F. Steroid Biochem. Molec. Biol. Vol. 53, No. 1-6, pp. 253~257, 1995

Copyright € 1995 Elsevier Science Ltd
0960-0760(95)00056-9

Printed in Great Britain. All rights reserved
0960-0760/95 $9.50 + 0.00

Different Patterns of Metabolism Determine
the Relative Anabolic Activity of
19-Norandrogens

Kalyan Sundaram,* Narender Kumar, Carl Monder and
C. Wayne Bardin

Center for Biomedical Research, The Population Council, 1230 York Avenue, New York, NY 10021, U.S.A.

Testosterone, the principal androgen secreted by Leydig cells, exerts a wide range of actions
including growth of the male reproductive tract (androgenic effects) and growth of non-reproductive
tissues such as muscle, kidney, liver, and salivary gland (anabolic effects). As androgenic steroids
were discovered some were found to have relatively more anabolic than androgenic activity. The
results reviewed in this report suggest that these differences result, in part, from the differential
metabolism of the steroids in individual tissues and the varied activities of the individual metab-~
olites. In the accessory sex organs (e.g. the prostate) testosterone is 5a-reduced to dihydrotestos-
terone (DHT) which, due to its higher affinity for androgen receptors (AR), amplifies the action of
testosterone. In contrast, when 19-nortestosterone (NT) is Sa-reduced, its affinity for AR decreases,
resulting in a decrease in its androgenic potency. However, their anabolic potency remains
unchanged since significant 5a-reduction of the steroids does not occur in the muscle. 7 -methyl-19-
nortestosterone (MENT) does not get 5a-reduced due to steric hindrance from the 7a-methyl group.
Therefore, the androgenic potency of MENT is not amplified as happens with testosterone. These
metabolic differences are responsible for the increased anabolic activity of NT and MENT compared
to testosterone. Part of the biological effects of testosterone are mediated by its aromatization to
estrogens. The fact that MENT is also aromatized to 7a-methyl estradiol, a potent estrogen, in vitro
by human placental and rat ovarian aromatase suggests that some of the anabolic actions of MENT
may be mediated by this estrogen.
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INTRODUCTION androgenic steroids when measured by single end point
can be related in part to the affinity of these steroids to
androgen receptors [3]. However, it seemed unlikely
that the differential effects of such steroids on prostate,
muscle, kidney, and liver could be explained by recep-
tor binding alone [4].

Testosterone (T), the principal androgen secreted by
the Leydig cells, affects its target organs by interacting
with specific androgen receptors. While in many tissues
T is the active androgen per se, in others, part of the
important biological actions of T depend upon its
enzymatic conversion to active metabolites [5]. In the
male accessory sex organs and skin, the precursor, T,
undergoes Sax-reduction to the product, S5x-dihy-
drotestosterone (DHT) which leads to an amplification
of the apparent potency of the precursor [4, 6]. In many
tissues, including some parts of the brain, liver and

An androgen is an agent that stimulates growth of the
male reproductive tract and external genitalia [1]. In
addition, androgens have diverse effects on many or-
gans including muscle, kidney, salivary gland, and liver
that have little direct bearing on male characteristics.
These latter effects are designated anabolic effects. As
various androgenic steroids were discovered it was
noted that some were relatively more androgenic and
others more anabolic. Such observations fostered pro-
grams designed to synthesize anabolic steroids without
androgenic activity. The failure to separate androgenic
and anabolic activities relates, in part, to the fact that
most androgenic and anabolic effects are mediated via
the androgen receptor {2]. Thus, the relative potency of
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adipose tissue, aromatase [7-9] converts T to estradiol
(E,) that in turn exerts its effects via estrogen receptors.



254

Hence, the androgenic and anabolic actions of T are
indeed complex. In each tissue the magnitude and
quality of the response depends upon the enzymatic
activity in that tissue, the active intracellular hormones
that are generated, and the receptors that are present.
Regardless of the hormone that produces the final
response it is, none-the-less, designated androgenic or
anabolic depending on the tissue.

Since it is likely that the action of androgens that
have been dubbed “anabolic” are likely to be as com-
plex as that of testosterone, it was of interest to
determine whether the metabolism of these steroids
determines the differential tissue responses of muscle
and prostate [10,11]. It is the purpose of this
manuscript to relate the differential metabolism of
19-nor androgens to their biological activities on sev-
eral organs.

RELATIVE BIOPOTENCY OF ANABOLIC
STEROIDS

The androgenic and anabolic potencies of some
synthetic 19-nor androgens were compared with that of
T in castrated rats. For the purpose of this study,
muscle weight was used as an index of anabolic activity
while prostate and seminal vesicles weights served as an
index of androgenic activity. Multiple doses of each
androgen were administered via Alzet osmotic pumps
for 14 days and the weights of ventral prostate, seminal
vesicles and levator ani were determined. Using an
Allfit computer program, the relative potencies of each
androgen were estimated (Table 1).

7o -methyl-19-nortestosterone (MENT) was the
most potent androgen in this series. Based on the
weights of prostate and seminal vesicles, MENT was
4-5 times more potent (androgenic) than T. By
contrast; the myotropic potency, estimated from leva-
tor ani response, was nearly 10 times that of T. In
contrast to MENT, 19-nortestosterone (N'T) was S
times less androgenic than T but twice as anabolic as
T. In a similar study, 17x-methyl-19-nortestosterone
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(17MNT) was found to be less androgenic and
more anabolic than 17x-methyl-testosterone (17MT)
(Table 1). These observations indicate that NT,
17MNT, and MENT (the nor-androgens) are more
anabolic than androgenic, that is, their relative anabolic
activities are greater than one (Table 1).

RECEPTOR BINDING AND THE ROLE OF
5«-REDUCTASE

Competitive binding studies to rat prostate androgen
receptors showed MENT to be most potent in displac-
ing [*H]mibolorone followed by DHT, NT and T.
These results showed that the binding affinities of these
steroids were correlated more closely with the effects on
muscle. Since the androgen receptor in the muscle is
the same as that in the prostate [12-14] we sought to
determine if the difference between the androgenic and
anabolic actions of these androgens was related to their
metabolism in prostate.

As noted above, in the prostate and seminal vesicles
T is enzymatically 5a-reduced to DHT whose binding
affinity to AR and bioactivity on’the tissues is 3—5 times
greater than that of T. These events lead to a 2-3-fold
amplification of T action in these tissues. On the other
hand, muscle contains very little or no functional
Sa-reductase enzyme [4, 15, 16]. Hence the response of
the muscle reflects the inherent activity of the un-
modified testosterone or another metabolite. NT,
which has higher affinity for androgen receptors than
T, also exhibits a greater myotropic potency. However,
dihydro-NT, the 5x-reduced metabolite of NT, has
lower affinity for AR than NT, T and DHT [17, 18].
These findings suggest that in contrast to T, whose
action is amplified in prostate by its conversion to
DHT, the potency of N'T on the prostate is reduced by
its Sxz-reduction to dihydro-NT {[19]. If this expla-
nation is correct then a S«-reductase inhibitor should
have strikingly different effects on the actions of T and
NT. This possibility was investigated.

Castrated rats were treated with T or N'T with or

Table 1. Relative biopotency estimates of androgens in castrated rats

Potency estimates based on weights of

Steroids Ventral prostate  Seminal vesicles Levator ani Relative anabolic activity*
Experiment A
Testosterone {T) 1 1 1 1
7a-methyl-19-nortestosterone (MENT) 4 s 9 2
19-nortestosterone (N'T) 0.2 0.2 2.4 12
Experiment B
172 -methyl-testosteronc 1 1 1 1
172 -methyl-19-nortestosterone 0.2 0.3 2.3 11

Androgen treatment was started on the day of castration. The duration of treatment was 14 days. Potency estimated by “Allfit”
computer program. The comparisons of testosterone, MENT and nortestosterone were performed in one study and the
17-methylated androgens in another. In Experiment A, the potency of testosterone was assigned a value of one. In Experiment

B. 17x-methyl-testosterone was assigned a value of one.

*Relative anabolic activity = potency on muscle divided by potency on prostate.
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Fig. 1. Effect of Sa-reductase inhibitor on the androgenic
activity of T, NT and MENT in castrated rats. The response
to the androgens is designated 100.

without the 5x-reductase inhibitor, N,N -diethyl-3-
0xo0-4-aza-Su-androst-1-ene-17f -carboxamide. In cas-
trated rats receiving T, this compound inhibited the
stimulatory action of T on the prostate (Fig. 1) as
expected but did not affect its action on muscle (not
shown). On the other hand, the 5x-reductase inhibitor
increased the prostate weights in rats receiving NT
(Fig. 1) without affecting the effect on muscle (not
shown). In a similar study the Sa-reductase inhibitor
decreased the androgenic potency of 17MT and in-
creased the androgenic potency of 17MN'T without
altering their anabolic potencies [11]. These findings
are consistent with the postulate that the androgenic
action of these steroids is dependent upon the relative
biopotency of their Sx-reduced product generated
in the prostate. The latter studies also indicate that
the 17o-methyl group does not modify the A-ring
metabolism of 17MNT by 5x-reductase. As a conse-
quence, the relative anabolic activities of NT and
17MNT are similar (Table 1) due to the reduced
androgenic activity that results as a consequence of
their Sa-reduction.
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MENT IS RESISTANT TO 5¢-REDUCTION

The dissociation of the androgenic and anabolic
activity of MENT is also related to its metabolic
transformation in the prostate. The i vitro metabolism
of MENT by rat liver and prostate was investigated
[20]. Radioactively labelled MENT incubated with
liver homogenates yielded three metabolites: 7x-
methyl-estr-4-ene-3,7-dione;  7x-methyl-5f -estrane-
3,17B-diol; and 7o«-methyl-3-oxo-¢str-4-ene-16,17f-
diol (Fig. 2). There was no evidence of Sx-reduced
products. In another study, there was no detectable
metabolism of MENT by prostate homogenates. In
parallel investigations, 48%, of radiolabelled T was
converted to 5« -reduced products by the prostate. We
concluded from these observations that MENT did not
undergo Sx-reduction, probably because the 7¢~-methyl
group hinders the action of 5xz-reductase.

Studies on the metabolism of MENT led to the
prediction that, compared to T, the relative biopotency
of MENT on the prostate would be lower than that on
muscle. The relative biopotency estimates of MENT
shown in Table 1 are consistent with this hypothesis.
Further support for this conclusion was provided in
experiments with S« -reductase inhibitor [21, 22]. Cas-
trated rats were treated with T and MENT with or
without the inhibitor. As expected, the enzyme inhibi-
tor attenuated the action of T on the prostate (Fig. 1)
but not on muscle (not shown). As predicted, the
inhibitor did not alter the action of MENT on prostate
(Fig. 1) or muscle. This shows that the partial dis-
sociation of the androgenic and anabolic actions of
MENT relates to its lack of amplification in the
prostate by Sa-reductase. Studies of the metabolism of
nor-androgens from our own and other laboratories
suggested that the 7« -methyl group was responsible for
rendering MENT resistant to Sa-reduction. To inves-
tigate this possibility, other androgens with 74 -substi-
tution were studied. Like MENT, these steroids were
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Fig. 2. Proposed pathway of MENT metabolism by male rat liver (from Ref. [20]).
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Fig. 3. Radiochromatogram of the 0.4 N NaOH extract follow-
ing incubation of PH]JMENT with rat ovarian microsomes.
Following incubation, the steroids were extracted and parti-
tioned between benzene/petroleum ether and 0.4 N NaOH.
Methylene chloride:ethylacetate (8:2) was used as the mobile
phase. The scan shows ["HJMENT standard (top) and its
aromatized derivative (bottom). The mobility of the aroma-
tized derivative was similar to that of non-radioactive 7a-
methyl-estradiol standard visualized under UV light.

also more anabolic relative to testosterone [21]. These
observations led to the proposal that MENT could be
used for androgen replacement therapy in men at a dose
that would maintain muscle mass but would not stimu-
late prostate growth [22].

AROMATIZATION

Since T undergoes enzymatic aromatization to E, in
many tissues, some of the actions of T in the male have
been attributed to its metabolite, E,, including the
regulation of gonadotropin secretion and sexual behav-
ior [23-25] and possibly indirect anabolic response
through stimulation of growth hormone and/or insulin-
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like growth factor-1 {26]. Therefore, studies were un-
dertaken to determine whether MENT could be
aromatized. Human placental microsomes were used as
the source of aromatase [27].

[PHIJMENT and microsomes were incubated at 37°C
in the presence of NADPH for 60 min. The metabolites
were partitioned between benzene-petroleum ether and
0.4 N NaOH, and the radioactivity in the two phases
was measured (Table 2). The results show that placen-
tal microsomes convert MENT into a product that can
be partitioned into NaOH and that this conversion is
blocked by an aromatase inhibitor. The conversion of
MENT to estrogen was further confirmed by thin-
layer chromatography of the NaOH fraction. The
dominant metabolite had the mobility of 7a-methyl-
estradiol (7a-methyl-E,), a product with estrogenic
activity [27]. Moslemi er al. [28] reported that MENT
was aromatized by equine placental microsomes but not
by human placental microsomes. The reason for the
discrepancy between the two studies is not clear at the
present. Using similar techniques we have also ob-
served that MENT was aromatized by rat ovarian
microsomes x vitro.

Since MENT was shown to be aromatized to estro-
genic compounds, the estrogenic activity of MENT
was investigated. Competitive binding studies with rat
uterine estrogen receptors showed that MENT had low
but significant affinity for estrogen receptors while
testosterone showed very little binding [27]. The EDy,
of MENT was approx. 3000-fold higher than that of
E,. In wivo studies in ovariectomized female rats
showed that MENT caused a dose-dependent increase
in uterine weight with MENT being over 50-fold more
potent than testosterone but with 0.005%, activity of E,
in the uterotropic assay. Examination of vaginal his-
tology showed no evidence of cornification similar to
that seen with estradiol. It would seem that the anabolic
action of MENT accounts for most of its uterotropic
activity and is mediated through binding to AR. Sup-
port for this theory was provided by studies in which
the uterotropic activity of MENT was partially inhib-
ited by cyproterone, an antiandrogen.

These studies show that there are several mechan-
isms involved in the anabolic actions of 19-norandro-
gens. These include: (1) differences in the binding
affinity to androgen receptors; (2) differences in suscep-

Table 2. Metabolism of ["HIMENT by hwman placental microsomes (Mic)

cpm in base cpm in BP
(x 107 (x10 %)
FHJMENT 44 1027
PHIMENT + Mic + NADPH 827 89
[PHIMENT + Mic ~ NADPH 36 728
PHIMENT + Mic ~ NADPH + R76713 55 711

Tritiated MENT (in duplicate) was incubated with placental microsomes with or
without additives for 60 min. The products were extracted and partitioned between
0.4 N NaOH (base) and benzene:petroleum ether (BP) and the total radioactivity
in each fraction determined (from Ref. [27]).
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tibility to Sxz-reduction; and (3) differences in the
biopotency of Sa-reduced metabolites.

In conclusion, we have shown that the differential
susceptibility of 19 nor-androgens to Sax-reduction
determines their affinities to the androgen receptors
leading to a dissociation of androgenic and anabolic
activities. These findings provide a rational basis for
understanding how MENT has increased anabolic
activity compared to testosterone.

Acknowledgements—This work was undertaken as part of the contra-
ceptive development program sponsored and coordinated by the
International Committee for Contraception Research of the Popu-
lation Council, Inc., New York. Support for this work was provided
through Cooperative Agreement No. DPE-3050-A-00-8059-00 from
the US Agency for International Development. Additional funding
was provided by Grant No. U54 HD29990 from the National
Institute of Child Health and Human Development.

REFERENCES

1. Webster’s New World Dictionary. 2nd Edition. (Edited by D. B.
Giralnik) William Collins, OH, U.S.A. {1979).

2. Krieg M.: Characterization of the androgen rcceptors in the
skeletal muscle of the rat, Steroids 28 (1976) 261-274.

3. Liao S., Liang T., Fang S., Castaneda E. and Shao T. C.:
Steroid structure and androgenic activity. J. Biol. Chem. 248
(1973) 6154-6162.

4. Bardin C. W. and Catterall J. F.: Testosterone, a major determi-
nant of extragenital sexual dimorphism. Science 211 (1981
1285-1294.

S. Mainwaring W. I. P., Haining S. A. and Harper B.: The
functions of testosterone and its metabolites. In Hormones and
Their Actions (Edited by B. A. Cooke, R. J. B. King and H. J.
van der Molen). Elsevier Science Publishers, Amsterdam (1988)
pp. 169-196.

6. Wilson J. D. and Gloyna R. E.: The intranuclear metabolism of
testosterone in the accessory organs of reproduction. Recent Prog.
Horm. Res. 26 (1970) 309-336.

7. Naftolin F., Ryan K. J. and Petro Z.: Aromatization of an-~
drostenedione by the anterior hypothalamus of adult male and
female rats. Endocrinology 90 (1972) 295-298.

8. McEwen B. S.: Binding and metabolism of sex steroids by the
hypothalamic—-pituitary unit: phvsiological implications. 4. Rev.
Physiol. 42 (1980) 97-110.

9. Nimrod A. and Ryan K. J.: Aromatization of androgens by
human abdominal and breast fat tissue. J. Clin. Endocr. Metab.
40 (1975) 367-372.

10. Segaloff A.: The enhanced local androgenic activity of 19-
norsteroids and stabilization of their structure by 7x- and
172-methyl substituents to highly potent androgen by any route
of administration. Steroids 1 (1963) 299-315,

11. Kumar N., Sundaram K. and Bardin C. W.: Feedback regulation
of gonadotropins by androgens in rats: 1s 5x -reductase involved?
¥. Steroid Biochem. Molec. Biol. 52 (1995) 105-112.

12. Kricg M., Smith K. and Elvers B.: Androgen receptor trans-

13.

14.

17.

19.

20.

21.

26.

28.

257

location from cytosol of rat heart muscle, bulbo-caverno-
sus/levator ani muscle and prostate into heart muscle nuclei.
J. Steroid Biochem. 13 (1980) 577-587.

Saartok T., Dhalberg E. and Gustassnon J. A.: Relative binding
affinity of anabolic-androgenic steroids: comparison of the bind-
ing to the androgen receptors in skeletal muscles and prostate as
well as to sex hormone binding globulin. Endocrinology 114
(1984) 2100~2106.

T'akeda H., Chodak G., Mutchnik S., Nakamoto T. and Chang
C.: Immunochemical localization of androgen receptors with
mono- and polyclonal antibodies to androgen receptors. J. En-
docr. 126 (1990) 17-25.

. Massa R. and Martini L..: Testosterone metabolism: a necessary

step for activity. . Steroid Biochem. 5 (1974) 941-947,

. Krieg M., Dennis M. and Voigt K. D.: Comparison between the

binding of 19-nortestosterone, 5a-dihydrotestosterone and tes-
tosterone in rat prostate and bulbo-cavernosus levator ani
muscle. 7. Endocr. 70 (1976) 379-387.

Bergink E. W, Janssen P. S. L., Turpijn E. W. and van Der Vies
J.: Comparison of the receptor binding properties of nandrolone
and testosterone under iz vitro and in vive conditions. ¥. Steroid
Biochem. 22 (1985) 831-836.

. Toth M. and Zakar T.: Classification of anabolic steroids using

the method of competitive metabolism. Exp. Cln. Endocr. 87
(1986) 125-132.

Celotti F. and Negri Cesi P.: Anabolic steroids: a review of their
effects on the muscles, of their possible mechanisms of action and
of their use in athletics. ¥. Steroid Biochem. Molec. Biol. 43 (1992)
469-477.

Agarwal A. K. and Monder C.: In virro metabolism of 7x-
methyl-19-nortestosterone by rat liver, prostate, and epididymis:
comparison with testosterone and 19-nortestosterone. Endocrin-
ology 123 (1988) 2187-2193.

Kumar N., Didolkar A. K., Monder C., Bardin C. W. and
Sundaram K.: The biological activity of 7x -methyl-19-nortestos-
terone is not amplified in male reproductive tract as is that of
testosterone. Endocrinology 130 (1992) 3677-3683.

. Sundaram K., Kumar N. and Bardin C. W.. 7x-methyl-

nortestosterone (MENT): the optimal androgen for male contra-
ception. Ann. Med. 25 (1993) 199-205.

. Morali G., Larsson K. and Beyer C.: Inhibition of testosterone-

induced secxual behavior in the castrated male rat by aromatase
blockers. Horm. Behav. 9 (1977) 203-213.

. Mawhiney M. G. and Neubauer B. 1..: Actions of estrogen in the

male. Invest. Urol. 16 (1979) 409-420.

. Gooven L.: Androgens and estrogens in their negative feedback

action in the hypothalamo-pituitary—testis axis: site of action and
evidence of their interaction. J. Steroid Biochem. 33 (1989)
757-761.

Schmidely P.: Quantitative bibliographic review on the use of
anabolic hormones with steroidogenic action in ruminants for
meat production. II. Principal mode of action. Reprod. Nutr.
Dezvelop. 33 (1993) 297-323.

. LaMorte A., Kumar N., Bardin C. W. and Sundaram K.:

Aromatization of 7o-methyl-19-nortestosterone by human pla-
cental microsomes in wvitro. §. Steroid Biochem. Molec. Biol. 48
(1994) 297-303.

Moslemi S., Dintinger T., Dehennin L., Silberzahn P. and
Bailard J.-L.: Different in virro metabolism of 7x-methyl-19-
nortestosterone by human and equine aromatascs. Eur. §. Bio-
chem. 214 (1993 569-576.



