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Abstract

Testosterone is converted to the more biologically active androgen, dihydrotestosterone (DHT), by steroid Sa-reductase. Two isozymes of Sa-
reductase, types 1 and 2, are abundantly expressed in the epididymis. DHT is the androgen found in the nuclei of epididymal cells and is essential
for the maturation of spermatozoa. Thus, one approach to block androgen action in the epididymis is to inhibit DHT formation. Several compounds
have been reported to inhibit either one or both forms of Sa-reductase in many tissues. The first commercially available inhibitor of Sa-reductase,
finasteride, has a predominant effect on the type 2 isozyme, while more recently developed agents, such as dutasteride, PNU157706 and FK143,
act as dual inhibitors. We found that the treatment of adult rats with such agents results in pronounced effects on the expression of genes essential
to the formation of the optimal luminal microenvironment that is required for proper sperm maturation. Furthermore, drug treatment caused a
significant decrease in the percentage of progressively motile and morphologically normal spermatozoa in the cauda epididymides. Mating females
to treated males resulted in fewer successful pregnancies and a higher rate of pre-implantation loss. Thus, there may be a role for dual Sa-reductase

inhibitors as potential components of a male contraceptive.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Epididymal function is dependent on
dihydrotestosterone (DHT)

Testosterone acts directly on the androgen receptor in some
tissues, such as muscle, needs to be aromatized to estradiol to
mediate its action via the estrogen receptor in other tissues,
such as some brain nuclei, and in others is converted to the
Sa-reduced metabolite dihydrotestosterone (DHT) which binds
to the androgen receptor with higher affinity than testosterone
(Toth and Zakar, 1982; Blanchard and Robaire, 1997). In the epi-
didymis, as in many other androgen responsive tissues, including
the prostate, seminal vesicles, and skin, testosterone is converted
to DHT by steroid Sa-reductase (EC 1.3.1.22), the rate-limiting
enzyme in the pathway that leads from testosterone to its So-
reduced metabolites (Fig. 1).

Some of the key findings that establish that androgen action
in the epididymis is mediated by DHT are: (1) the active andro-
gen present in epididymal cell nuclei after injection of radiola-
belled testosterone is DHT (Tindall et al., 1972); (2) epididymal
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cells can synthesize Sa-reduced metabolites from testosterone in
vitro (Gloyna and Wilson, 1969; Monsalve and Blaquier, 1977;
Robaire et al., 1977b); (3) the results of micropuncture experi-
ments confirm that, beyond the efferent ducts, the predominant
androgens in epididymal luminal fluid are Sa-reduced metabo-
lites of testosterone (Turner et al., 1984); and (4) the Sa-reduced
metabolites of testosterone are more potent than testosterone in
maintaining epididymal functions in vitro (Orgebin-Christ et al.,
1976).

2. Steroid Sa-reductases in the epididymis

Although numerous studies, starting in the 1960’s, estab-
lished the activity, subcellular localization, and hormonal reg-
ulation of Sa-reductase enzyme activity in several tissues, the
purification of the enzyme from any tissue, including the epi-
didymis has proven to be elusive. Until 1992, the activity was
believed to be due to a single protein; however, in that year a
second isozyme was identified. The two isozymes were named
according to the sequence in which their mRNAs were discov-
ered. In the mouse, rat, dog, monkey, and man, both isozymes
of Sa-reductase have been identified; they have different tissue
distributions. Although several theories have been put forward
(Mahendroo and Russell, 1999), little solid data exist to allow us
toresolve the relative role of each isozyme. The consequences on
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Fig. 1. Schematic representation of the conversion of testosterone to dihy-
drotestosterone by steroid Sa-reductases and of two compounds that act as dual
inhibitors of the isozymes.

the female of a null mutation for Sa-reductase type 1 or the dou-
ble null mutation for both isozymes have been well described
(Mahendroo et al., 1996). Male null mutant mice are fertile;
however, a detailed analysis of the consequences of deletion of
Sa-reductase isozymes on spermatogenesis, spermatozoa in the
epididymis, or on the epididymis itself has not been published.
It appears that the mouse null mutation model does not accu-
rately resemble the human condition of Sa-reductase deficiency
(Mahendroo et al., 2001).

To understand the regulation of epididymal Sa-reductase
isozymes, several approaches have been taken. These include
studies designed to understand the genomic regulation
(Seenundun and Robaire, 2005) of the two genes and their
mRNA expression, as well as studies of the enzymatic activ-
ity in the tissue (reviewed in Robaire and Viger, 1995).

2.1. Regulation at the genomic level

The basic gene structure and chromosomal locations of both
human and rat Sa-reductase genes have been reported (Jenkins
etal., 1991; Labrie et al., 1992; Thigpen et al., 1992; Szpirer et
al., 1997); however, until recently remarkably little was known
about the 5" upstream sequences or trans or cis acting factors for
these genes. We have found that the proximal 5" upstream region
of type 1 rat Sa-reductase displays all the features of a CpG
island and a bidirectional promoter activity (unpublished obser-
vations). We recently undertook the cloning and characterization
of the 5" upstream region of Sa-reductase type 2 genes in the rat
to gain insight into its transcriptional regulation (Seenundun and
Robaire, 2005). Sequential deletion analysis was done to map the
2243-bp cloned 5’ upstream region of this gene. The regulatory
elements and the minimal promoter were mapped to the 485-
bp region upstream of the start codon. Primer extension and 5’
RACE identified one transcriptional start site at 33-bp upstream
of the start codon. Using electrophoretic mobility shift assays, a
number of shifts were obtained when epididymal cell line (PC1)
nuclear extracts were incubated with probes corresponding to

selective regions of the upstream sequence. Supershift and muta-
tional studies confirmed the binding of Sp1, and to a lesser extent
Sp3, to the two potential Spl binding sites and the preference
of these proteins to one binding site over the other. Thus, these
results provide a basic framework for the further investigation of
the genomic regulation of Sa-reductases in the rat epididymis.

2.2. Regulation at the mRNA level

The Sa-reductase type 1 mRNA is 2.5kb in length and is
most abundantly expressed in the initial segment of the epi-
didymis, with concentrations three to seven-fold higher than
in other segments (Viger and Robaire, 1991). Interestingly, the
positional gradient in Sa-reductase type 1 mRNA expression
in the epididymis is the same as that for nuclear Sa-reductase
enzyme activity (Robaire et al., 1981). Endocrine and devel-
opmental regulation of the Sa-reductase type 1 mRNA in the
epididymis reveal that: (1) orchidectomy results in a decrease in
type 1 mRNA levels in all epididymal segments; (2) high dose
exogenous testosterone maintains Sa-reductase type 1 mRNA
at control steady state concentrations in all regions of the epi-
didymis except the initial segment; (3) unilateral orchidectomy
and efferent duct ligation cause a dramatic decrease on type 1
Sa-reductase transcripts, selectively in the initial segment of the
epididymis; and (4) the type 1 transcript is developmentally reg-
ulated (Viger and Robaire, 1991, 1992, 1996). Therefore, the
primary regulator of Sa-reductase type 1 mRNA expression in
the initial segment of the epididymis is a paracrine/lumicrine
factor of testicular origin entering the epididymis via the effer-
ent ducts, while Sa-reductase type 1 mRNA levels in the other
epididymal regions appear to be controlled by circulating andro-
gens.

The Sa-reductase type 2 mRNA transcript is 3.6 kb in length,
is found in high concentrations in the epididymis (Jenkins et
al., 1991; Viger and Robaire, 1996), and has a spatial distribu-
tion along the adult rat epididymis which resembles that of type
1 mRNA, except that it is highest in the caput epididymides,
with similar concentrations in the initial segment, and does not
decline as dramatically as type 1 in the more distal segments
(Viger and Robaire, 1996). This observation was the first indi-
cation that although the Sa-reductase type 2 mRNA is present in
great abundance relative to the type 1 mRNA in the epididymis,
its regulation is clearly dissociated from that of the type 1 isoen-
zyme. While the Sa-reductase type 1 mRNA expression and
enzyme activity are characterized by dramatic increases during
postnatal development, just before the first appearance of sper-
matozoa in the epididymis (Viger and Robaire, 1991; Scheer and
Robaire, 1980), Sa-reductase type 2 mRNA expression does not
show any significant developmental changes; this is the case in
all epididymal segments studied (Viger and Robaire, 1996).

2.3. Regulation of epididymal 5a-reductase protein
concentrations

To study regulation at the protein level, rabbit polyclonal
antibodies were obtained to a 24-mer peptide from the predicted
protein sequence for rat S5a-reductase type 1. This peptide has a
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high homology to the type 2 isozyme, thus providing an overall
pattern of localization for both isozymes. In the adult rat, Sa-
reductase protein expression is intensely immunolocalized in
discrete lobules of the proximal initial segment of the epididymis
(Viger and Robaire, 1994). A sharp decline in staining intensity
occurs between the proximal initial segment and its adjacent
region, followed by a progressive decrease in intensity beyond
that point. In all epididymal regions, Sa-reductase immunore-
active protein is localized specifically in the epithelial principal
cells and is uniquely associated with membranous cytoplasmic
elements. Although no intranuclear staining is observed, very
intense infranuclear staining is noted, specifically in the prox-
imal initial segment. In the proximal caput epididymides, the
immunoreactivity for Sa-reductase is restricted to an oval region
above the nucleus, whereas in the other epididymal regions,
weak staining is observed throughout the cytoplasm (Viger and
Robaire, 1994; Thigpen and Russell, 1992). Thus, the intracel-
lular localization of Sa-reductase changes as one moves down
the epididymis. Savory et al. (1995) have reported the spe-
cific localization of Sa-reductase to the subcellular fraction
containing outer nuclear membranes. We hypothesized that the
infranuclear-localized form of Sa-reductase may be regulated
by a paracrine/lumincrine factor of Sertoli cell origin (Viger
and Robaire, 1994). Consistent with this suggestion, we found
aremarkable decrease in Sa-reductase immunoreactivity selec-
tively in the initial segment after efferent duct ligation, while
immunoreactivity remained unaffected in the more distal seg-
ments of the epididymis (Robaire and Viger, 1995).

2.4. Regulation of epididymal 5a-reductase enzyme activity

Sa-Reductase enzyme activity occurs in a striking positional
gradient in the adult rat epididymis and is found in two subcellu-
lar fractions, the nuclear and microsomal fractions (Scheer and
Robaire, 1983; Robaire et al., 1981). The activity associated
with the nuclear fraction is highest in the initial segment and
declines dramatically as one moves distally along the tissue. In
fact, enzyme activity in the initial segment of the epididymis
is higher than in any other reproductive tissue in the male.
The hormonal regulation of epididymal Sa-reductase activity
is complex. The enzyme activity found in the nuclear fraction
is markedly decreased after bilateral orchidectomy and can-
not be maintained by exogenous testosterone (Robaire et al.,
1977b). Efferent duct ligation and unilateral orchidectomy both
result in a dramatic decrease in epididymal Sa-reductase activ-
ity, especially in the proximal portion of the tissue (Robaire
et al., 1977b; Robaire, 1979). Thus, we have proposed that
nuclear fraction epididymal Sa-reductase activity is regulated in
a paracrine/lumicrine manner by a substance directly entering
the epididymis via the efferent ducts, and not via the gen-
eral circulation (Robaire et al., 1981). This paracrine, or lumi-
crine (Hinton et al., 1998) mode of regulation has since been
shown to be operative for a growing number of genes expressed
selectively in the initial segment of the epididymis, including
immobilin (Riuz-Bravo, 1988), proenkephalin (Garrett et al.,
1990), cystatin-related epididymal spermatogenic (CRES) gene
(Cornwall et al., 1992), and gamma-glutamyl transpeptidase

(GGT) (Hinton et al., 1998). Several lines of evidence indi-
cate that this regulatory factor(s) is of Sertoli cell origin. We
have proposed that it may be androgen binding protein (ABP)
(Robaireetal., 1981; Viger and Robaire, 1991), based on similar-
ities in developmental profile (Hansson et al., 1975), hormonal
control (Danzo et al., 1990), and the observation that ABP can
be internalized in a receptor mediated mechanism by princi-
pal cells of the initial segment of the epididymis (Felden et
al., 1992; Krupenko et al., 1994); however, there is also good
evidence that other molecules, such as basic fibroblast growth
factor, may serve as regulators of the initial segment of the epi-
didymis (Hinton et al., 1998).

In marked contrast to the nuclear activity, microsomal So-
reductase activity is found throughout the epididymis and is
present at a lower level (Robaire et al., 1981). The develop-
mental profile of epididymal microsomal Sa-reductase activity
revealed that it increased coincidentally with serum androgens;
this activity may be regulated by circulating androgens (Scheer
and Robaire, 1983; Robaire et al., 1981).

3. Inhibitors of steroid Sa-reductases

Over the past 30 years, there has been a progression in the
development of Sa-reductase inhibitors that reflects the quest for
highly specific inhibitors of one or both isozymes that have mini-
mal or no undesirable effects. As early as 1976, the ability of cer-
tain compounds and elements to inhibit (albeit non-specifically)
Sa-reductase in the epididymis was demonstrated. Saksena et
al. (1976) showed that the compound 3-oxo-4-androstene-173-
carboxylic acid inhibited the conversion of testosterone to DHT
in the rat caput and cauda epididymides. Monsalve and Blaquier
(1977) showed that the steroids progesterone and epitestos-
terone, as well as the elements Hg, Zn and Cu, were potent
inhibitors of rat epididymal Sa-reductase.

In a series of studies, Rasmusson’s group (Rasmusson et al.,
1984; Liang et al., 1984) found that 4-aza-steroids were effective
inhibitors of Sa-reductase activity in the prostate and a variety
of other tissues. The lead compound (diethyl-4-methyl-3-oxo-
4-aza-Sa-androstane-17B-carboxamide, 4-MA), a competitive
inhibitor of the epididymal enzyme (Cooke and Robaire, 1986),
ushered in a new era in potent inhibitors of this enzyme activity.
The first report to identify an irreversible inhibitor of epididymal
Sa-reductase activity described a family of 5,10-secosteroids
that act as suicide substrates of the enzyme in vitro (Robaire et
al., 1977a). However, these first generation compounds did not
fulfill the requirements of selectively and specifically inhibiting
Sa-reductase activity with no undesirable side effects. For exam-
ple, 4-hydroxy-androstenedione also inhibited the aromatization
of androgens to estrogens (Motta et al., 1986), while 4-MA
also had affinity for the androgen receptor and inhibited 33-
hydroxysteroid dehydrogenase (Liang and Heiss, 1981; Cooke
and Robaire, 1986; Perron and Belanger, 1994). In 1992, Zoppi
et al. reported the differential effects of 4-MA and its derivatives
on epididymal and prostate Sa-reductase activity (Zoppi et al.,
1992).

Numerous 4-aza-steroid derivatives of 4-MA were sub-
sequently developed and tested in order to achieve specific
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inhibition of Sa-reductase with no or limited antagonism of the
androgen receptor (Liang et al., 1984). These efforts led to the
development of finasteride. In comparison to all previous com-
pounds, finasteride is unquestionably the most well-studied Sa-
reductase inhibitor, at both the basic and clinical research levels,
with well over 1000 related publications. The structure and activ-
ity of finasteride were initially reported in 1986 by Rasmusson
et al. and in 1992 finasteride became the first clinically avail-
able Sa-reductase inhibitor (Rasmusson et al., 1986; Gormley
et al.,, 1992). In fact, until very recently, finasteride was the
only commercially available Sa-reductase inhibitor (Gormley,
1995). However, the lack of specificity of finasteride for the
type 1 isozyme has been proposed as the reason why this drug
is only moderately effective in the treatment of benign prostatic
hyperplasia (BPH) (Steers, 2001; Bartsch et al., 2002). Efforts
to discover more therapeutically effective compounds, i.e. that
decrease DHT levels to a greater extent, have led to the develop-
ment of a novel class of dual Sa-reductase inhibitors (Foley and
Kirby, 2003; di Salle et al., 1998; Frye et al., 1998; Hirosumi
et al., 1995). Dutasteride (GI198745) is a dual Sa-reductase
inhibitor that was selected for clinical development due to
its remarkable potency. In early 2003, dutasteride (GI1198745)
became the first dual Sa-reductase inhibitor available for the
treatment of BPH (Roehrborn et al., 2002). In comparison
to finasteride, dutasteride and other dual compounds achieve
almost total suppression of DHT levels (Foley and Kirby, 2003;
di Salle et al., 1998; Roehrborn et al., 2002). Other inhibitors of
both types 1 and 2 Sa-reductase, such as PNU157706, or FK 143,
are under development (Fig. 1) (Zaccheo et al., 1998; Hirosumi
et al., 1995).

4. Consequences of inhibiting steroid Sa-reductases

The major drive for the development of Sa-reductase
inhibitors has been for the treatment of BPH, which is extremely
prevalent in older males (>60% of men over 55 years old)
(Rosen et al., 2004). More recently, Sa-reductase inhibitors have
also been marketed for the treatment of male pattern baldness
(Libecco and Bergfeld, 2004); basic and clinical research indi-
cate potential roles for Sa-reductase inhibitors in the treatment
of acne (Chen et al., 1996) and the early treatment or prevention
of prostate cancer (Zaccheo et al., 1998; Andriole et al., 2004).

The consequences of inhibiting Sa-reductase activity on
steroid concentrations, gene expression, epididymal epithelial
cell function and sperm maturation have been studied only in
a very limited manner. Cohen et al. (1981) showed that So-
reductase inhibitors (3-oxo-4-androstene-17f3-carboxylic acid
and its methyl ester) could severely affect the fertilizing ability
of spermatozoa from the cauda epididymides, while Turner and
Futral (1992) showed that the intraluminal androgen balance was
shifted dramatically by 5a-reductase inhibitors. Studies with
finasteride showed that long-term treatment with a high dose of
the drug resulted in a reversible loss of fertility, but this effect
was ascribed to the action of the drug on the secretions of sex
accessory tissues, reducing the formation of copulatory plugs,
not on the epididymis, although effects on the histology of the
epididymis were not reported and embryonic development was
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Fig. 2. Response of gene families along the rat epididymis to treatment for 28
days with the dual 5a-reductase inhibitor, PNU157706. IS, initial segment of
the epididymis; CA, caput epididymides; CO, corpus epididymides; CD, cauda
epididymides. Black arrows indicate the direction of change in gene expression;
colored arrows indicate the segments where expression for a given gene family
changes. Adapted from data in Henderson et al. (2004).

not allowed to progress beyond its very early phases (Cukierski
etal., 1991; Wise et al., 1991).

With the discovery that PNU157706 is a potent inhibitor of
both isozymes of Sa-reductase, di Salle et al. (1998) showed, for
the first time, that inhibition of Sa-reductases results in a reduc-
tion in epididymal weight. An investigation of the consequences
of inhibiting both isozymes of Sa-reductase on gene expres-
sion profiling along the epididymis was undertaken in order to
determine whether reduction of DHT production would have
selective actions (Henderson et al., 2004). The effect of treat-
ment with this drug on gene expression was dose-dependent and
highly segment-specific; the initial segment responded uniquely
in that a similar number of genes increased and decreased in
expression, compared to the other segments where the majority
of affected genes decreased in expression. Some of the more
dramatically affected genes were involved in signal transduc-
tion as well as fatty acid and lipid metabolism, regulation of
ion and fluid transport, luminal acidification, oxidative defense,
and protein processing and degradation. These are essential
processes, contributing to the formation of an optimal luminal
microenvironment, as required for proper sperm maturation. The
schematic in Fig. 2 illustrates the main changes after drug treat-
ment along the epididymis in the gene families affected.

Quantitative RT-PCR was used to analyze the expression
profiles of specific signaling genes in the epididymis and to
assess their DHT-dependence by using two different dual Sa-
reductase inhibitors (PNU157706 and FK143, Fig. 1); the two
inhibitors had parallel effects. Specifically, in proximal regions,
Sa-reductase 1, androgen receptor and TGF-f1 expression
increased after treatment, while in distal segments expression of
IGF-1, IGFBP-5, IGFBP-6, and FGF-10 decreased (Henderson
and Robaire, submitted for publication). Together, these results
provide novel insight into the DHT-dependent mechanisms that
control epididymal functions and suggest the identity of poten-
tial candidate genes acting either upstream or downstream of
DHT to regulate and/or mediate its actions in the epididymis.
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The consequences of inhibiting both isoforms of Sa-
reductase (types 1 and 2) on epididymal sperm maturation were
examined by treating rats with PNU157706 and analyzing fer-
tility as well as several key facets of sperm maturation. The
motility of spermatozoa from the cauda epididymides of treated
animals showed a significant decrease in both the percentage of
motile and progressively motile sperm as well as altered motion
parameters. The morphology of cauda epididymal spermatozoa
was also adversely affected by the treatment; the most prominent
effect was a markedly elevated proportion of sperm that retained
their cytoplasmic droplet. Mating control females with treated
males resulted in fewer successful pregnancies and a higher rate
of pre-implantation loss. Surviving progeny were unaffected.
The compromised sperm motility and morphology likely con-
tribute to the subfertility of inhibitor-treated rats (Henderson
and Robaire, 2005). These results indicate a role for dual 5a-
reductase inhibitors in further studies of epididymal physiology
and as a potential component of a male contraceptive.

Acknowledgements

We thank Dr. T. Zaccheo from Pharmacia and Upjohn
(presently Pfizer) and Dr. Yasutaka Shigi from Fujisawa Phar-
maceutical Co. for the generous gifts of PNU157706 and FK 143,
respectively.

References

Andriole, G.L., Humphrey, P., Ray, P., Gleave, M.E., Trachtenberg, J.,
Thomas, L.N., Lazier, C.B., Rittmaster, R.S., 2004. Effect of the dual
Salpha-reductase inhibitor dutasteride on markers of tumor regression in
prostate cancer. J. Urol. 172, 915-919.

Bartsch, G., Rittmaster, R.S., Klocker, H., 2002. Dihydrotestosterone and the
concept of Salpha-reductase inhibition in human benign prostatic hyper-
plasia. World J. Urol. 19, 413-425.

Blanchard, Y., Robaire, B., 1997. Le mode d’action des androgenes et la
Sa-réductase. Médecine/Sciences 13, 467—473.

Chen, W., Zouboulis, C.C., Orfanos, C.E., 1996. The 5 alpha-reductase sys-
tem and its inhibitors. Recent development and its perspective in treating
androgen-dependent skin disorders. Dermatology 193, 177-184.

Cohen, J., Ooms, M.P,, Vreeburg, J.T., 1981. Reduction of fertilizing capacity
of epididymal spermatozoa by Salpha-steroid reductase inhibitors. Expe-
rientia 37, 1031-1032.

Cooke, G.M., Robaire, B., 1986. The effects of diethyl-4-methyl-3-oxo-4-aza-
Salpha-androstane-17beta-carboxamide (4-MA) and (4R)-5,10-SECO-19-
norpregna-4,5-diene-3,10,20-trione (SECO) on androgen biosynthesis in
the rat testis and epididymis. J. Steroid Biochem. 24, 877-886.

Cornwall, G.A., Orgebin-Crist, M.C., Hann, S.R., 1992. The CRES gene:
a unique testis-regulated gene related to the cystatin family is highly
restricted in its expression to the proximal region of the mouse epi-
didymis. Mol. Endocrinol. 6, 1653—-1664.

Cukierski, M.A., Sina, J.L., Prahalada, S., Wise, L.D., Antonello, J.M., Mac-
Donald, J.S., Robertson, R.T., 1991. Decreased fertility in male rats
administered the Sa-reductase inhibitor, finasteride, is due to deficits in
copulatory plug formation. Reprod. Toxicol. 5, 353-362.

Danzo, B.J., Pavlou, S.N., Anthony, H.L., 1990. Hormonal regulation of
androgen-binding protein in the rat. Endocrinology 127, 2829-2838.

di Salle, E., Giudici, D., Radice, A., Zaccheo, T., Ornati, G., Nesi, M.,
Panzeri, A., Delos, S., Martin, PM., 1998. PNU157706, a novel dual
types 1 and 2 Salpha-reductase inhibitor. J. Steroid Biochem. Mol. Biol.
64, 179-186.

Felden, F., Leheup, B., Fremont, S., Bouguerne, R., Egloff, M., Nicolas, J.P.,
Grignon, G., Gueant, J.L., 1992. The plasma membrane of epididymal
epithelial cells has a specific receptor which binds to androgen-binding
protein and sex steroid-binding protein. J. Steroid Biochem. Mol. Biol.
42, 279-285.

Foley, C.L., Kirby, R.S., 2003. 5a-Reductase inhibitors: what’s new? Curr.
Opin. Urol. 13, 31-37.

Frye, S.V., Bramson, H.N., Hermann, D.J., Lee, EW., Sinhababu, A.K., Tian,
G., 1998. Discovery and development of GG745, a potent inhibitor of both
isozymes of Salpha-reductase. Pharm. Biotechnol. 11, 393-422.

Garrett, J.E., Garrett, S.H., Douglass, J., 1990. A spermatozoa-associated
factor regulates proenkephalin gene expression in the rat epididymis. Mol.
Endocrinol. 4, 108-118.

Gloyna, R.E., Wilson, J.D., 1969. A comparative study of the conversion of
testosterone to 17p-hydroxy-5a-androstan-3-one (dihydrotestosterone) by
rat prostate and epididymis. J. Clin. Endocrinol. Metab. 29, 970-977.

Gormley, G.J., 1995. Finasteride: a clinical review. Biomed. Pharmacother.
49, 319-324.

Gormley, G.J., Stoner, E., Bruskewitz, R.C., Imperato-McGinley, J., Walsh,
P.C., McConnell, J.D., Andriole, G.L., Geller, J., Bracken, B.R., Ten-
over, J.S., et al., 1992. The effect of finasteride in men with benign
prostatic hyperplasia. The Finasteride Study Group. N. Engl. J. Med.
327, 1185-1191.

Hansson, V., Ritzen, E.M., French, E.S., Nayfeh, S.N., 1975. Androgen trans-
port and receptor mechanisms in testis and epididymis. In: Hamilton,
D.W., Greep, R.O. (Eds.), Handbook of Physiology, vol. 5, sect. 7. Amer-
ican Physiological Society, Washington, DC, pp. 173-201.

Henderson, N.A., Cooke, G.M., Robaire, B., 2004. Effects of PNU157706,
a dual Sa-reductase inhibitor, on gene expression in the rat epididymis.
J. Endocrinol. 181, 245-261.

Henderson, N.A., Robaire, B., 2005. Effects of PNU157706, a dual Salpha-
reductase inhibitor, on rat epididymal sperm maturation and fertility. Biol.
Reprod. 72, 436-443.

Hinton, B.T., Lan, Z.J., Rudolph, D.B., Labus, J.C., Lye, R.J., 1998. Testicular
regulation of epididymal gene expression. J. Reprod. Fertil. 53 (Suppl.),
47-57.

Hirosumi, J., Nakayama, O., Chida, N., Inami, M., Fagan, T., Sawada, K.,
Shigematsu, S., Kojo, H., Notsu, Y., Okuhara, M., 1995. FK143, a novel
non-steroidal inhibitor of steroid Salpha-reductase. 2. In vivo effects on
rat and dog prostates. J. Steroid Biochem. Mol. Biol. 52, 365-373.

Jenkins, E., Hsieh, C.-L., Milatovich, A., Normington, K., Berman, D.M.,
Francke, U., Russell, D.W., 1991. Characterization and chromosomal
mapping of a human steroid Sa-reductase gene and pseudogene and map-
ping of the mouse homologue. Genomics 11, 1102-1112.

Krupenko, S.A., Krupenko, N.I, Danzo, B.J., 1994. Interaction of sex
hormone-binding globulin with plasma membranes from the rat epi-
didymis and other tissues. J. Steroid Biochem. Mol. Biol. 51, 115-124.

Labrie, F.,, Sugimoto, Y., Luu-The, V., Simard, J., Lachance, Y., Bachvarov,
D., Leblanc, G., Durocher, F., Paquet, N., 1992. Structure of human type
2 Sa-reductase gene. Endocrinology 131, 1571-1573.

Liang, T., Brooks, J.R., Cheung, A., Reynolds, G.F., Rasmusson, G.H., 1984.
4-Azasteroids as inhibitors of Sa-reductase. In: Brescian, F., King, J.B.K.,
Lippman, M.E., Namer, M., Raynaud, J.P. (Eds.), Hormones and Cancer
2. Raven Press, New York, pp. 497-505.

Liang, T., Heiss, C.E., 1981. Inhibition of Sa-reductase, receptor binding, and
nuclear uptake of androgens in the prostate by a 4-methyl-4-aza-steroid.
J. Biol. Chem. 256, 7998-8005.

Libecco, J.F., Bergfeld, W.F., 2004. Finasteride in the treatment of alopecia.
Expert. Opin. Pharmacother. 5, 933-940.

Mahendroo, M.S., Cala, K.M., Hess, D.L., Russell, D.W., 2001. Unex-
pected virilization in male mice lacking steroid Salpha-reductase enzymes.
Endocrinology 142, 4652—4662.

Mahendroo, M.S., Cala, K.M., Russell, D.W., 1996. 5a-Reduced androgens
play a key role in murine parturition. Mol. Endocrinol. 10, 380-392.
Mahendroo, M.S., Russell, D.W., 1999. Male and female isoenzymes of

steroid Sa-reductase. Rev. Reprod. 4, 179-183.

Monsalve, A., Blaquier, J.A., 1977. Partial characterization of epididymal

Salpha-reductase in the rat. Steroids 30, 41-51.



B. Robaire, N.A. Henderson / Molecular and Cellular Endocrinology 250 (2006) 190-195 195

Motta, M., Zoppi, S., Brodie, A.M., Martini, L., 1986. Effect of 1,4,6-
androstatriene-3,17-dione (ATD), 4-hydroxy-4-androstene-3,17-dione (4-
OH-A) and 4-acetoxy-4-androstene-3,17-dione (4-Ac-A) on the Sa-
reduction of androgens in the rat prostate. J. Steroid Biochem. 25,
593-600.

Orgebin-Christ, M.-C., Jahad, N., Hoffman, L.H., 1976. The effects of testos-
terone, So-dihydrotestosterone, 3a-androstandiol, and 3-androstandiol
on the maturation of rabbit epididymal spermatozoa in organ culture.
Cell Tissue Res. 167, 515-525.

Perron, S., Belanger, A., 1994. Effects of 4-MA, a potent inhibitor
of Salpha-reductase, on 3beta-hydroxysteroid dehydrogenase/delta 5-
delta 4-isomerase activity in guinea pig adrenals. Steroids 59, 371—
376.

Rasmusson, G.H., Reynolds, G.F., Steinberg, N.G., Walton, E., Patel, G.F,,
Liang, T., Cascieri, M.A., Cheung, A.H., Brooks, J.R., Berman, C.,
1986. Azasteroids: structure-activity relationships for inhibition of So-
reductase and of androgen receptor binding. J. Med. Chem. 29, 2298—
2315.

Rasmusson, G.H., Reynolds, G.F., Utne, T., Jobson, R.B., Primka, R.L.,
Berman, C., Brooks, J.R., 1984. Azasteroids as inhibitors of rat prostatic
Sa-reductase. J. Med. Chem. 27, 1690-1701.

Riuz-Bravo, N., 1988. Tissue and cell specificity of immobilin biosynthesis.
Biol. Reprod. 39, 901-911.

Robaire, B., 1979. Effects of unilateral orchidectomy on rat epididymal
A*-5a-reductase and 3a-hydroxysteroid dehydrogenase. Can. J. Physiol.
Pharmol. 57, 998-1003.

Robaire, B., Covey, D.F.,, Robinson, C.H., Ewing, L.L., 1977a. Selective
inhibition of rat epididymal steroid A*-5a-reductase by conjugated allenic
3-0x0-5,10-secosteroids. J. Steroid Biochem. 8, 307-310.

Robaire, B., Ewing, L.L., Zirkin, B.R., Irby, D.C., 1977b. Steroid A*-5a-
reductase and 3a-hydroxysteroid dehydrogenase in the rat epididymis.
Endocrinology 101, 1379-1390.

Robaire, B., Scheer, H., Hachey, C., 1981. Regulation of epididymal steroid
metabolizing enzymes. In: Jagiello, G., Vogel, H.J. (Eds.), Bioregulators
of Reproduction. Academic Press, New York, pp. 487—498.

Robaire, B., Viger, R.S., 1995. Regulation of epididymal epithelial functions.
Biol. Reprod. 52, 226-236.

Roehrborn, C.G., Boyle, P, Nickel, J.C., Hoefner, K., Andriole, G., 2002.
ARIA3001, ARIA3002 and ARIA3003 study investigators. Efficacy and
safety of a dual inhibitor of Salpha-reductase types 1 and 2 (dutas-
teride) in men with benign prostatic hyperplasia. Urology 60, 434—
441.

Rosen, R., Altwein, J., Boyle, P.,, Kirby, R.S., Lukacs, B., Meuleman, E.,
O’Leary, M.P., Puppo, P., Chris, R., Giuliano, F., 2004. Lower urinary
tract symptoms and male sexual dysfunction: the multinational survey of
the aging male (MSAM-7). Prog. Urol. 14, 332-344.

Saksena, S.K., Lau, LE,, Chang, M.C., 1976. The inhibition of the conversion
of testosterone into Salpha-dihydrotestosterone in the reproductive organs
of the male rat. Steroids 27, 751-757.

Savory, J.G., May, D., Reich, T., LaCasse, E.C., Lakins, J., Tenniswood,
M., Raymond, Y., Hache, R.J., Sikorska, M., Lefebvre, Y.A., 1995.
Sa-Reductase type 1 is localized to the nuclear membrane. Mol. Cell.
Endocrinol. 110, 137-147.

Scheer, H., Robaire, B., 1980. Steroid A*-5a-reductase  and 3a-
hydroxysteroid dehydrogenase in the rat epididymis during postnatal
development. Endocrinology 107, 948-953.

Scheer, H., Robaire, B., 1983. Subcellular distribution of steroid A*-5a-
reductase and 3a-hydroxysteroid dehydrogenase in the rat epididymis
during sexual maturation. Biol. Reprod. 29, 1-10.

Seenundun, S., Robaire, B., 2005. Cloning and characterization of the Salpha-
reductase type 2 promoter in the rat epididymis. Biol. Reprod. 72,
851-861.

Steers, W.D., 2001. Sa-Reductase activity in the prostate. Urology 58 (Suppl.
1), 17-24.

Szpirer, C., Szpirer, J., Tissir, F., Stephanova, E., Vanvooren, P., Kurtz, T.W.,
Iwai, N., Inagami, T., Pravenec, M., Kren, V., Klinga-Levan, K., Levan,
G., 1997. Rat chromosome 1: regional localization of seven genes (Slc9a3,
Srd5al, Esr, Tcpl, Grik5, Tnnt3, Jak2) and anchoring of the genetic
linkage map to the cytogenetic map. Mamm. Genome. 8, 657-660.

Thigpen, A.E., Davis, D.L., Milatovich, A., Mendonca, B.B., Imperato-
McGinley, J., Griffin, J.E., Francke, U., Wilson, J.D., Russell, D.W., 1992.
Molecular genetics of steroid Sa-reductase 2 deficiency. J. Clin. Invest.
90, 799-809.

Thigpen, A.E., Russell, D.W., 1992. Four-amino acid segment in steroid So-
reductase 1 confers sensitivity to finasteride, a competitive inhibitor. J.
Biol. Chem. 267, 8577-8583.

Tindall, D.J., French, E.S., Nayfeh, S.N., 1972. Androgen uptake and binding
in rat epididymal nuclei, in vivo. Biochem. Biophys. Res. Commun. 49,
1391-1397.

Toth, M., Zakar, T., 1982. Relative binding affinities of testosterone, 19-
nortestosterone and their Salpha-reduced derivatives to the androgen
receptor and to other androgen-binding proteins: a suggested role of
Salpha-reductive steroid metabolism in the dissociation of “myotropic”
and “androgenic” activities of 19-nortestosterone. J. Steroid Biochem.
17, 653-660.

Turner, T.T., Futral, A.A., 1992. Sa-Reductase inhibition and loss of epididy-
mal sperm motility potential. Biol. Reprod. 46 (Suppl. 1), 143.

Turner, T.T., Jones, C.E., Howards, S.S., Ewing, L.L., Zegeye, B., Gunsalus,
G.L., 1984. On the androgen microenvironment of maturing spermatozoa.
Endocrinology 115, 1925-1932.

Viger, R.S., Robaire, B., 1991. Differential regulation of steady state 4-ene
steroid Sa-reductase messenger ribonucleic acid levels along the rat epi-
didymis. Endocrinology 128, 2407-2414.

Viger, R.S., Robaire, B., 1992. Expression of 4-ene steroid Sa-reductase
messenger ribonucleic acid in the rat epididymis during postnatal devel-
opment. Endocrinology 131, 1534-1540.

Viger, R.S., Robaire, B., 1994. Immunocytochemical localization of 4-ene
steroid So-reductase type 1 along the rat epididymis during postnatal
development. Endocrinology 134, 2298-2306.

Viger, R.S., Robaire, B., 1996. The mRNAs for the steroid Sa-reductase
isozymes, type 1 and type 2, are differentially regulated in the rat epi-
didymis. J. Androl. 17, 27-34.

Wise, L.D., Minsker, D.H., Cukierski, M.A., Clark, R.L., Prahalada, S.,
Antonello, J.M., MacDonald, J.S., Robertson, R.T., 1991. Reversible
decreases of fertility in male Sprague-Dawley rats treated orally with
finasteride, a Sa-reductase inhibitor. Reprod. Toxicol. 5, 337-346.

Zaccheo, T., Giudici, D., di Salle, E., 1998. Effect of the dual S5alpha-
reductase inhibitor PNU157706 on the growth of Dunning R3327 prostatic
carcinoma in the rat. J. Steroid Biochem. Mol. Biol. 64, 193-198.

Zoppi, S., Lechuga, M., Motta, M., 1992. Selective inhibition of the Salpha-
reductase of the rat epididymis. J. Steroid Biochem. Mol. Biol. 42,
509-514.



	Actions of 5alpha-reductase inhibitors on the epididymis
	Epididymal function is dependent on dihydrotestosterone (DHT)
	Steroid 5alpha-reductases in the epididymis
	Regulation at the genomic level
	Regulation at the mRNA level
	Regulation of epididymal 5alpha-reductase protein concentrations
	Regulation of epididymal 5alpha-reductase enzyme activity

	Inhibitors of steroid 5alpha-reductases
	Consequences of inhibiting steroid 5alpha-reductases
	Acknowledgements
	References


