the rational design of therapeutics targeting these complexes
is challenging.
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Another level of steroid receptor regulation involves the control of steroid ligands for their
respective nuclear receptors. This pre-receptor regulation for steroid hormone action was first
documented with the type 2 and type 1 11β-hydroxysteroid dehydrogenases (HSDs) (Funder
et al., 1988; Whorwood and Stewart, 1996; White, 2001), Figure 1. In the human kidney, the
type 2 11β-HSD protects the MR from mineralocorticoid excess by oxidizing cortisol (a
glucocorticoid with high affinity for the MR) to cortisone (Krozowski et al., 1995). Licorice
based inhibitors of this enzyme or inherited deficiencies cause apparent mineralocorticoid
excess, attesting to the importance of this enzyme in protecting the MR from ligand excess
(White, 2001). Thus, mineralocorticoid specificity is HSD rather than receptor mediated
(Funder et al., 1988; White, 2001). Conversely, the type 1 11β-HSD can amplify the
glucocorticoid signal by reducing cortisone to cortisol. This increase in GR signaling results
in increased gluconeogenesis, glucose intolerance, insulin resistance, and may contribute to
type 2 diabetes and metabolic syndrome (Seckl and Walker, 2001). Consequently, major drug
companies are targeting the type 1 11β-HSD for metabolic syndrome. This example illustrates
how isoforms of HSDs can govern ligand access to nuclear receptors at the pre-receptor level
with important physiological consequences.

We have been proponents that pre-receptor regulation of steroid hormone action is a general
concept that can be extended to all steroid hormone receptors (Penning, 1997; 2003).
Furthermore, we and others have proposed and shown that HSDs are intimately involved in
this mechanism (Labrie et al., 1995; 1997). HSDs interconvert alcohols and ketones in a
positional and stereochemically selective manner on the steroid nucleus and side chain by
working preferentially as NAD+ specific oxidases or NADPH specific reductases. In catalyzing
these reactions HSDs act as molecular switches for hormone action by converting potent steroid
hormones into their cognate inactive metabolites and vice-versa. HSDs that catalyze these
reactions belong to two gene superfamilies, the short-chain dehydrogenases/reductases (SDRs)
and the aldo-keto reductases (AKRs) (Jornvall et al., 1995; Penning, 1997; and Hyndman et
al., 2003). Often SDRs and AKRs work in pairs as oxidases and reductases, respectively
thereby controlling hormone response in a tissue specific manner. This article will elaborate
this point for the AR in human prostate.

The most potent natural ligand for the AR is 5α-dihydrotestosterone (5α-DHT) which has a
Kd = 10−11 M for this receptor. We will show that this hormone is eliminated by human type
3 3α-HSD (AKR1C2) which catalyzes the reduction of 5α-DHT to yield the inactive androgen
3α-androstanediol (3α-diol) which has a Kd for the AR = 10−6 M. Thus, this simple conversion
of a 3-ketosteroid to a 3α-hydroxysteroid results in a five-order of magnitude decrease in the
affinity of the steroid for the AR. Once formed 3α-diol is conjugated and excreted. By contrast
RoDH like 3α-HSD (RL-HSD) (HSD17B6 an SDR) oxidizes circulating 3α-diol back to 5α-
DHT (Rizner et. al., 2003; Bauman et al., 2006b), leading to activation of the AR, Figure 1.
Inhibition of AKR1C2 would be important in androgen insufficiency while inhibitors of RL-
HSD may be important in benign prostatic hyperplasia. We will now review the evidence that
these two enzymes govern ligand access to the AR in human prostate.

2. Androgen biosynthesis and metabolism in the prostate
In adult males (18–55 yr), testosterone from the Leydig cells of the testis is converted in the
prostate to the more potent androgen 5α-DHT by type 2 5α-reductase (SRD5A2), thereby
amplifying the androgen signal (Russell and Wilson, 1994). The importance of type 2 5α-
reductase comes from studies on 5α-reductase deficiency. Individuals with this disease present
with apparent female genitalia at birth but develop a penis at age 12. Throughout life these
individuals exhibit no facial hair, do not display male pattern baldness, and the prostate remains
underdeveloped or atrophied [Imperato-McGinley, 1974, 1992]. Because of the importance of
5α-DHT in maintaining prostate growth the levels of this intraprostatic hormone are tightly
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regulated by 3α/3β-HSDs. These enzymes reduce 5α-DHT to yield either 3α-diol, which has
poor affinity for the AR, or 3β-androstanediol which is potent ligand for ERβ (Weihua et al,
2002; Guerini et al., 2005). Studies in the rat, dog, marsupial and human also indicate that
circulating 3α-diol can be oxidized back to 5α-DHT (Orlowski et al., 1983; Walsh and Wilson,
1976; DeKlerk et al., 1979; Jacobi et al., 1977; Liehy et al., 2001; Shaw et al., 2000;). In fact
50% of an administered dose of 3α-diol in humans was converted to 5α-DHT within the
prostate, indicating that the back conversion is significant in androgen action (Horst et al.,
1975; Kinouchi and Horton 1974). Backdoor pathways to 5α-DHT using 3α-diol as a precursor
have been proposed in which the production of DHT “by-passes” the formation of Δ4-
androstene-3,17-dione and testosterone, (Auchus, 2004).

Two prevalent diseases of the aging male which are androgen dependent are benign prostatic
hyperplasia (BPH) and prostate cancer (CaP). Both these diseases occur in men in the age group
of 50–80 years of age in which production of Leydig cell testosterone is compromised
(“andropause”). In this age group there is increased dependency on circulating adrenal
androgens e.g. dehydroepiandrosterone (DHEA) for the intraprostatic formation of 5α-DHT
(Labrie et al., 1995;), Figure 2B. This pathway involves conversion of DHEA into Δ4–
androstene-3,17-dione catalyzed by type 2 3β-HSD/ketosteroid isomerase (HSD3B2);
reduction of Δ4-androstene-3,17-dione to testosterone catalyzed by type 5 17β-HSD
(AKR1C3); followed by conversion of testosterone to 5α-DHT catalyzed by type 2 5α-reductase
(SRD5A2). These observations raise the issue as to which enzymes are responsible for the
elimination of 5α-DHT in the prostate, and which are responsible for the back conversion of
3α-diol to 5α-DHT. These enzymes will control ligand access to the AR in the normal and
diseased gland.

3. Aldo-keto reductases and androgen metabolism
3. 1. Human AKR1C Isoforms

Humans express four AKIC isoforms, which show different ratios of 3-, 17- and 20-ketosteroid
reductase activities that may regulate ligand access to steroid hormone receptors. Each of these
enzymes has been purified to homogeneity as a recombinant protein. The enzymes are soluble
monomeric 37 kDa proteins, they share > 86% sequence identity at the amino acid level, and
their steroid specificity has been measured (Penning et al., 2000). In addition, crystal structures
exist for each of these enzymes. These studies revealed that AKR1C1 functions predominately
as a 20α-HSD and will convert progesterone into 20α-hydroxyprogesterone; AKR1C2 will
preferentially function as 3α-HSD and will convert 5α-DHT into 3α-diol; AKR1C3 will
function as a 17β-HSD and will convert Δ4-androstene-3,17-dione to testosterone and estrone
to 17β-estradiol; and AKR1C4 will function as a liver specific 3α-HSD, where it is involved
in steroid hormone metabolism and bile-acid biosynthesis.

Recently, the 3-ketosteroid reductase activities of the four human AKR1C isoforms were
shown to produce both 3α-diol and 3β-diol, in different ratios indicating that they lacked
stereospecificty (Steckelbroeck et al., 2004). Ratios of the specific activities for 3α-diol: 3β-
diol formation at saturating 5α-DHT concentrations showed that AKR1C2 favored 3α-diol
formation 80-fold over AKR1C1 which instead favored 3β-diol production, Table 1.

Available crystal structures for the AKR1C1•NADP+•20α-hydroxyprogesterone complex
(PDB entry1MRQ) (Couture et al., 2003) and the AKR1C2•NADP+•ursodeoxycholate
complex (PDB entry 1H1) (Jin et al., 2001), and molecular modeling studies explain this
difference in stereochemical preference for 5α-DHT reduction (Jin and Penning, 2006a). These
two enzymes differ by only a single amino acid at the active site. For example L54 in AKR1C1
is substituted by V54 in AKR1C2. This change in the AKR1C2 active site allows 5α-DHT to
contact one side of the steroid pocket. Consequently, the β-face of the steroid is in close
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proximity to the 4-pro-R-hydride of NADPH which is transferred from the A-face of the
cofactor to the β-face of the steroid to form the 3α-alcohol. In the case of AKR1C1 the reverse
is true, since L54 repels 5α-DHT from this side of the pocket, the α-face of the steroid is
presented to NADPH and the stereochemistry of the reaction is inverted, Figure 3.

AKR1C isoform specific RT-PCR was used to measure expression in nine human tissues.
AKR1C1-3 were all expressed in prostate (Penning et al., 2000). Using pooled prostatic RNA
from 22 Caucasian males AKR1C1-AKR1C3 expression in the adult gland was confirmed
(Bauman et al., 2006). Based on the high specific activity and preference to form 3α-diol,
AKR1C2 was identified as the isoform responsible for the elimination of 5α-DHT in human
prostate.

3. 2. AKR1C2 and 5α-DHT Reduction
In vitro, AKR1C2 functions as an NAD(P)(H)-dependent oxidoreductase and interconverts
5α-DHT with 3α-diol, freely. However, to address its preferred direction, detailed steady-state
and transient state kinetics on the recombinant enzyme (Jin and Penning, 2006b) as well as
mammalian cell transfection studies were performed (Rizner et al., 2003).

All AKRs, including AKR1C2 catalyze a sequential ordered bi bi mechanism. In this
mechanism the binding of NADPH is obligatory before steroid hormone can bind (Askonas et
al., 1991; Trauger et al., 2002). Once the ternary complex is formed the “bond-making and
breaking events” which define the chemical transformation occur. The products 3α-diol and
NADP+ are then released in that order. The steady state kinetic parameters for 5α-DHT
reduction by AKR1C2 were kcat = 0.033 s−1, Km = 2.9 μM, and kcat/Km = 1.1 × 104 M−1 s−1;
and for 3α-diol oxidation the steady state parameters were kcat = 0.008 s−1, Km = 3.1 μM, and
kcat/Km = 2.6 × 103 M−1 s−1. The Keq for the reaction calculated from the kinetic Haldane gave
a value of 8.0 indicating that the reduction of 5α-DHT is favored. Although NAD(H) can
substitute for NADP(H), the latter cofactor pair is easily preferred since they display nanomolar
affinity for the enzyme as compared to high micromolar affinity for NAD(H).

To determine the rate-determining step in the elimination of 5α-DHT the reaction was dissected
by transient kinetics using stopped-flow spectroscopy. The binding of NADP(H) measured by
quenching the intrinsic protein tryptophan fluorescence showed that a tight E**•NADP(H)
complex was formed as a result of two slow conformational changes that occur on the protein.
This results in a 80-fold increase in affinity for NADPH where the Kd decreases from 9.6 μM
to 120 nM and a 219-fold increase in affinity for NADP+ where the Kd decreases from 46 μM
to 210 nM. These high affinities for NADP(H) have metabolic consequences for the enzyme
(addressed later).

The rate-determining step in several AKRs is the rate of NADP+ release (Grimshaw et al.,
1995). In AKR1C2 the smallest microscopic rate constant (k = 0.66 s−1) measured governs
NADP+ release but was 20-times greater than kcat, suggesting that other steps also contribute
to rate determination. Multiple turnover experiments showed burst-phase kinetics, which
indicated that slow product release steps occurred. Global fitting (DynaFit) of the transient
kinetic data to the minimal equation for an ordered bi bi mechanism predicted that three slow-
events of similar magnitude accounted for the low kcat = 0.033 s−1. They are the chemical event
(0.12 s−1), the release of 3α-diol (0.081 s−1), and the release of NADP+ (0.21 s−1) (Jin and
Penning, 2006b).

To further dissect out the preferred direction of AKR1C2, its cDNA was transiently transfected
into COS-1 cells and stably transfected into LNCaP (androgen dependent prostate cancer) cells
for studies on androgen metabolism (Rizner et al., 2003). In both cell types the expressed
enzyme is forced to use the prevailing concentrations of cofactor that exists. In COS-1 cell
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lysates, AKR1C2 catalyzed the NADPH-dependent reduction of 5α-DHT and the NAD+

dependent oxidation of 3α-diol. However, when intact cells were used only 5α-DHT reduction
could be observed and a similar result was observed in LNCaP cells.

To elucidate the reason why the NADPH dependent reduction of 3-ketosteroids is favored in
intact cells the effect of redox-status on this reaction was examined. Using the recombinant
enzyme in vitro we found that the NADPH-reduction of 5α-DHT to 3α-diol catalyzed by
AKR1C2 occurred unimpeded even in the presence of 1 mM NAD+ (Rizner et al., 2003). By
contrast we found that the NAD+ dependent oxidation of 3α-diol to 5α-DHT was potently
inhibited by low micromolar concentrations of NADPH. Thus the high affinity of NADPH
displayed by the enzyme prevents the oxidative reaction due to potent product inhibition. In
summary, the favorable Keq for the reduction reaction coupled with the potent inhibition of the
oxidative reaction, combine to make AKR1C2 predominately a 3-ketosteroid reductase in
intact cells. This property likely applies to all HSDs which are AKRs. Thus AKR1C2 will only
account for the elimination of 5α-DHT in the prostate gland.

4. RL-HSD and the oxidation of 3α-diol in the prostate
The identity of the oxidative enzyme that catalyzes the conversion of circulating 3α-diol back
to DHT has remained elusive. One source of circulating 3α-diol for the prostate is the liver
where the concerted action of type 1 5α-reductase type and AKR1C4 will convert Δ4-
androstene-3,17-dione or testosterone to 3α-diol, Figure 2A. Other pathways to 3α-diol are
possible which involve formation of 17α-hydroxyprogesterone by CYP17 (CYP17A1)
followed by sequential reduction by type 1 5α-reductase and AKR1C enzymes to yield 5α-
pregnane-3α,17α-diol-20-one. CYP17 via its 17,20-lyase activity then removes the side-chain
to yield androsterone. For this pathway to occur, CYP17, type 1 5α-reductase and AKR1C
isoforms would have to exist in the adrenal. Evidence that this pathway exists especially under
conditions in which 17α-hydroxyprogesterone accumulates has been presented (Auchus,
2004).

Five short-chain dehydrogenase/reductases (SDRs) can catalyze the conversion of 3α-diol to
5α-DHT and each have been implicated in this reaction in human prostate. However, the ability
of the individual enzymes to perform this reaction has not been directly compared and their
expression levels in the prostate have not been examined. The enzymes of interest are: L-3-
hydroxyacyl coenzyme A dehydrogenase (endoplasmic reticulum amyloid β-peptide binding
protein (ERAB; HADH2 alias HADSC)(He et al., 1999; 2000); RL-HSD (Biswas and Russell
1997); 11-cis-retinol dehydrogenase (RoDH 5) (Wang et al., 1999; Huang and Luu-The,
2001); novel type of human microsomal 3α-HSD (NT-3α-HSD) (DHRS9; Chetyrkin et al.,
2001); and retinol dehydrogenase 4 (RoDH-4) (Jurukovski et al. 1999; and Gough et al.
1998); all these enzymes are microsomal in localization. The cDNA for each enzyme was
cloned into a bis-cistronic construct to yield (pcDNA3-3α-HSD-Lac-Z) where a CMV
promoter drives the expression of the 3α-HSD of interest plus β-galactosidase as a single
transcript. The presences of an IRES (internal ribosomal entry sequence) permits the single
transcript to be processed as two proteins. Thus the expression of 3α-HSD can be normalized
to β-galactosidase (internal standard) in the absence of antibodies for each enzyme (Bauman
et al., 2006b).

Transient transfection into COS-1 cells followed by measurement of the conversion of 0.1
μM 3α-diol to 5α-DHT showed that three enzymes (RoDH4, RoDH5, and RL-HSD) converted
80% of DHT into steroid product within 30 min, whereas NT-3α-HSD and ERAB converted
less than 5–10% of this substrate over the same time frame. Transfection studies showed that
these enzymes were unable to reduce 5α-DHT to 3α-diol. In fact the mock-transfected cells
were superior in performing this reaction suggesting that each of these SDRs preferentially
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function as 3α-hydroxysteroid oxidases. Steady state kinetic parameters for RoDH4, RoDH5
and RL-HSD were then compared in the COS-1 cell lysates for the NAD+ dependent oxidation
of 3α-diol. It was found that RoDH4 and RL-HSD were high affinity low capacity enzymes
for the oxidation reaction, Table 1.

To determine whether the oxidative 3α-HSDs (RoDH4, RoDH5 and RL-HSD) were necessary
and sufficient to convert 3α-diol to 5α-DHT to cause trans-activation of the AR, reporter gene
assays were performed. COS-1 cells were co-transfected with AR, a p(androgen response
element)2-tk-CAT reporter gene construct in the absence or presence of the oxidative 3α-HSD
of interest and exposed to fixed concentrations of 3α-diol over the range of 10−12 to 10−6 M.
Oxidative 3α-HSDs that regulate ligand occupancy of the AR should convert 3α-diol to 5α-
DHT and increase reporter gene activity. It was found that the EC50 value for 3α-diol in mock
transfected cells was 1 × 10−7 M, however, in the presence of co-transfected RoDH4, RoDH5
and RL-HSD the EC50 value for 3α-diol was reduced to 1 × 10−9 M consistent with its
conversion to 5α-DHT, Figure 4.

Our cell-based approach indicated that three candidate oxidative 3α-HSDs may be responsible
for the back-reaction in human prostate: RoDH4, RoDH5, and RL-HSD, however, to identify
which enzyme may be the most relevant in the prostate, expression studies were required. We
established validated real-time RT-PCR protocols to measure the expression of these enzymes
in prostate RNA pooled from 22 Caucasian males. It was found that only ERAB and RL-HSD
were abundantly expressed; of these only RL-HSD is able to oxidize 3α-diol to 5α-DHT
efficiently, and in sufficient quantities to trans-activate AR. Thus RL-HSD is the isoform
identified as the 3α-HSD responsible for the back reaction in human prostate (Bauman et al.,
2006b).

5. 3α-HSD (AKR1C2 and RL-HSD) expression in the prostate by cell–type
Our studies suggest that the two enzymes that regulate ligand occupancy of the AR in human
prostate are the reductive 3α-HSD (AKR1C2) and the oxidative 3α-HSD (RL-HSD). To
determine whether these enzymes co-exist in the same cell type and whether their expression
levels are altered by disease status we conducted real-time PCR in primary cultures of human
prostate stromal and epithelial cells from normal males, patients with BPH, and patients with
CaP (Bauman et al., 2006a). We found that AKR1C2 was predominately expressed in epithelial
cells and while no significant differences in levels of expression were found in cells from
normal patients and patients with either BPH or CaP. A trend of increased expression in disease
was noted but did not reach significance. By contrast levels of the RL-HSD transcript were
50–100 fold less than AKR1C2 in this cell type. The expression of RL-HSD was a mirror image
of that observed with AKR1C2. We found that RL-HSD was predominately expressed in
stromal cells but was absent from epithelial cells and a significant increase in expression was
noted in stromal cells from BPH patients (p value < 0.005) Figure 7. Real-time PCR detection
of the AR in the same cell types indicated that it was primarily expressed in the stromal cells
and that it was also elevated in BPH (p value < 0.001). The inability to detect high expression
of AR in these primary epithelial cells reflect their basal rather than luminal origin. Stolz and
coworkers have shown that AKR1C2 is lost during prostate cancer and may be responsible for
an increase intraprostatic 5α-DHT levels [Ji et al., 2007]. However, these studies were
performed by conducting real-time PCR measurements of RNA isolated from prostate tumor
samples where the cell-type was heterogeneous.

In summary, it is proposed that 5α-DHT is inactivated in the epithelial cells by AKR1C2 to
form 3α-diol. In stromal cells 3α-diol is reactivated to 5α-DHT by RL-HSD and this effect is
more pronounced in BPH, where the 5α-DHT formed could bind to the stromal cell AR which
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is also upregulated. Based on these findings RL-HSD becomes a target for adjuvant therapy
of BPH.

6. Conclusions
AKR1C2 and RL-HSD govern the pre-receptor regulation of the AR in human prostate. This
is based on substrate specificity, directionality, tissue and cellular distribution within normal
and diseased prostate. A case can be made that RL-HSD may represent an alternative target to
type 2 5α-reductase to block abnormal growth of the prostate gland in BPH. Whether the same
AKR/SDR enzyme pair governs ligand access to the AR in other androgen target tissues e.g.,
bone, muscle and kidney remains to be determined. Identification of the discrete enzyme pair
involved in regulating ligand access to the AR in different target tissues provides an attractive
approach to achieve tissue specific androgen and anti-androgen responses that differs from the
use of selective androgen receptor modulators.
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Abbreviations
AKR  

aldo-keto reductase

AKR1C1  
20α (3α)-hydroxysteroid dehydrogenase

AKR1C2  
human type 3 3α-hydroxysteroid dehydrogenase

AKR1C3  
human type 2 3α-hydroxysteroiud dehydrogenase, type 5 17β-hydroxytsreoid
dehydrogenase

AKR1C4  
human type 1 3α-hydroxysteroid dehydrogenase

AR  
androgen receptor

BPH  
benign prostatic hyperplasia

CaP  
cancer of the prostate

5α-DHT  
5α-dihydrotestosterone

3α-diol  
5α-androstane-3α,17β-diol

ERAB  
endoplasmic reticulum β-peptide binding protein

GR  
glucocorticoid receptor
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HSD  
hydroxysteroid dehydrogenase

MR  
mineralocorticoid receptor

NT-3α-HSD  
novel type of human microsomal 3α-HSD

RL-HSD  
RoDH like 3α-HSD

RoDH  
retinol dehydrogenase

SDR  
short-chain dehydrogenase/reductase
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Figure 1.
Pre-receptor regulation of hormone action mediated by HSDs. The example of 11β-HSDs.
Regulation of the mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) by 11β-
hydroxysteroid dehydrogenase type 2 and type 1, respectively (A); The example of 3α-HSDs.
Regulation of the androgen receptor (AR) by 3α-hydroxysteroid dehydrogenase isoforms
(AKR1C2 and RL-HSD), (B)
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Figure 2.
Sources of testosterone and 3α-androstanediol in adult male. Adult male (A) and andropause
(B) The solid box shows steroidogenesis in Leydig cells, and the dotted-box shows
steroidogenesis in the adrenal gland. The pathway in gray shows a backdoor pathway to 5α-
DHT via 3α-diol which does not involve the intermediates Δ4-androstene-3,17-dione or
testosterone. Enzymes involved in the individual steps are italicized.
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Figure 3.
Molecular modeling explains why AKR1C1 and AKR1C2 preferentially reduce 5α-DHT to
yield 3β-diol and 3α-diol, respectively. DHT is docked into the active site of AKR1C1 (light
gray) and AKR1C2 (dark gray). Adapted from Jin and Penning 2006a.
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Figure 4.
Trans-activation of the androgen receptor by 3α-androstanediol in mammalian cells. Trans-
activation of the AR by 3α-diol in the presence of oxidative 3α-HSDs. (A), Activation of the
(ARE)2-tk-CAT reporter gene by the AR in the presence of co-transfected HSDs versus the
concentration of 3α-diol (10−12 to 10−6 M); (B) the calculated EC50 values to reach a 100%
trans-activation; where 100% trans-activation is the maximal response seen with 5α-DHT.
The fold increase in chloramphenicol acetyl transferase (CAT) activity seen at maximal
response was 30-fold; and (C) The cellular basis of the assay. Abbreviations, T = testosterone.
Adapted from Bauman et al., 2006b.
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Figure 5.
Expression of AKR1C2, RL-3α-HSD and AR in prostate stromal and epithelial cells.
Representative scatter box plots of transcripts of enzymes (AKR1C2 and RL-HSD) that
regulate ligand access to the androgen receptor (AR) in epithelial and stromal cells from normal
and diseased patients (CaP and BPH) using real-time RT-PCR panels A–D. Expression of the
AR in the same cell types panels E–F. One μg of total RNA was reverse-transcribed to cDNA
from the epithelial and stromal cells and 50 ng of cDNA was added to each real-time PCR
experiment that was performed in triplicate with the mean shown for each sample. Data is
normalized to the housekeeping gene PBGD and is expressed as fg of each transcript per ng
of total cDNA. Normal (n=14), CaP (n=14) and BPH (n=6) epithelial cells and normal (n=15),
CaP (n=16) and BPH (n=21) stromal cells were used for the study, adapted from Bauman et
al., 2006a.
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Table 1
Kinetic Properties of AKR and SDR Isoforms Involved in Androgen Metabolism.

AKR Specific Activities [nmoles min−1mg−1]1

Product AKR1C1 AKR1C2 AKR1C3 AKR1C4

3α-Diol 3.9 76.1 3.7 119.0
3β-Diol 16.1 3.8 2.5 32.8

3α-diol: 3β-diol 0.25 20.1 1.55 3.61

SDR Steady State Kinetic Parameters2

Enzyme Reaction Vmax (nmoles) min−1

mg−1
Km (μM) Vmax/Km (nmoles min−1

mg−1/μM)

RL-HSD 3α-Diol ± NAD+ 5.9 ± 0.26 0.4 ± 0.04 14.8
RODH5 3α-Diol ± NAD+ 18.5 ± 4.1 39.6 ± 3.3 0.5
RODH4 3α-Diol ± NAD+ 8.8 ± 0.19 0.27 ± 0.03 32.4

1
Assayed with 40 μM 5α-DHT plus 180 μM NADPH at 37 °C. From Steckelbroeck et al, 2004

2
Adapted from Bauman et al, 2006b.
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