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Abstract

Allopregnanolone (ALLO) and androsterone (ADT) are naturally occurring 3a-hydroxysteroids that
act as positive allosteric regulators of y-aminobutyric acid type A receptors. In addition, ADT
activates nuclear farnesoid X receptor and ALLO activates pregnane X receptor. At least with respect
to y-aminobutyric acid type A receptors, the biological activity of ALLO and ADT depends on the
3a-hydroxyl group and is lost upon its conversion to either 3-ketosteroid or 35-hydroxyl epimer.
Such strict structure-activity relationships suggest that the oxidation or epimerization of 3a-
hydroxysteroids may serve as physiologically relevant mechanisms for the control of the local
concentrations of bioactive 3a-hydroxysteroids. The exact enzymes responsible for the oxidation
and epimerization of 3a-hydroxysteroids in vivo have not yet been identified, but our previous studies
showed that microsomal nicotinamide adenine dinucleotide-dependent short-chain dehydrogenases/
reductases (SDRs) with dual retinol/sterol dehydrogenase substrate specificity (RoDH-like group of
SDRs) can oxidize and epimerize 3a-hydroxysteroids in vitro. Here, we present the first evidence
that microsomal nicotinamide adenine dinucleotide-dependent 3a-hydroxysteroid dehydrogenase/
epimerase activities are widely distributed in human tissues with the highest activity levels found in
liver and testis and lower levels in lung, spleen, brain, kidney, and ovary. We demonstrate that RoDH-
like SDRs contribute to the oxidation and epimerization of ALLO and ADT in living cells, and show
that RoDH enzymes are expressed in tissues that have microsomal 3a-hydroxysteroid
dehydrogenase/epimerase activities. Together, these results provide further support for the role of
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RoDH-like SDRs in human metabolism of 3a-hydroxysteroids and offer a new insight into the
enzymology of ALLO and ADT inactivation.
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3a-Hydroxysteroids are formed endogenously as natural products of cholesterol metabolism.
Some of these compounds exhibit potent regulatory properties. For example, a C; 3a-
hydroxysteroid allopregnanolone (ALLO, 3a-hydroxy-5a-pregnan-20-one) binds to y-
aminobutyric acid type A (GABA ) receptors with high affinity and potentiates y-aminobutyric
acid-evoked chloride ion channel conductance (1-3). Other actions of ALLO include the
induction of myelin formation (4,5), promotion of neuronal survival (6,7), and delay of the
onset and severity of neurodegenerative pathology in a mouse model of Niemann-Pick’s
disease (8). As suggested recently, the latter effect may be due to ALLO activation of pregnane
X receptors (9).

Similarly to ALLO, a Cqg 3a-hydroxysteroid androsterone (ADT, 3a-hydroxy-5a-
androstan-17-one), which is the major metabolite of testosterone and the first androgen to be
identified (10), acts as a positive allosteric regulator of GABAA receptors, and exhibits
anticonvulsant properties (11). Inaddition to regulating the membrane GABA receptors, ADT
appears to function as a direct activator of the nuclear farnesoid X receptor (12), suggesting a
role for ADT in modulation of cholesterol, lipid, and glucose metabolism (13).

At least with respect to GABA, receptors, the biological potencies of both ALLO and ADT
are determined by the functional group at carbon 3. The oxidation of 3a-hydroxyl group to 3-
ketone group results in a loss of biological activity (14). Furthermore, the 34-epimers of both
compounds, epiallopregnanolone (epiALLO) and epiandrosterone (epi-ADT), are not only
inactive (10,15), but epiALLO is known to act as a functional antagonist of ALLO at
GABA receptors (16-20). Such strict structure-activity relationships suggest that the
oxidation and epimerization of 3a-hydroxysteroids might serve as physiologically relevant
mechanisms for the regulation of their physiological actions.

In vitro, the oxidation of 3a-hydroxysteroids can be catalyzed by two types of enzymes: the
cytosolic aldo-keto reductases (AKRs) and the membrane-bound short-chain dehydrogenases/
reductases (SDRs). Although bidirectional in vitro, the NADP*-dependent AKRs function in
the reductive direction in living cells and are thought to be primarily responsible for the
reduction of 3-ketosteroids to 3a-hydroxysteroids (21). On the other hand, the oxidation of
3a-hydroxysteroids to 3-ketosteroids is thought to be carried out by the members of the SDR
superfamily of proteins (22—-28). Some of these enzymes, specifically retinol/sterol
dehydrogenase (RoDH)-like SDRs, can also catalyze the conversion of ADT and ALLO to
their respective 3f-epimers in vitro (23-25).

RoDH-like SDRs are bifunctional nicotinamide adenine dinucleotide (NAD*)-dependent
microsomal enzymes that recognize both retinoids (thus the name RoDH for retinol
dehydrogenase) and 3a-hydroxysteroids as substrates (29). Humans have four microsomal
SDRs with a 3a-hydroxysteroid dehydrogenase (3a-HSD) activity: RoDH-4 (28), RoDH-like
3a-HSD (RL-HSD) (22,23,25), retinol dehydrogenase-like (RDHL, also known as nonhepatic
3a-HSD (24)], and 11-cis-retinol dehydrogenase (11-cis-RDH) (30). Two of these enzymes,
RL-HSD and RDHL, exhibit both a 3a-HSD and a 3(a—/)-hydroxysteroid epimerase (3
(a—p)-HSE) activities in vitro (23,25).

Few studies that have been carried out thus far have shown that the microsomal NAD*-
dependent 3a-HSD activity exists in rat brain (31-33) and in human lung (34). These studies
examined the activity of microsomes in the reverse direction, the reduction of 3-ketosteroids
[5a-dihydroprogesterone (DHP) or 5a-dihydrotestosterone (DHT)] to their corresponding
alcohol forms in the presence of reduced nicotinamide adenine dinucleotide (NADH). Under
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these conditions, epimerization of the 3a-hydroxyl group to 34-hydroxyl group could not have
been detected. To date, it remains unknown whether human or animal tissues possess a
microsomal 3(a—f)-HSE activity and whether the tissue 3a-HSD/3(a—f)-HSE activity could
be due to the presence of RoDH-like SDR dehydrogenases/epimerases. Furthermore, it has not
yet been established whether RoDH-like SDRs can oxidize or epimerize ALLO and ADT in
the cellular environment. To address these questions, we investigated the distribution and levels
of microsomal 3a-HSD/(a—f)-HSE activity in human tissues, examined relative potencies of
SDR enzymes as 3a-HSDs and 3(a—/)-HSEs in living cells, and established whether RoDH-
like SDRs are expressed in tissues that possess the microsomal NAD*-dependent 3a-HSD/3
(a—p)-HSE activities.

Materials and Methods

Isolation of the light membrane fractions from human tissues

Frozen samples of testis, lung, ovary, kidney, heart, spleen, and skeletal muscle were obtained
from the Anatomical Gift Foundation and stored at —80 C. Human brain samples were provided
by the Alzheimer Disease Center of the University of Kansas Medical Center. Frozen tissues
were homogenized in 50 mM Tris-acetate buffer, pH 7.4, 1 mM dithiothreitol, 0.1 mM EDTA,
0.25 M sucrose. Cellular debris and mitochondria were removed by centrifugation at 1,000 x
g and 10,000 x g, respectively, for 15 min each. The light membrane fraction was pelleted by
centrifugation at 105,000 x g for 2 h through a 0.6 M sucrose cushion and resuspended in 90
mM potassium phosphate, pH 7.4, 40 mM KCI, 0.1 mM EDTA, 1 mM dithiothreitol, 20%

glycerol. Protein concentration was determined by Lowry et al. (35) using BSA as a standard.

Activity assays

The light membrane fractions of human tissues were incubated with tritiated steroids in the
presence of 1 mM NAD* at 37 C for various times as indicated. All reactions were carried out
in 90 mM potassium phosphate, pH 7.4, and 40 mM KCI (reaction buffer) in siliconized glass
tubes as described previously (28). Commercially available radiolabeled steroids (NEN Life
Science Products, Boston, MA) (~40-60 Ci/mmol each) were diluted with cold steroids
(Steraloids Inc., Newport, RI; and Sigma, St. Louis, MO) dissolved in dimethyl sulfoxide
(Me,S0). The 1254l reactions (final concentration of Me,SO < 1%) were started with the
addition of membranes. The reactions were stopped by adding 25 volumes of methylene
chloride and placed on ice, followed by centrifugation. The organic layer was evaporated under
a stream of nitrogen and dissolved in 40 ul of methylene chloride. Steroids were separated by
development in toluene:acetone (4:1) on silica gel thin-layer chromatography (TLC) plates
(Sigma). TLC plates containing 3H-labeled steroids were exposed to Phosphorimager tritium
screen (GE Healthcare Life Sciences, Piscataway, NJ) overnight, and the intensity of the bands
was calculated using ImageQuanT 5.0 program. In addition, TLC plates were cut into 1-cm
wide sections, which were then counted in scintillation fluid (Bio-Safe Il; Research Products
International Corp., Mt. Prospect, IL). Products of each reaction were identified by comparison
with reference steroids. A control without added cofactor was included with each sample. Sf9
insect cell microsomes containing recombinant enzymes were used as positive controls for
3a-HSD activity.

Preparation of human embryonic kidney (HEK) 293 cells stably transfected with human
RoDH-like SDRs

For measurements of RoDH-like SDR activities in the cells, the cDNAs for RoDH-4 and RL-
HSD were stably transfected into HEK293 cells (ATCC, Manassas, VA). The cDNA for
RoDH-4 was cloned into a eukaryotic expression vector pIRESneo (Clontech, Mountain View,
CA), which was cleaved with BstXI and blunt-ended with T4 DNA polymerase, then digested
with BamHI. RoDH-4 cDNA previously cloned into Bglll and Xbal restriction sites of
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pVL1392 vector (28) was cleaved on the 3’ end with Xbal endonuclease. The cleaved end was
blunt-ended with T4 DNA polymerase, and the cDNA was excised from the pVL1392 vector
by cleaving its 5’ end with Bglll endonuclease. RoDH-4 cDNA with one sticky end (Bglll site)
and one blunt end was ligated into the BamHI site (compatible with Bglll) and the blunt site
of pIRESneo.

To prepare expression vector for RL-HSD, the corresponding cDNA previously cloned into
the BamHI and EcoRl restriction sites of pVVL1393 vector (23) was cleaved on the 3’ end with
EcoRI endonuclease followed by blunt-ending with T4 DNA polymerase, and then excised
from pVL1393 vector by cleaving on the 5’ end with BamHI endonuclease. RL-HSD cDNA
with one sticky end (BamHI site) and one blunt end was ligated into the matching sites of
pIRESneo prepared as described above. All expression constructs were verified by sequencing.

pIRES vectors containing RoDH cDNAs were transfected into HEK293 cells using
Lipofectamine and Plus Reagent in Opti-MEM medium as suggested by the manufacturer
(Invitrogen, Carlsbad, CA). Control cells were prepared by transfecting empty pIRESneo
vector into HEK293 cells. Forty-eight hours after transfection, the cells received fresh MEM
supplemented with 10% horse serum and antibiotic G418 (0.4 mg/ml). After 2 wk postplating,
independent G418-resistant cell foci were isolated with cloning rings, detached with trypsin-
EDTA, and transferred to 96-well multiwell dishes. The cloned cell lines were expanded in
MEM containing G418 (0.4 mg/ml). HEK293 cells stably transfected with RDHL were
obtained from Dr. D. P. Uzunov (Neuroscience Research, Novartis Institutes for BioMedical
Research, Novartis Pharma AG, WSJ-386.3.264002, Basel, Switzerland) (36).

Cells stably expressing RoDH-like SDRs were incubated with tritiated ALLO, ADT, or DHP
for various times as indicated. DHP was synthesized enzymatically by incubating 1 M
radiolabeled ALLO with 10-20 ug of RoDH-4-expressing Sf9 microsomes in the presence of
1 mM NAD™ in 1 ml for 30 min at 37 C and purified by TLC.

The apparent K, value of RoDH-4 for the oxidation of ALLO was determined at a fixed
NAD* (1 mM) concentration and six concentrations of ALLO between 0.0625 and 1.0 uM
using microsomal preparation of RoDH-4 expressed in Sf9 cells as described previously (28).
The amount of enzyme was adjusted so that the product formed was less than 10% of the
amount of substrate within the 15-min reaction time and was linearly proportional to the amount
of microsomes added. A baseline value obtained in the absence of added cofactor was
subtracted from each experimental data point.

Western blot analysis and immunohistochemistry

Polyclonal antisera were raised in rabbits against the N-terminal fragment of RoDH-4 (amino
acids 22-104), the C-terminal fragment of RoODH-4 (amino acids 159-304), the N-terminal
fragment of RL-HSD (amino acids 22-104), and the N-terminal fragment of 11-cis-RDH
(amino acids 22-103). In addition, polyclonal antiserum against the protein-specific peptide
ERMKQSWKEAPKHIKETYGQQY of RL-HSD was raised in chickens by Cocalico
Biologicals Inc. (Reamstown, PA) Affinity-purified chicken IgY fraction was obtained using
peptide coupled to agarose.

For Western blot analysis, microsomal proteins extracted from tissue samples were separated
in 12% denaturing polyacrylamide gel, and transferred to Hybond-P membrane (Amersham
Pharmacia Biotech, Piscataway, NJ). Protein was detected using ECL Western blotting analysis
system (Amersham Pharmacia Biotech) according to the manufacturer’s instructions. The
rabbit polyclonal primary antisera were used at a 1:3000 to 1:5000 dilution, chicken anti-
peptide antiserum was used at a 1:500 dilution. The antisera were diluted in 3% BSA, 20 mM
Tris, pH 7.6, 137 mM NaCl, and 0.1% Tween 20. Visualization was performed using
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horseradish peroxidase-conjugated antirabbit antibodies (at 1:10,000 dilution) and ECL
Western blotting detection reagents (Amersham Pharmacia Biotech).

For immunohistochemical analysis, the Hybrid-Ready Human Neural Tissue Slides from
Novagen (Madison, WI) were deparaffinized by three 5-min washes in different containers of
xylenes. Xylenes were removed by two 5-min washes in 100% ethanol, and endogenous tissue
peroxidase activity was inactivated by incubating the slides with 3% H,0, in absolute methanol
(1:4) for 5 min. Tissue was rehydrated by a series of 5-min washes in containers with decreasing
concentrations of ethanol (95%, 70%, 50%, and 30%) and washed twice in PBS. Nonspecific
antibody binding was blocked by incubation for 30 min at room temperature in PBS containing
10% of goat serum. Sections were incubated overnight at 4 C in primary anti-RoDH-4
antibodies diluted 1:100 in PBS with 0.2% Triton X-100 (PBS-TX). The next day, sections
were washed three times in PBS-TX for 5 min each, and then incubated for 1 h in goat antirabbit
secondary antibody conjugated to horseradish peroxidase (1:50; Jackson ImmunoResearch,
West Grove, PA) in PBS-TX at room temperature. Sections were washed for 5 min in PBS-
TX, followed by two 5 min washes in 0.1 M Tris-saline. Antigen-antibody complexes were
visualized by incubation in 3,3’-diaminobenzidine in 0.1 M Tris-saline containing 0.001%
H,0, for 10-15 min, and then rinsed in PBS for 5 min and in distilled water for 3 min. Sections
were dehydrated through graded ethanol, cleared in xylene, and mounted with Permount
(Fisher Scientific, Pittsburgh, PA). Histochemical controls included incubations with
preimmune serum and omission of the primary antiserum. Assays were repeated on three to
five occasions; results of these experiments agreed, attesting to the consistency of the method.
Substitution of immune serum for preimmune serum or omission of primary antiserum resulted
in no specific staining.

Distribution of microsomal 3a-hydroxysteroid dehydrogenase/epimerase activity in human

tissues

To determine whether human tissues possess microsomal 3a-HSD/3(a—/)-HSE activities,
light membrane fractions were isolated from eight different human tissues and incubated with
two different 3a-hydroxysteroids, ALLO and ADT, in the presence or absence of NAD*.
Reaction products were analyzed by TLC. As can be seen on radiochromatogram in Fig. 1, the
products of 3a-hydroxyl oxidation of both ALLO and ADT were observed in all reactions
except those that contained membranes from heart and skeletal muscle. The 3a-hydroxyl
oxidation depended on the addition of NAD™* because little or no product was formed in its
absence. To adjust for the great range of activity levels among tissues, different amounts of
microsomes were used for different tissue samples. The amount of radioactivity associated
with the product generated by samples with the lowest activity was at least 5-fold greater than
the background radioactivity of the flanking plate segments.

The highest levels of 3a-HSD activity were detected in liver and testis (Table 1). Spleen and
lung had at least 140-fold lower activities (Table 1), and ovary, kidney, and brain displayed
approximately three orders of magnitude lower activities than liver or testis (Table 1). These
results demonstrated that many human tissues contain microsomal NAD*-dependent 3a-HSD
activity and that its levels vary greatly among tissues.

In addition to 3-ketone products, some of the tissue microsomes produced 34-epimers of ALLO
and ADT. ADT was actively epimerized by microsomes from liver, testis, lung, spleen, and
brain, whereas epimerization of ALLO was detected in the reactions with liver, testis, and
spleen microsomes. Importantly, the 3(a—4)-HSE activity required NAD™* as a cofactor and
was detected only in those reactions that also produced 3-ketosteroids, suggesting that
epimerization occurs via 3-ketosteroids as intermediate products. These results demonstrated
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for the first time that human tissue microsomes possess an NAD*-dependent 3(y—)-HSE
activity.

Because of great interest in the regulation of biosynthesis and degradation of 3a-
hydroxysteroids in the brain (37), we examined the microsomal 3a-HSD/3(a—f)-HSE
activities of human brain in more detail. It was reported that the NAD*-dependent 3a-HSD
activity exhibits a region-specific distribution in rat brain (33); therefore, samples from three
different regions of human brain were used for analysis. ADT was oxidized and epimerized in
all three brain regions, but the relative activities appeared to be higher in caudate nucleus and
thalamus than in corpus callosum (Fig. 2). Similarly, ALLO was oxidized by microsomes from
all three regions, but thalamus microsomes appeared to be the most active. Some epimerization
of ALLO was also detected, although it was weaker compared with epimerization of ADT.
Thus, analysis of brain regions from two donors confirmed that 3a-hydroxysteroids can be
oxidized and epimerized by human brain microsomes in the presence of NAD* and suggested
that both 3a-HSD and 3(a—f)-HSE activities may be distributed in a brain region-specific
manner.

Characterization of the 3a-HSD/3(a—)-HSE activities of human RoDH-like SDRs in living

cells

To determine whether RoDH-like enzymes are capable of oxidizing and epimerizing ALLO
and ADT in living cells, we prepared cell lines stably transfected with each enzyme and
incubated the cells with either ALLO or ADT. With ADT as substrate, there was a clear
difference in the products of ADT metabolism depending on the enzyme expressed in the cells
(Fig. 3A). RL-HSD-transfected cells quickly produced significant amounts of both
androstanedione (5a-dione) and epiADT. By 24 h, most of the ADT in these cells had been
metabolized (Fig. 3A). In contrast, RoDH-4 and RDHL-transfected cells produced primarily
5a-dione and little if any epiADT (Fig. 3A). These results indicated that metabolism of ADT
in living cells transfected with various RoDH-like enzymes correlated well with the in vitro
activities of the respective enzymes (23-25,28).

Interestingly, metabolism of ALLO in the cells was different from that of ADT. As expected,
ALLO was oxidized to DHP only in the cells transfected with one of RoDH enzymes but not
in mock-transfected cells (Fig. 3B). However, in contrast to enzyme-specific epimerization of
ADT, all stably transfected cell lines produced epiALLO (Fig. 3B). Previous in vitro studies
suggested that only two of the enzymes, RL-HSD and RDHL, can epimerize ALLO to
epiALLO (23-25). Kinetic analysis of RoDH-4 carried out in this study showed that, although
RoDH-4 is a highly active ALLO dehydrogenase (the apparent Ky, value of 0.43 + 0.08 uM
and the Vmax value of 19.0 + 1.5 nmol - min~tmg~ of microsomal protein), this enzyme does
not display an appreciable ALLO epimerase activity. A similar conclusion has been reached
with respect to 11-cis-RDH, except 11-cis-RDH appeared to be less active as ALLO
dehydrogenase than RoDH-4 (data not shown). Therefore, it was surprising that significant
epimerization of ALLO nevertheless was observed in cells stably transfected with RoDH-4.
This observation suggested that HEK293 cells might contain an endogenous enzyme(s) that
can reduce DHP produced by all RoDH enzymes to epiALLO, but not 5a-dione to epiADT.

To test this hypothesis, mock-transfected and RoDH-transfected cells were incubated with
either DHP or 5a-dione, and the reaction products were analyzed by TLC. As shown in Fig.
4, there was a clear difference in the cellular metabolism of DHP vs. 5a-dione. 5a-Dione was
converted to epiADT in RL-HSD-transfected cells, but not in mock-transfected cells (Fig. 4A),
whereas DHP was converted to epiALLO in all cell lines examined including the mock-
transfected cells (Fig. 4B). The rate of DHP reduction to epiALLO by mock-transfected cells
(6 pmol - min~1 -mg~1) was 10-fold greater than the rate of 5a-dione reduction to epiADT.
This observation confirmed that HEK293 cells contain an endogenous enzyme that strongly
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prefers DHP over 5a-dione as a substrate. Furthermore, this enzyme appeared to specifically
reduce DHP to 34-hydroxyl epimer (epiALLO) because no production of 3a-hydroxy epimer
(ALLO) could be detected.

To obtain additional information regarding the identity of the DHP 3p-hydroxysteroid
oxidoreductase (34-HSOR) in HEK293 cells, we determined its subcellular localization and
cofactor preference. The activity was found in both the cytosolic and microsomal fractions
(Fig.5). Importantly, unlike microsomal RoDHs, both types of endogenous 33-HSOR activities
preferred NADPH as a cofactor and little or no activity was detected with NADH. Hence, these
enzymes could not have contributed to the NAD*-dependent epimerization of ADT or ALLO
observed with human tissue microsomes in experiments described in Fig. 1.

To determine whether any of the RoDH enzymes can convert DHP to epiALLO in the cells
and thus contribute to epimerization of ALLO, we measured the rates of DHP reduction to
epiALLO by the stably transfected cell lines. These assays revealed that cells transfected with
RoDH-4 or RDHL reduced DHP at a rate similar to that of mock-transfected cells, suggesting
that neither RoDH-4 nor RDHL contribute significantly to the overall rate of DHP conversion
to epiALLO. In contrast, cells transfected with RL-HSD had a 2-fold higher rate of DHP
reduction than mock-transfected cells (12 vs. 6 pmol - min~1 . mg™1). Furthermore, with 5a-
dione as substrate, the rate of 35-epimer (epiADT) formation in RL-HSD-transfected cells was
as high as 37 pmol - min~1 - mg~! compared with only 0.6 pmol - min~ - mg™1 for mock-
transfected cells (Fig. 3B). This suggested that RL-HSD could act as a 38-HSOR in living cells.
However, its 35-HSOR activity would be distinctively different from that of the endogenous
microsomal or cytosolic DHP 34-HSOR, because RL-HSD would use NADH as a cofactor.

In summary, analysis of RoDH activities in the cells indicated that RL-HSD could contribute
to epimerization of ADT and ALLO in vivo, whereas RoDH-4, RDHL, and 11-cis-RDH would
contribute primarily to 3a-hydroxyl oxidation of these steroids.

Expression of RoDH-like SDRs in human tissues

To determine whether RoDH-like SDRs are expressed in tissues with microsomal 3a-HSD/3
(a—p)-HSE activity, we examined the expression pattern of RoDH-like proteins in human
tissues. Five different antibody preparations generated by our laboratory were available for
this study: rabbit polyclonal antibodies against the N-terminal fragments of RoDH-4, RL-HSD,
and 11-cis-RDH; rabbit polyclonal antibodies against the C-terminal fragment of RoDH-4; and
chicken antibodies against a peptide specific for RL-HSD.

Specificity of the antibodies was characterized using recombinant proteins expressed in Sf9
cells. Antibodies against the N-terminal fragment of RL-HSD (Fig. 6A, lane 3) cross-reacted
with RoDH-4 because of the high sequence conservation between the two proteins in this region
(88% amino acid identity). These antibodies also reacted weakly with RDHL, but did not react
with 11-cis-RDH (Fig. 6A). Antibodies against the C-terminal region of RoDH-4 (Fig. 6B)
and the N-terminal region of 11-cis-RDH (data not shown) were specific for the respective
proteins. Interestingly, side-by-side Western blot analysis revealed that of RoDH-like proteins
have different electrophoretic mobility in SDS-PAGE, suggesting that they can be also
distinguished based on their electrophoretic mobility. 11-cis-RDH was the fastest moving
protein (data not shown), followed by RL-HSD, RDHL, and RoDH-4 (Fig. 6).

Western blot analysis of RoDH protein expression was carried out using the light membrane
fractions from the same human tissues that were examined for 3a-HSD activity above.
Consistent with their cross-reactivity, antibodies against the conserved N-terminal domains of
RL-HSD and RoDH-4 recognized two protein bands in liver. Electrophoretic mobility of the
lower band was identical to that of RL-HSD, whereas electrophoretic mobility of the upper
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band was identical to RoDH-4 (Fig. 6A), indicating that liver contains both of these proteins.
The identities of these bands were further confirmed using RoDH-4-specific (Fig. 6B) and RL-
HSD-specific (Fig. 6C) antibodies. In contrast to liver, only one protein band was detected in
testis. This protein band was identified as RL-HSD, based on its characteristic electrophoretic
mobility and recognition by RL-HSD-specific anti-peptide antibodies (Fig. 6C). Expression
levels of RoDH-like SDRs in other tissues were below the detection limit of Western blot
analysis.

RoDH expression in human brain was investigated by immunohistochemistry. This was done
using protein-specific antibodies against either the C terminus of RoDH-4 or the N terminus

of 11-cis-RDH, because these antibodies were the most specific and sensitive of all available
antibody preparations. Anti-peptide antibodies specific for RL-HSD proved to be ineffective
for immunohistochemical analysis of either brain or liver tissue sections.

Staining with RoDH-4-specific antiserum revealed that RoDH-4 was localized in neurons of
human cerebellum, diencephalon, and cerebral cortex (Fig. 7). Similar neuronal expression
pattern of RoDH-4 was observed in human thalamus, spinal cord, pons, medulla oblongata,
and hippocampus (data not shown). 11-cis-RDH expression was also detected in neurons of
human hippocampus and thalamus. Thus, both RoDH-4 and 11-cis-RDH were found to be
expressed in the human brain and, therefore, could contribute to the 3a-hydroxyl oxidation of
neurosteroids.

Discussion

In this study, we analyzed the distribution of the NAD*-dependent microsomal 3a-HSD
activity in human tissues and demonstrated, for the first time, that microsomes from some
tissues possess not only a 3a-HSD but also an NAD*-dependent 3(a—f)-HSE activity. The
requirement for NAD* as a cofactor for both the dehydrogenase and epimerase reactions and
the obligatory appearance of a 3-ketosteroid in each reaction where epimerization was observed
suggested that epimerization occurred in two steps, the oxidation of 3a-hydroxyl group
followed by the reduction of 3-ketone group to 3-hydroxyl group, much like it has been
described recently for 3(a—f) epimerization of vitamin D (38).

Based on our current knowledge, such two-step epimerization of ADT and ALLO can be
carried out in vitro only by the members of RoDH-like group of SDRs and, specifically, by
RL-HSD and RDHL (23-25). No other microsomal enzyme has been shown to oxidize or
epimerize 3a-hydroxysteroids in the presence of NAD*. RL-HSD has much lower K, values
for ADT (0.23 uM) and ALLO (0.24 xM) than RDHL (24 and 5 M, respectively), and thus,
itis likely that RL-HSD is the primary enzyme responsible for epimerization of these
compounds by human tissue microsomes under the conditions of the assay. The catalytic
efficiency of RL-HSD for the oxidation/epimerization of ADT is 2.5-fold higher than that for
ALLO (23). This might explain why epimerization of ALLO occurs less efficiently and,
therefore, is detectable in fewer tissues than epimerization of ADT. This also suggests that
NAD™*-dependent epimerization of ADT may be a good marker of RL-HSD activity.

The highest levels of 3(a—f)-HSE activity are observed in liver and testis, which also contain
high levels of RL-HSD protein. Although RL-HSD protein is undetectable in other tissues by
western blotting, Northern blot analysis shows that RL-HSD is expressed in human lung and
spleen, both of which possess the microsomal ADT epimerase activity, suggesting the presence
of catalytically active RL-HSD protein. Previously, we reported that RL-HSD is expressed in
many areas of human brain, but the distribution of the message across brain areas appeared to
be uneven, being higher in caudate nucleus and thalamus and lower in corpus callosum (23).
This study showed that human brain microsomes exhibit ADT epimerase activity, which is
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also higher in caudate nucleus and thalamus and lower in corpus callosum. Thus, the
distribution of microsomal 3(a—/)-HSE activity in the brain and in other human tissues is in
agreement with the expression pattern of RL-HSD.

Uneven distribution of ALLO metabolizing enzymes across brain areas has been implicated
in the regulation of the local concentrations of ALLO (33), which would affect GABAA
receptor conductivity in a region-specific manner. It has been shown that the levels of ALLO
and DHP vary in different regions of human brain (39). The results of this study suggest that
uneven distribution of the 3(a—/)-HSE activity could create different local concentrations of
not only DHP but also of epiALLO, providing a mechanism for further fine-tuning of
GABA receptor conductivity by regulating the ratio between ALLO and its functional
antagonist epiALLO.

In recent years, there has been an increase in recognition of potential physiological significance
of epiALLO. Elevated levels of epiALLO were found in women with chronic fatigue syndrome
(40). On the other hand, patients with panic disorder were reported to have lower than normal
concentrations of epiALLO but greater concentrations of ALLO (41-43). Opposite changes in
the ratio of ALLO/epiALLO were found in patients with major depression (44-47) and
premenstrual syndrome (48). Thus, disequilibrium between ALLO and epiALLO appeared to
be associated with certain psychopathologies, suggesting that controlled formation of
epiALLO may be physiologically important.

Although RDHL, RoDH-4, and 11-cis-RDH are themselves not efficient as epimerases, their
3a-HSD activity may contribute to epimerization of 3a-hydroxysteroids by providing 3-
ketosteroids for the NADP*-dependent 33-HSORs identified in this study for the first time.
This pathway could play a role specifically in epimerization of ALLO, because, as shown in
the present study, there are cytosolic and microsomal NADP*-dependent 38-HSORs that can
reduce DHP to epiALLO. The identity of the NADP*-dependent DHP 38-HSORs is currently
unknown, but it is possible that some members of the AKR family of proteins (49) could
catalyze DHP reduction in the cytosol, whereas the microsomal NADP*-dependent reduction
of DHP could be carried out by some members of the SDR protein superfamily (50). In support
of the latter notion, NADP*-dependent microsomal 38-HSORs have been described in rat,
mouse, and hamster, and an NADP*-dependent 38-HSOR activity has been demonstrated in
human liver (51). Together, the NAD*-dependent 3a-HSDs and the NADP*-dependent DHP
reductases could regulate the local concentrations of ALLO and epi-ALLO in a brain-region
specific manner, depending on their expression pattern in the brain.

Overall, the expression pattern of RDHL, RoDH-4, and 11-cis-RDH is consistent with their
role in brain 3a-hydroxysteroid metabolism. In the present study, RoDH-4 and 11-cis-RDH
were both localized by immunohistochemistry in several areas of human brain, and the
expression of RDHL mRNA in brain has been reported previously (24). In addition to brain,
these enzymes may also contribute to 3a-HSD metabolism in a number of other tissues.
RoDH-4 was shown to be highly expressed in the liver, RDHL message was detected at high
levels in trachea and at lower levels in colon, lymph node, bone marrow, and placenta (24),
whereas 11-cis-RDH message was detected at some level in most tissues (30). Importantly, as
shown here, all human RoDH-like SDRs can oxidize or epimerize ADT and ALLO in living
cells, indicating that these enzymes can function as 3a-HSDs/3(a—f)-HSE under
physiologically relevant conditions.

In support of the role of RoDH-like enzymes in human 3a-hydroxysteroid metabolism, RL-
HSD has been recently identified as the major oxidative 3a-HSD that converts inactive 3a-
androstanediol to a potent androgen dihydrotestosterone in human prostate (52). Interestingly,
in the case of 3a-androstanediol, RoDH-like SDRs convert a less potent compound to a more
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potent compound, whereas in the case of ALLO or ADT, RoDH activity results in a decrease
of their biological potencies at GABAA receptors. This observation suggests that the
physiological outcome of RoDH activities will be determined by the availability of specific
substrates and molecular targets present in specific types of cells and tissues. Identification of
RoDH-like SDRs as steroid molecular switches, which could have an impact on the regulation
of GABA,, androgen, farnesoid, and pregnane receptors, makes them important targets for
potential pharmacological interventions.
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Abbreviations

ADT

Androsterone, 3a-hydroxy-5a-androstan-17-one
AKR

aldo-keto reductase
ALLO

allopregnanolone, 3a-hydroxy-5a-pregnan-20-one
11-cis-RDH

11-cis-retinol dehydrogenase
DHP

5a-dihydroprogesterone, 5a-pregnan-3, 20-dione
5a-Dione

androstanedione, 5a-androstan-3,17-dione
EpIALLO

epiallopregnanolone, 3-hydroxy-5a-pregnan-20-one
GABA,

y-aminobutyric acid type A
HEK

human embryonic kidney
3a-HSD

3a-hydroxysteroid dehydrogenase
HSE

hydroxysteroid epimerase
3p-HSOR

3p-hydroxysteroid oxidoreductase
NAD

nicotinamide adenine dinucleotide
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NADH
reduced nicotinamide adenine dinucleotide
RDHL
RDH-like
RL-HSD
RoDH-like 3a-HSD
RoDH
retinol/sterol dehydrogenase
SDR
short-chain dehydrogenase/reductase
TLC
thin-layer chromatography
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Fig. 1.

Distribution of the NAD*-dependent microsomal 3a-HSD/3(a—f)-HSE activity in human
tissues. The light membrane fractions were incubated in the presence of 1 mM NAD™* and 1
uM ADT (A) or 1 uM ALLO (B) for 1 hat 37 C. Ten micrograms of liver and testis membranes
were used in the reaction with ADT and 2.5 micrograms were used in the reaction with ALLO.
For all other tissues, the reactions contained 62 ug of the membrane protein. Control samples
contained the same amount of protein but lacked the cofactor. A sample with recombinant RL-
HSD was included as a positive control for the 3a-HSD activity. It should be noted that different
postmortem collection times could differentially influence enzyme activities in various tissues,
although the activities of recombinant RoDH-like SDRs in microsomal preparations are rather
stable.
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The NAD*-dependent microsomal 3a-HSD/3(a—)-HSE activity of human brain. The light
membrane fractions from corpus callosum (CC), caudate nucleus (CN), and thalamus from
two different donors (TH1 and TH2) were incubated with 1 uM ADT or 1 uM ALLO in the
presence or absence of 1 mM NAD™ at 37 C for 2 h. The amount of protein used in each reaction
was as follows: 140 ug CC1, 340 ug CN1, 160 xg TH1, 190 g CC2, and 90 xg TH2. Caudate
nucleus from donor 2 is shown in Fig. 1.
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Fig. 3.

Radiochromatogram of the products of RL-HSD, RoDH-4, and RDHL enzymatic activities in
living cells. HEK293 cells stably transfected with SDR cDNAs (RoDH-4, RL-HSD, RDHL)
or with empty vector (Mock) were incubated with either 1 uM ADT (A) or 1 uM ALLO (B)

for indicated times. Reaction products were extracted and analyzed by TLC.
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Fig. 4.

Metabolism of DHP and 5a-Dione in cells stably transfected with RL-HSD, RoDH-4, and
RDHL. The cells were incubated with 0.58 uM 5a-Dione for 1 h (A) or with 0.72 uM DHP for
3.5 h (B). The products were extracted and analyzed by radiochromatography. ALLO st.,
ALLO standard; ADT st., ADT standard.
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Fig. 5.

Subcellular localization and cofactor preference of the endogenous 35-HSOR activity of
HEK?293 cells. Mock-transfected HEK293 cells were fractionated to obtain the cytosolic and
microsomal fractions. Equal portions (1/10) of each fraction were used in activity assays. These
corresponded to 135 ug of cytosolic and 30 ug of microsomal protein per reaction. Samples
were incubated with 0.55 uM DHP and 1 mM NADH or reduced nicotinamide adenine
dinucleotide phosphate (NADPH) for 4 hat 37 C. Cyt., Cytosol; ms., microsomes; st., standard.
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Fig. 6.

Characterization of antibodies and Western blot analysis of liver and testis. A, Antibodies
against the N-terminal fragment of RL-HSD at a 1:3000 dilution. B, Antibodies against the C-
terminal fragment of RoDH-4 at a 1:5000 dilution. C, Antibodies against the peptide specific
for RL-HSD. The amount of protein was as follows: liver, 5 ug; testis, 16 ug; RoDH-4
microsomes, 1 ug; RL-HSD microsomes, 0.5 ug; RDHL microsomes, 9 ug; 11-cis-RDH
(11cRDH) microsomes, 4.5 ug.
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Fig. 7.
Immunolocalization of RoDH-4 in human brain. A, Cerebellum, x 100 magnification; inset at

the bottom of the figure represent another field at a higher magnification (x 400), showing
neuron-specific immunostaining in more detail. B, Preimmune serum, x 400. C, Cerebral
cortex, x 400. D, Diencephalon, x 400. Note immunopositive staining in neurons (marked by
arrows).
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TABLE 1
NAD*-dependent microsomal 3a-HSD activity of human tissues

Tissue 3¢-HSD activity (pmol-min~mg™)

ADT ALLO
Liver 3400 + 270 4000 + 300
Testis 520+ 20 550 + 37
Lung 5.6+0.3 1.8+0.1
Spleen 7.7+£17 5.3+0.2
Brain 14+03 0.8+0.1
Kidney 04+0.1 23+0.3
Ovary 20+0.3 1.0+0.2
Heart ~0.1 ~0.3
Skeletal muscle ~0.1 ~0.1

The 3a-HSD activities were measured using 1 xM ADT or 1 zM ALLO as substrates in the presence of 1 mM NAD™. The amount of microsomes was
adjusted so that no more than 10% of the substrate was utilized during the reaction time.
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