Selective serotonin reuptake inhibitors directly alter
activity of neurosteroidogenic enzymes
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The neurosteroid 3a-hydroxysteroid-5a-pregnan-20-one (allo-
pregnanolone) acts as a positive allosteric modulator of y-ami-
nobutyric acid at y-aminobutyric acid type A receptors and hence
is a powerful anxiolytic, anticonvulsant, and anesthetic agent.
Allopregnanolone is synthesized from progesterone by reduction
to 5a-dihydroprogesterone, mediated by 5a-reductase, and by
reduction to allopregnanolone, mediated by 3a-hydroxysteroid
dehydrogenase (3a-HSD). Previous reports suggested that some
selective serotonin reuptake inhibitors (SSRIs) could alter concen-
trations of allopregnanolone in human cerebral spinal fluid and in
rat brain sections. We determined whether SSRIs directly altered
the activities of either 5a-reductase or 3a-HSD, using an in vitro
system containing purified recombinant proteins. Although rats
appear to express a single 3a-HSD isoform, the human brain
contains several isoforms of this enzyme, including a new isoform
we cloned from human fetal brains. Our results indicate that the
SSRIs fluoxetine, sertraline, and paroxetine decrease the K, of the
conversion of 5a-dihydroprogesterone to allopregnanolone by
human 3a-HSD type Il 10- to 30-fold. Only sertraline inhibited the
reverse oxidative reaction. SSRIs also affected conversions of
androgens to 3a- and 3, 17B-reduced or -oxidized androgens
mediated by 3a-HSD type llgrain. Another antidepressant, imipra-
mine, was without any effect on allopregnanolone or androstan-
ediol production. The region-specific expression of 3a-HSD type
llgrain and 3a-HSD type Il mMRNAs suggest that SSRIs will affect
neurosteroid production in a region-specific manner. Our results
may thus help explain the rapid alleviation of the anxiety and
dysphoria associated with late luteal phase dysphoria disorder and
major unipolar depression by these SSRIs.

3a hydroxysteroid dehydrogenase | fluoxetine | allopregnanolone |
dihydroprogesterone

Over the past decade, it has become clear that the brain
synthesizes steroid hormones by using some of the same
steroidogenic enzymes found in adrenals and gonads (reviewed
in refs. 1 and 2). These compounds were given the name
neurosteroids (3), and some of their functions have been eluci-
dated (4). Neurosteroids that are derivatives of progesterone
have been shown to act as allosteric modulators of the y-ami-
nobutyric acid type A (GABA,) receptor function (5, 6). They
bind to a distinct site on these receptors and affect the frequency
and duration of the channel opening. In this way, they modulate
GABAergic transmission, and, as a result, neurosteroids may
affect complex behaviors such as anxiety.

Changes in neurosteroid concentrations in the brain and in the
plasma have been associated with the menstrual cycle in women
(7, 8, 9). Changes in neurosteroid concentrations, but not in
progesterone concentrations (10), also have been suggested to
play a role in premenstrual syndrome (11). Firm conclusions
cannot be drawn from these limited studies, however, as plasma
concentrations of steroid may not reflect actual brain or cere-
brospinal fluid levels of steroids.

Several recent studies have pointed to commonly used selec-
tive serotonin-reuptake inhibitors as potential modulators of
neurosteroid synthesis in the brain. In the earliest study, inves-
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tigators found that fluoxetine treatment could alleviate many
symptoms of premenstrual dysphoria disorder, also called late
luteal phase dysphoria disorder (12, 13). As this disorder cor-
relates specifically with a specific phase of the menstrual cycle,
it seemed logical that ovarian hormones, such as progesterone,
might play a role in its etiology. Furthermore, because fluoxetine
alleviated many symptoms of this disorder, investigators hypoth-
esized that an additional effect of fluoxetine, besides inhibiting
serotonin reuptake, might be to alter neurosteroid synthesis (14).
In an elegant study, they showed that fluoxetine could indeed
increase the abundance of the neurosteroid allopregnanolone, a
derivative of progesterone, in the rat brain. The same investi-
gators also recently showed that, in clinically depressed patients,
neurosteroid concentrations in cerebrospinal fluid could be
increased by treatment with fluoxetine or fluvoxamine (15). The
potent GABAergic allopregnanolone is synthesized from pro-
gesterone by two sequential enzymatic reactions: In the first
reaction, progesterone is converted to Sa-dihydroprogesterone
(S5a-pregnan-3, 20-dione or Sa-DHP) by the enzyme Sa-
reductase. DHP then is converted to allopregnanolone, also
known as 3a, Sa- tetrahydroprogesterone (Sa-pregnan-3e, 20a-
diol), by the enzyme 3a hydroxysteroid dehydrogenase (3a-
HSD) (16). This enzymatic step is reversible and uses the
cofactors NADP(H) or NAD(P), depending on the cellular
localization of the enzyme, the particular isoform, and the
substrate being used.

The results from the experiments by Uzunov et al. (14) suggest
that selective serotonin reuptake inhibitors (SSR1Is) increase the
concentration of allopregnanolone only and do not substantially
affect the brain concentrations of progesterone or DHP. There-
fore, we wished to determine whether SSRIs would have any
effect on Sa-reductase activity and whether they directly affect
3a-HSD activity, and the mechanism by which the alterations
occur.

Materials and Methods

Materials. Fluoxetine and paroxetine were obtained as Prozac
(Eli Lilly) and Paxil (SmithKline Beecham) tablets and were
dissolved in ethyl alcohol, and insoluble material was removed by
centrifugation. Sertraline was obtained as Zoloft (Pfizer Diag-
nostics) tablets whereas imipramine was purchased from Sigma,
and both were dissolved in water. *H- and '“C steroid precursors
were obtained from NEN-Amersham. Specific activities of each
of the steroid precursors are Sa-dihydrotestosterone (DHT),
56.5 Ci/mmol; androstanediol, 41 Ci/mmol; DHP, 55.4
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mCi/mmol; allopregnanolone, 65.0 Ci/mmol; and progester-
one, 55.4 mCi/mmol. Blots containing human brain poly(A)*
RNA were obtained from CLONTECH.

Cloning 3a-HSD cDNAs and Expression in Bacteria. Rat 3a-HSD from
rat liver cDNA was cloned by using rat-specific primers that
correspond to nucleotides 1-18 and nucleotides 948-966 (17).
Human fetal brain 3a-HSD type II and type III cDNAs were
cloned by using primers (5', bases 1-18; 3", bases 909-929) based
on the sequences of the type II and III liver 3a-HSD (18, 19)
cDNAs. These cDNAs were cloned into the prokaryotic expres-
sion vector pET (Novagen), and BL21(DE3) bacteria were
transformed with these plasmids. Protein was induced in bacteria
by 0.4 mM isopropyl B-D-thiogalactoside stimulation for 3 hours,
and proteins were purified by preparation of bacterial inclusion
bodies. Purity of the isolated proteins was assessed by
SDS/PAGE, and protein concentration was determined by
using a Pierce BCA Reagent Assay Kit (20).

Analysis of 3a-HSD Activities. 3a-HSD activity was determined by
monitoring the conversion of radioactive dihydroprogesterone
to allopregnanolone and also by monitoring the reverse reaction
of allopregnanolone to Sa-DHP. For radiometric assays involv-
ing all substrates, bacterial extract (20 ul) was incubated with
40,000 cpm of radiolabeled steroid precursor and 10 nM-100 uM
cold steroid precursor in 100 mM sodium phosphate buffer at pH
7.3 (with 2 mM NADPH) for the reductive reaction at 37°C for
20 min. Progesterone and DHP were '“C-labeled whereas all
other compounds were 3H-labeled. Oxidative reactions were
conducted with 2 mM NADP™* in 100 mM sodium phosphate at
pH 8.9 (21). These conversions were assayed by thin layer
chromatography, using chloroform/ethyl acetate (3:1) as a
solvent system. Identification of each metabolite was based on
reference standards run concomitantly on each plate. Rs of
the identified steroids were DHT, 0.35; DHP, 0.55; allopreg-
nanolone, 0.39; progesterone, 0.49; 20a-dihydroprogesterone,
0.32; androstanediol, 0.22; androsterone, 0.34; and androstan-
edione, 0.48. No other bands were generated in these reactions.
Bacterial extracts that were transformed with an unrelated
plasmid, or that were not transformed, did not convert radio-
active precursor. 3a-HSD activity also was assayed photometri-
cally by monitoring the conversion of NADPH to NADP, by
incubating the extracts with cold DHP for 2 min, and by
monitoring conversion at 340 nm (17). The oxidative reactions
using cold allopregnanolone also were assayed by monitoring
conversion of NADP to NADPH at 340 nm. Reaction mixtures
containing varying concentrations of substrate, as described
above, were used, except that radioactive precursor was elimi-
nated. Photometric assays were performed six times for each
condition by using at least three different enzyme preparations
whereas radiometric assays were performed in triplicate by using
at least three different enzyme preparations.

Expression of 5a-Reductase Type I. Rat Sa-reductase type I cDNA
was provided by D. Russell (University of Texas Southwestern,
Dallas) and was transfected into COS-1 cells by calcium phos-
phate precipitation. Sa-reductase activity was determined by
incubating the cells, 72 hours after transfection, with 90,000 cpm
14C-progesterone for 1 hour and assaying production of 5a-DHP
by thin layer chromatography, using 3:1 chloroform/ethyl ace-
tate as a solvent system and steroidal standards.

Synthesis of 14C- 5a-Dihydroprogesterone. *C-5a-dihydroprogest-
erone was synthesized from !*C-progesterone by using the
transfected COS cell system described above. COS-1 cells trans-
fected with Sa-reductase type I cDNA were incubated with
14C-progesterone for 12 hours, 72 hours after cell transfection.
The major secreted steroidal product was “C-5a-dihydropro-
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gesterone, which was assayed and purified by thin layer chro-
matography.

Analysis of Human 3a-HSD mRNA Expression. Human 3a-HSD
mRNA was analyzed by Northern blots, using commercially
available blots of human brain RNAs. These blots contained 2
pg of poly(A)* mRNA /lane from different regions of normal
adult human brains. Blots were probed with PCR-generated
probes that corresponded to the least conserved regions of the
3’ coding regions of both the type Ilpmin and III cDNAs.
Hybridizing bands were quantitated by using a Molecular Dy-
namics PhosphorImager and IMAGEQUANT computer software
(Molecular Dynamics).

Analysis of 3a-HSD Activity in the Presence of SSRIs. Determination
of Ky, and Viax of each enzyme was performed in the presence
of 50 uM fluoxetine, paroxetine, sertraline, or imipramine as
above. Dose-response curves were generated for each com-
pound, and 50 uM was determined to be the concentration at
which maximal effect was attained for the human type I1IB and
type II1. Steady state levels of fluoxetine in human brain taken
in a 50-mg daily dosing scheme are ~10 uM (22). Purified
enzyme was preincubated with one of the above three drugs for
25 min at 37°C before the addition of steroidal precursor and the
appropriate cofactor. Radiometric assays were performed in
triplicate whereas photometric assays were performed at least six
times. Raw data from the above assays were analyzed by using
the ANEMONA (23) kinetics program.

Analysis of 5a-Reductase Activity in the Presence of SSRIs. COS-1
cells transfected with Sa-reductase type I cDNA were incubated
with 1“C-progesterone in the presence or absence of fluoxetine
for 1 hour, 72 hours after cell transfection. Steroid product
secreted into the media was collected, was extracted with
isooctane:ethyl acetate (1:1, vol:vol), and was assayed by thin
layer chromatography. The major secreted product was “C-5a
dihydroprogesterone. Steroid product was quantitated after
exposure on a phosphor screen and was analyzed by using a
Molecular Dynamics PhosphorImager and the IMAGEQUANT
software program.

Results

Effect of Fluoxetine on Rat 5a-Reductase Activities. Rat Sa-
reductase cDNA was transfected into COS-1 cells to determine
whether fluoxetine had an effect on the conversion of proges-
terone to Sa-dihydroprogesterone. This conversion then was
assayed by thin layer chromatography. Analysis of this data
showed that there was no alteration in the production of DHP
with the addition of fluoxetine (Fig. 1).

Effect of Fluoxetine on Rat 3a-HSD Activities. Rat 3c-HSD cDNA
was cloned and was expressed in bacteria. The reductive activity
of this enzyme was determined by monitoring the conversion of
radioactive dihydroprogesterone to allopregnanolone, and its
oxidative activity by monitoring the reverse reaction of allopreg-
nanolone to dihydroprogesterone. Enzymatic activity was deter-
mined at various doses of substrate. Kp,s and Vs were deter-
mined from the data analyzed by Lineweaver-Burk plots and
were confirmed by analysis using the ANEMONA kinetics pro-
gram.

The data derived from the Lineweaver-Burk plot and other
similar plots are shown in Table 1. Table 1 represents the data
from the reaction DHP to allopregnanolone. The K,, for rat
3a-HSD was ~59 nM whereas the Vyax was ~200 nmol/mg
protein/min. These values are consistent with the K, and Vyax
previously reported by other investigators (24). When fluoxetine
was added to the reaction, the K, of the enzyme decreased
dramatically to only 0.6 nM: that is, a 100-fold decrement in the
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Fig. 1. Effect of fluoxetine on 5a-reductase activity. Rat type | 5a-reductase
was expressed in COS-1 cells after transfection. Cells were incubated with
14C-progesterone for 1 hour at 37°C, 72 hours after transfection in the pres-
ence (+) or absence (—) of 50 uM fluoxetine. Steroid product was extracted
and analyzed by thin layer chromatography. Conversion of progesterone
(PROG) to DHP was determined by phosphoimager analysis of the thin layer
chromatography and was determined to be 43.5and 42.5% in the absence and
the presence of fluoxetine, respectively.

K. This indicates that fluoxetine has dramatically increased the
affinity of the enzyme for the substrate DHP. The V. for the
enzyme decreased 2-fold in the presence of fluoxetine.

By contrast, when allopregnanolone was used as substrate for
the enzyme, the K;,, was 10.3 uM. This suggests that this enzyme
favors the reductive pathway production of allopregnanolone
over the oxidative production of DHP because the K, for the
reductive pathway is 200X less than for the oxidative pathway.
When fluoxetine was added to the reaction, there was no change
in the K, of the enzyme.

The efficiency of the enzyme, the ratio of Viyax to Kp, then was
calculated. The enzymatic efficiency of rat 3a-HSD, in the
conversion from DHP to allopregnanolone, was 3.7 and was
0.003 in the conversion of allopregnanolone to DHP. The
enzyme efficiency of the reductive reaction increased ~46-fold
in the presence of fluoxetine. Fluoxetine did not alter the
oxidative reaction. Thus, fluoxetine dramatically enhances the
efficiency of the enzyme, but only in the conversion of DHP to
allopregnanolone.

Effect of Other SSRIs on Rat 3a-HSD Activities. Other selective
serotonin reuptake inhibitors, as well as another antidepressant
with serotonergic properties, were tested to determine whether
they would similarly affect 3a-HSD activity. Our results dem-

Table 1. Summary of rat 3a-HSD activity
DHP = allopregnanolone

Vimaxs Enzyme
Km, NM nmol/mg/min efficiency
DHP alone 59.4 + 0.08 222.4 = 3.3 3.7
(+)fluoxetine 0.6 = 0.01 103 £ 0.02 171.2
(+)paroxetine 1.6 = 0.01 103 *0.14 64.3
(4+)imipramine 60 =+ 0.02 202.7 = 3.1 3.4
Allopregnanolone = DHP
Vimaxs Enzyme
K, uM nmol/mg/min efficiency
Allo alone 10.3 = 0.01 29.9 = 0.01 0.003
(+)fluoxetine 10.6 = 0.01 16.5 = 0.01 0.002
(+)paroxetine 8.6 +0.3 11.1+27 0.001
(+)imipramine 10.1 = 0.09 11.1 = 1.0 0.001

Mean = SE.
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onstrate that the SSRI paroxetine also decreased the K, of the
enzyme when DHP was used as substrate (from 59 nM to 1.6 nM)
and slightly decreased the K, when allopregnanolone was used
as substrate (from 10.3 uM to 8.6 uM) (Table 1). The tricyclic
imipramine was ineffective in altering the K, or V.« of either
reaction. The enzymatic efficiency of the reductive reaction
increased 15-fold in the presence of paroxetine (from 4.4 to
64.3), although it was not changed with imipramine in either
direction.

Cloning of Human 3a-HSD ¢cDNAs. We determined whether fluox-
etine could similarly affect the enzymatic activity of the human
3a-HSD. Unlike rodents, which appear to have only a single
3a-HSD isoform, human beings have multiple 3a-HSD isoforms.
It was not previously known whether any brain-specific isoforms
existed. Therefore, human brain 3a-HSD cDNAs were cloned by
using fetal brain RNA. Full-length cDNAs were expressed in
bacteria, and their activities were determined. The effects of
fluoxetine on these activities then were determined, as had been
done for rat 3a-HSD.

Two different human brain 3a-HSD ¢cDNAs were cloned, a
type IT and a type III. The type III enzyme was identical to a type
III enzyme isolated from human prostate (19). We cloned a
novel type II 3a-HSD cDNA, which we have designated as IIgain
(Fig. 2). This cDNA also was cloned from adult human brain
RNA, indicating that this RNA is expressed in both the fetus and
the adult. This new type Ilg.in enzyme is 89.8% identical to the
type III at the nucleotide level and 87.9% identical at the amino
acid level. Furthermore, this novel type II was shown to be 99.7
and 99.3% identical at the nucleotide and amino acid levels,
respectively, to the type II isolated from prostate, differing by
only two amino acids, at amino acids 38 and 89 (18). Human type
I rain is 99.5 and 98.7% identical to the human type II isoform
from liver, differing by four amino acids at amino acid positions
38, 75, 89, and 175 (21). It also has 85 and 83.9% identity
(nucleotide and amino acid, respectively) to the type I isoform,
which is liver-specific (21). The type III isoform is in turn 85.7%
identical at the amino acid level to the type II-prostate specific
form and 97.8% identical to human 20a-hydroxysteroid dehy-
drogenase. This suggested that type Ilpain might have a substrate
specificity intermediate between type II from prostate and
type III.

Enzymatic Activities of Human 3a-HSDs. Human type Ilpin and
type III not only differ in sequence but also differ dramatically
in their activities. Human 3a-HSD type III and type IIg;ain Were
expressed in bacteria. The Ky, and Viax for the human 3a-HSD
type III were determined. The K, for the conversion of DHP to
allopregnanolone was 7.2 nM, and the V. was =~126
nmol/mg/min (Table 2). Fluoxetine decreased the K to
0.63nM but did not substantially alter the Viax. The K, for the
conversion of allopregnanolone to DHP was 43 uM, and the Viax
was 7.1 nmol/mg/min. Fluoxetine decreased the K, slightly but
increased the V), 3-fold. Calculation of the enzymatic efficiency
for the conversion of DHP to allopregnanolone showed that
fluoxetine increased the efficiency 15-fold whereas the effect on
the conversion from allopregnanolone to DHP was 4-fold (Table
2). In contrast to the effect seen with the purified rat 3a-HSD,
paroxetine appeared to have a greater effect on enzyme kinetics,
as it decreased the K, of the conversion of DHP to allopreg-
nanolone from 7.2 to 0.26 nM, resulting in a 18-fold increase in
enzyme efficiency. Paroxetine had a slightly lesser effect on the
oxidative reaction, increasing the enzyme efficiency only 3-fold.
Sertraline also decreased the K, of the conversion of DHP to
allopregnanolone from 7.2 to 0.69 nM, a 10-fold increase in
enzyme efficiency. Unlike fluoxetine and paroxetine, sertraline
increased the Ky, of the conversion of allopregnanolone to DHP
from 43 to 130.4 uM, a 2.5-fold reduction in oxidative enzyme

Griffin and Mellon



ATG GAT TCC ARA CAG CAG TGT GTA AAG CTA AAT GAT GGC CAC TTC ATG CCT GTA TTG GGAs0
met asp ser lys gln gln cys val lys leu asn asp gly his phe met pro val leu gly

TTT GGC ACC TAT GCA CCT CCA GAG GTT CCG AGA AGT AAA GCT TTG GAG GTC TCA AARA TTAl20
phe gly thr tyr ala pro pro glu val pro arg ser lys ala leu glu val ser lys leu

GCA ATA GAA GCT GGG TTC CGC CAT ATA GAT TCT GCT CAT TTA TAC AAT ART GAG CGAG CAG180
ala ile glu ala gly phe arg his ile asp ser ala his leu tyr asn asn glu glu gln

GTT GGA CTG GCC ATC CCGA AGC AAG ATT GCA GAT GGC AGT GTG AAG AGA GAA GAC ATA TTC240
val gly leu ala ile arg ser lys ile ala asp gly ser val lys arg glu asp ile phe

TAC ACT TCA AAG CTT TGG TCC ACT TCT CAT CGA CCA GAG TTG GTC CGA CCA GCC TTG GAA300
tyr thr ser lys leu trp ser thr ser his arg pro glu leu val arg pro ala leu glu

AAC TCA CTG AAA AAA GCT CAA TTG GAC TAT GTT GAC CTC TAT CTT ATT CAT TCT CCA ATG360
asn ser leu lys lys ala gln leu asp tyr val asp leu tyr leu ile his ser pro met

TCT CTA AAG CCA GGT GAG GAA CTT TCA CCA ACA GAT GAA AAT GGA AAA GTA ATA TTT GAC420
ser leu lys pro gly glu glu leu ser pro thr asp glu asn gly lys val ile phe asp

ATA GTG GAT CTC TGT ACC ACC TGG GAG GCC ATG GAG AAG TGT AAG GAT GCA GGA TTCE GCC480
ile val asp leu cys thr thr trp glu ala met glu lys cys lys asp ala gly leu ala

AAG TCC ATT GGG GTG TCA AAC TTC AAC CGC AGG CAG CTG GAG ATG ATC CTC AAC ARG CCAS40
1ys ser ile gly val ser asn phe asn arg arg gln leu glu met ile leu asn lys pro

GGA CTC AAG TAC AAG CCT GTC TGC AAC CAG GTA GAA TGT CAT CCG TAT TTC AAC CGG AGT600
gly leu lys tyr lys pro val cys asn gln val glu cys his pro tyr phe asn arg ser

AAA TTG CTA GAT TTC TGC AAG TCG AAA GAT ATT GTT CTG GTT GCC TAT AGT GCT CTG GGA660
1ys leu leu asp phe cys lys ser lys asp ile val leu val ala tyr ser ala leu gly

TCT CAA CGA GAC AAAR CGA TGG GTG GAC CCG AAC TCC CCG GTG CTC TTG GAG GAC CCA GTC720
ser gln arg asp lys arg trp val asp pro asn ser pro val leu leu glu asp pro val

CTT TGT GCC TTG GCA AAA AAG CAC AAG CGA ACC CCA GCC CTG ATT GCC CTCG CGC TAC CAG780
leu cys ala leu ala lys lys his lys arg thr pro ala leu ile ala leu arg tyr gln

CTG CAG CGT GGG GTT GTG GTC CTG GCC AGG AGC TAC AAT GAG CAG CGC ATC AGA CAG AACS40
leu gln arg gly val val val leu ala arg ser tyr asn glu gln arg ile arg gln asn

GTG CAG GTT TTT GAG TTC CAG TTG ACT GCA GAG GAC ATG AAA GCC ATA GAT GGC CTA GACS00
val gln val phe glu phe gln leu thr ala glu asp met lys ala ile asp gly leu asp

AGA AAT CTC CAC TAT TTT AAC AGT GAT AGT TTT GCT AGC CAC CCT AAT TAT CCA TAT TCT960
arg asn leu his tyr phe asn ser asp ser phe ala ser his pro asn tyr pro tyr ser

GAT GAA TAT TAA 572
asp glu tyr ***

II Brain
I1 Liver
II Prostate T
I1T A K av H
20aHSD A K AT
I R E NR V T

MDSKQQCVKL NDGHFMPVLG FGTYAPPEVP RSKALEVSKL AIEAGERHID 50
T

e

P

II Brain
II Liver
II Prostate F
ITT v NS
20aBSD CNS
I Y C FQOMOQ

SAHLYNNEEQ VGLAIRSKIA DGSVKREDIF YTSKLWSTSH RPELVRPALE 100
E F

II Brain
IT Liver
II Prostate
IrI

20aHSD

I

NSLKKAQLDY VDLYLIHSPM SLKPGEELSP TDENGKVIFD IVDLCTTWEA 150

Fv v Vi K IiL T A
FV Vv VI K IL T A
F B TPL K T SR

2]
=
[

L L v
II Brain

II Liver

II Prostate
I11 H L QR
20uHSD v QR
I o] LQ

MEKCKDAGLA KSIGVSNFNR RQLEMILNKP GLKYKPVCNQ VECHPYFNRS 200
I

II Brain
II Liver
II prostate

KLLDFCKSKD IVLVAYSALG SQRDKRWVDP NSPVLLEDPV LCALAKKHKR 250

I H T HL

II Brain TPALIALRYQ LORGVVVLAK SYNEQRIRQN VQVFEFQLTA EDMKAIDGLD 360
IT Liver

II ®rostate
11z

20aHSD

N

2K}
R

E I s VL N
II Brain RNLHYFNSDS FASHPNYPYS DEY* 323
II Liver

II prostate

I1I VR LTLDI GP
200HSD VR LTLDT GP

z YR VVM F LMD D

nym e

Fig. 2. (A) Nucleotide sequence and the predicted amino acid sequence of
the human brain 3a-HSD clone. The ORF contains 969 nucleotides and encodes
a protein of 323 amino acids. (B) Comparison of the amino acid sequences of
mammalian 3a-HSDs. Only amino acids differing from the human brain type
Ilgrain 3a(20q, 178)-HSD sequence are shown. Human type 1is also chlordecone
reductase and DD4 (21, 33); human type 3 is also bile acid binding protein (31);
human 20aHSD is also DD1 (34, 35); x, no amino acid (rat 3aHSD is one amino
acid shorter than the human forms).

efficiency. Imipramine had no cumulative effect on the enzyme,
either in the oxidative or reductive reaction.
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Table 2. Summary of human type Il activity
DHP = allopregnanolone

Vimax Enzyme
Km, NnM nmol/mg/min efficiency
DHP alone 7.2 *=0.01 126 + 0.44 17.5
(+)fluoxetine 0.63 = 0.01 169.8 + 0.56 269.5
(+)paroxetine 0.26 = 0.01 82.13 = 0.69 316.5
(+)sertraline 0.69 *= 0.03 120.1 = 0.57 1741
(+)imipramine 9.93 + 0.04 114.2 =+ 3.53 11.5
Allopregnanolone = DHP
Vimaxi Enzyme
Km, uM nmol/mg/min efficiency
Allo alone 43.0 + 0.02 7.1 £0.01 0.0002
(+)fluoxetine 30.9 +0.03 27.0 = 0.37 0.0008
(+)paroxetine 15.0 = 0.01 8.9 + 0.01 0.0006
(+)sertraline 130.4 = 0.16 10.8 = 0.43 0.00008
(+)imipramine 71.4 + 0.22 39.0 + 3.33 0.0005

Mean * SE.

The effects of fluoxetine, paroxetine, and imipramine on the
enzymatic activity of human 3a-HSD type Ilgq.in also were
determined. Unlike human type III, human type Ipin did not
appreciably convert DHP to allopregnanolone or allopreg-
nanolone to DHP. However, the human type IIg,in had consid-
erable 20a-HSD activity and converted progesterone to 20a-
dihydroprogesterone (4-pregnen-20a-ol-3, 5-dione). In addition,
human type Ilp.in possesses 17B-HSD activity and converts
androstanediol to androsterone (Fig. 34). Fluoxetine affected
the Ky, of the 20a-HSD function of the type II enzyme (Table 3).
Fluoxetine, but not paroxetine or imipramine, increased the Ky,
of this reaction from 142 to 238 uM, resulting in a slightly less
efficient 20a-HSD activity. Thus, fluoxetine slightly inhibits the
side reaction: progesterone to 20a-dihydroprogesterone.

Although the type Ilpin isoform did not use progestins as
substrates, it did use androgens as substrates. It did not convert
DHP to allopregnanolone but converted androgens such as
Sa-dihydrotestosterone (5a-androstan-17g-ol-3-one) to andro-

A. DIHYDROTESTOSTERONE

30HSD 17BHSD
ANDROSTANEDIOL Mo ANDROSTANEDIONE
17BHSD / 30HSD
ANDROSTERONE
B. DIHYDROTESTOSTERONE
3aHSD anso
ANDROSTANEDIOL ] ANDROSTANEDIONE
17ﬁHSN s 3uHSD
ANDROSTERONE

Fig. 3. Schematic representation of the activities of the human type Il and
type llgrain 3¢HSDs using androgens as substrates. (A) Type llgrain. (B) Type Ill.
Activities definitively determined by using DHT and androstanediol are shown
by thick arrows. Reactions denoted by thin arrows may be catalyzed by the
enzymes but were not tested.

PNAS | November9, 1999 | vol.96 | no.23 | 13515

NEUROBIOLOGY



Table 3. Summary of type llgrin activity with progesterone

Vimaxe Enzyme

Km, uM nmol/mg/min efficiency

Prog alone 142.1 = 0.16 20.1 =18 0.00014
(+)fluoxetine 238.0 £ 0.02 30.0 £0.29 0.00013
(+)paroxetine 121.0 = 0.27 18.58 = 4.4 0.00015
(4)imipramine 149.9 = 0.39 20.85 = 1.5 0.00014

Mean = SE.

stanediol (Sa-androstan-3«, 17B-diol). By comparison, the rat
3a-HSD is a pure 3a-HSD and has no additional activities. The type
IIgrain enzyme did not appreciably oxidize androstanediol to DHT;
instead, androstanediol was converted to androsterone (Sa-
androstan-3a-ol-17-one), through the 178 HSD activity of this
3a-HSD. The type I1I also has 17B-HSD activity as it converts DHT
to androstanedione (Sa-androstan-3e, 17B-dione) and androstan-
ediol to androsterone (Fig. 3B). The 3a activity of type IIprain Was
tested to ascertain whether the SSRIs affected the conversion of
androgens in a manner similar to the way SSRIs affected the
conversion of progestins by human type III (see above).

Fluoxetine and paroxetine affected the reduction of DHT to
androstanediol in a similar manner to the way the conversion of
DHP to allopregnanolone was affected by the type III enzyme.
However, the conversion of DHT to androstanediol required
micromolar concentrations of DHT (K, 2.37 uM) whereas the
conversion of DHP to allopregnanolone by the type III enzyme
or rat 3aHSD required only nanomolar concentrations of sub-
strate. Both fluoxetine and paroxetine decreased the K, of the
enzyme (47-fold and 6-fold, respectively) and also increased the
Vmax (3.6-fold and 11-fold) (Table 4). The enzymatic efficiency
of the conversion of DHT to androstanediol increased 163-fold
when the enzyme was incubated with fluoxetine and 63-fold with
paroxetine but did not change substantially with imipramine.
These results suggest that both fluoxetine and paroxetine en-
hance the 3« activity of 3aHSD type IIg.in When androgens are
used as a substrate. The 17B-hydroxysteroid dehydrogenase
activity of the 3aHSD type IIg.in also was affected by parox-
etine. The conversion of androstanediol to androsterone is
altered in the presence of paroxetine, with both a 2-fold increase
in K, and a 5-fold increase in V.. Paroxetine decreases the K.,
slightly and increases the Vimax 5-fold. Imipramine also appeared
to have an effect on the conversion of androstanediol to andro-
sterone, the mechanism for which is unknown.

Table 4. Summary of llg.in activity with androgens
DHT = androstanediol

Vimaxs Enzyme
K, pM nmol/mg/min efficiency
DHT alone 2.37 £ 0.01 1.8 = 0.02 0.0008
(+)fluoxetine 0.05 £ 0.07 6.5 + 0.02 0.13
(+)paroxetine 0.39 = 0.01 20.0 = 0.39 0.05
(4+)imipramine 17.8 +1.8 40.0 = 0.90 0.002
Androstanediol = androsterone
Vimax: Enzyme
K, pM nmol/mg/min efficiency
Adiol alone 1 +0.03 4.4 =+ 0.07 0.004
(+)fluoxetine 7.2 *0.05 29.1 +0.93 0.004
(+)paroxetine 0.46 = 0.07 22.2 +0.15 0.05
(+)imipramine 0.21 = 0.03 8.63 = 0.24 0.04

Mean = SE.
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Fig. 4. Regional distribution of type llgrain and type Ill in adult human brain.
Northern blots containing 2 ug poly-A* RNA per lane from human brain were
hybridized with a PCR-generated probe corresponding to the less conserved
3’ ends of type llgrain and type lll. (A) Lanes: 1, cerebellum; 2, cortex; 3, medulla;
4, spinal cord; 5, occipital lobe; 6, frontal lobe; 7, temporal lobe; 8, putamen.
(B) Lanes: 1, amygdala; 2, caudate nucleus; 3, corpus callosum; 4, hippocam-
pus; 5, whole brain; 6, substantia nigra; 7, subthalamic nucleus; 8, thalamus.

Expression of 3a-HSD mRNAs in Human Brain. Because there are
multiple human 3e-HSDs with dramatically different activities,
we determined where these mRNAs were expressed in human
brain. Northern blots containing 2 pg of human brain
poly(A)*RNA from different regions of adult human brain
(unknown) were probed with human type Ilp;.in- and type
III-specific cDNA probes. Our data demonstrate that there was
region-specific expression of these mRNAs. Type III mRNA was
mainly expressed in cerebellum, medulla, spinal cord, and pu-
tamen whereas type Ilprin mMRNA was mainly expressed me-
dulla, spinal cord, frontotemporal lobes, and putamen (Fig. 44).
Type III mRNA also was expressed in many of the subcortical
nuclei of the brain, including amygdala, caudate, and thalamus,
as well as in hippocampus, substantia nigra, and subthalamic
nuclei (Fig. 4B). Type Ilpr.in mRNA appeared to be predomi-
nately expressed in thalamus, subthalamic nuclei, and amygdala
but was present in lesser degrees in the hippocampus, substantia
nigra, and caudate (Fig. 4B).

Discussion

Our data show that human beings have multiple forms of
3a-HSD in the brain, with different and distinct enzymatic
activities. These experiments directly demonstrate a novel mo-
lecular mechanism for specific SSRI action. Fluoxetine, parox-
etine, and sertraline increase allopregnanolone production
through increased efficiency of conversion of DHP to allopreg-
nanolone. Fluoxetine also may have some effect through the
inhibition of a competing pathway (progesterone to 20a-
dihydroprogesterone). These experiments show that the actions
of fluoxetine, paroxetine, sertraline, and perhaps other SSRIs
are 3a-HSD-isoform specific, as paroxetine has a greater effect
on the human type III enzyme than the human type II (or rat
3a-HSD) whereas only fluoxetine inhibits the 20a-HSD activity
of the type II enzyme. Both fluoxetine and paroxetine also
affected the conversion of DHT to androstanediol whereas
fluoxetine further affected conversion of androstanediol to
androsterone. Both androstanediol and androsterone, like allo-
pregnanolone, may be neuroactive (25, 26, 27). Because the two
3a-HSD isoforms are differentially expressed in specific regions
of the human brain, SSRIs may alter neurosteroid production
differentially in particular brain regions and thus provide a
mechanism for modulation of specific behaviors.

The 3a-, 20@-, and 17B-hydroxysteroid dehydrogenases
(HSDs) are part of the aldo-ketoreductase protein superfamily.
These proteins are monomeric and are generally 34-39 kDa in
size. They share a common («/B)s-barrel three-dimensional fold
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and possess a highly conserved nicotinamide-cofactor-binding
pocket (28). The aldo-ketoreductases maintain the general
barrel scaffold for cofactor and substrate binding and provide for
substrate specificity through modification of protein loops near
the active site. The newly discovered type Ilpain isoform contains
the conserved catalytic tetrad Asp 50, Tyr 55, Lys 84, and His 117
(numbering based on rat 3«HSD sequence) that are common to
the other HSDs but lacks a Tyr-X-X-X-Lys motif that is found
in the short-chain dehydrogenase/reductase superfamily. The
human type Ilgrin isoform differs from the prostate type II
isoform at amino acids 38 and 89. The first position (amino acid
89) has been shown by site-directed mutagenesis™ to be impor-
tant for conferring both 3a- and 20a-HSD activity on the
protein. The prostate isoform was not noted to have 20a-HSD
activity (18). Type Ilgin also differs from the type II liver
isoform at these two positions as well as amino acids 75 and 175.
Positions 75, 85, and 175 are not part of the catalytic tetrad but
instead appear to be in the loops on the C-terminal side of the
barrel that are thought to be responsible for determining the
stereospecificity of the HSDs (28). All three type II isoforms
differ substantially from the type III enzyme, with the majority
of those amino acid changes occurring in the 3" end of the
protein, or the region that would be crucial for discrimination
among substrates.

The specific mechanism by which the SSRIs alter the enzyme
kinetics of the three 3a- HSDs tested here is currently unknown.
There are, however, several possible mechanisms. The human type
I 3a-HSD isoform has been shown to be activated by sulfobro-
mophthalein, an agent that is used for testing liver function (29). It
is thought that this compound activates the enzyme by binding to
both the enzyme and its binary complex and inducing a confor-
mational change in the active site of the enzyme. In this instance and
in other cases of activation of aldo-ketoreductase proteins (30, 31),
the stimulatory anions are thought to interact with Lys-262 and
weaken the binding between the protein and the 2’-phosphate
group of NADPH, leading to the rapid release of product, and the
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alterations in Kp,. It is possible that the fluoride groups of both
paroxetine and fluoxetine function in a similar manner. Alterna-
tively, paroxetine and fluoxetine may facilitate proton donation or
removal by Tyr-55 by altering the pKb or pKa of this residue.
Mutational analysis of the amino acid residues of the catalytic tetrad
indicates that Tyr-55 is the major contributor to enzyme rate
enhancement, as it functions as the general acid/base in catalysis
(32). In addition, the mechanism by which sertraline acts may be
different from that of paroxetine and fluoxetine, as we show that
sertraline both augments the forward reductive reaction and inhib-
its the reverse, oxidative, reaction.

The preferential use of androgens by the type Ilg,in isoform
suggests potential new roles for androgens in the brain. The role of
androgens in behaviors other than those that are sex-related has not
been extensively explored. Androsterone and androstanediol, like
the 3¢, Sa reduced products of progesterone metabolism, might act
as positive allosteric modulators of the GABA, receptor (24, 25,
26) and may, like the progestins, affect GABA-associated behav-
iors. The discovery of this human brain isoform of 3oHSD and its
dramatic response to the SSRIs suggests that androgens could play
arole in affective disorders such as unipolar depression. In addition,
the presence of an androgen-specific 3«aHSD may be important for
the conversion of active steroid hormone into inactive metabolites
at the androgen receptor.

We demonstrate here a mechanism by which certain SSRIs
may act in brain—that is, by increasing neurosteroid production
in the human brain and thereby potentially modulating GABA-
associated behaviors. This work suggests that dysregulation of
neurosteroidogenesis in humans could represent an important
etiology of certain affective disorders, such as late luteal phase
dysphoria disorder in women or unipolar depression in women
or men. Our ability to understand this novel, additional action of
SSRIs on modulation of neurosteroidogenic enzymatic activity
may now enable us to design specific compounds that differen-
tially affect these enzymes, and therefore provide more effica-
cious treatment of mood disorders.
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