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SUMMARY

The interaction between androgens and prostatic and other androgen-dependent tissues has
been investigated in castrated male rats in vivo following administration of [1,2-*H] testosterone
of high specific activity. Radioactive androgens were concentrated and retained in such tissues
for a number of hours. The receptors in the ventral prostate appeared to have a limited capacity,
as administration of 20 ug non-radioactive testosterone simultaneously with the tritiated testo-
sterone significantly reduced the uptake of radioactivity, and 500 ug completely abolished it.
Synthetic androgens, antiandrogens, progesterone and corticosterone also reduced the uptake.

Autoradiography of the prostatic tissue revealed a selective labelling of the glandular
epithelium, with most of the radioactivity associated with the nuclei. This conclusion was
supported by subcellular fractionation of homogenized prostatic tissue.

Isolation and identification of the radioactive steroids confirmed previous observations
that Sa-dihydrotestosterone was the quantitatively most important radioactive compound in the
various accessory sex organs. Sa-dihydrotestosterone accounted for 50-72 per cent of the
radioactivity, whereas 3-17 per cent was recovered as unchanged testosterone. Following
the administration of [ 1,2-*H]-androstenedione, accumulation of radioactivity was also observed
in androgen-dependent tissues, and about 50 per cent of the radioactivity was identified as
Sa-dihydrotestosterone.

By Sephadex® G-100 gel filtration of a 105-000 ¢ supernatant of a homogenate of the
ventral prostate obtained one or two hours after the administration of [1,2-H]-testosterone,
the major fraction of the radioactivity was associated with macromolecules excluded from the
gel. The radioactivity bound to the macromolecules was extractable with ether, suggesting a
non-covalent binding, and 5«-dihydrotestosterone accounted for more than 90 per cent of the
radioactivity. This cytosol androgen-macromolecule complex was destroyed by proteolytic
enzymes and SH-reagents, but was unaffected by RNase and DNase.

Incubations with [1,2-2H]-5a-dihydrotestosterone and a 105-000 g supernatant of the
ventral prostate suggested the existence of two different species of cytosol macromolecules
with binding affinity for 5a-dihydrotestosterone, one of which was excluded from the gel
during Sephadex® G-100 gel chromatography, whereas the other was slightly retained. In the
experiments with [1.2-*H]-testosterone administration in vivo the radioactive 5a-dihydro-
testosterone was mostly bound to the former.

Attempts to isolate [3H]-5a-dihydrotestosterone in muscle tissue following [1,2-H]-testo-
sterone administration were unsuccessful, suggesting that 5a-dihydrotestosterone may not be
involved in the action of androgens on such tissue.

INTRODUCTION

THE RESPONSE to testosterone in so-called ‘target tissue’ is a rapid effect: prostatic
RNA polymerase activity is significantly increased as early as 1 hr after testo-
sterone administration to castrated male rats[1]. Since it may be assumed that
this effect results from some contact between the hormone and the prostate, it is
obviously of central importance to know the early fate of testosterone when the
steroid reaches the prostate and the other androgen dependent tissues. The
increased protein synthesis resulting from the androgen influence suggests a sti-
mulation of the function of the cell nuclei. There must therefore be some type of a
375
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hormonal signal between the testosterone that reaches the prostatic cell via the
blood, and the cell nucleus.

The pioneer work by Jensen and his colleagues in Chicago on the selective
uptake and binding of oestradiol in the uterus opened up a new field of research,
and suggested that a similar type of interaction between the androgens and the
androgen-dependent tissues might take place[2]. Somewhat in disagreement with
this concept was the inability to demonstrate any accumuliation or retention of
testosterone in the prostate, and it was therefore suggested that the metabolic
effect of the androgen on the prostate might not be dependent upon the same type
of uptake as observed for oestradiol in the uterus{3]. We felt that the lack of an-
drogen accumulation was a rather important point that ought to be reinvestigated.
Regardless of the results of that investigation, it seemed important also to study
the early fate of testosterone in the prostate.

The present paper represents a short review of some of the work we have been
doing over the last few years along these lines in the rat.

MATERIALS AND METHODS

All the experiments in vivo have been carried out on male rats weighing about
250-300 g castrated 24 h before the experiment, except when otherwise stated.
In vitro experiments were performed with various types of preparations of pro-
static tissue obtained from the same type of animals.

The methods used have all been described in detail previously, and the reader
is referred to these publications [4—-11].

RESULTS AND DISCUSSION
Uptake of testosterone by the prostate in vivo

[1,2-*H]testosterone of high specific activity (46-5 Ci/mmol) was given to
rats 3 days after castration, and the amount of radioactivity in the various tissues
during the first 16 h following the injection can be seen in Fig. 1. The uptake
curve for the ventral prostate was strikingly different from those for blood or
muscle, but much lower than those for liver. Similar curves were observed for the
other prostatic iobes and accessory sex organs (Fig. 2). Whereas the peak con-
centration in blood and muscle was observed as early as 74 min after injection,
the uptake in the accessory sex organs kept on increasing to reach a maximum
1-2 h after the injection, and the activity was retained for a considerable period
of time.

In intact animals the uptake of radioactivity was about 1/4 of that in 1-day
castrated animals, and administration of 20-500 ug of non-radioactive testo-
sterone simultaneously with the tritiated testosterone significantly reduced or
completely abolished the uptake in the prostate. This implies that the prostate
has a limited capacity for taking up testosterone, and explains why previous
workers[12-14], who did not have testosterone of sufficiently high specific
activity, have failed to demonstrate clearly a selective uptake.

Once the selective uptake of testosterone in the accessory sex organs was
established, it was of importance to know where in the organ the activity was
located, and in what chemical form. At the time these studies were initiated,
the information available from the literature was inconclusive. By analogy with
the studies on the uterus, one might assume that the activity was located pri-
marily in the nucleus, in an unmetabolized form, as testosterone. Previous
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Fig. 1. Distribution of radioactivity in various tissues of male rats castrated 3 days prior

to intramuscular injection of 60 uCi of [1,2-*H]-testosterone per 100 g body weight.

Radioactivity is expressed as d.p.m./mg wet weight, and as d.p.m./ul for blood. Each
point represents the mean of 5 animals. From [7].
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Fig. 2. Distribution of radioactivity in prostatic lobes and muscle tissue of rats cas-

trated 3 days prior to intramuscular injection of 60 uCi of [1,2-*H]-testosterone per 100 g

body weight. The radioactivity is expressed as d.p.m./mg wet weight. Each point
represents the mean of 5 animals. From [4].

attempts to identify radioactive metabolites in the rat prostate following adminis-
tration of radioactive androgens had, however, given conflicting resuits[13, 14].
Androstenedione and etiocholanolone had been claimed to be the principal

components.
Autoradiography of the prostate taken out 1 hr after the administration of 250
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uCi of [1,2-*H]-testosterone, using the technique developed by Attramadal[15],
clearly demonstrated that the radioactivity was primarily located in the nuclei of
the glandular epithelium([8). The nuclear uptake of testosterone was confirmed
by subcellular fractionation of the prostate following [1,2-*H]-testosterone admini-
stration[5]. More than 50 per cent of the radioactivity was associated with the
prostatic nuclear fraction, and about 30 per cent with the final supernatant frac-
tion. During the progress of these investigations the publication by Bruchovsky
and Wilson[16] appeared, wherein it was shown that the larger part of the radio-
activity in the prostate in similar experiments was made up of Sa-dihydrotesto-
sterone, and we had obtained data in support of these findings{6]. By crystalliza-
tion to constant specific activity between 49 and 72 per cent of the radioactivity
in the various accessory sex organs 1h after the administration of [*H]-testo-
sterone was identified as [*H]-5a-dihydrotestosterone[6]. Between 6-4 and 23 per
cent of the radioactivity was found to be unchanged testosterone[6].

It is reasonable to assume that the nuclear uptake of Sa-dihydrotestosterone
following testosterone administration is a central process in the action of testo-
sterone. It would therefore be of considerable interest to know the effect of
various types of antiandrogens and androgens on this uptake, and thereby get
some insight into the mechanism of action of such compounds. We have studied
this by giving 1-day castrated rats one of the following compounds by intra-
peritoneal injection 10 min prior to the administration of [1,2-*H]-testosterone:
androstenedione, 17a-methyltestosterone, 17a-methyl-B8-nortestosterone (SK&F
7690), progesterone, corticosterone, oestradiol, and diethylstilboestrol[6].
The oestrogens did not affect the uptake of radioactivity in the ventral prostate,
whereas the two androgens reduced the uptake to about 1/3, and the other
compounds, progesterone, corticosterone and 17q-methyl-3-nortestosterone,
to about 2/3 of the control values. None of the substances had any effect on the
uptake in muscle tissue [6].

The blocking effect of androstenedione is probably related to its properties
as a weak androgen. The androgen receptors of the prostate have low capacity,
and a significant conversion of androstenedione to dihydrotestosterone, probably
required for the androgenic action, will block the receptors for [*H]-dihydrotesto-
sterone.

Recent studies have supported this suggestion; administration of [1,2-*H]-
androstenedione to 1 day castrated rats leads to prostatic uptake of [*H}-5a-
dihydrotestosterone[17]. It may thus be assumed that 17a-methyl-testosterone
in a similar way is being converted to 17a-methyl-5a-dihydrotestosterone that
will occupy the receptors for [’H]-5 a-dihydrotestosterone.

Qestrogens and the synthetic antiandrogen 17 ¢-methyl-8-nortestosterone ap-
pear to display their antiandrogenic effects in different ways, since the oestrogens
did not have any effect on the uptake of radioactivity. whereas the antiandrogen
induced a reduction to about 2/3. This animal preparation may therefore be of
significant value in testing out the properties of various types of antiandrogens.

The inhibitory effect of progesterone on the uptake is interesting in light of
the beneficial effect of this steroid on benign prostatic hyperplasia. Progesterone
is a weak androgen[18] and at the same time an antiandrogen{!{9], which may be
in accordance with these findings. The effect of progesterone has recently been
confirmed and extended by Stern and Eisenfeld[20], who suggested that the
reduced uptake might in part be attributed to an inhibition of the enzymatic con-
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version of testosterone to Sa-dihydrotestosterone. They based their suggestion
upon the observation that the ratio testosterone/dihydrotestosterone in the
prostate was unaffected by testosterone or cyproterone administration, but
increased significantly following progesterone.

The etiology of the benign prostatic hyperplasia is unknown, and the bene-
ficial effect of progesterone may not necessarily be related to the inhibitory
effect on the testosterone uptake. It is, however, noteworthy that human hyper-
trophic tissue contains about 5 times more dihydrotestosterone than does normal
tissue[21], and dihydrotestosterone administration to dogs leads to accelerated
growth of the prostate[22]. It is therefore not unconceivable that the therapeutic
effect of large doses of progesterone to such patients is due to an inhibition of
nuclear uptake of dihydrotestosterone.

In the literature there are conflicting opinions about the effect of cortico-
sterone on the accessory sex organs[23,24]. There is, however, rather con-
clusive evidence that cortisol is an antiandrogen in the rat[24]. Our observations
on the effect of corticosterone on the uptake of androgen in the prostate are in
agreement with this concept.

Binding of Sa-dihydrotestosterone to fractions of prostatic tissue

In order for the androgen to arrive at the cell nucleus testosterone has to
leave the blood, enter the cytoplasm of the cell against a concentration gradient
and move into the nucleus against another concentration gradient. Somewhere
along that line testosterone is being converted to Sa-dihydrotestosterone. Since
the metabolite is present in so much higher concentration than testosterone, in
the cytoplasm as well as in the nucleus, it is tempting to assume that the conver-
sion takes place at a very early stage.

Cytoplasmatic binding substances. Prostatic tissue taken out 1h after the
administration of [1,2-H]-testosterone to castrated rats has been investigated
[10]). Following homogenization in Tris-HCl buffer and centrifugation at
105-000 g for 1 h the supernatant was chromatographed on Sephadex® G-100 at
room temperature. A representative chromatogram is seen in Fig. 3. The radio-
activity was partly associated with macromolecules excluded from the gel,

}.
[ f i WZ )
| of : P =
L ! HE £
o { i £
! Py 11 2
0.5¢ j i 5
- 1 Q
L { \ (5]

——

0.

15 20 30 40 50 60 70
Fraction number

Fig. 3. Representative elution profile obtained by passage of a 105,000 g supernatant

from rat ventral prostate labelled in vivo with [1,2-*H]testosterone through a column of

Sephadex G-100 gel. Continuous line represents optical density at 280 nm, dotted line
¢.p.m. per 5 ml fraction. From [10].
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whereas most of the radioactivity was retained and eluted corresponding to
material of small molecular weight. It should aiso be noted that corresponding to a
protein slightly retained by the gel there was a ‘shoulder’ of radioactivity. Gel
filtration of a similar supernatant obtained from muscle, liver or kidney did not
reveal any binding of radioactivity to macromolecules.

Slices of the ventral prostate have been incubated in vitro with {1,2-*H]-testo-
sterone at 37°C in Eagle’s tissue culture medium. Following incubation the
tissue was homogenized and a 105-000 g supernatant was prepared, which was
subsequently chromatographed on Sephadex G-100. The elution pattern was
about identical to that obtained from the tissue in vivo[11]. When the incubation
was carried out at 0°C, no binding to macromolecules was observed, indicating
that some metabolic transformation of the testosterone was required for the
complex formation, and it was subsequently shown that the substance bound to
the macromolecule was Sa-dihydrotestosterone[11].

When a 105-000 g X 60 min supernatant of the homogenized ventral prostate
was incubated for 30 min at 0° or 37°C with [1,2-*H]-5a-dihydrotestosterone,
binding to two different macromolecules was observed {25]. By Sephadex G-100
gel filtration of the incubation mixture one macromolecule-androgen complex
was excluded from the gel, corresponding to the elution pattern observed in
vivo, and one complex was slightly retained (Fig. 4).

These two complexes correspond to those described by Fang and Liao{26].
They observed two proteins in the cytosol that would bind dihydrotestosterone,
and designated the two a- and B-proteins. They differed in various ways, in
binding characteristics, specificity, heat stability, solubility in ammonium sul-
phate solution, and most important, in their ability to promote nuclear uptake
of dihydrotestosterone. Fang and Liao[26] found that their B-protein formed

the so-called complex II with dihydrotestosterone and stimulated the nuclear
uptake of the androgen by isolated prostatic nuclei. From gel filtration studies
this 8-protein appears to be the same protein we found associated with dihydro-
testosterone in the supernatant following [1,2-*H]-testosterone in vivo[10].

13
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Fig. 4. Representative elution profile obtained by gel filtration on Sephadex G-100 of a

105,000 g supernatant prepared from rat ventral prostate homogenates. The super-

natant had been incubated with [1,2-*H]-5a-dihydrotestosterone. Continuous line
represents optical density at 280 nm, dotted line ¢.p.m. per 3 ml fraction. From [25].
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This protein therefore seems to be the intracellular transport protein for di-
hydrotestosterone. The other protein, the a-protein, will inhibit nuclear uptake
of dihydrotestosterone[26], and the significance of this protein remains unclear.
It is probably not a plasma protein, since rats do not seem to have a protein in
the plasma which binds to testosterone and dihydrotestosterone [27].

There has been some confusion with regard to sedimentation constants during
ultracentrifugation in a sucrose gradient of the specific dihydrotestosterone-
binding protein in the cytosol. Values around 3-5 S and 8-10 S have been reported
by various groups of investigators[11, 28, 29]. More recent information seems to
indicate that the solution to the problem is polymerization of the substance, since
the 8-10 S can be converted to 3-5 S by treatment with 0-5 M KCI[30].

The binding activity of the macromolecule was destroyed by treatment with
proteolytic enzymes and different SH-reagents. Treatment with DNase or RNase
did not, however, affect the binding properties of the macromolecule[11].

Nuclear binding of dihydrotestosterone. Several lines of evidence show that
the androgen is taken up by the nucleus of the prostate, and the important ques-
tions in this connection are: what is the nature of the androgen, how does it get
into the nucleus, and what is the receptor, if any, in the nucleus? Today we know
most of the answers, we think. Anderson and Liao[31] demonstrated in 1968
that following incubation of minced prostatic tissue with [7a-*H]-testosterone
70-80 per cent of the radioactivity in the nucleus could be identified as dihydro-
testosterone. Dihydrotestosterone was also isolated in the nucleus following
administration of tritiated testosterone in vivo[31]. These results have later on
been confirmed by others[9].

Incubation in vitro of slices of the ventral prostate with [1,2-*H]-testosterone
gave labelling of nuclei with about 78 per cent of the activity being dihydro-
testosterone and the rest testosterone[25,32]. Treatment of a suspension of
nuclei prepared from such incubations with Tris-HCI buffer removed 24 per cent
of the radioactivity, 28 per cent of the protein and only traces of the DNA from
the nuclei. Extraction with Tris-HCI buffer with 1M NaCl released another
60 per cent of the radioactivity, 38 per cent of the protein and 82 per cent of the
DNA. Gel filtration on Sephadex G-100 of the first Tris-HCl extract demonstrated
that all the radioactivity was eluted in the small molecular region, whereas the
radioactivity in the Tris-NaCl extract was partly eluted in the macromolecular
fraction, and partly with the small molecular components (Fig. 5). About 90 per
cent of the radioactivity eluted in this macromolecular fraction was identified as
dihydrotestosterone by thin layer and gas-liquid chromatography. These findings
are all in agreement with the conclusion of Anderson and Liao[31] that most of
the radioactivity in the nucleus is dihydrotestosterone, which is tightly bound to
the nuclear chromatin.

For this binding to the chromatin Steggles er al.[33] have recently demon-
strated that the androgen has to be associated with a specific cytosol receptor,
and only chromatin from a specific target tissue will bind the androgen-receptor
complex.

With regard to the mechanism of the nuclear uptake, 1 expect Dr. Liao to
cover this aspect of androgen binding in the prostate in detail.

Effect of antiandrogens. Theoretically an antiandrogen might interfere with
any of the steps between the cellular uptake of testosterone and the chromatin
binding of dihydrotestosterone, and it appears that different types of antiandro-
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Fig. 5. Sephadex G-100 gel filtration of a NaCl extract of rat ventral prostate cell nuclei.

The nuclei were isolated following incubation of a homogenate with {1,2-*H]-dihydro-

testosterone. Continuous line represents optical density at 280 nm, dotted line c.p.m.
per 3 ml fraction. From [32].

gens may have different modes of action. Progesterone seems to inhibit the
reduction of testosterone to dihydrotestosterone[20], whereas 17a-methyl-g-
nortestosterone inhibited the complex formation between [*H]-dihydrotestoster-
one and the cytosol and thus the nuclear uptake [34]. Cyproterone seems to have
a similar effect[35], whereas the antiandrogenic effect of oestrogens may have a
different mode of action[6]. This system may thus be well suited for testing out
antiandrogens and their mode of action.

The effect of androgens in other tissues. We did not succeed in isolating
dihydrotestosterone in muscle tissue, in spite of rather large amounts of tissue[17].
It should be noted that 37 per cent of the radioactivity in the muscle following
[1,2-3H]-testosterone administration was identified as testosterone, a higher
percentage than observed for any other tissue examined[17]. The stimulatory
effect of androgens on muscle tissue may therefore be mediated via some other
mechanism than the one suggested for the prostate. If this suggestion is correct,
it may be hoped that a more significant dissociation of the androgenic effect from
the anabolic effect of steroids than hitherto achieved can be obtained for use in
clinical medicine.
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DISCUSSION
Tuohimaa: In your last two slides, the radioactivity is expressed per protein frac-
1on. If you express the radioactivity per mg of protein, what is the pattern then?
{s there some specific fraction which contains higher specific radioactivity?
Aakvaag: I haven’t done this but it seems that the amount of radioactivity per mg
of protein, one may call it specific activity is constant throughout the peak.
Kellie: I understand you to say that you subjected the cytosol fraction to Sephadex
gel filtration and that you did this at room temperature. If in fact you were success-
ful, would you not separate small molecules from large molecules and would not
the complex be expected to dissociate under these conditions?
Aakvaag: If the binding affinity is low, dissociation of the complex will take place;
for instance, if albumin-cortisol complex is chromatographed on Sephadex,
dissociation will take place. In this case, however, re-chromatography of the
steroid-macromolecule complex did not reveal significant dissociation.
Pasqualini: Regarding your very important conversion of testosterone to Sa-
Jdihydrotestosterone, especially in the nucleus, do you have an idea if this takes
place before the formation of the complex, or can the testosterone complex be
reduced directly to the Sa-dihydrotestosterone complex?
Aakvaag: It appears that the complex is being formed after the conversion to
dihydrotestosterone, since what we consider as the protein that brings the steroid
into the nucleus doesn’t bind testosterone anywhere as it does dihydrotestosterone.
siiteri: You mentioned that you get some 50% of androstenedione appearing in
prostate as dihydrotestosterone but did not present data concerning this point,
and I was interested to hear a little more about this. Dr. Wilson and I have tried
to demonstrate the conversion of androstenedione to dihydrotestosterone by a
variety of means and have shown only a very minor conversion. In our studies
which you alluded to, in which we found very much higher concentrations of
dihydrotestosterone in hypertrophic prostatic tissue, we certainly considered
androstenedione as a logical precursor, but this has not turned out to be the case
in our hands.
Aakvaag: We gave androstenedione of the same high specific activity (roughly
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50 Ci/mmol) in vivo to 1-day castrated rats (exactly the same animal preparation
as we used for the testosterone studies) and took out the organs 1 h after the
administration of androstenedione, and as I said, we were able to isolate about
30% of the radioactivity as dihydrotestosterone by means of paper chromato-
graphy and crystallization to constant specific activity. The figures were definitely
lower than observed with testosterone, in which case 50-70% of the radioactivity
was Sa-dihydrotestosterone. Because of this considerable difference, we wanted
to find out what other radioactive steroids were present in the tissue. We were,
however, unable to identify these steroids. All the radioactivity was extractable
with ether, suggesting that the steroids were unconjugated.

Siiteri: I hasten to point out that there may well be species differences here. When
we measured the endogenous level of androstenedione itself, in the prostate of
both the dog and human, it was the same as it was in muscle or other control
tissues, so that at least in these species, we feel that androstenedione does not
contribute significantly to the tissue level of dihydrotestosterone. This of course
may be different in therat.

Vermeulen: May I ask you what was the percentage of radioactivity you recovered
in the prostate?

Aakvaag: This has not been calculated, but the percentage is low.

Morfin: I had the same question as Dr. Siiteri: I would just add that one would
be surprised for androstenedione to generate 5a-dihydrotestosterone, since andros-
tenedione has always been considered to be a weak androgen. We have shown in
dog, in vivo, that androstenedione was not characteristic as an androgen for target
tissues like the prostate, but that it was for non-target tissues like the urinary
bladder.

Liao: The percentage of a particular radioactive metabolite in a tissue might be
very much dependent on the length of time elapsed after the radioactive steroid
was injected into the experimental animal. If only the radioactive 5a-dihydro-
testosterone can be retained by the nucleus for a prolonged length of time and one
measures at a long time (1 h) after the injection, then one probably will find 5«-
dihydrotestosterone as the major radioactive metabolite in the whole tissue. If
one checks at a short time (10 min) the picture may be completely different. Have
you studied this?

Akvaag: We isolated Sa-dihydrotestosterone only 1h after adm.aistration, we
didn’t do any isolation work on other time periods, because we wanted to have as
much radioactivity as we could in the tissue. With regard to the uptake of andros-
tenedione, the inhibition of testosterone uptake observed when we gave non-
radioactive androstenedione is, of course, in agreement with the concept that
androstenedione is really taken up in the prostate and being converted. Also in the
experiment where we observed the inhibition of uptake in the prostate, no effect
on the uptake in other tissues like muscle and liver was observed.

Grant: I have a comment on the problem raised by Dr. Siiteri: I think the answer
you get depends on the conditions you have. With dog and with human hyper-
plastic prostate, in superfusion experiments at the steady state, we found an
equilibrium between androstenedione and testosterone, and we find that andros-
tenedione is in fact converted to dihydrotestosterone.

Exley: Could I ask you if you’ve used the propionate or any derivative ester of
testosterone and what the uptake of that would be? Have you used the propionate?
Aakvaag: No.



