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The Metabolism of Testosterone

I

Introduction

A. Historical Introduction.

The functional significance of the testis has been known
since the time of Aristotle (121) who ascribed ﬁost-pubertal cranges
to the function of the gonads, &s such manifeststions were absent ir
castrates -- both in nan and in birds. sccurate knowledzc of the
nature and metabolism of the androgeically zctive substance secreted
ty the testis has, Lowever, teen acquired only during tre nast decade.

It was not until the first ralf of the Lineteenth Centur:
that the gqnads were recognized as being ductless glands, and capable
of secreting a substance into the blood-stre:m.

That the testis ic normaily the main source of the sndroreric
substance in man and other rnimals was first indicated exrerimentally
by Berthold in 1849 (4). He removed the testis of four roosters and
replaced one testis in an unusual &tdominal position ir each of two
carons. Fe killed these two capons six months later ard founi that
because of the testicular grafts, "these anirals remained male in
regard to voice, revroduction, instinct, {ighting syririts., and frovth
of comb and wattles". terthold further sugcested that the testicle
~verted its infiuence upon the orsanism via thLe blood, and thic view-
point is now the generally acccrted one. XRecentlw, Dunty (Z¢)
reported that bull's blood contains less than 1 1.7. of zndrorens

rer litre, but that 500 cc. of oxygenated tlood -- which had been
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perfused throush a survivine tull testis for 0.5 to 4.5 hours at 40

to 90 mm. Y. pressure -- increased tte concerntration %+~ the nriler

of 16 to 46 1.U. per litre, without seriously lowerine thre ardrogenic
activity of the testis itself, indiecatin- that the testis svnthesi-zed
an sndrogenically active substance(or substances) which it then sec-cted
ifito the blood. It was not until 1927, however, that tte firct votent
testicular extracts which gave reproducible results were ottained from
bull testis by McGee and his colleagues (114). Various other invest-
igators (114) made atte: rts to obtain such extracts rrior to 1927, htut
these extracts were crude and far from satisfactorv.

Amongs the other possible sources of ardrocericallv active
substances (and of steroid metabolites generally) in ran and exveri-
mental animals are blood and urine, and considerable attention has in
fact been paid to urinary steroid excretion products. Studies desline
with the excretion of urinary steroids have been very extensive, much
more so than similar studies dealins with the steroids in the tlood.
This may be so because trnc early investigators fou:d it technicalily
easier to analyze urine than to analyze blood. IFurthermore, it was
desirable at first to characterize the steroid metabolites, and urin-
alysis is a more convenient tool for this purpose than is blood anslysis.

Thus it was that in 19°9, Funk, Harrow and Leiwa (62-64) --
using the capon ccmb test worked out by Gallagher and Koch (65) -- showed
that the urine of normal young men contained androgenically active
substances. Shortly therecfter, Dutenandt and his colleagues isolated
Androsterone (20) and Dehydroisoandrosterone (21) from the urine of

normal men. The isolation of Testosterone, however, was not accomplished

until 1935, when David, Lacqueur et al (37) isolated it from bull's
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testicular extracts. Since that time, a considerable body of evidence
has been accummulated to suggest that Testosterone is the male sex
hormone secreted by the testis of man and experimental animals, but

it must be pointed out that as yet there is no absolute proof for this
theory. At any rate, Testosterone is the most zctive androcen thus far
isolated.

A knowledge of the metabolism of Testosterone is not only of
academic interest, but is also of clinical importance, since it has been
shown by many investigators that the excretion of substances believed to
be metabolites of Testosterone (and excretion of substances closely re-
lated to these metabolites) varies in different pathological conditions
(40). Notable among these pathological conditions are diseases of the
adrenal cortex (2, 39, 82, 162) of the testis (82), of the anterior
pituitary (2, 35) and of the thyroid (58). Amon:: the urinary excretion
products which are in use as an index of the activity of the aforement-
ioned glands are the l7-ketosteroids. These compounds are characterized
by the presence of a ketonic group (CO) at the C;, position. Typical
17-ketosteroids which have been isolated are those illustrated in
Figure 1. Urinary l17-ketosteroids fall into two classes -- phenolic
and non-phenolic ones. Estrone -- &an estrogenically active steroid
with a benzenoid Ring A -- is a phenolic 17-ketosteroid. The ketonic
metabolites of Testosterone and related 17-xetosteroids are members of

the non-phenolic (or neutral 17-ketosteroid) class. The present

discussion will deal with the latter compounds.

B. Urinary 17-Ketosteroids.

The neutral 17-ketosteroids which have been isolated from the

urine fall into three classes =-- those which have been isolated from
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(1) normal and (i1i) pathological urine, and those (iii) which have
been isolated following the exogenous administration of & steroid

compound, for example, Testosterone.

Normal Urine:

The 17-ketosteroids (Table 1) which have been isolated from
normal human urine are Androsterone (20, 29, 30, 40, 127),

Etiocholanolone (29, 30, 40, 127), A% Androstenone-17 (40, 127),

3:5
Ja) Androstadienone-17 (19, 40, 127), Isoandrosterone (127),

Androstanediol-3(X), ll-one-17 (110), 3-Chloro-Dehydroisosndro-
sterone (40), A% Androstenol-3(*)-one-17 (51, 123, 165) and
Dehydroisoandrosterone (21, 27, 29, 54, 77). The excretion of these
compounds in mg./litre is listed in Table 1.

It will be noted from Table 1 that Androsterone and
Etiocholanolone are excreted in equal amounts and that they are the
l7-ketosteroids found to the greatest extent in normal human urine.
The fact that the excretion of these two steroids does not rise
greatly in hyperadrenalism (for example, Virilism, Firsutism,
Adrenocortical carcinoma, Basophilism) - Table 1 - indicates that
in males Etiocholanolone and Androsterone are normally derived from
testicular secretion rather than adrenocortical steroi” precursors.
There is no evidence available at present to indicate that ovarian
steroids can act as precursors of Androsterone or Ztiocholanolone or
any of the steroids listed in Table 1.

The data presented in Table 1 suggests that Dehydroiso-

androsterone is normally a product of &drenocortical secretion. Ihis

point will be discussed later. (See page 9 )



TABLE 1
Urinary excretion of 17-ketosteroids considered
to be metabolites of Testosterone (and of sub-
stances closely related to these metabolites)
in patients with various forms of hyperadrenalism.
Exeretion in Adrenal | Excretion
Compound Reference Hyperfunction in Normal
Range of Yield Human Urine
mg'/l' mgo/l.
Dehydroisoandrosterone 29,30, 35,109 2.00 - 134.0 0.20 (%127)
117,137,165
Androsterone 40,75,79,109 1.50 - 9.0 1.00 approx.
117,165 (%127)
Etiocholanolone 26,40,75,79 0.85 - 13.0 1.00_ approx.
109,165 (T127)
Isoandrosterone 26,124 0.05 - 0.5 0.20 (¥%127)
A Androstenone-17 40,124 0.01 0.01,- 0.02
(*127)
A¥ Androstenol-3(A)-one-17 51,123,165 4,80 - 8.0 ——
2°*° Androstadienone-17 19,40,165 13.00 - 25.0 qual ,Detm'd.
(¥127)
%-Chloro-Dehydroisoandrosterone {40 = ==--- wual ,Detm'd.
(¥127)
Androstanediol-3(X)-11-one-17 109 0.25 - 2.1 0.30 (#.10)

%127

= Reference 127
#110 = Reference 110
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Isoandrosterone has been isolated only from norrel “uran
female urine (123, 124), and its presence in rormal humer male urire
is indicated (123, 124). Its relstion o ‘ke horrone secretei 'y the
testis, on the bzsis of availatle evidence (127), is that of an end-
product of & less important metabolic --t'way of male sex r-rmone
metabolism than that associsted with Androster~ne ar? Etischolanolone.

As for Androstanediol-3()-11-one-17. tte presence of the
C11 hydroxyl group sugeests that this 17-ketosteroid is of adreno-
cortical oririn. A* Androstenol-i/«)--ne-17 (51) is also believed to
be of adrenocortical origin. The relation of trece latter steroiils

to the metabolism of Testosterore (=nd :l.e masle sex hrormone) is not

clear.
Tre remaining crrrounds listed in Teble 1 - A Ardrocterone-17,
43?:5 Androstadienone-17 and 3-Chloro-Dehvdrnisorrdro-tercre - are

considered to be artifacts o urinary steroids, for it is known that
they can arise durine acid rrircliysis of the vrire. The sutiect of
artifacts will be discussed under the section on "Conjugation of
Urinary Steroids".

In conclusion, it may be stated that Androsterone, Etio-
cholanolone, and possibly Isoandrosterone, are metabolites of the

male sex hormone occurring in normal human male urine.

Pathological Urine:

It has been previously pointed out that the excretion of
17-ketosteroids can be used as an index of the activity of the adrensal
cortex, testis, etc. Analysis of the urine in dysfunction of these
glands indicates that changes in the urinary excretion of 17--etosteroids

is of a quantitative and possibly gquelitative (40) nature. Table 1



TABLE 2
Urinary excretion of 17-Ketosteroids
of a patient with an interstitial
cell tumour of the testis (85).
Compound Yield: mg./24 Er.
Androsterone 27L - 6
Etiocholanolone 62
A@ Androstenone-17 6.1
Isoandrosterone 38.1
Dehydroisoandrosterone -——-
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illustrates the quantitative changes that can occur in cases of adrenal
hyperfunction (Virilism, Bssophilism, Lirsutism, Adrenal Co-tical
Tumours). It will be noted that the compounds found in normal urire
are also found in adrenal hyperfunction urine., and that the greatest
changes in urinary 17-ketosteroid excretion occurred in the case of
Dehydroisoandrosterone and its artifact, AS*° Androstadienone-17.
These two steroids were excreted in greester than normal amounts.

Hence, as Mason and Kevoler (109) rointed out,
Dehydroisoandrosterone is probatly derived chiefly from the adrenal
cortex, whereas Androsterone and Etiocholanolone are probably
derived chiefly from the testicular secretion. Yoffman et al (75,
159) have provided further support for t.is theory. Thev have reported
the isolation of Androsterone, Etiocholanolone,z§2 Androstenone-17 and
Isoandrosterone from the urine of a Datieng with an interstitial cell
tumour of the testis. The data in Table 2 indicctes *hat the grentest
inecrease in urinary l7-ketosteroids isolated occurred for t!rse
compounds which are considcred to be normal metabolites of tle male
sex hormone (Androsterone and Etiocholanolone), and confirms the
theory that Isoandrosterone is probably such & metabolite. {\2 Andro-
stenone-17 is presumed to be an artifact of androsterone. The fact
that no Dehydroisoandrosterone was isolzted supports the theory that
it is of adrenocortical origin. =Additional evidence is that the
excretion of Dehvdroisoandrosterone by ovariectomi—-ed wormen (79) is
0.12 mg./l. -- and, therefore, of the same oricr of magnitude for
that of normal men (0.2 mg./l.).

Mason and Kepler (110), on the basis of their study of the

metabolism of Dehydroisoandirosterone follcwing its administrztion
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(as the acetate) to one male with pituitary insufficiercy, and to
one female having ...dison's Disease, suggest that Dehydroisoandro-
sterone is a primary product of the adrenal cortex -- from which,

in the female, urinary Androsterone and Etiocholanolone are

derived. However, Callow and Crooke (30) have reported one case of
Virilism whose urine did n-t yield any Dehvdroisoandrosterone.
However, the urinary 17-ketosteroid value was 79-100 mg./24 hrs. At
any re&te, Mason and X-rler's hyrottesis rejuires further cutstantiat-
ion before it can be accepted unequivoceably.

Dobriner et al (40) have investirated the rat'ern of
excretion of urinary l7-ketosteroids in various ratholosical con-
ditions, for example, myeloid and lvmrhetic leukemia, and carcinoma
of the larynx and the prostate. The results indicate that tlre
pattern of excretion of 17-ketosteroids is ebnormal, but no conclus-
ions can be drawn as to whether these abnormalities are specific for
the particular disorders studied. The pattern of excretion of some
thirty crystalline steroids isolated -- of which onlv eight are
found in normal human urine -- indicates that the above pathological
states are accompanied by abnormal function of the gonads or adrenals
or both; or possibly & disturbed metabolism of the products of trese
glands.

It is apparent, therefore, that steroid metstclism is
modified by patholozical conditions, but except for the relation
between Dehydroisoandrosterone with adrenccortical carcinoma, and
Androsterone and Etiocholanolone with testis interstit. el cell tumour,
it is not possible to relate anv urinaryv l17-ketosteroid (or 17-

ketosteroids) with any specific patholocical disori~~ or elandular
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dysfunction,

Urinary l7-ketosteroids following “estosterone administration:

The experimental evidence thus far rresented does not
provide much definite information concerning the metabolism of
Testosterone in man, since it has not been absolutely vroven tiat
Testosterone is the male sex hormone, and since there is no satis-
factory information concerning the rate of excretion of the male
sex hormone by the testis. Several investigators have, therefore,
attempted to elucidate the metabolism of Testosterone in man by
exogenous administration of this steroid.

In man, the 17-ketosteroids which Lave been isolated from
the urine following the oral or intramuscular administrztion of
Testosterone (either as crystelline Testosterone or Testosterone-
propionate) are Androsterone (28, 43, 45, 136), deceadresterane Eticpnalan ¢lone
(28, 45, 136) and A2 Androstenone-17 (136). A study of the
metabolism of Testosterone has not been limited to man, however,
and after subcutaneous administration in the euinea pig, it rave
rise to Isoandrosterone (48). In the male chimpanzee (61), Andro-
sterone, Etiocholanolone and &\~ Aandrostenone-17 have been isolated
following oral Testosterone administration. The pregnant Rhesus
monkey (87) has also converted exogenous Testosterone to Androsterone.
Details of the above experiments are summarized in Tetle 3.

It is noteworthy that urinary Dehvdroisoandrosterone has
not yet been isolated in amounts greater than normal followinc the
administration of Testosterone to man and exrerimental animsls,
This is, therefore, further proof for the theory that Dehvdroiso-

androsterone is o adrenocorticel origin. Ardrostanediol-?’'g)-ll-one -17



TABLY 3

Conversion of Testosterone under different experimentsl conditions

Excretion - . ConVHPi;on ond nl./1.
xperiment:al Conditions Reference Androsterone ¥ticvcholanolons Isoundrosterone (&2 androstenone=17
mr. /1. S ac /1. 7 mz /1. 4 ms./1. Y
, *
000 myze. T.-D. orally (501 mg.%T.) -
gonadal delicient male L3 3.33 8.0
350 mg. Te=P. Intramiscularly (300 m:.T.) -
gonadel deficient nale 1.10 9.0
640 mg. I'.-1 . subcutaneously (530 mr. o} =
male -uinen pig 43 2.8
800 mr. Te=P. subcutansously (600 mg. T.) =
male ~uinea pig 2./
300 rn.S . ‘P.-PC OI‘alJy (250 mg . To ) -
castrate L5 5.0 | 1.6
}60 Ing . ‘I‘ O-P . intI‘&mUSCH l(‘l]‘ly ( 300 Ing . I‘o ) - )
hyposonadal male 49 2.9 mg./day 11.6
1.2 gm. [.-F. intraaascularly (1 gm. T.) -
normal adult woman 136 6.50 14.6 | 3.60 7.7 1.4 3./,
800 mg. T.-P. irtramuscularly (667 mg. T.) =
hypogonadal male 28 8.00 9.0 |7.70 8.3
33 gm. T.-P. orally (2.5 zu. T.) -
} male chimpanzee 6l 2.40 2.1 10.10 0.8 5.6 L.T2
,200 mg. T.-F. intramuscularly (1 gm. I.) - .
presnant monkeys 87 1.60 2.2
*P,-P. = Testostercne-propionate

FTe

= Testosterone
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end AX androstenol-3'0{)-one-17 (Tztle 1) wre 17-ketosteroiis wrich
are telieved to arise from adrenocortical precursors. &xd their
presence in urine has also not been reported fcllowine Testostercne
administration.

One may conclude, therefcre, that androsterone, Ztiochol-
anolone and lsoandrostercne arc .etabolites of exogenous Tcstosterore
in man and experimenta! =nimals. These results arrce with thosé
rreviously rerorted for norral huren male urine, =r.l, thers“ore. suppor*
the t'eorv that Testosterone mev re tle mcle sex hormone. As “-r
6; Anlroctenone-17, it ig htelieved to te an :rtifzct of /ndrostecrore,
and evidence for tiis theorv will be oresentecl on page 2. Surfice
it to say at the moment thuat it is not consii<r:i1 to be o true

urinary metabolite of Testozterone.

Co Uriwewv ''droxy-nor-ketonic Stercids.

The aforementioned exreriments -- i» which only th=«
ketonic fraction of tlie uri-¢ heas been investigeted -- rrovide an
incomplete picture of the metatolism of Testost~rone. Theor tien'lv,
Testosterone can te reducel to a large numter ¢ non-ketonic elcoholic
steroids, both satursted and unsaturuted. The irmrortance ¢ these cur-
binols clinically is potentiuily equal to or greater than tiat of the
17-ketosteroids, but the information availatle stout these carrinol
metabolites is iieagre. Furtherrore, only & few cartirols of the
Androstane series have been isolated.

In contrast to carbinol metabolites of the 7ale sex hormorne,

carbinol metabolites (and their closely related isomers) of the

Luteoid (Figure 2) and Folliculoid (Figure 3) horrones have often bteer
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isolated from animal urine, and in some cases rLzve proven to te of
clinical interest. The information ztout to te qu-oted will show
that non-ketonic steroids are in fact excreted ir norral and
rathological human (and animal) urine, :ri suecests, therefore,
that carbinol metabolites of the Ardrostane and Etiocholane series
might reasonably be expected in the urine. Furthermore, these

carbinol metabolites may be either saturated or unsaturated.

Carbinols of the Pregnane Series (Firure 2):

Thus, for example, Larrian (104) first isolated
Pregnanediol-3(®) 20(X) (Ficure 2) from human pregnancy urine in
1929. This compound is believed to be the majior urinar: metabolite
of the corpus luteum hormone, Progesterone, in man., «ullopregnane-
diol-3(X) 20 (¥) has been isolated from human pregnancy urire by
Hartman and Locher (70), and from precnant cow's &nd mare's urine
(101) and non-pregnant human urine (100) bv .Larker et el. Marker
et al have also isolated Allopregnanediol-S(ﬁW 20(«' from the same
sources (101, 102). These two compounds are stereoisomers of
Pregnanediol-3@\) 20(A). Butler and Marrian have rerorted the
isolation of Pregnanetriol-s(f) 17,20 (25) and its isomer,
Pregnanetriol-3(o]) 17,20 (26) from the urine of a wonan with adreno-
cortical hyperplasia. The latter compound has also been isolated
recently by Mason and Kepler (109) from both adrenccorticsl tumour
and hyperplasia urire. Schiller et al (137) have isolated
d? Pregnenediol-sgﬁ) 20 () from the urine of & womarn with an
adrenocortical carcinoma. The saturated isomer, Pregnanediol-
3(/8) 20(«)), has been isolated by Mason and ¥erler (109) from the

urine of patients with adrenal hyperrlasia.



FIGURE 2
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However, the relation of the latter compounds to
adrenocortical hyperfunction and to adrenocortical steroid
metabolism has not yet been clarified.

Carbinols of the c&strane Series (Figzure 3):

As for the Estrocenic carbinols, Lstriol was first
isolated by Marrian (105) and Doisy (42) in 1930 from human rrec-
nancy urine. It has also been isolated by Browne (14) from human
placenta extracts. & -istradiol is believed to be the ferale sex
hormone and was first isolated from humen pregnancy urine by Smith
et al (148). Both Estriol and X-Estradiol have since been isolated
from several other sources (127). an isomer of X -zstradiol,
‘ﬁ-Estradiol, was first isolated from mare's pregnancy urine by
I"irschmann et al (76). Its metabolic relation tocX-Estradiol is
apparently not the same for man and the rabtit, since Heard and
Hoffman (71) were not able to isolate any urinary/g-istradiol after
the intramuscular administration of 250 mg. of &{-Estradiol to a
normal man, whereas Fish and Dorfman (60) observed that the rabbit

does excrete}a-Estradiol after administration afo{-Estradiol.

Carbinols of the Androstane and Etiocholane Series (Figure 4):

(a) Unsaturated Carbinols. The first proof that

unsaturated non-ketonic alcohols of the androstane series are
excreted in humen urine was presented by Hirschmann (80) in 1943,
when he reported the isolation of 4° androstenetriol-3(F) 16,17
from the urine of a seven-year old boy with an adrenocortical
carcinoma. Since then, Marrian (106) has announced its isolation

in minute amounts from the urine of normal men, and Lason and
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Kepler (109) have isolated it from patients with adrenal tumours.
An isomer of t+is compound --differing in the spatial confi-ur-
ation of Cyg and Cyn hydroxyl eroups -- has been synthesized ty
Stodola et al (151) and Butenandt et al (24).

Hirschmann (81) has also reported the isolation of
A® Androstenediol-Sgﬁ) 17 () from the source mentioned above.
Mason and Kepler (109) and Schiller et al (137) have likewise
isolated this diol from adrenocortical tumour urine. This
compound may be relaeted metabolically to Dehvdroisoandrosterone,
since Mason and Kepler (107) were able to isolate =mell amounts
of it from the urine of & pituitary deficient male following
the administration of Dehydroisoandrosterone acetate. The
converse reaction wes demonstrated by Miller and Dorfrman (114)
who administered A® Androstenediol-zgﬁ) 17 (%)-diacetate
subcutaneously to adult male cuinea pies and isolated sreall
amounts of Dehydroisoandrosterone from the urine. The extent
of conversion in Mason and Kepler's experirert was 0.67, ani in
Miller and Dorfman's experiment it was 0.25,.. Hence, it is not
probable that the diol and Dehydroisoandrosterone are normally
closely related metabolically.

One might note that Hoffman et al (83) have reported
that after the administration of 4 :m. of Dehvdroisoandrosterone
to male rabbits, 90 mg. (2.5 conversion) of & indrostenediol-
S(F) 17 (F) (Figure 4) were isolated from the urine. This
compound is an isomer of Hirschmann's diol and the exrerirert
indicates that man and the rabtit do not metabolize Dehyvdroiso-

androsterone in the same fashion.
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The carbinols, /D Androstenetriol-593) 16,17 and
o Androstenediol-&%ﬂ) 17 (), have been isolated from adrenal
cortical tumour urines in varying amounts -- none of which was
less than the yield per litre revorted by Merrian (106) and in
three reports (80, 81, 137) in very much greater yield. These
carbinols are, theref«r=, probably derived from adrenocortical
precursors whose nature is at the moment unknown, rather than
from the testicular secretions. The role of these unsatursted
carbinols in the metabolism of Testosterone is not clear, since
Testosterone has never been isolated from adrenal cortical
extracts and there is no evidence of its secretion by the adrensal

cortex.

(b) Saturated Carbinols. The isolation of non-ketonic

alcohols of the Androstane and Etiocholane series from human urine
or the urine of experimental animals has not kept apace of the
unsaturated homologues.

Butenandt et al (22) were the first to report the
isolation of an Etiocholandiol fr-~ normal human urine. s
Butenandt et al pointed out, however, this compound --
Etiocholandiol-3{) 17@{) (Figure 4) -- may te en artifact which
arose during the fractionation of the urine, since the urinary
extract was absorbed on amalgamated Aluminum and reduction of
ketone groups may have occurred durin- this procedur-=. Butene&ndt
and Tscherning were able to isolate iArirosterone (20) from normal
male urine, but could not isolate any -tiocholznolone. 3Since
subsequent work by various investicators has shown that ardrosterone

and ttiocholanolone are normally excreted in arrroxirately equel

amount s in human urine, it is probable that the Ltiocholandiol-
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2(qf) 17(e{) isolated was derived from vrinary Etiocholanolone.
Butenandt et al suggested such s ketonic Ztiocholane steroid
as the probable precursor ~-f the diol.

Ir 1939, Dorfman et al (43) isolated from t%e non-
ketonic steroid fraction of human urine sr=ll a2rounts of irnure
crystals whose identity could :2-t be conclusivelv establisted,.

The authors sugcested that *the crystals were i~rure Btioriolaniiol-
3({) 17/{), since tieir melting point was 214-17°C, and uron
admixture with zuthentic Stiochoisriiol-0 ) 17(X) (M.It. = 27200},
the mixed melting poirt was 224-27"C, However. tle atove fscts

can hardly be classified =s co:clusive evidence for the presence

of Etiocholandiol-3(&A) 17'%) acd t'- ocenrrence of thic diol in
normal. human urine has vet to e ectahlighel vnecuivoently.

Schiller et al (17¢) rave rcerorted tiet - “ter the
administration intramuscularly oF 1.2 -m., 0o Testoster re-
prorionate to a normal worien, 5 me. of dijitonin-nor-rrecipitable
crvstals -- as the acetate -- were ort=2ined from tle non-letonic
steroid fraction of the urine. The melting point ~° the acet:1nted
crystals was 155-58,5°C, «rd the mother licuors vielde” crvetnis
meltineg at 151-55°9C, .ardrostanediol-0(Ad) 17 A'-di-cetnte relts
ut 159-630C, ~ccordins to several crcuvs f worcers o have
svnthesized it (145). After hydrolvsic, the crystz’s melted =
217-°1°C, +nd urvon admixture with atthertic ~nistanedinl-3 «) 17(X).
(i'. Pt. = 221-23°C). trere was no cdepressior in the melti:s point
(215-20°C), It is probctle therefore that tle comrourd isolated wes
indeed Androstanediol-3g{) 17(X). Since the diol re:.resents onlv

about 0.25%5 of the administered Testosterone--c-ionite, it is
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probatly not a significant urinary metabolite of Testcsterore.
Various investigators have isolsted minute arounts of
crystals from the non-ketonic steroid fractions of cdrenal
hyperfunction urine, but tkese crystals have nct been further
identified.
The evidence cited above indicates, therefore, that
tge nurber of known carbinol metabolites of Testosterore is small,
and that the available information about these retabolites is very

limited.

D. iicrobiological Cridaticn and Reduction.

It has alreedy been indicated that Testosterone nmay
probably be converted to saturatec¢ carbirols in man. Work with
veast and bacteriaz carried out by iamoli et =l has indiceted
conclusively that Testosterone can be reduced biologically not
only to Etiocholandiol-3.9{),17 (95,97,98) but also to Ardro-
stanediol-s(f) 17 (97). This, therefore, ster~thLens the theory
that the same resctions can occur in man and experimental animals.

It is noteworthy that studies with micro-organisms have
not been limited to carbinols, but have been extended to those
compounds which are considered to be urinary l7-ketosteroids.
Results ¢f such studies are tie following:

»amoli et al (97) have demonstrated the bacteriel
conversion of &% Androstenedione-3,17 to Androsterone and Ico-
androsterone in yields of 12 and 9.3, respectively. The

conversion of Testosterone to<ﬁg Androstenedione-3,17 tv bacteria

has been demonstrated in good yield (49,.) by Turfit:t (156).
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liamoli (99) quotes the converse biochemical reaction carried ou:
by fermenting yeast. i.amoli (99) also re-ocrts the conversion of
4&4 Androstenedione-3,17 to Ektiocholandione-3,17 by putrefied
stallion testis extract. ZExverimemts by Kamoli and his coworkers
have demonstrated the conversion of Androstan-dicre-3,17 to
Androstanediol-S(P) 17 by fermenting yeast (161) and by veast rrei
(98).

It will be noted that tle above reactions cearried out
by yeast and bacteria are those involving hvdrogeration of the
compound added to the micro-crganism. That dehydrocenati»n can
also be carried out by such ricro-orranisms is irdicated by the
work of iamoli and Vercellone (93, ¢4, 96) who reported the con-
version of Dehydroisoandrosterone tolﬂ4 androstenedione-3,17 (156)

T
Al

and of A° Pregneneol-3(X)-one-20 to Frogesterone (95). #.rihermore,
Turfitt (156) has reported that Q- Androstenediol-3(X) 17(X) is
converted to Testosterone (42/5) and to & Androstenedione-3,17
(65%) by Froactinomyces spp.

The importance of these findinfs in deducing the

probable pathways for the tiochemical conversion of Testosterone

to urinary l17-ketosteroids will be discussed leter. (See re~e g2)

E. Coniuration of Urirerv Steroids.

Urinary Stcroid Conivates:

Before discussirs the role 5 the liver in the incetiv-
ation f steroids and t!c metatolis~ o” Testoc*erone, rention
must be nade of the excretion f stercid coniucates i~ *the uripe.

The f:ct that all of the aforementiored urinery sternils. includire



troce which are metabolites of Testosterone, Fave been isol-ted
only safter scid hydrolysis of the urire irlicctes that thev were
excreted in conjucated form.

Funk et al (2) snd Kstak (~8) first sueceste? this
nossibility, and Adler (1) noted trst toiline acidiified normel
human urine greatly increased its androcenic activitv. In 1938,
Peterson et =zl (125) observed that the Glucuronic Acid concentr:t-
ion of the urine of normel ren varied somevhst with its cndrocenie
activity, and suggested, thereforc, that the androgenic steroids
may be conjugated in part at least with Glucuroric acid. Recently,
Hoffman (84) has noted that the Clucur.nic acid concertration of
the urine of inle rabbits increascd mwarkedly after tie edrministrat-
ion of Dehydroisoandrosterone. However, no ccnju~ates of Glucuronic
Acid with metabolites of Testosterone (or cf er lorerous testicular
gsecretion) have been isolited as yet.

Attempts to isolate conjugates of Sulfuric acid with
androgenic urinary steroids have been more successful., Thus,
Androsterone-sulf+te (159) has been isol=ted from testis inter-
stitial cell tumour urine, and Dehrdroisoandrosterone-sulfate hsas
been isolated from the urine of normal men (112) =nd adrerocortical
tumour patients (109). They are the onlv conjurates of androrenic=-
ally active substances whosc isolation has been rer-rted. FHowever,
the possibility thLat tle metabolites of Testosterone sre excreted
in conjugation with both Glicuronic Acid as well as Sulfuric Acid
is not yet excluded.

Dotriner (41) has sus-ested that corjugation of tlre

adrenal steroids may also occur with both of these acids. Tre



advent of isolation tecrricucs more r<fined *han those in use at
present will probatly provide further information regardins the
conjugation of the atove steroids.

It is of interest th:t urinarv coniugates of the meta-
bolites of Progesterone and o| -tstradiol have been isolated. ThLus,
Sodium-pregnanediol-3({) 20()-slucuronide (158) and Estriol-
glucuronide (34) have been isolated from human pregnencv urine,
while Estrone-sulfate (135) has been isolated from pregnant mare's
urine, and Stiltestrol-slucuronide (113) has been isolated from
rabbit urine after the intraruscular injectior of 2 gm. of Stilbestrol.
Mason and Kepler (109) have rerorted the isolation of Sodium-
pregnanetriol-glucuronide from the urine of patients with adrenal
hyperplasia, while Klyne and karrian (R9) have recentlv isolated a
new sulfate,¢ﬁle Allopregneneol-SvB)-one—SO-sulfate, from precnant
mare's urine.

It is believed (160) that the liver is the site of con-

jugation of the steroids.

Artifscts of Urinarv Steroids:

Studies on the conjugation of steroids employving the
methods of lvdrolvsis currently in use have resulted in the detection
of certain urinary steroids which are believed to te artifacts. These
artifacts have been found only after acid hydrolysis of the urine.

It is obviously of importance to te able to differentiate between
true urinary steroids and artifacts trereof. OCne must, therefore,
mention the following artifacts whose presence has been letected

in the urine of man and animals:
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(8)43? Androstenone-17. During the discussicn of the

neutral 17-ketosteroids it was noted that437 nndrostenone-17 wzs
considered to be an artifact arisine during acid hydrolvsis of
urine. This compound has been isolated bv Hirsctrann (78) from
the urine of ovariectomized women, and by Pearlman (124) and
Dobriner et al (40) from the urine of men and women having adreno-
cortical carcinoma. In 1942, Venning et al (159) reported that
ﬁf Androstenone-17 arose after acii hydrolysis of Androsterone-
sulfate, which had been isolated from the urine of a man with
gener~lized metastasis of an interstitisl cell tumour o° the
testis. They theretv confirmed Hirschmann's sue~estion that the
former compound was an artifact of "Androsterone (or Isoaniro-
sterone)" arisine during scid hydrolysis of the urine.

The position of the eti.vlenic bond in the structure of
43? Androstenone-17 has never been definitelyv established, but the
work of Butenandt et al (21) -- who first preparcd it by treating
3-({) Chlororandrostanone-17 with Potassium Acetate =t 180°C --
indicates that the double bond is at the¢Q@ or'éi rosition. The
variety of melting points reported for Androstenone-17 (102-11°C)
may be due to the fact that s mixture (tLe exact comnosition
devending upon the method of preparation) of & and @f androstencnre-
17 is present.

It is interestins to note that the corresrondins homclo--ue
of Etiocholanolone, Cfaﬁkiocholenone-l7, rhas never teen isolated
from urine. This ray be due to the Tuct that androsterone and
Etiocholanolone are excreted in different conjiurstel forms, tut

there is no factual information on this voinv.
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(b)éié:s Androstadienone-17. It has vreviouslv reen

noted thaté&gzs Androstadienone-17 was considered to te zn artifszcet
of Dehydroizoanirosterone. The evidenre f » this treory fcllows.
Burrows et al (19) first isolatedéﬁ?zs Androstadienone-17
from the urine of a men with an adrenal tumour; This comroun?! has
also been isolated by Dobriner et al (40) “rom thre urine of norral
men. Burrows et sl (19) prepared it by deh~dration of Delviroiso-
androsterone using Copner Sulfate at 200°C. =nd in the ratbit (RZ)
Deh&droisoandrosterone has in fact riven rise to consilerable amounts
of urinary‘(f”s Arndrostsdienone-17. It =zprears «lso rom gsrectro-
scopic evidence (39) that acid hydrolysis of a uriue rreviously
devoid of uny letectable smounts o“ the dienone, btut to which
Dehydroisoandrosterone has heen added, r~sults in the rrnduction
of « certair amount of the dienone -- and thereby proviiles proof
for the tieorw that A'°° Androstadienone-17 is an wrtifict

Dehydroisoandrnsterone.

(e) B3-Chlorodel ydroicoandrost >rone. This corroun? tas

1ikewise becn proved to be an artifact 7 Dehydruisosnir-oster-re,
srising during hydrolvsis of urine with Tvdroctloric acid.

i

#, Role c¢f the Liver irn the i.etabolism " Testo-=*er ne and o:’'er Steroids.

Site of Ciern Met« lam:
Ir discussing the urirnary steroids -- toth ke* "~ic end
non-ketonic -- no mention was rade of the sit- &t which the

metabolic resctions which resulted i~ the excr:tion of these
metatonlites trok place. Krowledee ¢f this “hase of tle rrotlem

is not only of theorctical imrort:nce. tut n#y aiso have i—portert



clinicnl eapnlications. It has corsequ+«~tlv beer *he otiect of
recent exmerirents.

Ir the exverirents c-rried out by several irvesti~ tors
(T=ble 5), Testosterone h=c teen ad~inisterad orally <o the
experimertal aniral. In these erxp~riments, the Testosterone ~ust
first 1z ss throueh the liver before nessine into the , eneral
circul:tion, Testosterone has also teen ¢ imirnistered subcut=rn-
eously and intrea.ucculurly tv other investi-stors (T-tle 3) and,
s will be seci from T=ble 2, *he urinury metabolites obtaired
after orel szdministratior of the Lormone are the same as those
obtained after intraruscular end subcutaneous injection of the
horrone. The Testosterore administercd ty the latter :ethods
must eventually rass through the liver. Conseqguently, the role

of the liver in the metabolism of Testousterone must be evolueted.

(a) Experimental Animals. The wurrk of sever:l

investicsators indicates conclusivel~ thrat ir the At 2ni the
rabbit, the liver is » '« ior site of inactivati-n of toth erioeenous
(15) and exogenous (5, 8, 1R, ¢0, 143, 144) sndrocens. Tiis artior
of the liver on the steroid hormones !=s >0 bteen leronstreted or
Estrogens (5, 9, 55, 56, 73, 74, 126, 140. 142, 14%, 144, 1li7),
Prorsesterone (57, 112, 143, 144), Descxyvecrticosternre acetate (17,
59, 143, 144) and endogenous adrenal secretions (l3). Cre feature
corrron to 8ll of these experiments is that alter administration of
the hormone such that thev riust fircst pass throueh the liver tefcre
reachin~ the general circulution, the pirsiolocical actions
normallv associated with these corpounds has teen either rreativ

diminished or absent. Hence the liver must te responsitle, in rart
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at least, for their metabolism.

In the rat , Tectostercne, Methvl-Tostosterone (5, 18,
143, 144) and Testosterone-prorionate have all been stown to te
inactivated by the liver, and these studies irlicate incidentally
that the increased oral activity of lLethvl-Testosterone is due to
a lesser degree of inactivation of this compound than is otserved
for Testosterone or Testosterone-propionate.

The work of Burril! and Greene (1~) in which Testosterone
and Methyl-Testosterone pellets were imrlanted subcutaneouslv and
in the mesentery and spleen of castrated rule rats showed that
althousrh the liver is respronsible for tie inuctivation of the
aforementioned compounds, there is still a sirnificunt residual
inactivation for which one must account. The site of this
residual inactivation is not known. Szego and Roberts (152) have
recently revorted that in eviscerated, ovariectomized, adult rats,
large intravenous or subcutaneous doses of Estrogens are incaratle
of causing an increase of the water content of the uterus. Tie
effect of evisceration on other indices of estrocen activity
(e.. vaginal smears) was not investigeted. It is arrarent, at
any rate. that the role of the viscera in the retabolism of the
Lstrogens is more complex than hitherto supposed. The crecific
role of the viscera in the above experiment could ~ot te detc~-
mined. Tr¢ role of the viscere in the metabolism of Testosterone
has not been investic~ated as vet.

Paschkis ¢t gl (122) have demonstrated ‘.t exogenous

Testostcrone , Methvl-Testosterone, zrnl androsterone ure excreted

to a limited extent in the bile of dogs, tut the sisnificence of

this observation is not clear. 4 similar excrction has been noted
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for exogenous and endogenous Zstrosens (31, 32, 122, 130).

(b) Man. It is apparent from tie wori of several in-
vestigators that the liver is an important site of steroid horrorne
metabolism in man. For example, Dorfrian and Eamilton (44) noted
that the oral administration of Testosterone-pronionate to a
castrate and a eunuch did not result in relief of syrrtoms. Glass
et al (67) heve reported that in patients with cirrhosis of the
liver there is gynecomastia, and clinically, menorrhacia and
metrorrhagia have often been observed in the course of liver
cirrhosis. Furthermore, Rakoff et al (130) have noted that the
Estrogenic activity of blood disappears less ranidly in patierts with
cirrhosis andhepatitis than in normal humans after the intramuscular
or subcutaneous injection of o -Istradiol. Gless et al (6~) have
also reported that men with liver cirrhosis excrete approximetely
80% of injected Estrone and Lstradiol in the urine, larcelv in
conjugated form. Normal nen (72) excrete only about 10.5 of
injected Estradiol in the urine. This is further procf for the

role of the liver in the metabolism of the steroid hormones in ren.

Influence of Dietary Factors on Steroid Lietaroliem:

(a) Experimental ~nimals. In 1942, Riskind and his

colleagues (6, 7) published reports which indicated that certain
dietary factors are necessary for the inactivation of Zstroh-ens
by the liver, and thereby bared another vhase of the metabolism of
the steroid hormones. Biskind et al have shown that the Vitamin
B Complex is necessary for the inactivation of exogenous Lstroine

and endogenous Lstrogen by thc¢ liver of the rat. The Segalof<s
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(141) and Clark and Kochakian (23) have shown “het it is
Vitamin Bl and Vitemin B2 which are srecifically needed.
Singher et al (147) and Shipley and Gyorsv (14%) have confirred
these findings. However, the Biskinds (8) have srovn that tre
same may not be true for Androgens, sirce the rrecerce or atsence
of the Vitamin B Complex in the diet has no effect upon the ir-
activation of Testosterone-propionate in the rat.

Drill et al (52, 53) have cuestiored the validitv of +thre
findings reported by the Biskinds. Drill et =zl have repea‘ed
their experiments using maired feeding technicues, and the results
obtained suggest that the Vitamin B Comilex effects the incctivatior
of Estrogen only through tlie concomitant inarition vroducei. Drill
et al also noted that supplerents of wethionine were witlout ef’ect.
However, Singher et =l (147) and Unna et al (157) have shown *ast
reducinge the Bl and B2 contents of the liver below a certein criticel
level will inhibit the abilitv of liver slices to inactivate
Estradiol. Liver damage was not reported by these authors. .lso,
Sezaloff (141) did use a modified form of paired feedins technique.
Hence one may conclude that rerters of tle L Unmrlex ~f Vitamins
have an as yet undetermincd role in the inectivation of “"“irceens
by the liver. sas sugrested by Singher et :.1 (147) Vitsrins 21
end B2 nav be essential components of «n oxidativce syster.

Drill et «l1 (52, 57%) have indiczted that the effect of
the " Vitamins mav te modified bv various factors. Ivleed,
Shipley #nd Gyorgy (146) Leve shown that ir the castrated rat, a
low protein-high f&+ diet will result ir cirrtosis of the liver

and this will result in continued estrus, indicatine the inatil-*v
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of the liver to irnactivate exogenous “strone. 1~ these exreriments.
larre doses 7 yeast erzerted a curative e°® ot -- much more so t“an
the synthetic B-Vitemin suphlerehps. Te Tzcetors resyonsitle Sor
the efreater activitv o~ tre veest arc not krnoun.

Gyorey (69) has reported that "cirrbrsis" of the liver
resulting from a specific dictary hepatic injury -- deficiencr
of uethionine nr a low proteir diet -- wiil be manifesteld rv the
inability of tie liver of ovariectomized rats tc ‘rzctivate
exogenous lstrone pellets, and thet “ive-"0ld ircre:ses in the
daily Vitemin B supplements will have no e“fect on the stete of
estrus of ths rets. The addition ¢f wethionine or protein
hvdrolysates to the diet will, however, restorc the atility to
inactivate Estrone.

Whether these lirotroric fzetors wct bty reversing
the hepatic changes, or by snecifically takine pert in the
Estrone inactivating mechanism wac not letermired. The Aecree
of hepatic injury orserved ir Gyorsy's rats was not clear. If
the hepatic injury was moderate, then the pr~b-hkle mechanism is
the former. If the liver was very fitrotic, tlien & therupeuvtic
acent of great import.nce has teer discovired and tle mechanism
of action may be a combination o" the two rossibilities listed
above. Unna et al (157) has noted that =z low oprotein diet cver
a period of three months will derlete the liver of Ritoflavin
and this will be manifested bty inabilitv to inactivete .strediol.
Hence it is avvarent that not onlv the F Vitumins, but wlse
Methionine and adequate dietary rroteir are essential “'r

inactivation of Estrogens. Similar findings have not y~t bteen
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reported for Testosterone.

(b) Men. In rzn, Biskind et &l (10) have irdicated

that dietary insufficiency will result in menorrhagia and retro-
rrhagia, and other relategd disorders, since tlese 4isoriers Feve
been corrected by the administrstion of lsrce ioses ¢° the R
Vitemins and liver extract. Also, ashworthr and Sutton (3) have
reported that Estrogens will increase the Zemard for utilization
of the B Complex in three female zlcoholics and ore wor=r with
amenorrhia snd one with menopausal symrtoms. lence it is zvrarent
that in man as in the rat, the R Vitamins snd otrer dietary
factors are associated with tte etabolism of ~strocens.  The

relation between these dietary factors ani Testosterone met: holigr

in man has not yet been definitely estetrlished.

Pathwayvs of letabolism of the Steroids:

The liver can metabolize the steroid hormones and their
products along two general pathwavs:-

(i) Complete oxidation of the molecule to, ssv, ster
and Carbon Dioxide; or degradation to a small molecule, for
example, Acetic sncid.

(ii) Partial modification of the molecule, so that a
steroid of lesser physiological activity is produced, and thren
excretion of this compound in the urine in a con’usated form.

The chemical transformations which will result in the
latter form of metabolism of Testosterone will te discussed
later. (See page 67) Heller (73) has observed in vitr~ using
rat and rabbit liver slices that Zstrone and &¥-Zstra’iol are

interconvertible, and has, therefore, concluded that the second
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pathway is the one normally associated with Estro-en retetolijc-.
However, there is at present a dearth of inforraticn on the
pathways of metabolism of the steroids in cereral and Testosterore
in particular, and it is -ot possibtle to evaluate the rel=tive
importance of the pathways listed above. Both are presumatlv
in use in man, since only small amounts of steroid metatolites
of the sex hormones have been isolated from normal hure- urire,
and since the yield of urinary steroids has been well below
50% following exogenous hormone administration. 1n the case ~f
Progesterone, for example, it is estimated that only 10 ~20%
of endogenous Progesterone is recovered as Pregnanediol.

Rakoff et &l (129) reported that a frection of the
Estrogens in human pregnancy blood was present in combination
with proteins. Szego and Roberts (153) have recently publ ished
a report concerning the nature of circulating istrogen in the
blood and sera of normal, pregnant and gonadotrophin injected
animals and pregnant women. They have confirmed Rakoff et al's
findings and also observed that the .strogens in blood are rresert
in two forms -- protein-bound Lstrogens and a hydrophilic cor-
jugated form. The ratio is approximately 2:1 respectively. It
is surcested that the protein-bound :Lstrogens are aveilatle for
use by tissues, since they can dialyze through a collodion
membrane. This theory has yet to be substantiated, but the
results do indicate that more than one pathway for transport and
possibly for metabolism of Estrocens exists ip toth man &nd
experimental animals. It is noteworthy that the amourt of

Estrogens present in the blood was verv small, since values
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spproximating 0.5 kicrocrars ofof-istradiol e.uivalents rer
100 cc. of blood were found. Similar studies on the transrort

of Androgens have not yet been reported.

Role of E S in Steroid Mhetabolism:

Studies in carbohydrate, fat and protein metatolism have
demonstrated that the metabolic activities of the verious orcens
and tissues of the body are dependent upon the vrresence of “unctiornal
enzyme systems. The physiological actions of the liver in varticular
have been closely related to the enzimes telieved to occur ‘herein.
It is probatle, therefor:, t::t enz me svstems are in-
volved in the mctabolism of the steroid horrmones in the liver and
other as yet undetermined tissues. It is probable also trat
enzyme systems are responsitle for the biochemical rexctions
involving steroid compounds as carried out ty micro-organisns.
(See page 22 A4s yet, unfortunately, information about the enzyme
systems associated with thec metabolism c? Testosterone and the

other steroid hormones is limited.

A large part of the experimental results thu. far
reported on the enzyme systems deals with those associeted with
Estrogen metabolism. Thus, Heller (73) has shown trat Sciium
Cyanide will inhibit the enzymes -= presumatbl+ oxilizing enzymes
-- in rat's liver slices and thereby prevent the irncctivation of
o(-Estradiol, Estrone and Estriol. This enzyme svstem is reat
lebile at 100°C. Engel uni Rosenterz (56) have ottaired rn

. R s . Y ey o A
aqueous extract of beef liver which will inactivate Zstrone, ant,

to a lesser degree, Stilbestrol; tut *he nature and properties

of the active components of this extract cre ~ot faully known. The

= =

Ystrocen inactivating princivle is extructable at 17l 4, tE S.%,
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pH 7 and pH 8, and can te precipitated with alcohol.

Singher =znd his associates (147) rave dermonstrated
that the inactivation ofy -Estradiol in liver s.ices o® rats
is dependent upon the concentration c¢® Thiamine and Riboflavin
in the liver, possibly tirocurh the role of these vitamins as
part of an oxidative enzyme system. Whether this oxidative
system is similar to trhat involved in the oxidation ¢® carborvd-
rates has not been experimentallv determined. Incidentally,
Koreff and Engel (92) have revorted that Folic acid will also
inhibit the estrogenic activity of Estrone, but onlv to a
moderate degree.

It is of interest to note that .Jesterfeld (153) hes
presented evidence for the iractivation of Estrone ty Tyrosinase.
This is an oxidetive vrocess exhibited rv potato Tvrosinase (127).
Similar enzvme preparations obtcined from plant sources are
described by Pincus and Pearlman (127).

Meyer et al (115) have report-d the presence of the
succinic dehydrogenase system in the corpora lutea of tre rat,
and have found a direct relatior 'etween succinic dehvdror.nase
activity and corpus luteum function. Powever, the role of t'is
enzyme system in corous luteum setivity is not %rown, and the
possible function of succinic dehvdrogenase in the ~etatolisr
of Progesterone (and the Estrogens) has not vet teen determined.

As for Testosterone, limited udvances have teen made
in determinings the nature &and role of enzyme svstems in its
metabolism. It is possible that the enzymes irvelved cre similiar

. . | ~ m, 3 3
to those necessary for the oxidation of the =zstrocers. =15 18
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indijcated by the work of Samuels (171) who incutated Testostercne
with liver minces and minces of other tissues, ard wro has s owr
that Sodium Cyanide, Sodium Fluoride. or sn etmosrhere of Nitr:i:-en
will inhibit the metabolism of Testosterone ty the liver tissue.
He therebyv correlated the work of Heller (72) on Zstr-cens and
confirmed the above possitility. Samuels succests trhot oxidative-
-- possibly phosphorvlsting -- enz:m-s are involved. Thris
enzymatic reaction incidentally also occurs in the presence of
tissue juices containing no oreanized cells.

One might point out that the work of Singher et al,
Heller and Samuels was done in vitro with liver rreparations,
but the significance of their results and its avplicatility to
in vivo mechanisms rust nevertheless not be minimi-ed.

At any rate, it is anparent thst the nature and role
of enzyme systems in steroid metabolism has still to e determined,
and that a study of the role of the liver (or any other tissue) in
steroid metabolism must be closely bound up with the function cf
enzyme systems in such metabolism.

During the discussion of the urinery heiro¥v-pon-
ketonic steroids, it was pointed out that little is known tut
much is suspected about the urinery carbinol derivetives of
Testosterone in man. In an attemrt to further elucidate thris
problem and to re-examine the -etonic fraction of the urine,
5 gm. of crystalline Testosterone were a’minicstered orally to a

normal adult man. The procedure and experirertal resultc are

accordingly presented.
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II

Experimentel Section

A, Acid Hydrolysis of the Urine,

One gm. of crystalline Testosterone was administered
orally per day for five days to a normal male, twentyv years old.
The urine was collected for four days prior to administretion; an
for the five days of administration and the subsequent three devs
(the administration period urine). The post-zdriinistration
control urine was collected for two davs. The urine was preserved
in the cold efter acidification to pH 4. Twent v-four-hcur col-
lections of urine were hydrolyzed and processed deilv in the
following manner.

The administration period urine totalled 12.08 litres.
The acidified urine was adiusted to oE 7. The urine wss tten
trensferred to a round-tottom distilling flask, and brought to
the boiling point. 15 cc. of concentrated EC1 per 100 cc. of
urine were added and the acidified urine was tren boiled under
reflux for exactly fifteen minutes. The urine was then cooled
and saturated with NaCl. The urine was then extracted four
times with one-third its volume of redistilled Ether. The
Ether extracts were combined and extracted with 1 . NaCH
until the NaOH washings were alkeline. The NaOH washings were
collected and kept in the refrigerator. Tiec Ether extracts

were then washed with small volumes of distilled EoC urtil *the
water washings were neutral. The Ether extracts were dried over

NapSO, and then distilled and the residue dried under !'itroeen.
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The daily neutral steroid residues thus obtained were combined,

the two control periods and the administration period being rert

separate.

The NaOH washings obtained above were combined, acidified
with HCl until acid to Congo Red, and =xtracted with Lther. Tre
Ether extracts were washed with 10% NasCCx to remove acids. The
Ether phase was then discarded. The NaoCOz phase was acidified
and re-extracted with Ether. The Ether extracts were washed free
of acid with H50, and then distilled and the residue was taken to
dryness under Nitrogen. The Acid Fraction of the urine was thus
obtained. Again, the two control periods and the administretion

period fractions were kept separate.

B. Fractionation of the Total Neutral Steroid Residue.

The administration period total nevtral steroid residue,
which weighed 3.3282 gm., was then frictionated as outlined in

Figure 5.

Separation of Ketonic and Nor-iletonic Steroid Irzctions:

To the total neutral steroid residue of tre administrat-
ion period was added 1o4 cc. of Absolute thenol, 10.4 .. of
Girard's Reagent T. and 10 cc. of Glaci=l acetic Acid. The
solution was refluxed for one uour on a stear-t=th. The refluxed
solution was poured into 405 cec. of E-C, containing 725 .m. of
ice and 18.7 cc. of N NaQOE. The ¥ of the solution was deter-
mined and adiusted to pH 7.

Ihe aqueous solution was ¢r*rectei “our times with

approximztelv one-third its volume of Ethsr. Tie btrher extrects
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FIGURE 5

Fractionation Procedure of the Administration Period Urine
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containirg the nor-ketcnic steroids were com'inei ani processed

as described below, =fter sufficient concentrszted 2. (1/11 volure
of the aqueohs vhase) wes =ddel o tte 2¢liecus vhase to form a

1N solution. The scidified agueous rhase corteining the + tonice

steroid complex was allcwed to stand at roor temierst.re for four

hours.

(a) Non-Letonic Stercids. The ither phause conta.ning

the non-ketonic steroids wus washed four times with ore¢-cuuTter
its volume of distilled Hg0. Tie HoO waslbings were collect«d and
added to the acidified acueous phace. The Lther extracts were
then dried over Na2804 for twentv-five minutes, d1istilled, and
the residue dried under l.itrogen. The non-ketonic residue thLus
obtained was subjected to a second ketonic sevaration procedure
using Girard's Resgent T. The final non-ketonic steroid residue

weighed 561.7 mg.

(b) Ketonic Steroids. The acidified cqueous thase,

after standing for four hours at room temperature, was extreced

3

four times with one-third its volume -f Ether. Tiec Zther
extracts were combined. (To the residunl scueous phase was
added a small volume of Lther, and tie solution was ~ilowed to
steand overnicht in the refrigerator.) The erulsion ottained
with the Ether extraction was centrifused znd the —ther rhase
treated in the same manner as the initiel Xther extructs. The
residues were not combired, however, because crystals (of

impure Androsterone) were obtained from the emulsion.

The Etler extrascts were washed wit). one-tlird their
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volume of 1IN NaOH and washed to pH 7 with o035 drizi over NeoS(y4
and distilled to dryness. The overnight acid-hyirol:zed aqueous
phase was also extracted with ither and subiected to the same
procedure. The :ztonic fractions thus obtained wers cortined with
those obtained from the second fractionstion -+ the non-kectcnic
residue. The total ketonic residue weighed 2.2472 gm.
Crystalline material weighing 204.2 mg. was obtained
from the aforementioned emulsion. =~fter three recrystallizations
from agueous Ethanol, the crystals melted a+ 172-83°¢C Uncorrected,
and gave no depression in melting point (180-84°C) upon
admixture with authentic ~ndrosterore (M. Pt. = 179-83°C). Taese
crystals, together with those obtained frcm the mother liquors,

weighed 148.6 mg.

(c) Estimation of 17-Ketosteroids. ThLe 17-keto iteroid

content of the total ketonic steroid fraction was estimated
using the Zimmerman method outlined by Holtorff and Xoch (86),
and the Antimony Trichloride rethod of Fincus (128). With the
m-Dinitrobenzene reagent, the 17-ketosteroid value was
2.2600 gm.; with the ~ntimony Trichloride reagent it was
2.0125 ecm.

The 1l7-ketosteroid content of the digitcnin-non-
precipitable ketonic fraction was estimated usins the r-Dinitro-
benzene reagent and the value obtained was 1.7563 :m.

Digitonin Separation of the Total Ketcnic Stercid =Zesildue cf
the Administration Period:

4~

The tote. ketonic steroid residve weighins 2.3+72 g,

was taken up in 50 ec. o 945 Ethanol. To the Z*h=arol solution
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was added 2 gm. of Digitonin in 200 cc. of 80% Ethanol. The
solution was then allowed to stand in ‘he refricerztcr for
forty-eight hours. The solution conteining tke precipiteted
digitonides was centrifuged and the supernatant liquid containine
the excess Digitonin and the digitonin-non-preciritable-steroide
was decanted off. The precipitate of digitonides was washed three
times with 25 cc. of ccld Absolute Ethanol. The ZEthanol washirgs
were combined with the supernatant fluid. The precipitate of
digitonides was dried thoroughly first under Nitrogen snd then

by allowing to stand for two weeks at roorm temperature.

(a) Digitonin Non-Precipitable Ketonic Steroids.

The total Ethanol solution of 3-(X)-hydroxy-ketonic sternids
containing the excess Digitonin was concentrated in vacuo to
approximately one-tenth its volume. The solution was ten roured
into sufficient ZSther to form a 10% solution. The Digitonin whickh
precipitated out was recovered by centrifucestion. The ntier sol.tion
was washed three times with one-quarter its volume of Hg20. The
Ether solution was then dried over NapSO4, distilled, and the

residue dried under Nitrogen. Tie residue, weighing 1.9102 em.,

was the digitonin non-precipitable <etonic steroid fraction of the

administration period urine.

(b) Digitonin Frecipitable Ketonic Steroids.

To the dried, powdery digitonide precipitate were added 0 cc. of
dry Fyridine. The solution was then heated for forty~-five minutes
on a Water-tath, to dissolve tre digitonide and to decorpose the

complex. The volume of the solution was then reduced to one-*en*h
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under reduced rressure. Sufficient drv Ztrer was aided to meve a
10% solution, and the Digitonin precititsted out. The solution wes
then centrifuged, and the supernatant li~uid decented. The precit-
itate of Digitonin was washed thLree times with 10 cc. Zther. Tue
Ether washings were contined with the atcve suver-=tant liquii. The
Digitonin wes then dried at rnow terverature.

Tie Ether phase w.s then v.ashed “ive times wi:l onc-third
its volume of 2 HC1l to rerove the F-ridine. The “t eT extracts
were tlien washed with 177 70077, T.C, iried cover Wolly TOT twert -
five minutes, distilled, and t'e residve of Divitonin-rr ciritable
steroides was dried urder Nitrozen,

The mrecinitate of Digitonin was then rediss lved ir
Pyridine «nd the above vrocelure was rereszted. The cortined
Digitonir-nrecipitable ketinis ster id reeiines ~oi~v21 109 me.

. Chromatocraphic Fractionatior o the Non-."etoric and [-tonic
Steroid Residues.

All meltine noirts e Jorne on the Wigerer=T hna A-vr retg

and are reported u~correctq:i,

Non-lietonic Steroid ™' ~rdus:

¢ .

The nor-«etonic "r:ctions ottaired Tr ~ the =dminictration
period urine were chroratogravhed using Anhlrcus =l19Cz columns
(Tables 4 »nd 5). The Alurins uced was thet prer-red by the llerck

Co.. after the method of Lrcciaanr,

(a) Colurui Al. Tie results of this colurn are sumari-:

—— =

in Table 4. & cylindrics! colurn of Alumir:, len-th 8.5 cri. &nd

diameter 1.77 cm. was used.
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TABLE 4
Column Al: 561 mg. of the Nor-
Ketonic Steroid ITraction of the
Administration Period Urine.
Fraction Lluant Elusate
No.
Nature Vol. Nt. Nature Remarks
in cc. in mg.
l1 -2 Benzene-Pentane 5solution
of the Non-Ketonic Frac- 287.0 Cil Rechromatographed
tion - Column a2
20 cc.
3 - 16 100% Fertane
- 1:% Benzene: Pentane
1:1 " " 16.4 0il
3:1 " "
100% Benzene
3:1 Benzene:lither
rer
17 1:1 Benzene:Ether 8.8 Cil
18 1:1 Benzene:Lther 19.6 0il end 125 mg. Etiochol-
Cry=tals || andiol-3'¢) 17(«)
Frac-
19 - 24 1:1 Benzene:Ether 166.0 Cryvstals
25 - 27 | 100% Ether 2.4 0il
tion
28 1:1 Ether:Abs. Ethanol 38.8 Cil '
Rechromatogruphred
after ecetylation
29 1:1 Ether:abs. Ethanol 12.6 Cryvstals - Chlumn A5
30 - 4 1:1 Ether:Abs. Ethanol
100, Absolute Xthanol 16.8 0il

100, Glacial Acetic ~cid
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Fractions 1 and 2 were chroratorrarhed s outlireq in
Column A2.

after three recrvstallizations of fruction 19 op- -
aqueous Ethranol, crystals (narrow, vectarncllsr plates) were orteined
which melted at 2?ﬁ-4fﬁc, #nd which di¢ rot cive anv Aerression in
melting point (237-40°7) upmi admixture with @ :snple of authentic
ftiocholsndiol-3(X) 17'¥) (. T+, = 235-279C). Fraction 21, .lLose
meltine point was 238-3900, likewise e¢ave no derression in meling
point (275-3770C) in a rized relt with avtrertic Z*iccholarginl-

3() LX) Tt wes concluded, treref-re, that frrections 1 -2.

1

inclusive, were Ztiocholandiol-3{d) 17(d),

freetions 17 »nd 18 were cortinel and after two re-~rvsta’l -
lizations, crystals which melted =t 232-3707 war: ol tained. The se
crystals worc added to ‘he Ztiocholsniiol “r ctions 19-°4.

‘reetions 20 »nd L7 were used for the svrthesis of Htic-
cholandiol-diacetate =s outlincd below. 6F me. of the Gircetsnte --
ecuivilent to 52.6 mg. of the free Jiol -~ were ortrired.

‘ The total yield of ttiocholandio?=-3(X 17(X) from Colurn
Al was 125 mg.

Fractions 2% and 29 were combined and < ttempts to recrvrstal-

lize these fractions from squeous zthanel -rnd acveous llethanol “:+iled.

The fractions were, therefore, acetvlated, as noted *elow, - nd trer

chromatographed, the results teinc summarized ir Column .5,

[

(b) Column ..2. The results cre cuvmarized in T ble T,
A cvlindrical column of Alumira, 8.5 cm. in length with a iiareter

of 1.77 cm. was used.
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Column A2: Fractions (1-2) of

Column Al - 227 mg. of Non-

Ketonie Steroids.

Fraction Eluant Eluate
No.
Nat ure VOl . Wt . Nat ure Remarks
in cc. in mg.
1 Benzene-Pentane Solution 36.4 Yellow
of the Total Fraction Cil
2 100% Pentane 2.2 il
, 20 cc.
3 - 8 100% Pentane
1:9 BenzeneiPentane 0 0
5:7 " "
9 - 14 3:7 Benzene:Pentane
1:1 " " 7.2 Cil
5:1 " "
Per
15 - 16 3:1 Benzene:lentane 19.6 Q0il and Acetvlatcé-Chrom-
Crystals | ato-r-thed-
Column =6
17 - 20 3:1 Benzene:Pentane 29.0 0il and 5.4 ».-. Cholest-
100% Benzene Crystals | erol
2l - 23 1l:1 Benzene:iither 7.8 0il
frac- ‘
24 1:1 Benzene:Ether 23.0 0il
25 - 26 | 1:1 Benzene:Ether 37.8 0il inute anourt of
crotals: .. Pte.-
228-30°C.
27 - 28 | 100% Ether 34.8 | crystals | 31.5 mg. xtiochol-
tion | aniiol-3(at) 17(x)
29 - 34 | 100,0 Ether
29.4 Cil

100% Abs. Ethanol

100, Glacial Acetic acid
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After three recrvstallizations from &,uedus “thanol, tre
crystals in fraction 27 melted at 235-37°C, wi<r rreliminary
sublimation. Urnn admixture with authentic “tiocholandiol-3(o) 17/o)
(. Pt. = 232—3400), there was no depression in tle meltin: poin*
(254—55%00). Similarly, after two recrystallizatiors c© fractior 2R,
the crystals obtained melted at 235-36.°C witl prelimirarv sutliration,
and gave no depression in melting vpoint (235-37°C) ir a mix-:1 melt with
authentic Etiocholandiol (239-41°C), The vield of crvstals o” diol
obtained from these fractions was 31.5 me. The total vield of iiol
from Columns Al and A2 was 156.5 me,

10 mg. of Etiocholandiol=3.¢) 17'A) erystals wer: acetvl tei,.
as outlined on Page 49 and the crystals obtzired melted &t 117-21°C
after three recrystallizations {rom aqueous Ethenol, tlr.ercby conlir-
ing the observation that the crvstels wer: the 1liol.

One crystallization of fraction 2¢ vielded a minute emount
of crystals which melted at 22¢-30“C with treliminary sutlimation. The
nature of tlis material could not be ascertzined because further t-
tempts to recrystallize it fror aqueous Ithanol and s ueous nethanol

failed. Likewise attempts to recrystallize fracticrn 25 did not meet

with success.

Fractions 15 and 1¢ were combined, but could n-t te recrystal-
lized from agueous Lthanol or ecueous ..ethanol. <ie fractiors were,
therefore, acetylated. The oil. weighing 17 mg. was ti.en chroicto-
graphed and tlie results described in Column ~¢ -- Table 7.

attempts to crystellize frsctions 1 and 2 of Colurn a2

likewise failed.

Fractions 18-20 were co bired and after three recrystellizutic
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from aqueous Ethanol, crystals were obtaired wrich melted at 7
461°C with preliminary softening. No iepression ;n the meltirc
point (142-47°C) was observ=? upon admixture with authertic
Chole<terol (M. Pt. = 146-48°C)., Trection 17 likewise vielded
Cholesterol. The totsl vield of Cholestercl €rom Inlymn n2 =g

504: Mire

(e) Lcet “.tir Procedures.

1. Freparation of f£tjoch~landio -3 17 o'-

Diacetate. Fractions 20 and 21 of Column -l werc corbined and

taken into solution in 5 cc. of ncetic anhvdriie, *o vhict was
added 2 cc. anhydrous lyridine. Tie solutior was <llowed to stand
overnight at room terperature, and wcs then diluted *o -~ 10% soluti n
with HoO. The acveous solution wes tien extracted " ur times with
one-third its voluwe of Lter. T“he Zther exiracts werc washe' "ive
times with 2N HC1l, =nd ther washed with 1'7 N=C¥, HoC. 4nd dried over
NMaoS0,4 5 distilled and the residue iried under lNitrozer. .fter two
recrystallizations from =queous Zthenol, crvstols were obtained
which melted st 12°-2170. .ith sithertic Ztiocholerdi~1-3(d" 17/«L?
diacetate (V. Ft., = 1L°1=27 ). a mived nel* chowei no derressin in
meltirs voint (116-232°C). 68 m~. o~ the ‘'jacetnte (equivalent tn
52,5 me. S Cree diol) were obtezined.

Etiochole=i -~1-7{K' 17(A' - ircetste wes
prercred in the same way with crvstals obtained fror th: ~other
licuors of fracticn 27 of Crlumn AZ. Tp tric ~nee 1V en. A2tidce
Anhvdride. 0.5 cc. Pvriline end 1u mo. 0 crvetels were uces, O

. o) . .
: : o , T “_0Y7 0 citw -
meltir: point ¢f the acetyvlsted rrduct wes 11 1°C, itk rreli-



- 50 -

inary softening, theretv confirmineg t'e presence of sticcholsndiol-

diacetate.

2+ Other nceiviations. attempt: to ~rysteliize

fractions 28 and 29 of Colurn al =2nd fructions 1& and ¢ of Zo2lumn ..2 from
arueous Ethanol and &:ueous i.ethsnol did not meet with success. These
fractions were therefore acetlated as above. The fractions wers then
chromatogranhed and are Column AZ and Column ~f respectively.

Fractions 28 »rd 29, weirhing 53.7 mg., were
dissolved in 5 cc. Acetic anhyvdride. Fractions 15 ::nd 16, weighing

17 mg., were dissolved in 2 cc. .icetic anhvdride. Tie subsequent

procedure followed was that outlined above.

(d) Colurr A5. The results sre surm=rizc? in Teble 7. &
cylindrical column of aAlumira, 4; cm. in length 1l 1.77 cm. in
diameter, was used.

Frzctions 28 and 29 of Column nl were acetylated =nd
chromatographed.

Fractions 16 and 17 and fraction 1¢ of Columr A5 yielded
crystals.

After two recrv-tallizations from agueous stianol, the
crystals of fraction 17 melted at 237-40°0C., These crystals gave a
positive Tetre ni* romethane test, thereby indicating the presence of
unseturation in the molecule. lhe crystals of froction 17 did not
give a precipitcte with Digitorin, but it was noted that AE saadro-
stenediol-S(F) l?(f)-diacetate and Dehvdrrisoandrosterone-acetate
gave no precipitate with Digitonin, hence it 1is possiile that the

acetyl radical at the Cg-hydroxy-position masks t!c presence ¢f &
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Column A5: The Acetylated

Fractions 28 and 29 of

Column Al - 54.6 mg.

Fraction Eluant Eluate
No. Nature .Vol. .Wt. Nature Remarks
in cc. in mg,
1 -5 Benzene-Pentane Solution
of the Total Residue 0 0
100% Pentane
1:3 Benzene:Pentane
10 cc.
6 1:3 Benzene :Pentane 0.6 0il
7 - 11 1:1 Benzene:Pentane
3:1 Benzene:Pentane 0 0
12 - 15 3:1 Benzene:Pentane
100% Benzene 2.8 0il
Per
16 = 17 | 1:3 Ether:Lenzene 15.8 | 0il and 12.4 mg. crystals,
Crvstals | M.Tt.= 224-400C,
are unsaturated
and mav have a
| Cz "Cis™ hvdrox:l
cToun
Frac-
18 1:3 Ether:Benzene 1.8 0il
19 3:1 Lther:Benzene 11.8 | 0il and 8.0 mg. crystals,
Crystals | l..r=.= 207-16°C;
upon resolidifica-
tion crvstals relt
tion at 2C4-099C; are
unsaturated.
20 - 32 3.1 Ether:Benzene
100% Ether
1:1 Abs. Ethanol:Ether 20.2 0il
100,, Abs. Ethanol
100% Glacial Acetic Acid




"cis" hydroxyl group. Hence in view of the vossitle rresence of s
Cz "cig" hydroxyl group, of tre unsaturatior, zri of the hich meltirz
point (237-40°C), it was within the re=lm of possibility that the
crystals were(&5 Androstenetriol—z(/? 16,17-%-rcnoacetate. (Meltine
point of the authentic 3-monoacetate is 240-41°C.) After a *rird
recrystallization, the admixture of these c¢-vstals (M. Pt. = 222-327°C)
with authent*c<§5 Androstenetriol-syﬂ) 16,17-3-monoacetate (... Pt. -
240-41°C) resulted in a mixed melting point of 210-29°C, with
decomposition and continued melting terminatinge =t 235°C. Some
depression in the melting point had, ther=fore, occurred in ‘he
mixed melt. s fourth recrystallization of fraction 17 vielded crrstals
melting at 224-35°C with preliminary softening. It is svperent, there-
fore, that fraction 17 consists of a mixture of what mav be the mono-,
di- and triscetetes of A® Androstenetriol-zyﬂ) 16,17.

Fraction 16, after one crystallization from aqueous Zthanol,
yielded crystals melting at 220-36°C.

1t was decided, therefore, to saponify fraction 16 and the
mother liquors of fraction 17. The combined material weighed 11.2 7o,
before saponification and 8.2 me. after saponification. Saronification
was carried out bv dissolving the materisl in 3 cc. lethanol, adding
5 cc. of 4% NaOH, and letting the solution stand overnigsht at rocm
temperature. The solution was then diluted with HoO and extracted with
Ether. The Ether solution was then washed with smell criounts of EoC
till the pH was equal to 7, dried over NasSO,, and redistilled. at-
tempts to crystallize the residue from aqueous “thanol failed, enl it
was, therefore, not possible to determine if the saponified residue

was free O° Androstenetriol-s(/ﬂ) 16,17,
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After four recrystallizaetionsg of fraction 19 from agueous

Ethenol, crystals were Obtzined which melt-4 at 207-16°C with

preliminary softening ang sublimation. The melteg crvstals, upon

resolidification, melted at 204-08°C. The crystals £&TE & positive
Tetranitromethane test, indicating the bresence of unsaturation in
the molecule. Further identification of the crystals was not czrried
out. The relation of these crystals to the isorier of Tirschmann's
cfAndrostenetriol-SSﬂ)116, 17 synthesized by Butenandt et al (24)

and Stodola et al (151) could not be a@scertained. This isomer melts

at 205-08°C, while the triacetate melts at 221-23°C, Whether

fraction 19 contains a mixture of these acetates is not known,

(e) Column A6. Fractions 15 and 16 or Column -2 were

acetylated and chromatographed as outlined in T=ble 7. u cylindrical
column of Alumina, 3 cm. in length and 1.77 em. in diameter, was
used.

Unfortunately, no crystals were obtzined in any of the
fractions obtained from the chromatogram. Hence, the nature of the

compounds in the acetylated fractions 15 and 16 of Column A2 revgin

unknown,

Ketonic Steroid Residue:

(a) Column A3: Digitcrin-non-vrecipitable. Tre res:lts

of the chromatogram are summarized in Teble 8. s cylindrical

column of Alumina. 12,7 cm. in length and 2.54 cm. in diameter, wcs
used.

The digitonin-non-precipitable ketonic steroid Z'raction wes

eluted with CClg, containing varying emounts ~f ahsclute .tkanol.

The CCly was redistilled and dried over CaClg tefore use.
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TABLE 7
Column A6: The Acetylated
Fractions 15 and 16 of
Column A2 - 17 mg.
Fraction Eluant Eluate
No. .
Nature Vol. Tt Nature Remarks
In cc. In mg.
1 Benzene:Pentane Solution
of the Total Residue 0 0]
10 cc.
2 -3 100% Pentene 0 0
4 - 6 %:1 Benzene:Pentane 3.4 0il
Per
7 - 8 100% Benzene 1.4 0il
9 - 11 %2:]1 Ether:Benzene 8.8 0il
' Frac-
12 100% Ether 0.6 0il
tion
1% - 14 | 100% Abs. Ethanol 1.2 0il




- 55 -

Fractions 1 and 2 were crystallized from arnueous =Zthano..

After two recrystallizations, fraction 1 geve rise to crstals whick

1 o5 : .
melted at 1055-05300 with preliminary softening. The crvstals ceve

no depression in melting point (102-04;°C) in a mixed melt with

. 2
authentic A Androstenone-17 (M. Pt. = 103-C40C). Fraction 2 melted

fo) . N

at 97-100~C with preliminary softening after one crystallization, =rd
was added to fraction 1. The combined fractions were then recrystal-
lized from aquecus Ethanol and 204.8 ng. ofgﬁz androstenone-17 was

obtained.

Fractions 6-29 were recrystallized from aqueous Et'.cnol.
After one crystallization, fraction 6 yielded crvstals which melted
at 182-8500, with preliminary sublimation at 145°C. These crystals
gave no depression in melting point (1781-81%00) in a mixed melt with
authentic Androsterone (M. Pt. = 178-819C). ~fter two recrystallizat-
ions, fraction 29 melted at 181-84°C, and cave no derression in the
melting point (181-84°C) upon admixture with authentic Androsterone
(M. Pt. = 185:-862°C). Fraction 18, after one crystallization from
aqueous Ethanol, yielded crystals which relted at 152-85°2 with
preliminary sublimation., There was no depression in the meltirne
point (1831-86°C) upon admixture with authentic ~ndrosterone (M. Pt. =
185-86°C). Fractions 6-29 inclusive were, therefore, combined ard
mgo of androsterone were obtained.

upon recrystallization, 546.2

The Androsterone crystals obtained from the enulsion arisine during

the Ether extraction of the Letonic steroid fraction of the urine

(see page 49 weighed 148.6 mg. The totel vield o7 sandrosterone wos,
therefore, 694.8 M.

Fraction 30 was recrystallized once from agueous Nethanol

~ ; ) 1
and crystals sho:ing the characteristic double melt of Etiochoianolone
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TABLE 8
Column 43: The Digitonin Non-
Precipitable Ketonic Steroid
Fraction of the Urine - 1.9102 gm.
Fraction B Eluant Eluate
No. ) —
Nature .V01- Wt Nature Remarks
in cc. in mg.

1 -2 | 100% CCl, 216.2 | Crystals | 204.8 me. O 2.

Androstenone-17
25 cc.

3-5 100% CCl, 102.4 0il 10 mg. 17-iS.
Could rot bve
crystallized

6 - 29 | 0.1% Abs. Ethanol & CCly ) | Per

0.2% " o
0.3% " n 554.3 Crvstels 546,.2 mg. Andro-
0.5% " non sterone
l% 1] 1] "
2% p! " 1t
Frac-
30 - 3L | 2% Abs. Ethanol & CCl, 845.8 | Crystals | 784.1 mg. Etin-
5% 1 noon cholanolone
32 - 39 | 5% Abs. Ethanol & CCl,
10% " noon tion
20% " tt " 74‘05 0il 2¢ «8 M. 17-KS.

Could not be

e
100% Abs. Ethanol crystallized

100% Glacial Acetic Acid
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were obtained. The melting points were 127-350C and 145-40°9C, with

preliminary softening at 110°C. Upon admixture with aithertic

Etiocholanolone (L. Pt. = 134-36°C, 145-48°C), there was no depression
in the melting points (129-35°C, 145-48°C), with preliminery softenine
at 115°C. After two recrystallizations from arueous ..etianol and two
from aqueous Ethanol, fraction 31 yielded impure Etiocholanolone whirh
melted first at 124-320C (with preliminary softeninc.) The resolidified
crystals then melted again at 125-44°¢, Fractions 30 and 31 were,
therefore, combined and 784.1 mg. of Etiocholanolone vere obtained.
17-ketosteroid determinations were carried out on the cortined
fractions 3-5 and fractions 32-39, using the m-Dinitrobenzene rea-ent.
The former‘set of fractions contained 10 mg. of l17-ketosteroids, while
the latter set contained 26.8 mg. of 17-ketosteroids. Neitlicr set of

fractions could be crystallized from agueous kLiethanol or agueous

Ethanol.,

(b) Column A4: Digitonin-precipitasble. The results are

summarized in Téble 9. The cylindrical column of Alumina in this

case was 5 cm. in length and 1.77 cm. in diareter.

After two recrystallizations from aqueous Ethanol, crystals

from fraction 5 melted at 101£-04 “C with prelirminary softenir..

The crystals gave no depression (M. Pt. = 101-050C) upon admixture

with authentic AZ Androstenone=-17 (Lie Pte = 104-05°C). Tructions 1=+

i i w ]
were combined and after two recrystallizations from aqueous Ethanol .

T - o ions 1-!
crystals were obtained which melted =t 97~ -105°C. Frections 1-5

. 2 =
were. therefore, combined and the total vield of A androstenone-17 was
’

1.706 mg.

Fractions l14-24 were combined and after four recrvstallizat-
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TABLE 9
Column A4: The Digitonin Pre-
cipitable Ketonic Steroid
Fraction of the Urine - 109 e,
Fraction Eluant Tluate
No. e e
Nature Vol, Tt Natnre . Remarks
in cc. || in mg. '
1 -5 | 100% Pentane 18.2 | Crystals * 17.6 m=. A2
1:4 Benzene:Pentane , Androstenone-17
10 cec.
6 - 13 1:4 Benzene:Pentane
2:3 " " 13.6 0il
3:2 " "
14 - 24 4:1 Benzene:Pentane
100% Benzene 46.2 | Crystels | 36.6 mg. Isoandro-
1:3 Ether:Benzene sterone
Fer
25 1:3 Ether:Benzene 12.0 0il and Isoandrosterone anc
Crystals | Dehydroisoandro-
sterone (?)
26 - 35 1:3 Ether:Benzene )
l:l " 11
3.1 " " [ Frac- 8.2 0il
100% Ether
1l:1 Abs. Ethanol:Ether)
o7 0.6 0il =nd .Pt.= 251-C00C,
36 100% Abs. Ethanol Crystzls | with decomrosition
tion &nd preliminary
sublimatior.
37 - 39 | 100% Abs. Ethanol . 5.8 01l
100% Glacial Acetic Acid .




ions from aqueous Ethanol, crystals were obtained, which melted =t 167-

72°C with preliminary softening. The crystals gave no depression ir
melting point (173-75°C) upon admixture with suthentic Isn=ndrosterorne
(K, Pt. = 174-779C). The total yield of Isoandrosterone was 36.6 me.
Fraction 25 was recrystallized three times from Fouenus
Ethanol. Two sets of crystals were obtained repeatedly, as indicsted
by the melting points observed. The first meltine point was 172-56°7
and the second was 168-74°C. These melting points were distinect. This
mixture of crystals could not be sepsrated and, conse~uently, “heir
identity could not be definitely established. It is rrobable tha* the
crystals melting at 162-74°C were Isoandrosterone. since She rrccedine
fractions in the column were Isoandrosterone. Sciye's Lincyclopedia
lists melting points for Dehydroisoandrosterone rangins {rom 144-52°C.
It is, therefore, within the realm of possibilit: that tre crystals
melting at 152-56°C were Dehydrrisosndrosterone, or & mixture of
Dehydroisoandrosterone and Isoandrosterone. Since it was rot poscible
to isolate a satisfactorv separation of the crystals. one can only st=zte
that the presence of Dehydroisoandrosterone in tae 3~}ﬂ)-hyiroxy-ketonic

column is indiceted.

Pearlman (123, 124) has also reported the isolation cf cryst=le

/ ' e b o8 ¢ ¢© Deiirois~-
melting at 156%—57%00, which he suspects to be a rixture Dei." irois
androsterone and Isoandrosterone.

Fraction 36 yielded a minute cmount of crvstals rmelting at 201~
K

imi iimatior. T:e neture .{ <hece
60°C with decomposition and preliminary sublimat

crystals is unknown.
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Discussion

A. Summary of Experimental Results,

The results of the exrerimemt are sumesrized in T-bles LO

and 11l.

17-Ketosteroid Metabolites of Testosterone:

It is evident from these results that Andrnsterone and Zfin-
cholanolone are urinary metabolites of exoegenous Testosterone ir mar.
As mentioned in the introduction,z)z sndrostenone-17 is assured to te
an artifact of Androsterone arising durine acid hvdrolvsis of the urine.
The isolation of these three steroids from tlre vrine, therefore, cor-
firms the work of earlier workers (2P, 43, 45. 49, 136). The individual
yields of each of these three steroids obtained in this experizent was,
however, much higher than those previously reporte” (Tatle 3). and the
total yield of 17-ketosteroids was, therefore, 2l1s0 much higher.

For example, Schiller et al (136) reported that the t~tal
conversion of 1.2 gm. of Testosterone-propionate (2dministered irtra=

muscularly to a normal woman) to l7-ketosteroids was 25%, and this

was the highest rate of conversion reported up to trat time. 1o the

present experiment, the total conversion to urinary l7-ketosteroids

i ; sct that the Testo-
was 34.75%. The latter yield may be due to tLe fac

. ‘m .
sterone was administered orallv in the present experl ent

It will be noticed from Table % that lsoandroster~né was

ime as Etiocholenolone. Ar ro-

never isolated from urine at tlLe same t

- ini j of ostertne
sterone and Az And rostenone 17 after adminil stration <o Testo
’

stration). In thic experiment,

(regardless of the mode of admini

' icclated. This is =n excr~tion
however 26,6 mg of Isoandnasterone was 1&¢ at
’ * = @
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TABLE 10
Summary of the yields of substances isolated from the
urine in crystalline form after the oral administration
of 5 gm. of Testosterone to a normal adult man
Total mg of f ' .
. 7~ Conversion of
Substance Substance Lg. /1, ‘ 9 m. Testosterone
Etiocholandiol-3{A{) 17(«) 156.5 12.95 .13 ?
Etiocholanolone 784.1 ! 64,90 ! 15.R”8 A)
! * - 2
OF Androstenone-17 222.4 18.41 4,44
Androsterone ( 694.8 57.51 13.90
é@ Androstenone-17 & Androsterone 917.2 75.92 18.34
Etiocholandiol & Etiocholanolone 940,6 77 85 18.21
Isoandrosterone 5046 “.03 36,73
Dehydroisoandrosterone Trace Tyece |  =----=
Cholesterol 5.4 Cedd | mm=—-
3(/3)-0H-Ketonic Steroid
(/. Pt. = 251-60°C) <0-6 """"""
ToREE 11
T o - I | Gran’ Total of
Etincholandicl- ' oL #trbolites
17-ES. 3(q 17(d) ! nf Toctostor e
S o, 1RG4, e
Total Yield 1737.9 mg. | 196.9 1 !_ e
Total % Conversion o 7 EB;
- 3,137 ST 55w
of Testosterone 344700 /
L
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0 OO'-" £ . per litre T € i i SO na sver n 1 h m 1 r-nre
| :5 { E . ne ex T b i

is reported as 0.2 mg. per 1i 2 it i
g. rer litre (127), hence it is nrperent thet in

the present experiment, I
P » lsoandrosterone -- as well ss t'e otrer 17-

e ids -- . -
retosteroids are metabolites o Testosterone.

Pincus and Fearlman (127) have rerorted that Andrrsterore ors

Etiocholenolone are excreted in approximatel: ecual amounts (@ mg./1.)

in normal human urine. The results of the rresent exreriment (T=ble 10)

indicate that exogenous Testosterone ‘s likewrise converted in almost
equel amounts to Androsterone and Etiocholanolrne. Cortinine theAZ-
Androstenone-17 and Androsterone excretion velues, it is seen that the
Androsterone to Etiocholanclone ratio is approximately 1 to 1 (53% to
47%), the Androsterone fraction being somewh#t larser.

Since it is probable that the Etincholandiol cbtsined is
closely related to Etiocholanolone, bott chemic~1llv and retsbolicsnllr
(see page 73), let us add the yield or diol to that of Ttiocholanolore.
Now it is observed (Table 10) that the iandrosterone to Etiocholanclore
ratio is indeed 1 to 1.

From the data in Table 5, it ic seen, Lowsver, that more
Androstercne than Etiocholanolone was ortained by Scriller et al (136),

Callow (28), and Fish and Dorfman (61). This difference in the amo=r*s

excreted may perhaps be explained in part ty the inabilit:. ol tLese

investigators to isolate Etiocholandiol. The ardrosterore t- Ztiochol-

. o 5
anolone ratio in Schiller et al's (136) experivent was approxirately 2

i ! xperirert. Cnly ir
to 1, and the sawe is true for Fish and Dorfman's expe

i & .o approximately 1 tc 1. &t =sny
Callow's experiment was there & ratio arp

- i - < L,iOC.OI—
]

vy o~ \2 1' Y Of
ual amounts Aprinc the metato.ism

anolone &are formed in alrost eq

inci . ig indirect evidence O
Testosterone in man. This, incidentally, 18 indire
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support the theory that Testosterone is the male sex hormone.

Carbinol Metabolites of Testosterone:

156.5 mg. of Etiocholandiol-3(o) 17(d) was isolated from
the urine -- a conversion of 3.13% of the aiministered Testosterone.
This diol has never before been reported as a metabolite of Testo-
sterone, and its presence in human urine has been indicated with
certainty only by Butenandt et al (22). In the latter case, however,
it was probably an artifact arisins durins the fractionation of the
urine using amalgamated Aluminum,

In the present experiment, none of the procedures used in
the isolation of the diol necessitated the use of reducinc ngents;
also, the rapidity with which the urine wes worked ur after its col-
lection mekes unlikely the possibility of bacterial hLvdrogenation of
any of the urinary steroids; hence the Etiocholandiol-3(x) 17(X) did
not arise from reduction of urinary Etiochclanolone or any other
Wt iocholane derivative. Onc may assume, therefore, that the Etio-
cholandiol isolated was the result of in vivo metabolism. The
presence of the diol has been indicated only cualitatively in normal
humen urine (127), but that vield -- 12.95 mg./l. -- indicates that
the orally administered Testosterone was convert=d to thLe liol. Tre
excretion of Androstane and Etiocholane and other 17-ketosteroids in

normal human urine (127) further emphasizes this fact -- for the

excretion has never exceeded 2 mg./1. (ranging from 0.07-1.7 mg./l.).

To summarize (Teble 11) the total yield of all stercids

which may be considered urinary metabolites of Testosterone in nar

has amounted to 37.88%.
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(a) Comparison of Results in the Present EZxperiment with Those

of a Similar Experiment in the Rabbit,.

It is of irterest =t this voint
to compare the results of the present experiment with the unpublishe-

results of the experiment conducted by Hoffman, Desbarats and Xnowles

at the McGill University Clinic. Hoffman et al administered orelly

5.640 gm. of Testosterone-propionate (equivalent to 4.70° gm. of
Testosterone) to two mele rebbits and collected a total of 7.165 litres
of urine. The yields of the urinary metabolites excreted was different

from that observed in the human urine, since the tulk of the neutrel

steroids excreted was non-ketonic.

For exesmple, in man, the ratio of ketoriic to non-ketonic
steroids was approximately 5 to 1, whereas in the r-tbit this ratio was
1 to 3. This difference is more strikinsly illustrated by the observation
that the amount of Etiocholandiol-3(X) 17(x) actually isolated by Yoffman
et al exceeded by approximately 40% the total amount of the non-'etonic
steroid fraction of the human urine. Furthermore, Hoffman et al have
igolated a new diol -- Androstanediol-?)(/?) 17(o{) -- “rom the rabtit urine,

but the presence of this compound could not be detecte? in the human

urine.

Only Etiocholanolone and Lsoandrosterone have been isol=ted

. . o e
from the ketonic fraction of the rabtit urine. The “ormer compount was

o B ohal \ v o }". +
excreted in approximately 305 of the amount obszrved in man, wrile the

i i twi tre grorte.e TrHE T Tesence
latter compound was excreted in slightly vwice a »

of Androsterone 18 indicated, but has not been conclusivelv i:lustrated.

. . : + et i
It is not possible to make & quant itative comparison of the excrerint

. . : .»ine rut Cuﬂlitat:vﬁly'
of the aforementioned gsteroids in human and ratbit urine, ] ‘

i i i ir the ctatnlism ~f
it is apparent that there is & sSpecles di fference
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Testosterone. This is manifested by excretion of the metabolites in

significantly different amounts, indicating that excretion of these
metabolites occurs in different phases of the metabolitc pathways.

The sequence of events in these pathways in the ratbit is not known

and in man can only be inferred.

Urinary Steroids Not Considered to be kietabolites of Testosterone:

Also isolated from the urine in the present experiment was
5.4 mg. of Cholesterol -- equivalent to 0.45 mg./l. The excretion of
Cholesterol in normal human urine has been reported as ranging from
0.,01-0.51 mg./l. by various investigators (23, 54, 78, 136). It is
probable, therefore, that the Cholesterol isolated‘in the present
experiment was the result of endogenous metabolism and that it is not
o metabolite of Testosterone. It is of interest to note tlat
Neustadt et al (120) have determined the Cholesterol content of normal
human urine using a photoelectric-colorimetric method and they have
reported normal values ranging from 2.5-4.0 mg. Cholesterol per 4duve.
The latter values are much larger than those ottained by isnlationr of
erystalline Cholesterol. The urine hydrolysis techniaues employved
by Neustadt et al was less drastic than the one emrloved in the rrecent
experiment . For example, Neustadt et al added 60-65 cc. concentrated
HCL to 500 cc. urine, and the solution was then layered wit:z 200 cc.

CHClz. The solution was then refluxed cently for thirty mirutes.

Furthermore, the pmmnelectric method of measurerent is a mcre sercitive

one then the gravimetric nethod employed in this experirent. This,

therefore, may account for the higher vield of crolestercl obteired
’ .

by Neustadt et al. There is, et anv rate, no evidence in the rresent
experiment toO clarify the metabolic relcticn between Cholesterol -7



Testosterone.

The nature of the substance Ottained frem the 31@Lﬁydr01”-

ketonic fraction of the urire (Column 44) which melted at 251-70°¢C

could not be determined because ~° the minute amount of meteric’

obtained.

The possible presence of Dehvdroisoandrosterone wes indic-
ated in fraction 25 (M. Pt. = 152-560C) of Column 44 (T=ble G).
Since it was not possible to icolate this steroid i» & free form,
conclusive evidence for its preserce cannot be claimed. Towever,

Pearlman (123, 124) has also reported the isolation of crvstals

o

melting at l56%-57£°0 (the crystsls of Colurnn a4 melted =t 152-560C) .
and he has suggested that it wss a mirture of 2ehvdrniso:rirosterone
and Isoandrosterone. Pearlman (124) has actuallv recrvstellized a
mixture of equal amounts of these “wo steroids, ané tle meltirc noint
observed was 157:-58+°C, Furt! rmorc, this mixture =sve no denressinn
in a mixed melt with the uripnary rroduct. Th:is, therefore, is cirenm-
stantial evidence for the nresence of Dehyvdroiso=ndrostercne in the

rresent exneriment.

o 3 s R -~ g B2 +
Sirce the weisrht of Traction >5 14d not exceed "2 mg., the

Ul T ¥ "‘\f‘
amount of Dehydroisoandrosterone present was small., In terms cf mg.

+1 o mo . . The
per litre, the amount present was much less t'an 1 me./l =

3 R ) Al = b } T‘PETIO
excretion of Dehvdroisoandrosterone 1n rormal urine has teen rted

' we DehvAiAroisoandrcsternne
(127) as rangine from 0.1-2.0 me./l., hence the Jehvirols ‘

wreri + probetlv a result of
in the urine of the present evmeriment was most D

~ M.
-nd is not a metaholite of Testosterone. e

endogenous secretion

amounts crester tien normel

Gl iv

isolaticn of Dehydroisoandrosterone ifi

| -
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B K O e i ra 1 3 .

androsterone is pot 8 normal Urinary metabolite o» Testo terore

(and the male SeXx hormon i
e), and hence 1S Trobably = rropduet of

adrensal cortical secretion,

Marrian (106) isolated A nndrostenetriol—B?B) 16,17 from
the urine of normal men ang women, in vields of 0.1 me. rer litre.
This triol was iéentical with Hirgehmann's triol (80). 1Ir the rresert
experiment crvstals were iscleted which mey be(&S Androsten=triol-
593) 16,17, but conclusive evidence for their vresence wasg -+
obtained. The evidence consists of = high meltine point (224-350¢) |
the oresence of unsaturation, and the rossible rresence of & Cx
"Cis" hydroxyl group. There was some indication that ap isomer of
this triol was algo present, but vgein evidence in support »" tiisg
suggestion is slight, being simply the melting point (207-16°C) ang
the presence of unsaturation. This isomer may be identical .sit! the
isomer of Hirsehmann's triol that was synthesized by Butenandt et a)

(24) and Stodola et al (151).

The crystals of fraction 16 and 17 were excreted in am-urts

equivalent to 0.67 me. per litre, while the crystals "raction 19

were excreted in amounts of 0.2 mg. per litre. It is avparent, t!ere-

fore, that these sets of crystals, regardless of their identity. are
probably the product of endocenous steroid metabolism ra+t'er than

metabolites of the adminicstered Testostercne.

B. Metabolic Sicnificance of the Urirnarv Steroids.

In the Intermediarv Metabolism of Testosterone:

One of the primary coals of a study of the metat~lisr of

- }-A
Testosterone is the discovery of the nature and seguence of thre
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?ntermediates arising during the course of this metabolism. A4is “et,
there is no clear-cut knowledge of the metabolic vethwavs elorns
which Testosterone passes in man or any experimental animal. The
present experiment has confirmed the fact that Isoandrosterone, Etio-
cholanolone, and Androsterone are normal metabolites of Testosterone,
and has shown that the latter two 1l7-ketosteroids are excreted in
approximately equal amounts in the urine in man. It hac indicated
further that Etiocholandiol-3(«) 17(X) is also derivei from Testosterone.
The possible intermediates arising ﬁurinv this conversion and their
sequence is indicated in Figure 6. It must be pointed out that this
scheme of events is necessarily incomplete for the following reasons:

1. More than half of the administered Testosterone in this
and other experimenfs could not be accounted for in the urine, indic-
ating that metabolism of the hormone to products as yet undetermined
may have occurred with this fraction of the total.

9. It is not yet possible to meke &accurate, quantitative

in vivo studies of the reactions listed in Figure 6, or of similer

reactions.

(a) Role of the Urinary 17-ketosteroids. With regard to

Figure 6, the work of Dorfman and Hamilton (47) has indicated that

4

A 3,17 (i.e.4§ Androstenedione-3,17) and Andro-

Etiocholenedione-

stenedione-3,17 do indeed give rise to urinary Androsterone after

oral administration to a eunochoid. The yields of androsterone was

ecified for the
2.5% in the case of the former compound, and was uUnsp

latter compound. Furthermore, the work with yeast and bacteria

previously quoted (see page 22) has shown that every one of the



PITRE 6

A POSSIBIE PATHWAY OF TESTOSTERONE METABOLISM

OH

f!i\
& =

(2

|

o)

Q
0 /
0 n | |
frdrostaned ione-3,17.

o8 "
Ticand roste rome

oK n
Ardroste rone .

OH et

K
A e rosta e dio - 3(2) (T(£) Rnd a-oxta“edtgl_sgsj 7 )

Gnd LSorer Gnd vomer

| |

i

o4

Testosterone

A¥Bnd s sTone digne~3,17.

&

50

O
EHOC"tu{anzc{ione -3, (7.

i 0
[
ol
0/, B
Ef‘lﬁc[’lol e~ 5
ahﬁl 3@\)Qlﬂ.€'~lq E+|qckg(q%f_‘3?)‘°he\l'7
O
o oy
= . 0
EFidth olandiol-8 G (760 o

aind (Jowrer

E‘tmckola_\-\dn;l- _-?93) 1T/

cind i Foye




- 70 -

reactions listed in Figure 6 (wi o b s .
’ ( ith the €XCertion of the conversion

of kAndrosterone and Etiocholenslone to saturated diols) cen be

carried out in yields varying from 11-47%, and in the directiop

indicated. One objection to the work done with vcest and bacteris

j namelyv, that i : . )
18, <y t it has not been cerried out in *Le anims) orcanism,

The results obtained in these studies with miero-~ruenisrs are hi~hi+

suggestive, however, and are, thereforc, of valuc in deter-inine the
pathway of metabolism of Testosterone. The scheme outlined in Figure
6 is one that draws strongs support from these studies with micro-
orranisms.

Until the results of further enzyme studies have been
reported and can be correlated with the above information, one can
only say that Figure 6 represents a highly poscitle pathweayr of metea-
bolism of Testosterone.

Gallagher (66) states that A% -indrostenedione-3.17 may te
derived from Testosterone, but he feels that reduction of the dione

will result in the formction of freater amounts of Dehvdroisoandro-

sterone than of Androsterone. Liarker et al (103) have shown that

reduction of an@O-ﬁLunsaturated ketone in Ring A of a sterol will

result in the formation of a;QB-S(fﬁ-hydroxy compound, but this

-

. o
observation does not bv any means sucvest that reduction of a Rins

A{R}ﬁ}unsaturated ketonic-steroid must follow this route. The fact

" i te Andrnesterone
that Dorfman and Ferilton (47) were able to isolate

after administration of(}? Androstencdione-7,17 tut did not recort

4 I is suc-
the isolation of Dehrdroisoandrosterome furtier suprorts th -

gestion.
TT&:Af’Androstenedione-B,l? led to the excretion of =

. ; i 1
greater emount of androgcenically active substances in the urine thar
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did Testosterone or androstanediol-3 (o) 17'«) or Androstanedione-: 17

(Only the administration of ~ndrosterone itself resul<cd in e nigher

excretion of andro i , -
genic substances.) Gellagher (°6) svcrects “hat

P

this hi i - ; _
eh androgenic activity is due to conversion o+ the iiore *o

Dehydroisoa it i
y soandrosterone. However, it is not clear wha* “raction of

the androgenic substarces are zccourted fer by the arourt of And---
sterone isoleted (2.44), and the experiment as a w-ole carrot be
interpreted in a cuantitative manner. Ferce, the position of

4&4 Androstenedione~3,17 in the scheme outlined in Figure £ is not

A

contra-indicated.

Jith the present state of irnowlel~¢ recurdine the metalnlisr
of Testosterone, any attempt to state dormaticallv thst & -iven scheme
represents the true picture of the intermediary metubolisr of tlris
hormone will meet with failure, since there ic no unequivocal evidence
in favour of anv such pathwav. Xcch (91) has rresented several
alternative schemes -- for all of which therc is some evide:.ce, but
for none of which the evidence is conclusive. Mfizurc 7 is such »
pathway. One objection to this scheme is thnt Ztioetnlanol-17-one-3
has never been administered as a possible precursor of Zticcholanolone

(or of urinary androgens). At any rate, Figure 7 differs from Firure

6 only in the nature of the first irter.edistes arisirs fron Tectosterone.

(b) Role of Dehydroisoendrosterone. Koch (91) has also

sugeested that434 Androstenedione-3,17 is converted 1o Dehyvirois»indre-

+ T* ically
sterone, which is then converted to Androsterone, etc., Treoretic 11y,

h Al - I
this is indeed possible and, as lMason and Kepler (108) heve rercrted,

corverted *o Androsterone and “tiochol-

Dehydroisoandrosterone has teen
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anolone by an anterior pituitery deficient mar.. Fowever, =s was
Fowever, =

noted in the Introduction (see page 9 ), Deh-droisoarircster:ne ‘s

probably a product of adreno i i ; i
| corticel secretions, so tiut its rolie sas

an intermediary in the metabolism of Testosterone is not entirel«

likel The ' T
Ve conversion of Testosterone to A .ind~-stereliols ard the

subsequent conversion of these diols to Dehyirniscandrosterone and to

17-ketosteroids (91) is, for the above reeson, nct = likely pat'wz— 0°

Testosterone metabolism.

(¢) Role of Etiocholarn '~ = id' 17(d', It will be noticed

in Figure 6 that Androsterone, Etiocholanolone, and Isosnd-osterors
are regarded as the precursors of the saturated diols, L“tiocholandiol-
B(A) 17(A), Androstanediol-ﬁ&ﬁ) 17!} etc. Tris is the logical rlace
for the diols in the scheme as it is outlined. It is, of cource,
within the realm of possibility that the diols may be the precursors
of the urinary l7-ketosteroids. but neither the results of th2
present experiment nor the unpublishe? results o” *ie rcbbit experiment
of Hoffman et al (see page 64) -- nor the experi-ent of Txrlran ~nAd
Hamilton (47) -- provide a clue to the answer to this rrotlem,
Ttiocholanolone and Itiocholandiol- "{e{) 17/l) are closelr
related chemicelly, and theoretically one micht expect to isolcte

urinary Bt iocholandiol-3(e() 17(X) following the a’ministration ~f

s : X i + j v T reverse rezction may
Etiocholanolone to &an experimental animal. he re

also be expected following Etjocholandiol administration. Such

' ' =s ve+, and the
experiment s have, hOwever, not been carried out =s V&L, 8L

metabolic relation of Etiocholandiol=3(d) 17(d) “o Etiochol:nolorne

tick Tt ‘ pignration of the Cg Lydrosen
has still to be estabiiched. +:u€ cis cornfign



ides the Tocsibilit s

the 2iol metabolie-

of this 3iol

to Isoandrosterone and the Other urinary 17-ketosteroids (and the

other steroids listed in Figures 6 and 7) is also not known

A study of the enzymatic processes and the thermod.namiecs
involved may help to elucidate the sietabolic relation of the afore-

mentioned saturated diols to their ketonic homologues.

(d) Conclusion. On the whole, the in vivo information

available at present -- supplemented bv the studies with yeast and
bacteria -- tend to favour the pathway outlined in Fi~urz 6 as the
likely route of Testosterone metabolism, but the evidence in favour

of this intermediary pathway is not conclusive.

Ratio of the 17-Ketosteroids in the Urine:

Etiocholantol-S%ﬁ)-one—l?, the isomer of Etiocholanolone,

has never been isolated from urine, despite repeated atterpts by

many investigators to isolate it. It will te noticed that ~rdr--

sterone and Etiocholanolone -- the digitonin-non-rrecinitable

17-ketosteroids -- have been isolated ir apnroximately equal amounts

from urine after Testosterone administration, but that the digitonin-

precipitable 17-ketosteroids have been isolated in the case of one

b i 4 ase

of the second compound (Etiocholanol-s(/3)-one-l'?) has rot “et teen



isolated.
| 2t=d Tor normal huan
urine.

Thi .
8 preference for the biological reduction or Testosterore

steroids with a trang hydroxyl at the Cz position in Rips A) is =s

yet inexplicable., It is probably not associated with biolorical

activity, since Androsterone is androgenically active, wheroas
’

ktiocholanolone is not. 4 bOssible explanation is that 1t is therro-

-~

dynamically simpler to carry out the reduction in this Tashion, tut
this theory has yet to be proven. The nature of - he €nzyres 5ssoci-
ated with the biological reduction of Testosterone rayv alse mngdify
the direction of the reactions.

It is of interest to note that tlhe energy relutionships
of the reactions outlined in either Ficure 6 or Fioure 7 have yet to
be evaluated. & study of the energy levels invelved in +hese react-

ions may throw some light upon the secuence of events in the metab-

olism of Testosterone.

Reversibility of Intermediary iietabolic Reactions:

The present methods of studving the metabolisn of the
androgenic steroids in animals has broucht to light one important

fact, namely, that the reactions encountered are reversible ani these

compounds, therefore, are closely related. Typical exrsrirents which

" T o Uan+ ¥30e)
have made this clear are those of Mason and herler (109) =and Hoffren

et al (83) who have isolated Ttiocholanolone =nd Androst-r-one

Fal

i.e «iministrstion Jof
(digitonin-non-precipitable compounds) after tie =iminis

Dehydroisoandrosterone (a digitonin—precipitable compound) to & man
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and the rabbit, respectivelv, Dorfman et al (50) have deronstreted

the converse reaction in i i
guines pi LA .
Pl¢s, who convertes ~22rosterone

(Cz (d)-hydroxy) to T rone s
3 y Soandrostercrne (C3 96)‘6Vﬁr0xy). The ctudies

with micro-organisms (see page 22 ) have confirmed these aniral

experiments. It is obvious on the basis of these observations that

no one metabolic pathway will eVer accourt for =1] tr» expsrirental
results reporteqd. There are probably a series of closel: related
paths (the metabolism of Testosterone representin- ‘ut one sroke -°
the metabolic wheel) with one compound as the hub of tre wheel. The
nature of this compound is as vet unknown.

A possible compound of such irvortance is a4 s drostenedione=3,17.
This compound can Le regarded ticoreticallv as =on intermediate in “tre
metabolism of both Testosterone ang Dehydroisoandrosterone, tnd as
has already been noted (47, 97) it can te convertes to comprirde
(e.qg. Androsterone) which are acknowledged metatolites of both r-.rent
moleéules. However, much more eviderce then is availatle st present
must be provided beforeA4 Androstenedione-?,l? can te rer:=rded
conclusively as @ crossroad in tle retabolism of the steroid hor~ones.
This dione may be the biolorical precursor of Testosterone (9¢).
lsotopic s*ugies

but as yet this is still a metter of conjecturc.

may be useful in clarif+ing these issues.

C. Pathweys of iletabolism of Te.'osterone to Co:iioun’'s »f Smaller
Molecular Size.

i i b ‘e o7 the li in the metetolism of
In discussing the role -7 the liver

i C / v / = -’eI“.ﬂ L t‘thv " s
: 1. t d ‘lt tha U.lerb -l(a re t LJO (*‘( ! t‘

alone which Testosterone and the other steroid iormones travel.
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first pathwey deals with the excretion in the urine g*
! (o

Coninzeted
metabolites which are eitierp 1 - ot i )
1 ©85 zctive or insctive riolazieslly,

The chemical transf rmations whin resul +

PR G

in the excretion of such

metabolites of Testosterone have heen discussed sbove Tre secorg

pathwey deals with the transformation of thre hormone +» comrounis whict

are smaller in S1z€, €.4. degradstion to «cetic ~cid or to (- ard

HoO, and t» other as yet unrecognized products. It ic not vet vnossible

to evaluate accuratelv the relative importance of these two times ¢°
metabolic paths in normal physiological processes. Is~lation exveri-
ments such as the present one tend to indicate t'st the latter

pathway is used more extensively, since tre isnlstion of comrounds

from the urine has not exceeded 507 of the rmourt o° steroid sirinistered
-- regardless of the mode of adminictraticn, At anv r=te, tre ar-licet-

ion of isotopes to the study of the steroid horrones will t'row con-

siderably more licht uvon t'iis phase of tle subiect.

Degredation of the Steroid Nucleus:

(a) Thecry of Oxidative Scission. The nat'~e of the cherical

changes vhich must take place in the structure of Testosterone durine
the formation of the as yet unknown degradation troliucts is ~ct clear.
Several theories have been propcsed as to the initial chenges (127)
and these deal with oxidative scission of Rire D.

by Firschmann

The isolation of A2 Androstenetriol-3(F) 16,17

(80) suggests the following series of reactions in the intermodiury

metabolism of the neutral 17-ketosteroids:
c ooH

oH
Cl) oH oot
_+H0 - > [—

T AL n
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The observations that Estrone is converted in vivo to Lstriol (127)
confirms steps I to III. Step IIT ani the subse uent reactions
represent the unknown. barrian (107) bas suerested that A2 And—r-
stenetriol-B(F) 1€, 17 has the same metabolic relation to
Dehydroisoandrosterone as Estriol has to Zstrone, but as yet there

is no support for this hypothesis.

(b) Metabolic Role of the Saturated Etiocholane and indro-

stane Czrtinols. The conversion of Lstrone to o -Estradiol has been

demonstrated by several investigators (127). It is possible that
Etiocholandiol-3(ol) 17(«) is a retabolite of Etiocholanolone, and
that botho-Zstradiol and Etiocholsndiol-3(«) 17{al; and other
saturated diols are intermediates in the formation of compounds
(e.g. Estriol) having two hydroxyl groups in Rine D of the steroid
nucleus. These trihydroxy compounds would then be metabolized as
ijr“icated above. This theory extends that of liarrian's regarding
4§5Amdrostenetriol-393) 16,17 and Dehydroisoandrosterone. Thus,
for example, Androstanediol-&&@) 17(o{) would be an intermediate in
the conversion of Dehydroisoandrosterone to¢3§ Androstenetriol-

3( /9) 16, 17.

The absence of androstanediols from the urine of the nresent
experiment has not yet been explained. Nor is there any knowledge of
the fate of approximstely 62% of the administered Testosterone vhich
could not be recovered as urinary metabolites. The above theory ray

provide a possible explanation for these observations (and for the

low yield of Etiocholandiol-3k() 17'«() == 3.13%), since one might

assume that the diols were converted to smeller molecules in the
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manner outlin \ ' E0ory ' ve ¢ “t evidence
ed abo €. Thls t}:;,,OI‘,' iS an autracti € Cne b t
“ ’ w v"i

in its support has yet to be reported

(¢) Furthe ' i :
her Theories of Cxidative Scission. ancther thecr

of oxidative i i i
scission (127) is based on the similaritv between reczctions

carried out by the body and those effected through oxidation with UoCo

Westerfeld (164) has shown that Estrone and cyclopentanone rev te con-

verted into lactones by Ho02 in an alkaline mediur. (see below) snd the

Smiths (149, 150) have reported that the Estrone Lactone is of -rest

biological importance, since it car duplicate the changes in the

anterior pituitary which are observed after szdministration of Estro-ens:

o

- claolf CHa(

HJ—OJ- -~ eZ® (Raid \CO
> _ _ Bad D

OH ™~

The subsecuent reactions undergone by the lactone are not krown. Fesrd

and Hoffmen (127) have isolated a substance, 01929603’ from the reutral

steroid fraction of mare's pregnancy urine wrich they have ilentified

as a keto-lactone, but this substance is not identical with WNesterfeli's
Lactone. The conversion of neutral 17-ketosteroids to such l7ctores is,

therefore, a distinct possibility, but rerorts to this effect hove not

yet been published.

In discussing the degradation of tre steroid wolecule, it

must be remembered tha the point of attack may te rot onlv Rine T,

- .. . Mt RN ' « nossible
but also Rings 4 and B, and possibly Rinz C. Tor exarple, & rossi

. . . +1- hile ) i
startine point in the degredation of Rirg - may be ihe fomation of ¢

diketone (see pelow) with a subseguent srlitting of the ring:



- 8 -

A —_—D OK(JGL—T('O}?__} HooC

H00g

A or Al —> ¢
/4
Od O pooc

Hoo<

Such a reaction can be carried out in vitro, using Chromic acid.
The side-chains thus formed can be srlit off in thre same wuy ‘%ot
the side-chains of the Bile Acids are broken dewn. Thus, stri-ringc
of the steroid moleciile can be accomplished with the forrez*ior of
the hypothetical "smaller molecules".

Ring B msv be svlit and a molecule havine = confirurition
similar to the nucleus of Vitamin D2 may tc foerined. nrain, oppori-

unities for degradation of the molecule are manifold. \

AJ

—C|{= CH— C -~ "
;‘H H= CH H c¢4@u3)2;
\\CH3 CHS ’r.

I‘?* che.r TEr—u‘on

N

Oy (\/fmm,v\ ])2>

Tre formetion of Cholesterol “rom Deu‘eroacctic ..cid and
Acetic Acid containing isotopic Czrbon is well knovwn: hernce the

converse reaction is within the realm 57 possitility. icrourate

B

information atout the ztove reactions ard ab~uvt the rossitle v

ation o7 Acetic Acid, CCe and II~C f»im Tesvosteronz will rrobably

~

be obtained with the use of i=otopes.

D. Ripa-mtlieais of Tes*osterone.

The problem of the metabolism o Testostercre is related
to the biosvnthesis of Testostercne., since Tectoster :c is telieved

Ny 2l + 1 ,' - .‘
to be the male sex hormone. Hence, comrent upor the tiosynth-sis of

is i hed r, L = is 1ittle defirize informs
Testosterone is in order. ‘riefly, thers is .
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#vailable at present sbout ‘he latter rrobtlem. *loch et al (11 12)
: , 12

4

have shown th . -
at Deuterocholesterol is corverted o Deuterocrolic

Acid in the bile of dogs. Bloch has also (13) rresented st—-ne

evidence to indicate the conversion o” Denterocholesteral to Deutevo-
~gnanediol in a pregnant woman, (theretv sug-estire thet the
Deuterocholesterol was corverted to Deuterovrogesterone), Tut trer-
is no similar evidence to indicute that Cholesterol can be converted
to Testosterone in vivo. Severs et al (1%2-74) ave shown thet the
administration of Adrenotrovhic Lorrone to rats will result in a
decrease of the Cholesterol and ascorbic Acid countent of tle adrenal
gleand. One possible interpretation of this is that the C.olesterol
and Ascorbic Acid have been converted to adre=ncl steroid hormones.
Indeed, Zwemer zud Lowenstein (167) have reported tke isnlation of

a compound which appears to be & biologically active corplex of
Ascorbic 4Acid and an adrenal steroid. Ir line with tris information
and the isotopic evidence presented by Zloch et al, it is nossible
that Cholesterol is a precursor «f Testosterone in vive. atlemits
to solve this problem histochemicallyv are still in tie preliminary
stages (38). It is of interest to mote that commercially (129),

o

Testosterone is actually prepared bv oxidative degradation

C \3 MRt —
Cholesterol, with Dehydroisozndrostercne, fcr examnle, as the inter

mediate.

E. Summarv of the Discussion.

~resentes in the Introduction
It is apparent fror the date rresente” 1n tine R

- 4 +
d in the Discussion of tre results of the vresent experiment *that
and i

i T are ©r “ror cornlete., &rd
studies on the metabolism of Testostercne are

i | ol ’t‘.] d \ EA S
i V (@) 'Pt; O Olle On v S SUb_|€ Ct . A |'e Qt ” ]

should, perhaps, consider the followine phases:
] A
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1. Tonvoyeg i X i
, urine hvdrolvsis techniques.

\/ h enz e . L ~ a ¢| wl 'l 4 I 0
f‘f

A icat i .
pplication of physical chemistry to steroid motebolism,

4. Application of isotores to steroid metabnlism,

l. The isolation of urinary steroids which =zre considored

. S 2.
to be artifacts (e.z./ Andr08t9n0n9‘17,£§u'5 Androstadienone-17

and B-Chlorodehydr01soandrosterone) indicates th-t the present u~irne

hydrolysis techniques are too0 drastic, and until milder bu* equallv
effective techniques are developed, the matter of artifeets will

always be a spectre hovering over isnlation experi:ents such as the
present one. Tire possible direction in which these new developrerts
should proceed is indicated by tke work of Tallot «t al (154) --

who hydrolysed Dehvdroisoandrosterone sulfate with BaCly, «t rF 5 --

and the isolation of an enzyme svstem in szcetone dried rat liver which
can hydrolyze urinary Sodium-preenanediol cl:curonile (1:¢%) and Sodium-
pregnanetriol glucuronide (109). The isolation of urinery adrercl

steroids -- which have proven to be very lebile to the present hvdro-

lysis technigues -- will especially be facilitoted by such developre-ts.

: 7 inary steroid netetolites -- at
Furthermore, comparison of vields of ur v st

present a grossly quantitative procedure &t best -- will become =

i ample, enatle
more exact mathematical process, &nc will, for example, en

: i icr the relstive im-
investigators to evaluate in & quantitative fashicr o
vestig
s e djcitonirn-non-rrecipita
portance of the dipitonin-pr601p1table and tte
gl [l
in general will beccme more guant -

. PRI ies
steroids. Urinary igolation stud

itative.
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2« The desirability of further studies or tre enzymatic

systems associated with the intermedispw retzbolism of tre cteroids
- + ds [ pla ]
-- and in particular the intermediary metabolism of Testostercne --

ha b i i = r
8 been indicated repeatecly, ang conse-uently, doec ro% bear

repetition. Suffice it to sav that accurate frowledire of the inter-
mediary metabolism of Testosterone will orotabtly not te acri-veqd
without investigation of the relategd enzynatic rrocesses. The
importance of dietary factors (e.c. Thiemine, Riboflavin, adequate
dietary protein) in the metabolism " the steroids hes already heen
pointed out, but the specific role of these factors rcrains to te
elucidated.

3. The physical cherical epprroach to s*eroid m-taroliam
should include the thermodynamic aspects of the problem. 7ris
approach to the subject, Lowever, received scan* attention in the
past. The value of such studies in elucidating the intermediary
metabolism of a compound is well illustrated by the classical
studies on the intermediary metabolism of Glucose. One r~ason whv
the information available at present about the metsasbolism ¢° Testo-
sterone cannot be interpreted in an accurate and uriversa ly catis-
fectory manner is probatly the fact that the energy levels and the
oxidation-reduction potentials of the reactiors observed r+ve not

been determined. This defect was especiall™ spparer* when en atterrt

. ~ ~ +
was made to drew up a scheme (Ficures 6 and 7) represertings the

initial stages of the metabolism of Testosterone. It is 2ifficult

to predict the precise nature oi the thermod;nariic char.¢= which wili
be encountered, but it is reasonable to presure that such chenges
b

stems associatec with Test--
will be closely related to the enzime SySt
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sterone metabolismn.

Another mode of application of physicsl chuemical technifues
has teen suggested by tie wors of Gchiueler (138), who hus repo-ted
that compounds having the hichest estrogenic activitv are all
molecules 8.55 X in leneth. The applicability of such observ:.tions
to the intermediary metabolism of the . strogens (and androrens) m=y,
however, be limited.

4. The need for the application of isoctopes to steroid
metabolism studies is esrecially great. lastances for the use of
isotopes have already been cited Juring the course o7 the discussion.
Among the isotopes which can be used are 1D2, 6Clﬁ, 6013, and 6014.
The latter isotope, 6014, may prove to be the most useful, because
of its radioactivity and its long half-life (sarproximstely 1,000).

In conclusion, it is arrarent that lrowled.e of the meta-

bolism of Testosterone is in its infancy.
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IV

Summary

1. The oral administration of 5 gm, of crystélline
Testosterone to a normal adult msn resulted in the isolation for
the first time of a saturated hydroxy non-ketonic urinary metabolite
of the Etiocholane Series -- Etiocholandiol-3(l) 17((). The vield
of this carbinol was 156.5 mg. (12.95 me./1.), representing a con-

version of 3.13% of the administered Testosterone.

2. 694,8 mg. (13.9%) of Androsterone; 784.1 me. (15.68%)
of Ztiocholanol-3(o()-one-17; as well as 36.6 mg. (0.73%) of Iso-
androsterone were also isolated. 222.4 mg. (4.44%) of
zxz Androstenone-17, an artifact of Androsterone was also isolated.
This experiment, therefore, confirms the work of previous investi-
gators, with the following modifications: the vields were hicsher than
those previously reported, and Isoandrosterone had never tefore been
isolated at the same time as Ltiocholanolone and Androsterone after

the exogenous administration of Testosterone.

3. This exveriment has shown that oral Testosterone is
converted in arnroximetelv ecual aro.nls to Androsterone and Etio-
cholsnolone. Since these two steroids are found in approximately
equal amounts in the urine of normal men, the former observaticn
may be construed as indirect evidence to support the theory that

Testosterone is the male sex hormone,

4, The role of Etiocholandiol-3{d) 17'() and the other

urinary metebolites in the intermediary metabolism of Testosterone



- 86 -
was discussed.

5. 5.4 mg. of Crolezterol (C.4: mg./1.) wes mlso iznl *.-d.
The Cholesterol most probably a~ se fror norrsl erdogenovs met-bolism,
and the metabolic reliti-r tetween this ster~] and Testosterone

could, therefore, nct be clarified.

6. The possible nrecszrice of Dehvdroisoendrosterone was
indicated, tut the amount rrasent was veryv srall (<1 me./1.).
This experirent, therefor=, i-dicetes that urinarv Dehirdroisoendre-
sterone Joes not normally zrise from lestoct. rne an® supports the

theory thst it is & nroduct of adren+l cortical secretion.

. . , - ~O . .
7. 0.6 mg. o crystals meltine =t 281-£07C with decomnos-
ition were isolated. Tre nature uf these crystals could n~* te
ascertaired.
8. 12.4 ng. of crvstals which ' uv bte identicil with tue
‘j.

QS Androstenetriol-B(/B)lG,l'? isnlated bv Lirechrm~nn wer. iso.

from tre urine.

9, Crystals (8.0 mg.) which melted =t 207-1¢ C ap? cre

unsatursted were also otiainnl Trom te urine. The nature of *hese

crvstals counld ret le determined,
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