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Aldo-ketoreductase 1C (AKR1C) enzymes catalyze the
NADPH-dependent reduction of ketosteroids to hydroxys-
teroids. They are Phase I metabolizing enzymes for natural
and synthetic steroid hormones. They convert 5a-dihy-
drotestosterone (Dht, potent androgen) to 3a/B-androstan-
ediols (inactive androgens) and the prodrug tibolone (Tib) to
estrogenic 3a/B-hydroxytibolones. Herein we demonstrate
for the first time that human AKR1C enzymes (AKR1C1-4)
are able to reduce conjugated steroids such as Dht-17-glu-
curonide (DhtG), Dht-17 B-sulfate (DhtS), and Tib-173-sul-
fate (TibS). Product identities were characterized by liquid
chromatography-mass spectrometry, and kinetic parameters
of the reactions were determined. The product profile of the
reduction of each steroid conjugate by the individual AKR1C
isoform was similar to that of the corresponding free steroid
except for the reduction of DhtG catalyzed by AKR1C2,
where a complete inversion in stereochemical preference to
3B-reduction (with DhtG) from 3a-reduction (with Dht and
DhtS) was observed. The catalytic efficiency of 3-keto reduc-
tion was modestly affected by the presence of a 17-sulfate
group but severely impaired by the presence of a 17-glucuro-
nide group for AKR1C1-3 isoforms. AKR1C4, however,
showed superior catalytic efficiencies versus the other iso-
forms, and those were unaffected by steroid conjugation. Our
findings provide evidence for alternative pathways of steroid
metabolism where the phase I reaction (reduction) occurs
after the phase II reaction (conjugation). Specifically, it is
indicated that Dht is metabolized to its metabolite 3a-andro-
stanediol-17-glucuronide via the previously unrecognized
“conjugation pathway” involving the sequential reactions of
UGT2B17 and AKR1C4 in liver but via the conventional
“reduction pathway” involving the sequential reactions of
AKR1C2 and UGT2B15/17 in prostate.
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Aldo-ketoreductase (AKR)*> 1C enzymes are cytosolic
hydroxysteroid dehydrogenases (HSDs) that catalyze the
NADPH-dependent reduction of ketosteroids to hydroxys-
teroids (1). Four isoforms are known to exist in humans:
AKRICI1 (20a[3a]-HSD), AKR1C2 (human 3a-HSD type 3;
also known as bile acid-binding protein), AKR1C3 (human
3a-HSD type 2; also known as human 173-HSD type 5), and
AKR1C4 (human 3a-HSD type 1). Despite their high sequence
identity (>86%), each individual human AKR1C enzyme dis-
plays distinct positional and stereochemical substrate prefer-
ence and tissue distribution patterns. These enzymes are able to
reduce 3-, 17-, and 20-ketosteroids and accept a broad spec-
trum of natural or synthetic steroids as substrates. They are
implicated in diverse physiological functions by regulating the
metabolism of androgens, estrogens, and progestins (1-3).
Interestingly, distantly related human aldose reductase
AKR1B1 shows superior turnover of glutathione conjugated
lipid aldehydes than the unconjugated aldehydes (4). How-
ever, the ability of AKR1C isoforms to turnover steroid con-
jugates has not been previously examined.

AKR1C isoforms are involved in the metabolism of 5a-dihy-
drotestosterone (Dht). Dht is a potent natural androgen that
controls the development and growth of the human prostate.
AKR1C1-4 reduce Dht at the 3-position to form inactive
androgens 5a-androstane-3a,17B-diol (3a-Diol) and 5a-an-
drostane-33,17B-diol (3B-Diol) (Scheme 1). Individual AKR1C
enzymes display different catalytic efficiencies and product ste-
reochemistry in the reduction of Dht. AKR1CI is a reductive
3B-HSD and yields 33-Diol as the main product, AKR1C2 and
AKRIC4 catalyze the highly efficient formation of 3a-Diol,
and AKR1C3 catalyzes the slow formation of a mixture of 3a-

2 The abbreviations used are: AKR, aldo-ketoreductase; HSD, hydroxysteroid
dehydrogenase; AKR1C1, human 20«(3B)-HSD; AKR1C2, human type 3
3a-HSD; AKR1C3, human type 2 3a-HSD, human type 5 178-HSD; AKR1C4,
human type 1 3a-HSD; Dht, 5a-dihydrotestosterone; DhtG, 5a-dihydrotes-
tosterone-17B-glucuronide; DhtS, 5a-dihydrotestosterone-17g-sulfate;
3a/B-Diol, 5a-androstane-3a/B,17B-diol; 3a/B-Diol-17-G, 5a-androstan-
3a/B-ol-17B-glucuronide; 3a/B-Diol-3-G, 5a-androstan-17-ol-3a/B-glu-
curonide; 3a/B-Diol-17-S, 5a-androstan-3a/B-ol-17B-sulfate; LC, liquid
chromatography; MS, mass spectrometry; Tib, tibolone (Livial, [7a,17a]-
17-hydroxy-7-methyl-19-norpregn-5(10)-en-20-yn-3-one); 3a/B-OH-Tib,
3a/B-hydroxytibolone; TibS, tibolone-17B-sulfate; 3a/B-OH-TibS, 3a/B-
hydroxytibolone-17B-sulfate; 33-S-Tib, tibolone-33-sulfate; 33,17-TibS,,
3B,17B-tibolone bis-sulfate; RL-HSD, RoDH like 3a-HSD; SULT, sulfotrans-
ferase; UGT, UDP-glucuronosyltransferase.
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OH roids, thus providing experimental
evidence for alternative pathways
and/or in steroid hormone metabolism.
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SCHEME 1. Examples of steroid transformation reactions catalyzed by AKR1C isoforms: inactivation of

Dht and activation of Tib.

and 3B-Diol (5). Although the liver-specific location of
AKRI1C4 limits this enzyme to the clearance of Dht in that
organ, AKR1C1 and AKR1C2 are believed to be responsible for
the formation of 3B-Diol (a pro-apoptotic ligand of ERB) and
3a-Diol (an inactive androgen), respectively, in the androgen
target tissues, such as the human prostate.

AKRIC enzymes can also act on prodrugs such as the syn-
thetic steroid hormone tibolone (Tib) by converting it into
biologically active 3a/B-hydroxy metabolites (Scheme 1) (6,
7). Tib is used to treat menopausal symptoms without the
undesirable stimulation of the breast and endometrium (8).
The tissue-specific actions of Tib rely on its metabolism to
estrogenic metabolites 3a/B-hydroxytibolones (3a/B-OH-
Tibs). It has been shown that AKR1C enzymes are responsi-
ble for the activation of Tib (6, 7). AKR1C1 and AKR1C2
selectively reduce Tib to 38-OH-Tib, but not to 3a-OH-Tib,
and are responsible for the activation of Tib to its 38-OH-
Tib metabolite in target tissues.

AKRI1C enzymes are recognized as Phase I metabolizing
enzymes. Their reactions introduce a hydroxyl group into the
product, which is then available for sulfonation and glucu-
ronidation by phase II enzymes. It is a generally accepted
dogma that the phase I reaction occurs prior to the phase II
reaction. Therefore, for steroids such as Dht and Tib, which
possess both the keto- and the hydroxy- groups, the accepted
metabolic pathway follows the sequence of 3-keto reduction
first then conjugation at either the 3- or 17-position. How-
ever, alternative pathways are possible where the steroid
might be conjugated first at the 17-position then reduced at
the 3-position. This alternative pathway requires that the
AKRIC enzymes accept conjugated steroids as substrates.
There have been no previous reports to support such a pro-
posal. Although the efficiency and specificity with which
AKRIC enzymes recognize free steroids have been exten-
sively studied, it is unknown whether these enzymes are able
to turnover conjugated steroids. Herein, we investigated the
ability of human AKR1C enzymes to reduce glucuronide or
sulfate-conjugated steroids by using Dht-17-glucuronide
(DhtG), Dht-17-sulfate (DhtS), and Tib-17-sulfate (TibS)
as substrates. We demonstrate for the first time that
AKR1C1-4 catalyze the reduction of conjugated steroids
with activities comparable to those seen with the free ste-
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3p-Diol Materials—Dht, DhtG, DhtS,

3a-Diol-17-G, and 3B-Diol-17-S
were obtained from Steraloids (Wil-
ton, NH), of which 3B-Diol-17-S
was custom synthesized. Pyridine
nucleotides were purchased from
Roche Applied Science. Steroids of
the Tib series, including Tib, TibS,
3a- and 3B-OH-Tib, and 3a- and
3B-OH-TibS, were provided by NV
Organon (Oss, The Netherlands).
All other reagents were purchased from Sigma-Aldrich and
were of ACS (American Chemical Society) grade or better.
Recombinant AKR1C enzymes were overexpressed and puri-
fied to homogeneity as previously described (9, 10). The specific
activities of AKR1C1-3 were standardized with 1-acenaphthe-
nol as the substrate using a modified assay. Reactions were per-
formed in 1-ml systems containing 100 mm potassium phos-
phate buffer (pH 7.0), 0.02% bovine serum albumin, 2.3 mm
NAD7, and 200 um 1-acenaphthenol with 4% acetonitrile as a
cosolvent. Initial rates were calculated using € = 11,209 m '
cm !, which took into account the absorbance of both NADH
and 1-acenaphthenone at 340 nm. The specific activities were
determined to be 2.1 umol/min/mg for AKR1Cl1, 2.5 umol/
min/mg for AKR1C2, and 2.8 umol/min/mg for AKR1C3. The
specific activity of AKR1C4 was 0.21 umol/min/mg (for 75 um
androsterone oxidation) under standard assay conditions (9).

Product Identification by LC/MS—Products formed during
the reduction of conjugated steroids catalyzed by AKRIC
enzymes were prepared for LC/MS analyses as follows. Reac-
tion mixtures contained 100 mm potassium phosphate buffer
(pH 7.0), steroid (36 um DhtG, 45 um DhtS, or 45 um TibS), 0.5
mM NADPH, and 4% methanol in 450 ul of total volume. The
reaction was initiated by the addition of purified enzyme (buffer
for no-enzyme control, 15 ug of AKR1C1, 19 ug of AKR1C2, 33
g of AKR1C3, or 13 ug of AKR1C4) and incubated at 37 °C.
Incubation times were 90 min for no-enzyme control, 60 min
for reactions with AKR1C1 and AKR1C2, 90 min for AKR1C3,
and 20 and 60 min for AKR1C4. Reaction mixtures were
extracted twice with 1.5 ml of water-saturated ethyl acetate.
The pooled organic extracts were vacuum-dried, and the resi-
dues were re-dissolved in 200 ul of 50% methanol.

LC was performed using a Waters Alliance 2690 HPLC sys-
tem (Waters Corp., Milford, MA) coupled to the mass spec-
trometer. For DhtG and DhtS, a SunFire C8 column (4.6 X 150
mm, Waters) was employed. Solvent A was 5 mM aqueous
ammonium acetate in water, and solvent B was 5 mm ammo-
nium acetate in acetonitrile. The linear gradient used was as
follows: 30% solvent B at 0 and 3 min, 50% solvent B at 13 min,
80% solvent B at 14 and 19 min, and 30% solvent B at 20 and 30
min with a flow rate of 0.3 ml/min. For TibS, a Jupiter C18
column (2.0 X 150 mm, Phenomenex, Torrance, CA) was
employed. Solvent A was 5 mM aqueous ammonium acetate,
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apparent Michaelis-Menten con-
stant for the steroid substrate.
i When decreases in rates were
; noticed at higher concentrations of
N substrate, a modified equation that
took into consideration substrate
inhibition was used,

f0) O (0] 7// v = kcat[E]/(‘I + Km/[s] + [S]/KI)

DhtG DhtS

SCHEME 2. Structures of the steroid conjugates studied.

and solvent B was 5 mM ammonium acetate in acetonitrile. The
linear gradient was as follows: 20% B at 0 and 2 min, 30% B at 8
and 12 min, and 20% B at 14 min with a flow rate of 0.5 ml/min.
All separations were performed at ambient temperature.

MS was conducted using an LCQ ion-trap mass spectrome-
ter (Thermo Fisher, San Jose, CA) equipped with an electro-
spray ionization source. The mass spectrometer was operated
in the negative ion mode with a potential of 4.5 kV applied to
the electrospray ionization needle. Operating conditions for
DhtG and DhtS were as follows: heated capillary temperature
220 °C, capillary voltage —4 V, tube lens offset 10 V, nitrogen
was used for the sheath gas at 80 p.s.i., and for the auxiliary at 10
(arbitrary units). Operating conditions for TibS were as follows:
heated capillary temperature 230 °C, capillary voltage —23 V,
tube lens offset —25 V, nitrogen was used for the sheath gas at
50 p.s.i., and for the auxiliary gas at 30 (arbitrary units). Full
scanning analyses were performed in the range of m/z 100 to
m/z 600. Products of the reactions were identified based on
their LC retention times, and mass spectra relative to those
observed with the authentic standards. The fragment ions
monitored for the steroid conjugates were as follows: DhtG
(M-H™, m/z = 465); 3a- and 33-Diol-17-G (M-H ™, m/z =
467); DhtS (M-H ™, m/z = 369); 3a- and 33-Diol-17-S (M-H ",
m/z = 371); TibS (M-H ™, m/z = 391.5); and 3«a- and 33-OH-
TibS (M-H™, m/z = 393.5).

Determination of Steady-state Kinetic Parameters—Initial
rates of the NADPH-dependent reduction of ketosteroids and
their conjugates catalyzed by AKR1C were measured using a
Hitachi F-2500 fluorescence spectrophotometer (Hitachi
America, Ltd,, New York, NY) by monitoring the change in
fluorescence emission of NADPH. Excitation and emission
wavelengths were set at 340 and 450 nm, respectively. Changes
in fluorescence units were converted to nanomoles of cofactor
by using standard curves of fluorescence emission versus
known NADPH concentrations. Typical reaction samples con-
tained enzyme (2.9 pug of AKR1C1, 2.4 ug of AKR1C2, 4.3 g of
AKRI1C3, or 1.7 ug of AKR1C4), NADPH at saturating concen-
tration (12 uM to 25 um) and steroid at varied concentrations
(0.1 M to 50 um) in a total volume of 1 ml. Data were analyzed
by nonlinear least-squares fitting to the equation,

v = kcat[E][S]/(Km + [5]) (Eq. 1)

where v is the initial velocity, [E] and [S] are the total molar
concentrations of the enzyme and steroid substrate, respec-
tively, k., (s~") is the turnover number, and K, (um) is the
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TibS (Eq.2)

where K, (um) is the apparent disso-
ciation constant for the presumed
inhibitory enzyme-substrate complex (11).

Molecular Modeling—Models of Dht and Tib bound to
AKR1C2 previously found using the AUTODOCK program
(12) were used as templates to model the binding of steroid
conjugates in AKR1C. Specifically, DhtS was modeled into the
active site of AKR1C2 (PDB entry 1IHI) (13) based on the
docked model of Dht in the productive conformation, which
could account for the formation of 3a-Diol. A model of the
sulfate group (CH;0SO;) was generated using Chem3D, which
was built onto the template model of Dht by overlaying the
C-O bond of the conjugate group with the C17—-O bond of Dht.
The SO, group was allowed to rotate freely around the C-O
bond to avoid clashing with surrounding residues. It appeared
that the extra SO, group could be accommodated by the
enzyme in multiple positions without changing the position of
the steroid scaffold. Similarly, TibS were modeled into the
active site of AKR1C2.

Docking of DhtG was performed as follows. A model of DhtG
was built with Chem3D using Dht and the glucuronide group
(CO(C H0,CO,)) retrieved from the estradiol-33-p-glucuro-
nide (PDB entry 1BFV). The conjugate was subjected to energy
minimization with the steroid scaffold fixed. The resulting
DhtG model was then placed into the binding pocket of
AKR1C2 by overlaying the steroid moiety onto the Dht tem-
plate in the enzyme.

Crystal structures of AKRIC1 (PDB entry 1MRQ) (14),
AKRI1C3 (PDB entry 1XF0) (15), and AKR1C4 (PDB entry
2FVL) were superimposed onto the structure of AKR1C2 (13)
to allow direct comparison of the steroid binding pockets and
inspection of the accommodation of steroid conjugates in these
enzymes.

RESULTS

DhtG, DhtS, and TibS were used as example substrates for
AKRIC1-4 to assess the ability of AKR1C isoforms to trans-
form conjugated steroids (Scheme 2). To compare the reaction
of steroid conjugates with those of the corresponding free ste-
roids, the product profile of each reaction was characterized,
and kinetic constants were determined. Previous characteriza-
tion of the reduction of the free steroids Dht and Tib catalyzed
by the AKR1C1-4 enzymes showed that individual isoforms
displayed distinct stereochemical preference and kinetic char-
acteristics (5, 6). Thus, these reactions represent unique reac-
tion systems to examine the effect of a bulky conjugate group at
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FIGURE 1. LC/MS analysis of the reduction of DhtG catalyzed by human
AKR1C isoforms. A, the ion chromatogram (m/z 450-500) of a mixture of
authentic standards of DhtG and 3a-Diol-17-G; B-F, corresponding ion chro-
matograms of reaction samples containing no enzyme (B) and AKR1C1-4
(C-F).Samples were prepared as described under “Experimental Procedures.”

the 17-position on the stereochemistry and the catalytic effi-
ciency of 3-ketosteroid reduction.

Product Profiles of Reduction of DhtG Catalyzed by
AKRI1CI-4—Enzymatic activities were observed by LC/MS
analysis when AKR1C enzymes were incubated with DhtG.
This was evident by the disappearance of the substrate peak,
and the appearance of product peaks in LC/MS chromatograms
of samples containing enzymes compared with the no enzyme
controls (Fig. 1).

Two product peaks were found in the incubations of DhtG
with AKR1C isoforms. The product peak with an LC retention
time of 12.6 min was identified as 3a-Diol-17-G by reference to
the authentic standard. The peak at 7.4 min had the same MS
spectrum as 3a-Diol-17-G (see supplemental Fig. S1) and was
assigned as 3B-Diol-17-G. Peak areas of the ions on the chro-
matograms provided an estimated ratio of the two metabolites
generated. In the reactions catalyzed by AKR1C1, AKR1C2,
and AKR1C3, the formation of 33-Diol-17-G was 6.2-, 4.6-, and
2.3-fold higher than that of 3a-Diol-17-G, respectively. Thus
70—80% of the total product formed by the three isoforms was
3B-Diol-17-G (Table 1). In contrast, 3a-Diol-17-G was the pre-
ferred product from the reduction of DhtG catalyzed by
AKR1C4, and accounted for 89% of the total product in 20-min
incubations. The ratio between 3a- and 33-reduced products
formed by AKR1C4 decreased from 7.9 to 4.7 when the incuba-
tion time was extended from 20 to 60 min. This was consistent
with the epimerase activity of AKR1C4 that converts the 3a-re-
duced product formed initially to the 38-reduced product. This
epimerization reaction was previously observed with Dht as the
substrate (5).
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tion of a change in stereoselectivity. Longer incubation times
were used for the reactions catalyzed by AKR1C3 due to its
weak 3-ketosteroid reductase activity (5) such that its epime-
rase activity (data not shown) may have affected the product
distribution.

Product Profiles of Reduction of DhtS Catalyzed by
AKRICI-4—Two product peaks were also found when DhtS
was used as substrate for AKR1C1-4 (Fig. 2). The first product
peak (at 13.8 min) could be positively identified as the 33-Diol-
17-S based on the available authentic standard. The second
product peak (at 18.0 min) that eluted after the substrate DhtS
was assigned as 3a-Diol-17-S, based on its MS properties that
were identical to 33-Diol-17-S (see supplemental Fig. S2). Note
that the elution order of the sulfates were the same as the glu-
curonides, ie. the 33-reduced conjugates (33-Diol-17-G and
3B-Diol-17-S) eluted well before the corresponding Dht conju-
gates (DhtG and DhtS, respectively), although the 3a-reduced
conjugates (3a-Diol-17-G and 3a-Diol-17-S) eluted shortly
after the corresponding Dht conjugates (DhtG and DhtS,
respectively).

In the reactions of DhtS catalyzed by AKR1C1 and AKR1C3,
the formation of 33-Diol-17-S was 2.9- and 3.0-fold higher than
that of 3a-Diol-17-§, respectively. In contrast, the formation of
3a-Diol-17-S was 5.5-fold higher than that of 3B8-Diol-17-S for
the reaction catalyzed by AKR1C2. In the reaction catalyzed by
AKR1C4, approximately equal amounts of 3a- and 3B-reduced
products were generated from the 20-min incubation. The 3c
to 3B product ratio decreased from 0.99 to 0.56 for the 60-min
incubation of AKR1C4, indicating epimerase activity of the
enzyme with this substrate.

The product profiles for the reaction of DhtS catalyzed by
AKRIC1 and AKRIC2 were largely unchanged from those
observed with Dht (Table 1). As such, AKR1C1 acted predom-
inantly as a reductive 33-HSD and AKR1C2 acted predomi-
nantly as a reductive 3a-HSD with DhtS and Dht. A shift to
more 33-reduced product was seen in the reaction of DhtS

VOLUME 284 +NUMBER 15+APRIL 10, 2009
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FIGURE 2. LC/MS analysis of the reduction of DhtS catalyzed by human
AKR1C isoforms. A, the ion chromatogram (m/z 350-400) of a mixture of
authentic standards of DhtS and 33-Diol-17-S; B-F, corresponding ion chro-
matograms of reaction samples containing no enzyme (B) and AKR1C1-4
(C-F).Samples were prepared as described under “Experimental Procedures.”

versus that of Dht with AKR1C3 and AKR1C4, which was
attributed to the epimerase activity of both enzymes.

It thus seems that AKR1C1-4 catalyzed the reductions of
Dht and DhtS with generally unchanged stereochemical out-
come, whereas this is not the case for Dht and DhtG, because
the stereochemical outcome of AKR1C2 was inverted with
DhtG versus Dht.

Product Profiles of Reduction of TibS Catalyzed by
AKRICI-4—LC/MS analyses of the products from the reduc-
tion of TibS catalyzed by the AKR1C isoforms are shown in Fig.
3. The identification of the products was accomplished by ref-
erence to the authentic standards of the two prospective prod-
ucts 3a- and 3B-OH-TibS. A major metabolite was observed
with an LC retention time of 9.8 min (which corresponded to
3B-OH-TibS) in incubations of TibS with AKR1C1-3 (Fig. 3, C
and D). A very minor product was observed at 7.0 min, which
corresponded to 3a-OH-TibS. In contrast, the two metabolites
were formed in comparable amounts in incubations of TibS
with AKR1C4 (Fig. 3E).

The product profiles were very similar for Tib and TibS with
each individual AKR1C isoform (Table 1). The reduction of Tib
catalyzed by AKR1C1-3 was rather stereospecific in compari-
son to the reduction of Dht by AKR1C isoforms. The 383-re-
duced product was the sole product for Tib reduction with
AKRIC1 and AKR1C2, and the 3B-reduced product was
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FIGURE 3. LC/MS analysis of the reduction of TibS catalyzed by human
AKR1C isoforms. A, the ion chromatogram (m/z 200-400) of a mixture of
authentic standards of TibS, 3a-OH-TibS, and 33-OH-TibS; B-F, correspond-
ing ion chromatograms of reaction samples containing no enzyme (B) and
AKR1C1-4 (C-F). Samples were prepared as described under “Experimental
Procedures.”

formed 5.4 times more than the 3a-reduced product with
AKR1C3, whereas with AKR1C4 the ratio between the 3a- and
the 3B-products was 4.7. The above pattern was largely main-
tained for TibS, the 33-reduced product accounted for >98% of
the total products for AKR1C1-3 catalyzed reactions, whereas
with AKR1C4 the ratio between the 3a- and 33-reduced prod-
ucts was 1.4.

Kinetic Parameters—The k_,, and K, values for the reduc-
tion of the steroids catalyzed by AKR1C isoforms were deter-
mined by continuous spectrofluorimetric assays and are listed
in Table 2 (see supplemental Fig. S3 for representative data).
The depletion of NADPH was monitored during the assay, thus
for reactions where a mixture of products were formed the
activity measured represented the total activity.

AKR1C1 turned over Dht and DhtS with similar k_,, and K,
values, whereas its reactivity was reduced with DhtG. Similarly,
AKRI1C2 is a relatively efficient enzyme for both Dht and DhtS
reduction, whereas its reactivity was significantly impaired in
the reduction of DhtG. Thus, AKR1C1 and AKR1C2 displayed
a 5.5-fold and a 9.3-fold decrease in catalytic efficiency, respec-
tively, for the reactions of DhtG versus Dht, whereas the two
enzymes displayed only 1.3-fold and 2.8-fold decreases in cata-
Iytic efficiency for DhtS versus Dht.

AKRI1C3 was a very poor enzyme for the turnover of all the
steroids in the Dht series and gave estimates of k_,, of <0.2
min~ . Due to the low turnover, it was not possible to accu-
rately determine k_,, and K, values of these reactions. In con-
trast, AKR1C4 displayed superior k_,, values with all the ste-

cat
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TABLE 2

Kinetic parameters for the reduction of Dht, DhtG, and DhtS
catalyzed by AKR1C isoforms

Steady-state parameters were determined by fluorometric assay. Values are given as

means * S.D. (n > 2). Values for AKR1C3-catalyzed reactions were not determined
due to low turnover.

AKR1C1 AKR1C2 AKR1C4

Dht

K o (min ™) 0.74 * 0.03 1.98 + 0.12 3.08 + 0.15

K, (um) 42+05 29*02 <0.2

keo! K, (min~ "M~ 1) 1.8 X 10° 6.8 X 10° >1.5 X 107
DhtG

K o (min ™) 0.53 * 0.03 0.24 =+ 0.03 3.28 + 0.08

K, (um) 16.1 =24 41+1.2 <0.2

keo! K, (min~ "M~ 1) 3.3 x 10* 5.9 x 10* >1.6 X 107
DhtS

K o (min ™) 0.75 * 0.05 1.0 0.1 3.07 = 0.07

K, (um) 52 *0.8 42+05 <0.2

keo! K, (min~ "M~ 1) 1.4 X 10° 2.4 % 10° >1.5 % 107

TABLE 3

Kinetic parameters for the reduction of Tib and TibS catalyzed by
AKR1C isoforms

Steady-state parameters were determined by fluorometric assay. Values are given as
means * S.D. (n > 2). Data for Tib were from Ref. 6. Values for AKR1C3-catalyzed
reactions were not determined due to low turnover.

AKRIC1 AKR1C2 AKR1C4
Tib
k. (min™Y) 088 +0.06 127 *37 1.83 * 0.06
K, (um) 076 +0.13 087 +034  1.02*0.07
k../K,, (min~'M~?) 1.2 X 10° 1.4 % 107 1.8 X 10°
K, (uM) 0.7 = 0.29
TibS
K,y (min~?) 19+03 121+27 1.20 + 0.03
K, (un) 2.5+ 0.28 12+05 05+ 0.1
k_./K,, (min~"'M?) 7.6 X 10° 1.0 X 107 2.4 % 10°
K, (M) 21+06

roids in the Dht series. This enzyme also displayed low K,
values in these reactions. The v/[S] curves were essentially zero
order for the steroid concentrations used, indicating a K, that
is lower than 0.2 um. Thus, AKR1C4 has high catalytic effi-
ciency for the turnover of the free and conjugated Dht.

In the Tib series, comparable kinetics were observed for the
reduction of the free and conjugated steroids (Table 3).
AKRIC1 showed a 2-fold higher k_,, and a 3-fold higher K,
with TibS than Tib. AKR1C2 exhibited the highest catalytic
efficiency (k_,./K,,) among the human enzymes with both TibS
and Tib as substrates. Previously a strong substrate inhibition
was observed in the reduction of Tib catalyzed by AKR1C2 (6).
This unique kinetic feature was retained in the reduction of
TibS catalyzed by the same enzyme. AKR1C3 was a slow
enzyme with TibS and gave an estimated k_,, lower than 0.2
min~". Similar kinetic parameters were also observed for the
reduction of Tib and TibS catalyzed by AKR1C4. Interestingly,
adecrease in K, to 0.5 uM suggested a slight preference for the
conjugated steroid than the free steroid by AKR1C4.

Molecular Modeling of Steroid Conjugate Binding in AKRIC—
The observed reactivity of AKR1C enzymes on steroid conju-
gates was rationalized by molecular docking of steroid conju-
gates into the binding sites of AKR1C. Crystal structures of
AKRI1C1-4 confirmed that these enzymes all share the struc-
tural motif of the family, i.e. an («a/B)g barrel structure with
three large associated loops and an elongated steroid binding
site formed by residues from several loops (Fig. 4) (13—17). Pre-
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FIGURE 4. The steroid binding site of AKR1C enzymes can accommodate
conjugated steroids. A binding model of DhtG in AKR1C2 is shown. The
details of the model building are given under “Experimental Procedures.” The
(a/B)g-barrel structure of AKR1C2 is shown in ribbon representation with
a-helices in purple and B-strands in yellow. NADP*, shown in stick representa-
tion in orange, binds in a highly conserved position. DhtG, shown in sphere
representation with carbon in green and oxygen in red, binds in the steroid
binding site that is formed by residues from several loops (in blue). The 3-keto
group of the steroid is in close proximity with the nicotinamide ring of the
cofactor for 3-ketosteroid reduction. The conjugate group of the steroid is
accommodated in the wide opening at the entry point of the steroid binding
pocket. The closest neighboring residues (in light blue) to the glucuronide
group are shown in stick and dot representations. The figure was prepared
using PyMOL.

viously, we have conducted molecular docking studies of Dht
and Tib into the active sites of AKR1C1 and AKR1C2 and
shown “productive” docked positions of steroid substrates that
could account for reactivity (12). In addition, the binding chan-
nels of AKR1C1 and AKR1C2 were found to be wide near the
entry point such that steroids were also docked in the opening
roughly perpendicular to the channel in a “non-productive”
manner.

Using the productive docked model of Dht in AKR1C2 as the
template ligand, we first examined whether DhtS could be
accommodated. Indeed, the sulfate group could be added onto
the docked Dht without causing any steric clashing between the
steroid and the surrounding residues. The sulfate group was
housed in the opening of the substrate channel, and several
rotamers of the sulfate were allowed. Docking of DhtG into
AKR1C2 was performed slightly differently. A model of DhtG
was built and energy-minimized prior to docking. The resulting
DhtG model was then docked into the binding site of AKR1C2
by overlaying its steroid moiety onto the Dht template in the
enzyme. Surprisingly, DhtG too can be accommodated in the
binding pocket of AKR1C2 (Fig. 4). Docking studies revealed
that residues 127—-129 are most close to the conjugate group,
which were >4 A away from the sulfate group and >3 A from
the glucuronide group.

Steroid conjugates were also successfully docked to the bind-
ing site of AKR1C1, which was expected, because the steroid
binding pockets of AKR1C1 and AKR1C2 differ only by one
residue. Inspection of the crystal structures of all four enzymes
revealed that the relative broad opening of the steroid binding
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channel is a common feature, consistent with the high sequence
identity (>86%) and their shared ability to convert conjugated
steroids.

The molecular modeling of sulfated steroids in AKR1C iso-
forms showed that the accommodation of the 17-sulfate group
of a steroid substrate by these enzymes may occur with little
effects on the position of the 3-keto group. This explains the
similarity in kinetic behavior and stereochemistry observed for
free and sulfated steroids as substrates for AKR1C enzymes. In
contrast, when the reduction of DhtG is compared with Dht,
severely impaired catalytic efficiencies were observed with
AKR1C1 and AKR1C2, and a complete inversion of stereo-
chemistry was seen with AKR1C2. These experimental obser-
vations suggest that the accommodation of the 17-glucuronide
group of a steroid substrate by these enzymes significantly
affects the binding of the 3-keto group. Compared with a sulfate
group, a glucuronide group is bulkier, which places it closer to
residues 127-129 when docked. A glucuronide group is also
more flexible in that, in addition to the freely rotatable glyco-
sidic bond, its monosaccharide can assume multiple conforma-
tions. It is thus possible that interactions between the glucuro-
nide group of DhtG and residues 127-129 force the steroid to
bind in a conformation different from the one observed in our
modeling studies. As a result, the 3-keto group is in a position
not optimal for the reaction, and changes in stereochemistry
may occur. Our docking results suggest that residue 127, which
is Glu in AKR1C1-3, but Thr in AKR1C4, may play an impor-
tant role in the reduction of catalytic efficiency observed with
AKR1C1 and AKR1C2, but not with AKR1C4.

The ability of AKR1C4 to accept DhtG just as well as the free
steroid is a very interesting finding, which suggests that the
binding site of AKR1C4 may be wider for this enzyme com-
pared with the other isoforms. Unfortunately, less is known
about the mature structure of the ligand binding site of
AKR1C4, because no ternary structure is available. Because it is
known that the binding sites of AKR1C enzymes undergo sig-
nificant conformational change when the binary complex is
converted to the ternary complex (18, 19), docking of the ste-
roid conjugates into AKR1C4 was not further pursued.

DISCUSSION

The activities of human AKR1C enzymes on steroid hor-
mone substrates have been thoroughly studied to show that in
vivo these enzymes can regulate the metabolism of androgens,
estrogens, and progestins via their 3-, 17-, and 20-ketosteroid
reductase activities (2, 5). In the present study, we have
extended our knowledge of the substrate specificity of AKR1C
enzymes. Using DhtG, DhtS, and TibS as example substrates,
we now demonstrate that AKR1C enzymes transform not only
the free steroids but also glucuronide and sulfate conjugated
steroids as well. This finding significantly expands the substrate
spectrum for these enzymes and more importantly, suggests
alternative pathways in steroid metabolism where the impor-
tant role of AKRIC in pre-receptor regulation may also be
mediated through steroid conjugate metabolism.

Free versus Conjugated Steroids as Substrates for AKRIC
Isoforms—Individual AKR1C isoforms have been shown to dis-
play distinct positional and stereochemical preference with
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ketosteroid substrates (2, 5). It is evident from the reduction of
Dht and Tib catalyzed by AKR1C1-4 that the catalytic effi-
ciency and stereochemical outcome of the reaction of these free
steroids are isoform and steroid-dependent (Table 1). AKR1C1
is areductive 33-HSD with both these 3-ketosteroids and yields
a 3B-hydroxysteroid as the major product. AKR1C2, however,
selectively reduces Dht to 3a-Diol and reverses its stereochem-
istry preference to form only the 3B8-reduced product with Tib.
AKRI1C2 is a highly efficient enzyme for the reduction of Tib
but also displayed strong substrate inhibition. AKR1C3 gener-
ates a mixture of 3a- and 3B-reduced products and reduces
both Dht and Tib slowly. This is consistent with its weak 3-ke-
tosteroid reductase activity and high 17-ketosteroid reductase
activity. In contrast, AKR1C4 is very efficient at 3-keto reduc-
tion and acts mainly as a reductive 3a-HSD with both steroids.
The kinetic and stereochemical characteristics of these reac-
tions represent unique reaction systems to examine the effect of
a bulky conjugate group at the 17-position of a steroid substrate
on the kinetics and the stereochemical outcome of the reaction
at the 3-position.

We find that conjugation of the 178-hydroxy group did not
abolish the reactivity of AKR1C1-4 on the 3-ketone group of
Dht and Tib. In the case of AKR1Cl, its preference for 33-re-
duction remained unchanged by the conjugation at the 17-po-
sition, because almost the same stereochemical product pro-
files were observed with free steroids (Dht and Tib) and the
corresponding steroid conjugates (DhtG/S and TibS). Conjuga-
tion reduced the catalytic efficiency of AKR1C1 on DhtG and
DhtS compared with the free steroid Dht, whereas sulfonation
increased the apparent k_,, and K,,, of AKR1C1 for the reduc-
tion of TibS versus the free steroid. Interestingly, a complete
inversion in stereoselectivity was observed with AKR1C2 in
that the enzyme generated mainly 3a-hydroxy products from
Dht and DhtS but gave predominantly the 33-hydroxy steroid
product with DhtG at a much depressed reaction rate. In con-
trast, AKR1C2 displayed the same stereochemical and kinetic
behavior with Tib and TibS, generating selectively the 33-hy-
droxy steroid product with high k_,, values and strong substrate
inhibition. AKR1C3 was a weak enzyme producing mixed 3a-
and 3B3-hydroxy products for either the conjugated or the free
steroids in the Dht series, but forming mainly the 33-hydroxy
products with the steroids in the Tib series. Most strikingly,
AKRI1C4 retained its superior catalytic efficiency seen with Dht
with both DhtG and DhtS. Its preference for 3a-reduction was
also unchanged. AKR1C4 also displayed very similar stereo-
chemistry and kinetic parameters with Tib and TibS. There-
fore, with the exception of DhtG and AKR1C2, the stereochem-
ical outcomes of the reactions of steroid conjugates by
AKR1C1-4 were largely unchanged from those seen with the
respective free steroid. Kinetically, AKR1C1 and AKR1C2
appeared to have decreased catalytic ability with steroid conju-
gates, whereas AKR1C4 was a slightly more efficient enzyme
with the steroid conjugates.

Accommodating Nature of the AKRIC Substrate Binding
Site—Available crystal structures and molecular modeling
studies have suggested that the binding of the steroid substrate
in AKR1C enzymes is achieved by (i) the anchoring of one end
of the steroid (the keto-group) in the “oxyanion” hole by the
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catalytic residues and (ii) the positioning of the steroid nucleus
by surrounding hydrophobic residues (12-17). The other
end of the steroid is often untethered and located in a wide
opening where steroids were found to bind non-productively.

When the binding of steroid conjugates to AKR1C enzymes
was modeled, the present study showed that it is in this opening
where the conjugate group is accommodated. The presence of a
sulfate group at 17-position did not affect the position of the
3-ketone group in the active site, which is consistent with the
largely unchanged kinetic constants and stereochemistry of all
four AKR1C enzymes between the free and sulfated steroids.
However, the severely impaired turnover rate and the inversion
of stereochemistry for the reduction of DhtG catalyzed by
AKR1C2 compared with that of Dht suggest that the bulky and
flexible glucuronide group may have a more pronounced effect
on the position of the keto-group. In contrast, the similar
kinetic and stereochemical properties observed for the turn-
over of the free and conjugated steroids by AKR1C4 point to a
more accommodating active site.

Considering the high sequence identity shared by AKR1 fam-
ily members, it is conceivable that their ability to convert con-
jugated substrates may also extend to other enzymes in the
family, e.g. AKR1D1 (steroid 5B-reductase). Indeed, AKR1B
enzymes are able to reduce lipid aldehyde glutathione conju-
gates more efficiently than the free aldehyde (20). A glutathione
binding site in AKR1B was identified to account for the reduced
K, values observed for the conjugated substrate versus the free
aldehyde. However, a lack of a specific trend in changes in
kinetic parameters of AKR1C enzymes with the steroid conju-
gates versus the free steroids argue against a specific site in
AKRIC for the binding of the conjugate group. This is sup-
ported by the modeling, because the conjugate group of a ste-
roid substrate is largely outside of the steroid pocket of AKR1C
enzymes, and no specific interaction between the conjugate
group and the pocket residues could be identified.

Alternative Pathways in Steroid Metabolism—In steroid hor-
mone metabolism, AKR1C isoforms act as phase I enzymes and
are thought to precede the phase II conjugating enzymes. How-
ever, the finding that AKR1C isoforms act on steroid conjugates
raises the possibility that for some steroids conjugation (phase
II reaction) may occur before reduction (phase I reaction).
Therefore, in addition to the generally accepted metabolic
pathway where Dht is metabolized to Diol then to DiolG/S
(“reduction pathway”), Dht may be converted to DhtG/S and
then reduced to DiolG/S (“conjugation pathway”). Similarly,
Tib can be metabolized following the sequence of either Tib —
OH-Tib — OH-TibS (reduction pathway) or Tib — TibS —
OH-TibS (conjugation pathway). Alternative pathways for
androgen metabolism had been proposed earlier (21) but were
mostly disregarded, because there has been a lack of experi-
mental evidence to support such a proposal. Hochberg and col-
leagues found that the 178-HSD in human red blood cells cat-
alyzes the oxidation of both estradiol and its 3-sulfate and that
side-chain cleavage enzymes were able to act on both choles-
terol and cholesterol sulfate, supporting similar alternative
pathways for these steroids (22, 23). The current report dem-
onstrates for the first time that both the free and the conjugated
steroid may serve as substrates for AKR1C enzymes. The novel
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SCHEME 3. Conjugation pathway to 3a-Diol-17-G predominates in liver.
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activity of AKR1C isoforms on steroid conjugates prompted us
to re-evaluate their role in steroid hormone metabolism.

Role of AKRIC Enzymes in Hepatic Metabolism of Dht—In
the liver, testosterone from the gonad or from exogenously
administrated testosterone esters is reduced by type 1 5a-re-
ductase to form Dht (24). Dht is then metabolized to 3a-Diol
glucuronides. 3a-Diol-17-G is the predominant circulating
metabolite of Dht, which accounts for >80% of the total
3a-Diol glucuronides formed (25, 26). Levels of enzymatic
activity and expression of UDP-glucuronosyltransferases
(UGTs) and AKRIC isoforms indicate that the conjugation
pathway involving the sequential actions UGT2B15/17 and
AKR1C4 enzymes is an important pathway for the hepatic
metabolism of Dht (Scheme 3).

Liver is the principal site of glucuronidation, with UGT2B7
having the highest expression followed by UGT2B4, UGT2B15,
and UGT2B17, where the relative expressions are 90%, 70%,
and 50%, respectively, of UGT2B7 expression (27, 28). Of these
enzymes, UGT2B4 has low activity toward androgens and is
thus unlikely to play a major role in Dht metabolism. UGT2B7
favors conjugation at the 3-position, whereas UGT2B15 and
UGT2B17 are efficient enzymes for 178-glucuronidation.
UGT2B17 was found to be responsible for forming DhtG locally
in the liver, which can compete with the free Dht to act as an
endogenous substrate for AKR1C enzymes. Expression of
AKRI1C isoforms in fresh liver biopsies were found to follow the
rank order of AKR1C4 > AKR1C1 > AKR1C2 > AKR1C3 (7).
Thus, being the most abundant and catalytically efficient
enzyme with both free and conjugated Dht, AKR1C4 is set to be
the most important 3-keto reductase for Dht metabolism. The
comparable kinetic parameters of Dht and DhtG suggest that
both can be biologically relevant substrates for this enzyme.
However, if Dht were mostly metabolized by the reduction
pathway, formation of high levels of 3a-Diol-3-G by the most
abundantly expressed UGT2B7 would be expected, but this is
not supported by the metabolite profile of Dht. Because
3a-Diol-17-G is the major serum Dht metabolite, we conclude
that, contrary to the general belief, the conjugation pathway is
the major pathway for hepatic Dht metabolism.

No significant circulating levels of DhtS or Diol sulfates have
been found, although DhtS is known to be formed by sulfo-
transferase (SULT) 2A1 in the liver (29, 30). AKR1C enzymes
have similar stereochemistry and catalytic efficiencies with
DhtS versus Dht as substrate, thus Diol sulfates may be formed
via both the reduction pathway and the conjugation pathway.
SULTSs are low capacity enzymes in comparison to UGT. As a
result, low levels of DhtS and Diol sulfates are formed in the
liver. This is consistent with the Dht — DhtG — 3a-Dht-17-G
pathway as the major metabolic pathway for Dht in liver.
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SCHEME 4. Reduction pathway to 3a-Diol-17-G predominates in pros-
tate. RL-HSD, RoDH Like 3a-HSD.

Role of AKRIC Enzymes in Prostate Metabolism of Dht—In
androgen target tissues such as the prostate, Dht regulates the
growth and maintenance of the mature gland, and it is elimi-
nated by its metabolism to 3a/B-Diol and Diol glucuronides.
Although 3a-Diol is an inactive androgen, it can be converted
back to Dht by oxidative HSDs. The RoDH-like 3a-HSD has
recently been identified to be responsible for this back reaction
(31). 3B-Diol, on the other hand, is a proapoptotic ligand for
estrogen receptor f3, the activation of which is an important
growth constraint in the gland (32). Diol glucuronides have no
known biological effects but can be converted back to the free
steroids by active glucuronidases that are present in all tissues
of the body (33). However, less is known about their expression
levels, activities, and substrate specificity. Transcript profiling
in the prostate showed that AKR1CI-AKR1C3 but not
AKR1C4 are expressed in epithelial and stromal cells of the
prostate (34, 35), and only UGT2B15 and UGT2B17 were found
in the prostate (27, 28, 36). Taken together, the level of the
potent androgen Dht in this organ is regulated by enzymes in
the pathways shown in Scheme 4. Contribution from AKR1C3
is most likely to be small due to its low activity with Dht and Dht
conjugates. Because AKR1C2 inverts its stereochemistry to
3B-reduction with DhtG from 3a-reduction with Dht, the only
possible pathway for Dht to 3a-Diol-17-G is via the reduction
pathway involving the sequential reaction of AKR1C2 and
UGT2B15/17. This pathway would account for the formation
of 3a-Diol-17-G in the gland. The conversion of Dht to
3B-Diol-17-G, on the other hand, can follow either the reduc-
tion pathway (involving the sequential reactions of AKR1Cl1
and UGT2B15/17) or the conjugation pathway (involving the
sequential reactions of UGT2B17 and AKR1C1/2). However,
the low catalytic efficiencies of UGT2B15/17 for 33-Diol (37)
and AKR1C1/2 for DhtG explains why 33-Diol-17-G is not a
major metabolite. Thus the action of AKR1C1 in the reduction
pathway would be to provide a tissue reservoir of the free
3B-Diol that would remain unconjugated.

DhtS may be formed by SULT2B1 in prostate (30). However,
SULT2BI1 has no detectable activity toward 3a-Diol, and its
activity on 33-Diol has not been reported. SULT2B1 was found
to specifically catalyze the sulfonation of 3B-hydroxysteroids
such as dehydroepitestosterone with high catalytic efficiency,
suggesting formation of 3B-Diol-3-S is possible. Formation of
3a/B-Diol-17-S may also occur via the conjugation pathway,
but these metabolites have not been observed (20).

Role of AKRIC Enzymes in Tib Metabolism—The beneficial
effects of Tib are due to its estrogenic metabolites 3a- and
3B-OH-Tib (8). Although all human AKR1C enzymes are able
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SCHEME 5. Role of human AKR1C isoforms in the metabolism of Tib.

to convert Tib to 3a- and/or 38-OH-Tib in vitro (6), only
AKR1C1 and AKR1C2 were implicated for the metabolism of
Tib to 33-OH-Tib in liver and target tissues, and AKR1C4 was
found not to contribute significantly in 3a-OH-Tib formation
in liver (7). Sulfonation at the 173-hydroxy position of Tib is an
important phase II metabolic step (38, 39), suggesting that TibS
could be a possible source of substrate for AKR1IC1 and
AKR1C2 and that contribution from a conjugation pathway
where phase II SULTs precede AKR1C isoforms cannot be
ruled out. In addition, oxidative 3B-HSD that converts
3B-OH-Tib back to Tib and sulfatases that catalyze the des-
ulfonation of the 3-sulfonate group may be involved in Tib
metabolism in target tissues. Taken together, metabolism of
Tib in liver and target tissues may involve enzymes and path-
ways shown in Scheme 5.

SULT2AL in liver is responsible for forming the majority of
the sulfates of Tib and metabolites in plasma, and it is also the
only isoform capable of catalyzing bis-sulfonation (40). 33,17 -
TibS,, the second major metabolite in human (41, 42), may be
formed either via the conventional reduction pathway by the
sequential reactions of AKR1C1/2 and SULT2A1 or vice versa
via the conjugation pathway. SULT's, however, are low capacity
and high affinity enzymes. The slower formation of TibS com-
pared with that of 33-OH-Tib suggests that the reduction path-
way predominates.

In target tissues, Tib may be converted to 33-S-Tib by the
sequential reactions of AKR1C1/2 and SULT1E1 (reduction
pathway) and to 33-OH-Tib-17-S by the sequential reactions of
SULT1E1 and AKR1C1/2 (conjugation pathway). Although
AKRIC1 and AKR1C2 have comparable catalytic efficiency
with Tib and TibS, the preference of SULT1E1 for sulfonation
at 3-hydroxyl over the 17-hydroxyl group dictates that the
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reduction pathway dominates for Tib metabolism. It is impor-
tant to note that the steps in the reduction pathway are poten-
tially reversible. Thus, the levels of the steroids Tib (andro-
genic), 38-OH-Tib (estrogenic), and 3B-S-Tib (inactive) are
regulated by enzymes AKR1C1/2, SULT1EL, 33-HSD, and sul-
fatase. In different tissues, these metabolizing enzymes display
specific expression patterns that will regulate the availability of
the active metabolite 33-OH-Tib, contributing to tissue-spe-
cific actions of Tib.

In summary, we have demonstrated that AKR1C enzymes
are able to turnover conjugated steroids that are normally con-
sidered the end point of steroid metabolism before secretion.
This finding thus provides the evidence for alternative path-
ways of steroid metabolism where the phase I reaction (reduc-
tion) occurs after the phase II reaction (conjugation). It would
assist in the identification of the major metabolic pathway of
steroid hormones (and the enzymes involved) in different
organs, e.g. Dht is metabolized to its metabolite 3a-Diol-17-G
via the previously unrecognized conjugation pathway by the
sequential reactions of UGT2B17 and AKR1C4 in the liver, but
via the conventional reduction pathway by the sequential reac-
tions of AKR1C2 and UGT2B15/17 in the prostate. Further-
more, the finding of the novel activity of AKR1C enzymes on
steroid conjugates may also impact our understanding of the
metabolism of many other xenobiotics. In addition to steroids,
AKRI1C enzymes are known to have a broad substrate spectrum
that also includes but is not limited to prostaglandins, drugs,
and polycyclic aromatic hydrocarbons (43). The current study
extends the list of substrates for these enzymes to conjugates.
When AKR1C enzymes are implicated in the metabolism of
xenobiotics, possible activities toward the conjugate metabo-
lites of the parent compound should be considered.
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