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THE MOST IMPORTANT STEROIDS BTEROIDS
MENTIONED IN THIS THESIS

A4, andraostenedione
AND THEIR BIOSYNTHETICAL QS, angarostenedicl
RELATIONS Aadiol, androstanediols
Aadion, androstanediane
ADL, androstadienol
ADN, androstadienone
Ak, androstemnol
AN, androstenone
DHEA, dehydroepiandrosterone

20abDHP4, 20ua—-dihydroprogesterone
200 DHPS, 20x—~dihydropregnenalone

oHT, dihydrotestosterone
Et, astrone
E2, astradiol
ENZYMES epi1hs, epl1androstenadiol
epiT, epitestosterone
a, 3R-hydroxysteroid dehydrogenase/ ETL, estratetraenol
AS-3-ketosteroi1d i1somerase 16ax0OHP4, l6o—hydroxyprogesterone
b, lé-ene-synthetase 170HP4, 17~hydroxyprogesterone
c, 20a~hydroxysterold dehydrogenase 170HPS, 17-hydroxypregnenalone
d, 17x—hydroxylase P4, progesterone
e, lyase PS, pregnenolone
f, 17-ketosteroi1d oxidoreductase 17,20aP4, 17«,20a-dihydroxy-4-pregnen-3-one
g, 1708-hydroxysteroid dehydrogenase 17,20aP3, S-pregnene-38,17a,20x-triol
h, Sa~reductase T, testosterone
1, aromatase (1), Sa—-pregnane~-3,20-dione
i, léx—hydroxylase (2), 17a-hydroxy~Sa~pregnane-3,20-dione
k, 3-ketosteroid oxidoreductase (33, 3¢, 17a~dihydroxy-Sa-pregnan-20-one

——— pathways leading from pregnenolane (P3) to testosterone (T)
————> other pathways



LIST OF ABBREVIATIONS AND TRIVIAL NAMES

A4, androsteredione. 4-androstene—-3, 17-dione

AS, androstenedial, S—-androstene—33, 173-diol

Aadicl, androstanediol, Sx—androstane-3R3,178- or —3«,173-diol

Aadion, Sx-androstane-3,17-dione

ADL, androstadienol, 3, lé~androstadien—3f-ol

ADN, androstadiemore, 4, lé-androstadien—3—one

AGI, amnoglutethimide, 3-(4—amirophenyl)-3—ethyl-2,6-piperidirnedione;
inhibitor of CSCC

AL, androsterol, Soc-androst-16-erm3fi- or 300l

AN, androstenone, So—androst—16—en-3-—one

androsterone, 3a~hydroxy—-So—androstan—17-one

aromatase; converts A4 to El or T to E2

Chal, cholestercl, S-cholesten—-3R—ol

K, cyamoketaons, win—-19578, 2oa-cyanc—17@-hydraoxy—4,4, 17a-trimethyl-5—
ardrosten-3—one; 1nhibitor of 30HSD and 20050

collagenase, clostridiopeptidase A

cpm, counts per minute

CSCC, cholesterol side chain cleavage {complex); converts Chol to PS

cyt.bS, cytochrome 65

cyt.P450, cytochrome P4S0

16~dehytro—P4, 4,16—pregnadiens-3,20~-dione

16~dehydro—P3, 3B~hydroxy-5, l6—pregnadien—20—one

DHEA, dehydroeplandrosterore, 3R-hydroxy-S—androsten—17-one

20aDHP4, 200—dihydroprogesterone, 20aiS)-hydroxy-4—pregren—3—one

200DHP3, 20a—dihydropregnenolone, S-pregnene—3R,20x(S —diol

20RDHP4, 20R-dihvdroprogesterone, 208 (R) -hydroxy-4-pregnen—3—one

200DHPS, 20R—dihydropregnenclone, S—pregnene—38,208 (R)—diol

DHT, dibydrotestosterone, 178-hydroxy-So-androstan—3—one

dpm, desintegrations per mirute

El, estrone, 3-hydroxy-1,3,5{10)-estratrien—-17-ore

EZ, estradiol, 1,3,5(10)-estratriens-3,173~d10]

16—ene—synthetase; converts 20-ket.c:—{321 steroids to lé—androsternes

ep1AS, S—androstene-3f3, 1 7a~diol

epT, 17oc-hydroxy—-4—androsten—-3-one

EPOS, epostame, win-32729, Za—cyano—ax,So—epoxy-adf, 17o-dimethyl-
androstan—1783-o0l-3-one; inhibitor of 3BHSD and 200HSD

ETL, estratetraermol, 1,3,3(10),l6estratetraen-3-ol

FCS, fetal calss serum

GCMS, gass chromatography mass spectrometry

hCG, human chorionic gonadotropin

HPLC, high performance liguid chromatography

hr, hour (s)

3RHSD, AS—3R-hydroxysteroid dehydrogenase/AS-3—-ketosteroid i1somerase;
converts AS— to Ad-steroids

176HSD, 17R-hydroxysteroad dehydrogerase; converts 178-hydroxy-Cyg
steroids to 17-keto—C1q sterpids



200H8D, 200-hydroxysterord dehydrogenase; converts ZOo—hydroxy—Cog
steroids to 20-ketoC,y steroids and vice versa

3KSOR, 3-ketosteroid oxidoreductase; converts 3-keto—-Sa steroids to
e~ or IR-hydroxv-So—steroids

17K80R, 17-ketosterocid oxidoreductase; converts 17-keta—qu steroirds
to 17B—hydrnxy—019 steroids

LH, luteinizing hormone

lyase, C17,20-1lvase activity of 17a0Hase/lyase; converts 17oa-hydroxy—
20-keto—021 steroids to i7-keto—C,q steroids

MEM, minimal essential medium

min, mrute(s)

NAD, nicotinamide aderosine dinucleotide

NADH, reduced form of NAD

NADP, micotinamide adencsine chinucleotide phosphate

NADPH, reduced form of NADP

16ao0Hase, lbo—hydroxylase; hydroxylates steroids at the léoc—position

17ofHase, 17a-hydroxvlase activity of 17a0Hase/lyase; hydroxylates
20—keto-021 steroids at the 17a—position

1700Hase/lyase, cyt.P430 with 17o0Hase and C17,20-lyase activity

2000HChol , 20x-hvdroxvcholesterol, S-cholestere—33,205-dicl

2Z2R0HChol, 22R-hydroxycholesterol, S—cholestene—383,228-diol

250HChol, 25—hydroxycholesterol, S—cholestene-3@,25-diol

1600HP4, 1b6ax-hvdroxyprogesterone, léoa-hydroxy—-4-pregnene-3,20—dione

1600HPS, 16a—-hydroxypregnerolone, 3B, 16o—dihydroxy-S5—pregnen—20—ore

170HP4, 170—~hydroxyprogesterone. l7a—hydroxy—4—pregrene—3,20-dione

170HPS, L7a-hydroxypregrenolorne, 33, 17a-dihydroxy-S5—pregren—20—one

210HP4, 21-hydroxyprogesterone, 1i-deoxvcoorticosterone, 21i-hydroxy-—
4-pregnene—3, 20—dione

210HP5, 21-hydroxypregnenolone, 3{,21-dihydroxy-5—pregnen—20-one

P4, progesterorne, 4-pregrena-3,20-diore

PS. pregnenolone, 3iR-hydroxy-S-pregnen—-20-one

PS1, concentration of PS5 as determimed via a direct RIA

17,200P4, 17ax,20x(S)—d1hydroxy—4-pregnen—3-one

17,2003, S—pregrene-3R, 17«, 200( —-triol

pregrnenediol, 203DHPS

ps1, pounds per square inch

SoRed, So-reductase; cornverts Ad4-3-ketosteroids to So-3-ketosteroids

R1A, radioimmuncassay

80, standard deviation

U, SU-10603, 7-chloro~3,4-dihydro—2- (3—pyridyl)-1-{2H)-naphtalencone;
inhibitor of several cyt.P430 linked enzymes

T, testosterone, 17R-hydroxy—4-androsten—-3—-ore

Ti1, concentration of T as determined via a direct RIS

TRIL, trilostane, modrenal, win-24540, Zo—cyano—da, Soe-epoxy—androstan—
178—01-3-0one; inhibitor of 3RHSD and 20aHSD

yr, year(s)

A4 (as prefix), 1ndicating A4-3-keto-moiety 1n sterocids

AS (as prefix), indicating AS-3BR-hydroxy-moilety i1n steroids
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chapter 1

INTRODUCTION

a short history

The tramsplantation experiments of cock testes performed by Jobn
Hunter 1n approximately 1771 [1) and by Arrold Berthold 1n 1849 (2]
are now corsidered as the beginming of the era of endocrinology. They
demonstratad that transplantation of the testes of castrated cocks
between the intestires resulted 1n a maintainance of the rnormal sexual
behaviour and other characteristics of cocks, that are gquite different
from those of capons. Berthold concluded that 1nternal secrstory
products of the testes were taken up by the blood and were subseguent-
ly tramsferred to other parts of the body. In 1850 Franz teydig dis—
covered the interstitial cells (3] that were named after mm, tut it
was only 1n 1903 that Arcel and Bouin {41 indicated that thess cells
were responsible far the development of the secondary sex charactey-
istics. In 1889, the French phvesiologist Brown—Séouard reported that
he had attempted self-rejuvenation, at age 72, by admnistering sub—
cutaneous i1njections of extracts of dog and guinea—pig testes (51. In
view of the low concentrations of androgens that his agueous extracts
must hava contained, this rejuvenating effect was most probably the
result of auto—suggestion. He himself eventually admtted that [S1.
Nevertheless, his reports stirred wp a great deal of controversy and
were probably largely respornsible for the start of the research on the
testes that followed.

In 1935 the Dutch group of Lagueur (6] reported the i1solation of a
crystalline testicular compound that was highly active 1n the chick~

Schematic presentations of the pregnane skeleton. The hydrogens
have besn cmitted for clarity and both the 3a— and 33-positions
are 1ndicated.
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comb test and was named testosterone (T). Although he had amounced
this finding already at the ‘'‘Sex Research’ corgress in London in 1930
{61, he hesitated to publish the results since Butenandt and Scherning
1t 1931 reported the isclation of 15 mg of a crystalline compound
(andvrosterone) from 15,000 liters of human male urine [4,7] and
claimed 1t to bas 10—fold more active 1n the chick-comb test than the
preparation of Lagueur. Later Butenandt had to adnit bhe had been
mistaken with respect to the activity {(61. The structural formula he
had proposed for androsterone was proven to be correct by Ruzicka et
al who synthesized 1t 1n 1934 from one of the stereocisomers of
dihydrocholesteral ([73. Butenandt and Dannernbaum, also in 1934,
isolated another compound from wrine, that was later synthesized from
cholesterpl (Chol) and proven to be 1dentical to DHEA ([71. Both the
laboratories of Butenandt and of Ruzicka reported 1n 1935 that
Laqueur’s compaund T was 1dentical to 17R-hydraoxy—4-androsten-3—one by
synthesizing it from DHEA (7], Unti]l the isolation of DHT in 1961
8,91, T remainad the most potent androgen synthesized so far.

OH

testosterone

o}

The early expariments on the biosvnthasis of testicular steroids
have been reviewed by Dorfman, Menon and Forchaiell:i in 1968 {101. Al-
though Koch in 1937 already postulated that Chol might be the natural
precursor of steroid hormones, 1t was only i1n 1933 that Ungar and
Dorfman damonstrated that this hypothesis was probably corvect, since
they i1solated 140 )abeled androsterore and etiocholanclone from the
urine of a patient with a virilizing adrenal tumor after administra-
tion of [3-1%CIChol. In 1952 Savard, Dorfman and Poutasse first showed
that P4 could be converted to T via 170HP4 and A4, a pathway now known
as the A4 pathway. Evidence for the existence of another pathway, the
AS pathway, leading from PS via DHEA to T,was rot published until 1961
£10]. Ever since the pravalence of the AS or A4 steroid biosynthetic
pathway 1n the gsynthesis of T has been demonstrated in testicular
homogenates, testicular fragments, and - less often - Leydig cell
cultures of many animal species [11-16]. For example, the A4 pathway
was found 1n the testes of the guinea-pig, hamster, mouse and rat,
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whareas the AS pathway was the preferred route in the rabbit, dog and
pig testes [11-141.

As far as we know, the first systematic studies on Auman testiailar
steroidogenesis were published in 1972 [17,18]1. In these reports
Yanaihara and Troen indicated that the AS pathway from PS via AS to T
was the preferred ore 1n minced testicular fragments from prostatic
carcinoma patients. Thay were unable to detect synthesis of So—reduced
steroids or estrogens. The absence of measurable aromatase activity
[19-23] and, with some exceptions ([19,24] of Sax-reductase activity
(20,21,23,25,261 1n human testes was later confirmed by others.

In spite of the gradually acacumulating evidence for the prevalence
of the AS pathway in human testes (23,25,27-29], many authors kept on
studying human testicular sterojidogenssis by 1ncubating testicular
fragments or homogenates with A4 steroidal substrates. Using [SHIPA as
substrate the presence of 20HSD (20,21,23,26,30-32] and 1&oHase
(26,30,31,331 activities 1n human testes could be demonstrated. The
low or even undetectable levels of A4 and T that were formed from P4
indicate that lyase was rate~limiting along the A4 pathway in human
testes [20,21,23,26,29,311. The physiological role of P4 remainad
controversial as the vields of P4 using radiolabeled PS as substrate
repartedly varied between <2% and almost 40% (17,22,23,261.

So far only few papers have been published dealing with testicular
T synthesis by 1i1solated human Leydig cells ([34,35]. None of them,
however, paid due attention to the preferential routes of steroid
biosynthesis. Only Huhtamem et al [(34] determined the basal and hGG—
stimulated production of PS, P4, 170HP4, A4 and T by whole testiocular
tissue incubation and indicated 7T biosynthesis via the A4 pathway to

be similar in man and rats.
scope of this thesis

The data presented above indicate that there was still much to
learn about human testioular steroidogeresis. In contrast, much was
known 1n this respect 1n rats, both in testicular homogenates and in
Leydig cell cultures. However, i1n most reports on amimal and human
sterold biosynthesis in  testicular homogenates, metabolism of radio-
labeled PS has only been measured after a fixed incubation time,

whereas dynamic time studies are scarce and do not cover the early 1S



14

min. Experiments therefore first had to be directed to the develapment
of a techmique +or the study of 11 vitro metabolism of steroids
(especially t1%cIPs) 1n  testicular homogenates of rats, with special
emphasis on the i1dentification and sequential measurement of the major
AS and A4 steroids by means of HPLC. Subsequently the metabolism of
t190IPS 1n rats was compared with that in human testicular homogenates
from patients with prostatic carcinoma, hydrocele or spermatocele. The
large differences between the 2 speciegs 1In the conversion rates of P3
to 1ts metabolites, 1n the preferred sterordogenic pathways, and in
the pattern of so—called “umdentified metabolites’ formed, prompted
us to study testicular steroid biosynthesis 1n species of animals more
close to man, 1.€. ronhuman primates, Large guantitative and qualita-
tive differences 1n steroirdogenes:s were found also betwsen humans and
2 species of macagues, not only in the preferred routes of T biosyn—
thes:s but also i1in  the synthesis of ‘unidentified metabolites’. Many
experimants were performed to characterize thesa metabolites 1in the
spacies studied. The most remarkable finding was the i1dentification of
l6—androstenes 1n the human testes, known (precursors of) human sex
pheraomones. The technigue developed also enablad study of the effects
of several compounds on the microsomal metabolism of tt4aPs in addi-
tion to detailed mechanmistic studies of enzyme catalyzed reactions.
The study of sterocid metabolism 1n testicular homogenates precluded
observations on the mitochondrial conversion of Chol to PS and on
several receptor and 2nd messenger systems. To enable this kind of
studies a technigue for the isolation and aulture of human (prostatic
carciroma) and rat Leydig cells had to be developed, that also enabled
separate study of the mitochondrial and microsaomal steroidogenic
enzymes. The steroidogenic response to hCG as well as the metabolism
of t1%CIPs by cultured Leydig cells were studied in detail and
compared with the results ohtained i1n testicular homogenates. The data
for the first time 1ndicate that the ADS pathway is the preferred route
1n human testicular sterord biosynthesis, not only 1n homogenates but
also 1n cultured Leydig oells. Furthermore these cells were found to
be the major source of the l6-androsteres, (precursors of the) sex

pharomones unigue to pigs and hwnan primates.
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EARLY TIME SEQUENCE IN PREGNENOLONE METABOLISM TO
TESTOSTERONE IN HOMOGENATES OF HUMAN AND RAT TESTIS.
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Department of Medicine, Division of Endocrinology, and Department of
Experimental and Chemical Endocrinology (J.A.H., T7.J.B.), St. Radboud
Hospital, Umiversity of Niimegen, Nijimegen, The Netherlande.

ABSTRACT

The time sequence of the metabolism of [4—14C3pregnernlore to
testosterone 1n homogenates of human and rat testis was studied with
special emphasis on the chain of events in the early 1S min of incuba—
tion., The incubatiorns ware parformed at 32°C in the presence of NAD
and a NADPH—gererating system., The various intermediate steroids were
separated by mearns of HALC using a silica aliphatic diol column.
Correction for procedural losses was performed by dual labeling. The
present study confirms earlier reported results which showed that in
the rat metabolism of pregrenolone to testosterone proceeds via the A4
pathway. However,this discloses for the first time that the conversion
of pregrenplone proceeds very fast: progesterone, 17c-hydroxy-
progesterone, and 17a-hydroxypregnenclone as the only mportant AS
intermediate, peak and declire again to almost undetectable levels
within the first 15 min of i1ncubation. Androsteredione and testoster—
ona start to accwmlate from 1 min on under the conditions used. In
contrast, 1n the human testis homogenates, metabolism of pregnenclone
to testosterone proceeds comparatively slowly and almost exclusively
via the AS intermediates dehvdroeprandrosterone and androstenediol.
Testostercne makes 1ts appearance only after about 8 min of incuba-
tion. The data 1llustrate the 1importance of shaort—term incubations in
evaluating the matabolism of steroids.

Endocrinology 120: 1909-1913, 1987



INTRODUCTION

It has firmly been established that 1i1n the rat testis pregnenolone
(PS) is converted to testosterore (T) mainly via the A4 pathway,
1imvolving the intermediates progesteraone (P4), 17a~hydroxyprogesterone
(170HP4) , and androstanedione (Ad) [1,2]). The relative importarce of
the intermediates of the AS pathway [17a—hydroxypregnenclone (170HP3),
dehydroepiandrosterone (DHEA), and androstenedicl (AS)] is, as far as
wa know, mot acknowledged. In the human testis, the AS pathway is the
one preferred for the conversion of PS to T {2-41. In most studies
dealing with this subject, the conversion of PS via its intermediates
to T has been assesced after a fixed incubation time interval of e.g.
2-4 h. Reports on the sequantial pattern of changes of the concentra—
tions of the steroids with increasing tima are very scarce. Yanaihara
and Troen (3] reported steadily increasing T concentrations from 1S -
120 min with AS steroids identified as the predominant intermediates
in human testis incubates. Howaver, the time intervals chosen do rot
allow conclusions as to the sequence of steroid conversions in the
early 153 min of incubation. In the present study the time seguence of
the 1n vitro comversion of 13C-labeled PS to T was assessed by means
of HPLC measwrement of the eight major sterocids of both pattways in
homogenates of human and vat testis from as early as 1 min after the
start of the i1ncubation.

MATERIALS AND METHODS

testis tissue

Human testis tissues were obtained from patients M.P. (57 yr) and
J.L. (69 yr) who underwent orchiectamy for their prostatic carcinoma
and from patients with a hydrocele (A.b., 51 yr; WV, 64 yr) or a
spermatocele (G.D., &0 yr: H.L., 65 yr; G.V., &3 yr) who were biopsied
at the time of surgery. Patients H.L. and G.V. underwent spinal
armesthesia and the others general anesthesia. Morne of the patients had
taken medication known to intertere with steroidogenesis. Informed
consent was obtained from all of them after approval of the protocol
by the Hospital Ethical Comnittee. The animal testes were obtained
from five adult Wistar rats each weighing about 200 g. The rats were
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killed by cervical dislocation; the testes were removed and used
immediately or frozen at -20°C. Human whole testes or biopsy specimens

were stored in liquid nitrogen immediately after dissection.
chemicals and buffers

[%]Stermds ware purchased firom New England Nuclear Corp. (Boston,
MA) (P4, 57.0 Ci/mmol; 1704P4, 50.0 Ci/mmol; A4, 85.0 Ci/mmol; T, 41.46
Ci/mmol; A5, 55.0 Ci/mmol) or from Amersham International (Amersham,
WO (PS, 19 Ci/mmol; 170MPS, 12 Ci/mmol; DHEA, &0 Ci/mmol). [4-1%cIPS
was purchased Fram Amersham International (56 mCi/mmol). Glucose—b—
phosphate dehydrogenase (EC 1.1.1.49, from yeast, grade II, 140 U/mg,
suspersion 1n 3.2 M (NH,)-50;), glucose—4-phosphate (disodiwn salt),
NADP (potassium salt, 29%4) and NAD (grade I, free acid) were purchased
from Boetringer Mannheim {(Mannheim, West Germany). Other chemicals
were purchasad from several commercial suppliers,

Tigsues were homogenized in 100 mM phosphate buffer, pH 7.4, con—
taiming sucrose (0.25 MY and monothioglycerol (1 mM) [S]. The assay
medium was 5O mM phosphate buffer, pH 7.4. The NADPH-generating system
consisted of a solution of 1 @M NADP, 10 mM glucose-6—phosphate and
0.3 U/ml glucose—6—phosphate dehydrogenase i1n  assay buffer. Finally,
the NAD containing buffer was a solution of 1 M NAD in assay buffer.

homogent zation and 1ncubation techniquea

The testes were thawed, weighed, and decapsulated i necessary,
sliced, homogenized 1n 1ce cold buffer (1 ml/g wet weight usimg a
glass—glass homogenizer). By this procedure the Integrity of the
mitochondria 1s mairntained (5,6 and the microsomal enzymes are pre—
sarved [7]1. Then the crude homogenate was centrifuged at 4°C for 20
min at 10,000xg. The supernatant was diluted with assay buffer to a
final volume of about 3 ml/g testis.

The substrate, [4—MCJF’5, dissolved in ethanol, was diluted with
assay buffer to the desired concentration of about 0.1 pg (0.3 mol)/
100 ul. Then 100 ul of this solution (contaiming about 20,000 cpm)
ware pipetted into S—ml glass tubes. The solution containing the
NADPH—generating system and the solution containing NAD (400 ul each)
were added. The reaction was started by adding 100 gl homogenate under



constant shaking 1n air at about 32*°C and terminated by adding 4 ml
i1ce—cold diethylether with shaking.

In one experiment, [7(n)—3H]§7CI-F‘5 was used as substrate. Thas
tracer was mixed with with nonlabeled (70HPS to reach a specific
activity of approximately 20,000 cpm/Q.1 ug. The conditions used were
the same as those in the incubations with [4-1%ciPs,

extraction and analysis

The 1ncubat:ion madia and the added sther were transferred rapidly
to 15ml glass tubes (containing solutions of %-labeled recovery
tracers (about 20,000 cpm/steroid.tube) in the case of incubations
with (4-1%CIPS). The 1ncubation tubes were rinsed twice with ether.
After vigorous shaking, the tubes containing the collected ether frac—
tions and 1ncubation medium (and recovery tracers) were snap—frozen
and the ether lavers were decanted. The extraction was repeated once.
The sther was evaporated to dryness in a stream of dry air.The residus
was dissolved in 1 ml rherane, filtrated through a 0.45-um filter
(Schleicher & Schuell, Keere, M, Spartan 3) and concentrated in
microvials to a final volume of about 100 ul.

The HPLC system used for the separation of the metabolites was
essentially one of the systems described by Schoneshbfer and Dulce
{8]. The gradient profile was varied until all sight steroids of both
pathways, i1ncluding AS, wera completely separated. The apparatus
consisted of twa pumps (Waters, Milford, MA, models 510 and &0004)
with autoinjector (Waters, Wisp 710B) and fraction collector (Gilson,
Middleton, WI, model 202). The column was a diol-oolumn (Merck, Hibar
LiChrosorb Diol S um, 25x0.4 om). Gradient elution was run fraom 100%
hexana ta 30% 1sopropancl in hexare, as indicated in Fig. 1. The flow
was 1.5 ml/min, the pressure about 26 atm and the void volume 3.75 ml.
A volume of 90 ul was 1njected and the eluate was fractionated i1n 210
fractions (S/mn, starting 8 min after injection) in scintillation
vials. Four milliliters scintillation cockta:l <(agualuma) were added
and the vials were assayed for Zﬁ-i and 140 in a liguid scintillation
counter (Packard, Donners Grove, IL, Minaxi) emplaying i—min counting

time.
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calculations

The observed values of “H and 19%C were corrected for cross—over
according to the standard formula.

The decision whether radicactive peaks were actually present was
made according to the following criteria. Mean and SD were calculated
over all the fractions of ore series of i1ncubations. The values ex—
ceeding the mean + 3xS0 were considered to be statistically different
from the background. The calculations were repeated, until o more
significant values were detectable. The mean was used as the back-
ground for the series. Peaks in the chromatograms were defined as a
nunber of neighboring fractions containing more counts per min than
mean + 3x8D.

In order to determine recoveries, the areas under the 31-1—peaks were
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calculated. The recovery was calculated as the guotient of the peak
area and total amount of tracer added 1mitially. The recovery of the
corresponding 14C-Iabeled metabolite was assumed to be the same.

RESLLTS
HALL sterord prafile

Figure 1 shows the profile of stero:id separation by HPLC. The eight
majwy steroids could be located by their IZSHJmarkers. The repro—
ducibility of the separation was good, with some variation in the
wsocratic part. The recovery of the 3H—tr’acers varied between 454 and
&5%. 1t has to bs noted that elution of the “H- and !%C-labeled
sterolds in the same fractions does ot recessarily prove that they
are identical indeed. So if a 13C-labeled metabolite i1s named e.g. P4,
then a steroid eluting 1n the same fractions as P4, probably identical
to 1t 15 meant.

A rumbar of umdentified 1%C-labeled metabolites (1.e. metabolites
not corresponding  to S-markers) were detected in various eluates.
They are designated X1 to X8 according to their retention times (Fig.
1). Unidentified metabolites elutang later than X8 are referred to as
X>8 because their separation is poor. OF all these unidentified metab-
olites, only numbers 2, S, 6, 7, and 8 are quantitatively more or less
important.

time sequence of steroird proflle after incubation of rat  and human
testis homogenates with ra-1%c1Ps

As can be seen 1n Fig. 2. under the conditions of the experiment
the metabolism of PS i1n the rat testis hamogenate proceeded rapidly
via the A4 pathway with I70HPS as the only important AS i1ntermediate.
All Czliteroxds peaked and returred to very low levels again within
the first 15 min of 1ncubation. 7 accumulated from ! min on. Levels of
DHEA and AS wera low throughout the series.

A rumber of unidentified metabolites were detected 1n the rat
testis homogenate: XS, 4, and 8 1nitially after 10, 18, anrnd 30 min,
respectively. Their guantities were low (never more than 8%). A rumber
of more polar metabolites (X>8) were detectable throughout the series.
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Fig. 2. Time course of the concentrations of the eight steroids of
the A4 and A5 patfway in human (J.L., O0- -0; M.P., - —e; prostatic
carcinoma patients) and rat @—=9) testis hanogenates, expressed
as percentage of total amount of radicactivity added as (4-49ciPs

PS5 metabolism in the human testis homogenates was guite different
from that in the rat and comparatively slow under the conditions used
(F1g. 2 and Table 1). The AS steroids 170+FS and DHEA were present
after 1 min of 1ncubation. 0Of the sterolds of the A4 pathway, P4 and
A were campletely absent or less than 1% throughout most incubatiorns.
170-P4 appeared only after 4 min and acawmlated siowly. From Fig. 2
1t is obvious that the AS pathway 1s the preferred one in the subjects
tested, DHEA and later AS being the major precursars of 7. In contrast
to the rat, T appeared only after B8 min in the human testis homoge-
nates. Thereaftter, 1t slowly increased to values of 24-30% after about



2 hr. After incubation of the homogenate of J.L. with 170HPS (vide
infra) the results obtaimed (Table 2) were similar gqualitatively to
those obtained with PS5, except for higher conversion rates to T (38%)
and DHEA (4T4) than when PS was studied in the same homogenate.

In the homogenates of the testes of the spermatocele patients,
levels of the AS steroids were quite high and those of the A4 steroids
quite low as compared to the other homogenates.

Table f. Time course 1n minutes of the concentrations of the meta-—
bolites of PS 1n human tastis biopsy homogenates of hydrocele and
spermatocele patients expressed as percentaf of total amount of

C.

radicactivity added as c4-13cips
Name Time P53 170HP5 DHEA AS P4 1704P3 A4 T
{min)
Hydrocele
A.G. 2:10  63.1 14,7 2.8 ND ND ND ND ND
15:00 7.2 7.8 16,5 12.0 NDO 9.5 ND 7.2
W.V. 1:05 73.5 8.2 1.5 ND ND ND ND ND
8:00 13.7 19.9 19.8 2.0 1.0 3.7 0.2 0.9
40: 00 8.1 NO 11.5 15.5 NO 4.0 0.2 16.5
150:00 7.5 ND 3.4 16,6 ND 1.2 0.2 28.3
£ matocele
G.D. 2:00 73.0 22,3 4.3 ND ND ND ND ND
15:00 12,1 12,95 41,0 3.9 ND 1.5 0.8 1.i
100:00 10.1 ND 18.6 20.8 ND 0.9 ND 14.6
H.L. 10:05 3%2.7 27.8 12.4 ND ND N ND ND
60:00  10.3 1.3 42.3 11.3 ND ND ND 1.6
G.V. 1:00 73.5 7.8 1.8 ND ND ND ND ND
7:00 32.6 29.9 1B8.6 0.3 ND ND ND ND
30:00 .7 1.2 52.9 4.5 ND .2 0.2 0.8
130: 00 7.1 ND 24,3 16.4 ND ND 0.2 7.8

ND, Not detectable

A rumber of umdentified metabolites appeared 1n the human testis
homogenates. X2 and X7 were detectable after 1-win incubation, whereas
XS appeared after 12 min. The quantities of X3 and X7 were low {less
than S%4). Howevaer, X2 reached levels of 20%. A complex mixture of more
polar metabolites (X>B) appeared after longer incubations. To find out
whather 170HPS ie an i1ntermediate in the synthesis of X2 from PS, the
homogenate of the testis of J.L. was 1ncubated with {7(m)-SH1170HPS.
In this experiment, neither X2 mor X7 were detectable at all i1ncuba~

tion times.



In preliminary experiments with rat testis bhomogenates we used
[4,7-SHIPS rather than (4-19CIPS as substrate. The results obtained
ware the same as those described 1n this paper. Later t4—MC:IP5 was
used to monitor procedural losses, affording the additional advantages
of an easier and more reliable peak identification and quality control
of the separation via HALC.

Table 2. Time course i1n minutes of the concentrations of the
metabolites of 170HP3 1n the human testis homogenate of J.L.
exprossed as percentage of recovered radioactivity

Time 170HPS DHEA AS 170HP4 A T
(min)
1;00 87.1 Q.4 ND 1.9 ND ND
5:00 52.1 35.2 2.2 b.6 0.5 0.9
103500 28.46 45.0 &.8 9.5 1.2 3.2
100: 00 0.6 8.8 28.2 5.2 0.3 38.1

ND, Mot detectable
DISCUSSION

This study was undertaken to develop a reliable and relatively easy
techmque to detect enzyme deficiencies 1n the testes of patients
suffering from different diseases.

The present study 1s the first emphasizing the time sequence of the
conversion of PS to androgens especially i1in the early 15 min of incu-—
bation i1n rat and human testis homogenates. It should be noted that
all human samples were fram older men. It can not be excluded that the
pathways are different at younger ages. Furthermore it has to be
stressad that the amount of [4-1%CIPS added to the homogenate was far
1n excess of the endogenous concentration as reported by De la Torre
et al (9], rendering 1interference of the results by endogenous PO
unlikely. In most studies metabolism has only been measured after a
fixed 1ncubation time, whereas time setquence studies, especially those
using PS as substrate, are very scarce and do not cover the early 13
min. From the present study 1t appears that in the rat 170HP5, P4, and
170HP4 peak within 1-2 min, whereas A and T make their appearance
from 1 min after starting the 1ncubation. It should be noted that
except for T, which plateaus at 50 min, all major A4 steroids have
started to decrease or nearly have returned to baseline values within



the earliest 15 min.

Although the levels of 170HP4 and 170HPS were of the same magnitude
the levels of A4 were much higher than those of DHEA, indicating that
170-P4 was a much better substrate than 17045 for C17,20-lyase ac-
tivity. Therefore, C17,20-1yase can be considered as the rate-limiting
enzyme 1n the AS pathway in the rat testis under the conditions used.
The synthesis of 170HP3 proceeded 1n o experiments via two pathways,
1.&8. via P4 or via 170HP3. This is in agreement with a study of Chubb
and Ewing [1]. The ratio 170HP5/P4 can be influenced by the concen—
tration of the substrate PS, as P3 can inhibit 17ochydroxylation of P4
and vice versa [10])., The relativwe physiological importance of both
pathways remains to be determined.

A rumber of unldentified metabolites were detected 1n the rat
testis honogenate. X&, appearing at about 18 min, 1s probably androst—
arnediol, according to the retention time. The intermediate of the
synthesis of this sterold from T, DHT, elutes very close to PO. As
intdicated 1n Fig.2, the levels of P3 rose again between 10 and 18 min,
which might be attributed to the syrthesis of DHT from T, although it
has to be adnitted that this rise only did ocour at one time point.
The levels of X6 were of magnitude similar to the levels of androst-
arediols reported by Eechaute et 27 [11]) and Mizutam et al [12) using
P4 as substrate.

In the bhuman testis bomogenate under the oonditions used the
conversion of PS to androgens was much slowsr than in  the rat. The
predominant pathway leading to T was the AS route, DHEA and AS being
the major precursors. T only appeared after atout 8 min. In contrast
to the rat and confirming data of Yanaihara and Troen {31, no P4 or A4
was farmed throughout the time of study. The complete absence of PA
cannot be attributed to very rapid metabolism, since no A4 steroids
were detected in the first minutes of ncubation. The data suggest
that under the conditions used 17a-hydroxylase is much more efficient
1n metabolizing PS than 3R-hydroxysterord dehydrogenase, the presernce
of which was reflected by the appearance of 170HP4 and T.

It should be rnoted that despite the virtual absence of P4, 170+P4
slowly accumulatad, suggesting that 1t was synthesized from 170HPS.

Comparison of the ratios 170HPS/DHEA and 170HP4/24 makes clear that
in the human testis under the corditions used C17,20-lyase cleaves
1704P5 preferably to 170HP4. The inefficient corwversion of 170HP4 to



A4 15 1n agreement with a rumber of studies, using P4 as substrate
[12,13]. Howaver, Hosaka et al [14] demonstrated that C17,20-1yase can
cleave 170HP4 (confirmed by Sikka et al [31), although the K for
170HP4 was a factor 30 times higher than the Michasel:is-Menten constant
K for 170HPS. They also demonstrated that 170HPS competitively
1rhibited the fission of 170HF4 with an inhibition constant (K} of
0.6 M. So the high levels of 170HPS that were detected in the first
mimutes of the 1ncubation might be a cause of the lack of Ad-
formation.

Bcrutinizang the time course changes 1n sterold conversion during
the early 15 min it appears that DHEA precipitously i1ncreased from 1
min on whereas AS 1ncreased only slowly. This suggests that 17-keto—
steroid oxidoreductase 1s rate~limiting at least in the early phase.
Yamaihara and Troen [3], i1n contrast, found a rapid accumulation of AS
from DHEA later on.

A remarkable point i1s the detection of relatively low levels of A4
steroids and high levels of AS steroids in the homogenates of the
patients with spermatoceles, suggesting a daficiency 11n 3R—hydroxy—
steroid dehydrogenase enzymatic activity.

No androstansdiols (having thes same retention time as X&) were
formed in  the human testis homogenates within 150 min. This is in
agreement. with a number of studies using guite different conditions
£12,15,1&1.

Remarkably, the i1ncubation studies reveal an accumlation of
hitherto unidantified matabolites appearing 1n either human or in rat
or in both testis homogenates. The major metabolite formed 1n the
human testis homogenates accumilating from as early as 1 min was X2
(maximun about 20%) which elutes 1mmadiately after P4 and difficultly
can be separated from it. Although its structure is unknown, this
compound may explain the unexpectadly high levels of P4 1n some of the
1ncubation studies reported 1n literature. Experiments are in progress
to characterize at least some of these unidentified metabolites,
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addendum A
ADDITIONAL COMMENTS TO CHAPTER 2

In chapter 2 the lack of synthesis of androstanediols from ti%caprs
1n the human testicular homogenates studied has been noted. In later
experiments using testicular homogenates of numerous different
patients with C34CIPS or CHIT as substrate, this lack of measurable
Sa—reductase activity was i1nvariably confirmed (see addendum B for
references). However, 1n lire with literature data (1-41, in the rat
testicular homogenates £3HIT and (14CcIPS were converted to DHT and
Aadiol, i1ndicating that the lack of measurable Sa-reductase activity
in human (and monkey, chapter 4) testicular homogenates could not be
attributed to experimental shortcomings. The absence of So-reductase
activity in human testicular tissue 15 rather peculiar in view of the
demonstration of considerable amounts of DHT and other Sc—reduced
steroilds 1n human spermatic vein blood by several authors. In addendum
B we speculate on a possible explanation of this paradox.

Aromatase activity, responsible for the conversion of the androgens
A4 and T to the estrogers El and E2, respectively, was neilther detect—
able 1n human and monkey (chapter 4), nor 1p rat testicular homogenates
studied 1n this thesis, even when £3HIT was used as substrate. This
1nability to detect aromatase activity might be related to the very
low amounts of this enzyme that have been reported to be present 1n
rat [5-7] and human [8] testicular tissues. For example, Orczyk et al
[7] reported that the conversion of [3H]T to E2 by normal rat testicu-
lar tissue was only 0.34. The 1intratesticular T/EZ2 ratio 1n this
species was found to be 5000 or more [4,9]. In human spermatic vein
blood the reported ratios varied between 200 and 400 {10-121 and 1n
the human testis between 70 and 100 [13-~15]. To exclude the possibi-
lity that aromatase activity was not measurable i1n ouwr experiments due
to technical shortcomngs, we studied the metabolism of HIT 1na
homogenate of a normal +Hull-term human placenta, that 1s known to
contain a very active aromatase complex [16-19]1. In this experiment,
performed at 37°C, E2 was obtairned 1n high vields (844 and 934 after
12 and 150 min, respectively). Furthermore, 1t has to be noted that
after 1ncubation with EMCJF‘S of the gonadal homogenate of a 1 month
old true hermaphrodite, usimg standard conditions, EZ2 was obtained in
774 yield after 150 min, again indicatang that technmcal shortcomings



wera not the cause of the lack of measurable aromatase activity.

In chapter 2 1t has been noted that testicular function changes
with age. In that chapter experiments were performed using testes from
elderly men, which does mot exclude that the pathways of testicular
steroirdogenesis are different at vyounger age. It 1s, however, very
hard to obtain testicular tissue from healthy, young men. In this res—
pect 1t 1s i1nteresting to mention the results obtaired 1n a testicular
homoganate of a 26 yr old man with cryptorchidism. In this experiment
essentially the same results as 1n the prostatic carcinoma patients
ware obtained as T was synthesized from EMCJPS mainly via the AS
steroid AS. Also in this patient high levels of the ‘unidentified
matabolite® X2 were formed, while X1 and X7 were also found. Again no
So—reduced sterolds or estrogens were detected. There was no differ-
ence with respect to the preferred pathways after 1ncubation of the
homogenate of the abdominal testis at 32°C and 37°C (data not shown).

Three experiments were performed using testicular tissue from young
deceased patients (road casudlty, 22 yr} cerebral bleeding, 34 yr;
lung cancer, 37 yr). In these experiments urexpectedly high levels of
P4 ware formed from C[19CIPS (19-37% after 25 min), whereas the levels
of the other metabolites were 21ther low (max 74} or virtually zero.
The data i1ndicate low activitv of the cyt.P4S0 linked enzymes. It 1s
wall krown that 1700Hase activity is highly susceptible to damage by
oxygen derived free radicals [20-23], that are Formed after ischemic
tissue 1njury [23-23].
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addendum B

SPECLLATIONS ON THE OCCURRENCE OF DIHYDROTESTOSTERONE  (DHT) IN HUMAN
SPERMATIC VEIN PLASMA

As already alluded to i1n chapter 2 and addendum A, 1in the human
testes virtually no Se-reductase activity 1s present, which is i1n line
with literature data [1-81. However, rumerous authors showed that
considerable amounts of DHT and other Se-veduced steroids are present
1n humar spermatic vewn plasma [9-131. Furthermore, 0 vivo ad-
ministration of hCG 1s known to  cause a rise 1n peripheral [10,12,14,
15] as well as spermatic vein [12] lavels of DHT. In this addendum
some literature data are connected with each other 1n an attempt to
provide a possible explanation for this paradox.

The spermatozoa produced 1n the testis undergo further maturation
in the epididymis [16-191 1n an androgen (DHT) dependent process
[18-23]. DHT can be synthesized 1n the epichdymis from T since 1t 1s
wall-krown that So—reductase activity 18 present 1n  the epididyms
£18,21,23-25]. T can reach the epi1didymis via the gereral circulation,
but also via the semimferous tubules, bound to the androgen binding
protein [16,26,273. Other authors 1ndicate a third way, i1.e. via the
plexus pampiniformis [20,28). Both the testis and the epididymal bead
are supplied with blood through the spermatic artery and both drain
into the plexus [20,28]1. A counter-current exchange of T has been
shown to occur between the closely apposed artery and veins of the

plexus, thus i1ncreasing arterial levels of T (201 and resulting 1n a

arteria spermatica

vena spermatica=""

Schematic presentation of the most
mmportant anatomical features of the

lexus pampiniformis——__
P 1 rmis human testis and epididyms.

—ductulil efferentes

tubuli seminifera
testis

remdidymxs

tubula recta

rate testis



transport of T from the testis to the epididymis.

Based an these literature data the presence of high levels of DHT
1n human spermatic vein blood without DHT beang synthesized in the
testis itself can be hypothesized as follows: after 1ts synthesis in
the testis, T 1s excreted 11 the plexus pampiniformis or  in the
tubiles. In both cases, part of the total amount of T wall resch the
eprdidymis, where 1t 1s converted to DHT, After its biological action
15 fullfilled, DHT 15 excreted by the epididymis 1n the venes of the
plexus pampimiformis. By this theory spermatic venous DHT must be
considered as an spididymal rather than a testicular steroad.
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chapter J

THE SEX PHEROMONE PRECURSOR ANDROSTA-S,16-DIEN-3(3-0L IS A
MAJOR EARLY METABOLITE IN IN VITRO PREGNENOLDNE METABOLISM
IN HUMAN TESTICULAR HOMOGENATES.

J.J.A.M. Weusten, A.G.H. Smals, J.A. Hofman,
P.W.C. Kloppentorg, Th.J. Benraad

Department of Medicine, Division of Endocrinology, and Departmant
of Experimental and Chemical Endocrirmology (Th.J.B.), St. Radboud
Hospital, Umiversity of Niimegen, Nijmegen, The Netherlande.

ABSTRACT

In an earlier report we described the early time sequence of the In
vitro metabolism of [4-19CIpregnenolome ([4-19CIPS) to testosterone 1n
homogenates of human and rat testes and demonstrated the appearance of
mainly AS (humans)— and A4 (rats)-steroids within mirutes after start-
ing the incubation. In this study strong evidence 16 presented for the
substantial synthesis from PS of the sex pheromone precursor androsta-
9,16-dien-33-ol (ADL) 1n human, but not rat, testicular homogenates.
The 16~umsaturated Cyg steroid ADL appeared after 1 min of 1ncubation,
and within 3 min reached values {17-23%4 of total radiocactivity added
as ra-1%caps) comparable to those of the major AS steroids 170—
hydroxypregrnenalone and dehydroepiandrosterone. Thus, 1n humans, as 1n
boars, the sex attractant precursor ADL 1s a major early testicular
matabolite of PS.

J Cli1n Endocrinol Metab &5: 753-756, 19687



INTRODUCT ION

In an earlier report (11, we described the early time seguance of
the 1n vitro metabolism of [4—1ACJpregnemlone (54—14C]F’5) by
homogenates of human and rat testes and demonstrated the appearance of
mainly AS {(humans)— and A4 (rats)-steroids within a few minutes after
starting the incubation. In addition to steraids already known, a num—
ber of unidentified 1"!Il—l.abeled metabolites, designated X1 to X8 and
X>8, were fournd 1in human and/or rat testicular homogenates. Most of
these metabolites did not reach levels of S% of the total radicactivi-
ty added as [4-!19CIPS.  The only exception was X2, detectable only in
the human testicular incubates after 1 min and reaching levels up to
17234 of the total radicactivity after about S min. In this report we
present strong evidence for X2 being identical to the léursatwrated
[319 steroid androsta-h, i6-dien-33-nl (ADL), the cochromatography of
ADL and the PS5 metabolite 1n our high pressure liquid chromatography
(HAL C) system, and tne results of gas chromatography-mass spectrometry
{GCMS) being the most important.

MATERIALS AND METHODS

A detailed description of the materials and methads concerning the
homogenization, i1ncubation and analytical technigues was reported
previously [1J. In short, testis tissue was obtained from saven men,
aged S51-4% yr, with prostatic carcinoma, hydrocels, or spermatocele.
None had taken any medication krown to interfere with steroidogenesis.
Rat testes were obtained ¥$rom adult Wistar rats, each weighing about
200 g. The whole testes or biopsy sSpecimens wers decapsulated, if
necessary, homogerized on 1ce in 0.25 M sucrose buffer,and centrifuged
for 20 min at 10,000xg. The supernatant was diluted with 50 mM phos—
phate buffer, pH 7.4, to about 3 ml/g testis tissue. Incubation of 100
ul homogenate with about 0.1 pg [4-}4CIPS 1n a final volume of 1 ml
was performed in air at 32°C in the presence of MNAD {(final concentra—
tion, 0.4 M) and a NADPH-gererating system (final concentrations, 0.4
mM NADP, 4 M glucose—b-phosphate, and 0.12 {J/ml glucose—&—phosphate
dehydrogenase) . The reaction was terminated by adding ice—cold diethyl
ether. Tritiated marker steroids were added to monitor procedural
losses. The inoubation mixtures were extracted twice with diaethyl
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ether and analyzed by HRLC using a 410l colwnmn (Hibar LiChrosorb Diol,
Merck, Rahway, NJ; 5 gm) with a mhexane-isopropanol gradient.

Acetylation of the steroids was performed by dissolving tham in a
mixture of pyridine and acetic acid anhydride (1:1, vol/vol) overnight
at room temperature. The acetates were hydrolyzed by adding 4 M NaOd
to a solution of the steroid acetate 1n the same volume of etharol.
The mixture was allowed to stand overnight at roon temperature. The
mixture was then neutralized by adding 2 M H_S0,, extracted three
times with nhexane and amalyzed via HPLC.

To collect emough X2 for MS structure analysis, nire i1ncubations
were performed using the same conditions as described above, except
that about 8 ug radioinmert PS were added to the 14c_1abeled PS 1n each
1incubation as extra substrate. The fractions containing 14¢_ jabeled x2
and SH-labeled progesterone were combined and acetylated. Progesterone
and the acetate of X2 were ssparated using the same HPLC system. The
fractions containing the acetate of X2 were hydrolyzed and chromato—
graphied again. The final yield was about 1 ng.

GCMS was performed using a Finmigan MAT 312 mass spectrometer
(Finnigan Corp., Sunnyvale, CA) and a Varian 3700 gas chromatograph
tVarian Aesociates, Palo Alto, CA). The Fannigan MAT SS300 computer
system was used +or the calaulations. The sample was 1njected by an
on~column injector onto a 15w fused silica CPSIL-5CB column (Chrom—
pack) with an internal diameter of 0.32 mm and a fi1lm of 0.11 wm. The
temperature was maintained at 55°C for 1 min and subsequently raised
to 300°C (S°*/min). ADL eluted at about 170°C. The pressure was 1 bar,
and the carrier gas used was helium. The gas chromatograph was coupled
to the mass spectrometer via an open split coupling. The energy of the
bombarding electrons was 70 eV, the lonizing cuwrrent was 1 mA, and the
temperature of the ion source was 200°C.

Tritiated ADL was synthesized by incubation with about 0.1 ug
[4,7—3ﬂ-!JP5 as substrate 1n the presence of the 3f—-hydroxysteroid
dehydrogenase inhibitor cyanoketone (100 M) and purified by HRLC.

RESIATS

Chraomatograms showing the tritiated marker steroids and 1401 abeled
metabolites before and after acetylation are shown in Figs. 1 and 2,
respectively. As shown in these figures, X2 can be acetylated, and its



42

acstate 1s completely separated from all other metabolites. Under the
conditions used, 17a—hydroxyprogesterone is rot acetylatable.

Fig. I, A typical chromatogram
n? C—Jabeled mertabol i tes
ofF [4- C]PS {top) and tritia-
ted marker steroids after a 40-
min testicular incubation. The
homogenste used was Fom a 69—
yr—old man with prastatic car—
cinoma. A, Frogesterone; B, X2;
L, angrostenedione; 0, FPS; E,
cehydraapi andrasterone; F, tes—
tosterone; G, 17o—-hydroxyoro-
gesterone; H, X5; I, androst-
erediol; J, X7 K, 17a-hyoroxy—
pregnemnolone; L, XO8.

10 20 30 40
retention time (minutes)

: P ) 14
T :
Fig. 2. OChromatogram obtained .
after acetylation of the marker 1
sterpids and metabolites shown } !
¢ |

4

in Fig. 1. A, acetate of X2; B, , g, n

acetates of PS5, dehvdroep1ar— i et LN
arosterone, androstenediol, and
testostercone; C, progesterone;
D, androstenedione; E, mono—
acetate of 1ra-hyoroxypregren-
alorne; F, 17x-hyoroxyprogester—
one.
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The time sequence of formation of the major krown and unident:fied
metabolites in the testicular homogenate of ore of the prostatic
carcinoma patients from our previous report {11 1s shown in Fig. 3.
The AS-steroids 1Za-—hydroxypregrnenolorme and dehydroepiandrosterone
were present after 1 min of 1ncubation and peaked after 10 and 20 min,
respectively, in the testicular homogenates of all patients tested.
Androsterediol and testosterone appsared only after about 4 and 8 min,
respactively. OFf the steroids of the Ad-pathway, progesterone and
androstenedione were absent or very low throughout the incubations,
while 17e-hydroxyprogesterone seldom reached levels higher than S%
{data not shown) [1]. The unidentified metabolites X2 and X7, always
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appearing together, were found after 1 min of i1ncubation and plateausd
after 5 min at levels of 17-2Z3% and 3-4% of the total, respectively.
The ratio of X2 to X7 was roughly constant during the first 30 min of
incubation. In rat testicular homogenate no X2 or X7 could be detected
(data mot shown). X5 only appeared after about 10 min 1n both human
and rat testicular homogenates (maximum about S%).

e
]

301 DHEA T

2091 70HP A5 20 X2

10 107

X7

14
9 e
NE—

1 4 10 20 50 100 1 4 10 20 50 100

incubation time (minutes)

Fig. 3. Time course of the appearance of the major known and
unrdentified metabolites of PS5 1n the testicular homogenate
of a 57-yr-old prostatic carcinoma patient, expressed as a
percentage of the total radiloactivity added as a4 4C]P5.

170HPS, 17a-Hydroxypregnenclone; DHEA, dehydroeplandroster—
one; A5, androstenediol; T, testasterone.

Figure 4 presents the mass spectra of ADL and X2, providing final
avidence that X2 and ADL are identical.

After i1ncubation of a testicular homogenate with about 0.1 ug ADL,
only one guantitatively i1mportant metabolite was formed (maximum about
20% of recovered radioactivity), eluting with the same retention time
as the PO metabolite X1. Detectable amounts of dehydroepiandrosterona,

androstenediol, or testosterore were not found.

DISCUSSION

In this repaort strong evidence 1s presented for the hypothesis that
the early umidentified metabolite X2 formed from PS by human testic-
ular homogenates 1s identical to the lé&—unsaturated Cig steroid ADL, a
sex pheromone precuwrsor. This evidence 1s based on a number of facte.

First, X2 and ADL eluted with the same retention time 1n the HPLC
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Fig. 4. The GOMS spactra of ADL and X2,

system. Second, the acetates of X2 and ADL eluted with the same
retention time. As for the acetate of P3, the acetate of X2 could be
tydrolyzed again to a sterord =2luting with the same retention time as
X2, suggesting X2 15 stable under these alkalire conditions. Third,
the synthesis of X2 was ot blocked by cyanokstane, an irmhibitor of
Ip-hydroxysteroid dehydrogenase, suggesting X2 18 a  AS-steroid (our
unpublished data). Fourth, the compound SU-10603, which 1s known to
inhibit several cytochrome P450-1inked oxidations, strongly inhibited
the synthesis of X2 (o unpublished data). As reported by Nakajin et
al {21, the conversion of PS to ADL was irhibited by this compound in
boar testis. Fifth, the mase spectra of X2 and AL were ldentical.
Data on ADL. 1n human testes was scarce. In 1971 Bickrell and Gower
(3] demonstrated that the testes were a souwce of AD., since their
remaval resulted in a dramatic decrease 1n 1ts winary level 10 two
patients with testicular feminization. Furthermore, in the same pa-
tients these researchers provided some evidence that ADL was formed
from PS in testes in vitro, with percent vield of (-S4, We now demon—-
strate that even before testosterone can be detected, gquantitatively
sigmficant amounts of AL, comparable to those of the major AS—ste-
rolds, are synthesized from PS by homogenates of testes from patiants
with no endocrine disorders. In 1973 Ruokoren (4] demonstrated the
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presence of free and sulfate—conjugated ADL 1n cadaver testis tissue.

The concapt. of X2 being ADL raises some interesting possibilities.
The enzyme 33-hydroxysterocid dehydrogenase can convert ADL to
androsta-4, 16~dien-3-one (ADN)}. Metabolite X1, the only guantitatively
1mportant metabolite formed after 1ncubation with ADL and detectable
in some 1ncubations with PS5, may be identical to ADN. Furthermore,
this highly monpolar steroid can be metabolized peripherically to the
odorous steroids androstenone (urine smelling) and androstenol (musk
emelling) [S] by the same types of enzymes that convert testosterone
to androstanediol. These lé-unsaturated Cig-stercids have been found
in human urine [5,61, blood (61, saliva {71, and axillary sweat [6,8]
and may serve as human sex pheromones (9,101, as 15 the case 1n pigs
£53.

Most of the studies on ADL and related compounds, apart from the
scarce data 1in human testes, dealt with boar testes, where large
amounts of lé-unsaturated C,o-steroids were detected (5,11,12]. The
rate of formation of ADL from PS described in this paper in men was
similar to that in baars, which also rapidly synthesized substantial
amounts of ADL  [S]. In boar testes, 2i-hydroxypregrenolone was pro-—
posed to be an intermediate 1n the synthesis of ADL from PS5 [13,14].
In the human testis, however, this seems unlikely,since in ouwr experi-
ments ADL was detected within the first minute of i1ncubation, whereas
no metabolite eluting in the region of 2i1-hydroxypregnenolone (i.e.
between 1i7o-hydroxyprogesterone and androstenediol) was detected.

In rats, data on ADL are lacking, but the in vitro conversion of P3
to ADN and Sfi—androst—-16~en-3¢-0l was vary low [5). Our failure to
f1nd measurable quantities of ADL in rat testicular hombogenates 1n 1s
lire with this finding.

Shimizu and Nakada veported the synthesis of AN (15,161 and
androst-S-ene-3R, 17a—diol (16,171 from PS5 by boar testicular mcro-
somes 1n the presence of a NADPH-gererating system and 1n the absence
of NAD. In our view, X7 1s identical to androst-S—ene-3R,17a—diol.
This idea 1Is supported by aur findings that the synthesis of X7, like
that of X2, was rot blocked by cyancketorne, but was strongly imhibited
by SU-10603 (see above). We have some evidence for the hypothesis that
X1 and ADN are 1dentical.

In conclusion, 1n man, as i1n boars, the l1&6~unsaturated Cl‘? steroid

ADL 185 a major early metabolite of :n vitro testicular PS matabolism.



AL may act as a precursor to the odorous sex attractant steroids
androsterone and androstenol, which may be wmportant 1n human sexual
relations.
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addendum C

ADDITIONAL DATA CONCERNING THE OCCURRENCE  AND PHYSIOLOGICAL ROLE OF
16—-ANDROSTENES

In chapter 3 the ident:ification of metabolite X2 as ADL has been
described and some reference was made to the physiological propertises
of the 16—androstenes. As already mentioned 1n this chapter, litera-
twre data on ADL and other l&unsaturated steroids in humans are
scarce. In 1930 and 1952 Brooksbank and Haslewood i1solated AL From the
glucuran:de fraction of human male [1) and female [2) urire, respec—
tively. Later several l&-unsaturated C,g steroide have been found to
be present in human urire (3-46], plasma (7-111, axillary sweat
T11~-173, +fat [{117, and saliva {181, 1In all these studies the reported
concentrations were much  higher in men than 1n women. The phenclic
Alé—CIB steroid estratetrasnol has been found 10 wrine of pregrant
women [19]. In 1971 Bickrell and Gower [3] i1ndicated the testes as a
saurce of ADL s1nce  thelr removal resulted 1n a dramatic decrease in
its winary ievel 1n 2 patients with testicular femimization. Further—
more these authovs provided some evidence that ADL was formed from PS
1 vitro with yvields of 1 to D% in the same patients. In 1973 Ruokonen
{2017 demornstrated the presence of free and sulfate conjugated ADL in
mman cadaver testes,

Most studies on lounsatuwrated Cq steroids deast with  the boar
testis, where large amounts of these compourds were detected [211. In
1944 Prelog and Ruzicka [22] first 1solated 35.4 mg 3«AL and 32.5 mg
3RAL from 181 kg boar testes. They were unable to correct their vields
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androstadiengl androstadiengn
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HO HO
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for procedural losses but 1t 15 rnow generally accepted that in porcine
testis tissue the lé-androstenes, 1n both free and sulfated form, are
guanti1tatively more i1mportant than other steroids, including T and its
precursors [21,23-281. Numerous lé~androsteres were found to be
present 1n boar fat [(29-341, submaxillary glands [23,34-351, saliva
21,323, plasma [9,37-391, urire (21,391, and sweat [401].

An 1nteresting feature of the lé-androstenes 15 their internse
odour. The musk—-like odour of AL [1,2,22,34,41,42) and the urine-like
or perspiration—like cdour of ADN and AN [18,30,42,43]1 are well-krown
and amongst others responsible for the “boar taint' that can be
detected 1n meat of matwre, uncastrated male pi1gs (30,31,34,431,
Prelog et al (22,421 and Brooksbank and Haslewood [1,2] were able to
detect the odour of A in different fractions obtaired dwing its
isolation. In a pilot study 1n our laboratory 53 out of S8 healthy
valunteers aged 20 to 53 yr were able to detect the odour of ADL and
although no difference in ability to detect the odouwr was found
between the sexes, most male voluntesrs used positive terms to
describe the cdour (such as "soap, aftershave, peppermint, sweet'),
whereas most female wvolunteers detested the odour ("terrible, urine,
sweat, hospital-like") [16,30,44]1. These odorous characteristics are
praobably related to the relatively low melting points of these
steroids (120 to 180°C wersus 200 to 300°C for most other naturally
acaurring steroids [451) and are probably important in respect to the
sax pheromorne properties of these compounds.

Numerous studies indicate that the 1é-androsteres, especially the
So-reduced steroids AN and AL, act as sex pheromones 1n pags [21,26,
32,34,35] and evidence has besn provided that these steroids have
similar functions in humans [47-52] and act stimulatory in women. They
lack androgenmc activity [21]. The data presented in this thesis
indicate that ADL is secreted by the human testis without substantial
further metabolism 1n this gland since 1ts metabolism 1n testicular
homogenates was restricted to formation of some ADN. Due to the
virtual absence of SoRed activity, synthesis of AN or A was not
expected but other possible metabolites as 16,17—epoxydes or —glycols
[53-561 were mot found either. AN and AL can be synthesized fram ADL
via ADN peripherically, i1n tissues that excrete these steroids, or by
skin microorganisms (13,171, The presence of 3RHSD and SoRed activity
1n human skin [S7-621, especially 1n the axillary sweat glands, and



(prelimnary) evidence +or SoRed activity im human sal:ivary glands
(63,647, qingival tissue [65] and lungs [64] have been reported in
literature.

Although large amounts of ADL (and to a lesser extent ADN (X1))
ware formed from [14C]P5 in human testes, they were not found i1n the
testicular homogenates of the mornkeys tested (see chapter 4). So far,
the presence of l14-androsteres seems to be limited to men and boars
[11,21,491. The genuine musk, caming from the male musk—deer, is not a
steroid but a macrocyclic ketorne (3-methylcycleopentadecanone) (22,42,
46,511,

Finally, ancther cooment has to be made. As already referred to
earlier, the substantial synthesis of the sex pheromone precursors ADL
and ADN 1n the testis 1i1ndicate that testicular steroidogeresis, apart
from the well-known functions, 158 alsg actively involved 1n the
process of sex—attraction. Nowadays, however, this role 15 possibly
avervuled by modern “exciting and vresistable’  artificial odours of
aftershaves, eau de tollettes and so on. It has to be noted that many
of these cosmetics are an odorous composition of a vaviety of flowers
with a heart of musk.
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addenduamn )
OHEMICAL SYNTHESIS OF [SHIADL

Since [SHIADL was not commercially available, experiments were per—
farmed to synthesize this steroid. Imtially, this goal was achieved
by incubating a human testicular homogenate with [4,7-HIPS as des-—
cribed 1n chapter 3. Later (SHIADL was synthesized acoording to the
method described by Watabe et af [13. (1,2,6,7-SH(N) IDHEA (100 i1,
27.3 Ci1/mmol) (New England Nuclear Corp, Boston, MA) was dissolved in
methanol (1.5 ml) contaiming ptolusresulfonylhydrazine (0.66 mg)
{(Janssen Chimica, Beerse, Belgium) and heated +or about 5 hours undey
reflux conditiors in a water bath of 70-75°C. After evaporation of the
solvent from the mixture in a mtrogen stream, the resulting residue
was dissolved 1in chloroform (3 ml)  and washed suctessively with 2 M
HCI (2.5 ml), 3% NaHCO< (1 ml) and water (1 ml). A residue obtained on
the evaporation of the solvent from the sclution was dried over
phosphorus pentoxide overmight 15 vacur and dissolved 1n anhydrous
tetrahydrofuran (100 ul). To this solution covered with nitrogen a
solution of rmbutyllithium 1n anhydrous n—hexarne (30 ul, 1.6 M
(Janssen Chimica) was  added, and the mixture was kept overnight at
room temperature. The mixture was then diluted with an admixture (S
mi} of toluere and methanol (10:1) and washed successively with 5%
Hs80,, 3% Nakm?) and water (1 ml each), A residue obtained on the
evaporation of the solvent from the washed organic solution 1n a
nitrogen stream contained ADL 1n a radiochemical pur:ity of about 40%.
The compound was purified via HALC (see chapters 2 and 4),

l.Watabe T, Komatsu T, Kobayashi k, Isobe M, Ozawa N, Saitoh Y 1985
The obligatory intermediacy of 16,17~ and 14,173-epoxides in the
biotransformation of androsta-5,16-dien-3fol to androst-S-ene—
3B, 16a,17R- and —Xx, 161, 170—triols by male rat liver microsomes. J
Biol Chem 260: 8716-8720



chapter 4

DIFFERENTIAL METABOLISM OF PREGNENOLONE BY TESTICULAR
HOMOGENATES OF HUMANS AND TWO SPECIES OF MACAGQUES.
LACK OF SYNTHESIS OF THE HUMAN SEX PHEROMONE PRECURSOR
5, 16-ANDROSTADIEN-33~0L IN THE NONHUMAN PRIMATES.

J.J.A.M. Weusten, M.P.M.E. van der Wouw*, A.G.H. Smals,
J.A. Hofman, P.W.C. Kloppenborg, Th.J. Bervraad*

Department of Medicine, Division of Endocrinblogy, and Department of
Experimental and Chemical Endocrimolegy®, St. Radboud Hospital,
University of Nimegen, Nijmegen, The Netherlands.

ABSTRACT

In previous reports we described the early time sequence 1n in
vitro t4—14C]pregnerolone metabolism in human and rat testicular
homogenates and, apart fram a difference 1n the preferred route of the
conversion of pregrenolone to testosterone, we demonstrated the
presence of lé—ene—synthetase activity 1n human but not 1n rat testes.

In the study of testicular function higher monkeys are i1ncreasingly
usad as a model for human reproduction. The availability of testes
from 2 different species of macagues (2 crab eating monkeys and i
rhesus monkey) enabled us to compare the 1 vitro metabolism of
pregrnenclone 1n these testes with human testes. The patterns obtained
1n both monkey species were very similar but completely different from
those found 1n man. The A4 pathway was the preferred route for the
conversion of pregnanolone to testosterone 1n the monkeys tested, the
AS pathway 1in the humans. In the monkeys substantial amounts of
200—dihydroprogesterone and  17a, 200-dihydroxy—4-pregrnen-3-ore were
formed from [14C3pregnerolone whereas 1i1n man the latter compound was
detectable only using [%]progestarcme as substrate. 16Ene-synthetase
activity, a prerequisite for the synthesis of the sex pheromone
precursors 9, l6—androstadien-38-01 and 4, l&androstadien-3-ore, was
clearly measurable 1i1n the human but not 1n the monkey testicular
homogenates. Evadence for the presence of léa—hydroxylase, an enzyme
reported to be unique to human and subhuman primates, was found in
bath, making man the only primate studied so far coharbouring i1n 1ts
testes both lé-ene-synthetase and lée-hydroxylase activaities. These 1n
vitro data 1indicate that the ronhuman primates studied are not
suitable models for the study of human testicular functaion.

J Steroid Biochew. submitted



INTRODUCTION

In previous reports we described the early time sequence of the
metabolism of [4~M£':3pregnenolone (PS) 1n homogenates of human and rat
testes {1] and we demonstrated the substantial synthesis of the 16—
unsatur ated Cl‘? steroid 9, 16-androstachien—3f1—01 (ADL), a sex pheromone
precwsor, by human but ot by rat testis homogenates [2). Apart +rom
the presence or absence of l&4-eme-synthetase activity in buman and rat
testis homogenstes a ~umber of other differences were found betwsen
these species, such as the preferred pathways leading from PS to
testosterone (T) (AS route an man, A% route in rat} and the presenca
or absence of Sa-reductase activity. In the past, rodents have long
beery utilized in the study of testicular function, but nowadays
monkeys are increasingly used as a model of human reproduction (33.
The availability of testes from 2 species of higher monkeys (rhesus
and crab sating monkeys) enabled us to compare the early time sequence
1n PSS metabolism in testicular homoganates of human  and subbuman
primates. Special attertion was paid to the preferential pathway of T
binsynthesis and the presence of léere-synthetase 1n addition to
lbo—hydroxylase activity. The latter has been reported to be unigue to
human and subhuman primates (43,

MATERIALS AND METHODS
chemicals

E3H]Stermds were purchased from New England Nuclear Corp. (Boston,
MA) or from Amersham International  (Amershamn, JX). £4-1%01Ps  was
purchased from Amersham Interrational (95 ali/mmol). Other chemicals

were purchased from several commercial suppliers.
testis tissus

The testes of 3 adult monkeys (1 rhesus monkey, fMecaca mulatta, and
2 crab eating monkeys, Macaca i1rus) were dissected within 1 hr after
sacri1fice i1n october, april and august, resgpectively. The buman testes
ware obtained from 3 patients (5773 yw)  who underwent orchidectomy
far their prostatic carciroma. The data of 2 of them were reported in



earlier papers (1,2]. Nore of the patierts or macagues received
medication known to 1nterfere with steroidogenesis. The testes were
stored at -B0°C.

techmques of tissue homogenization, incubation, and arnalysis of the
metabol tes

The technigues of homogenization, incubation and analysis had been
described 1n detail elsewhere [(11. In short, testes were weighed,
decapsulated 1¥ necessary, homogerized on ice in 100 mM phosphate
buffer pH 7.4 contaimng 0.25 M sucrose and centrifuged at 104xg (20
min, 4°C). The supernatant was diluted with 50 mM phosphate buffer pH
7.4 to a final volume of about 3 ml/gram wet weight. Unless indicated
otherwise, 100 nl homogenate was 1ncubated in a final wvolume of 1 ml
with the radiolabelled steroid i1ndicated <(usually r4-14c1Ps) 10 the
presence of NAD (final concentration, 0.4 MM} and a NADPH gererating
system (f1nal concentrations, 0.4 mM NADP, 4 oM glucose-S5-phosphate,
0.12 U/m}l glucose—6—phosphate dehydrogenase) in alr 1n a shaking water
bath at 32°C. The reaction was terminated by adding 1ice cold
diethylether. In the cases that a carbon labelled substrate was used,
3 marker steroids (P4, &4, PS, DHEA, T, 170HPa, AS, 170HPS, and
oestradiol) were added to monitor procedural losses. After double
extraction with ether the mixture was analyzed by HPLC usang a
diol—colwnn (Hibar LiChrosorb diol, Merck, Rabway, NJ; S wm) with a
mhexane/1sopropancl gradient as indicated in fig 1. The eluate was
fractionated i1n 154 scintillation vials (3 vials/min) and assayed for
3H and 14!3 in a liguid scintillation oounter. In the cases that
[3H]substrate was used, yields are expressed as percentage of total
recovered radiocactivity. In the cases that t1%isubstrate was used,
the recoveries of the 3H markers were caloulated as the quotient of
the peak area and the amount of tracer added 1mtially. The recoveries
of the corresponding 140 jabelled metabolites were assumed to be the
same. The recoveries of 19C labelled metabolites rot identified by M
markers were astimated by interpolation between the recoveries of both
nerghbouring markers. Yields are expressed as percentage of total
radicactivity added as 145 yabelled substrate.



remarks

Although HPLC is a powerful tool to sgparate a great number of
steroids (see fig 1), it has to be roted that when 2 steroids elute
with the same retention time, they are rot necessarily identical
indeed, although it bhas ta be roted that very small differences in
retention times are measurable in each ruh due to the use of SH
markers and the fractionation in 154 wials. So if a metabolite is
named for example A3, then a metabolite eluting in the same fractions
as AS ang probably 1dentical to 1t 18 meant.

Fig 1. Chromatographic sepavation of the steroids. The dotted lirne rg-
oresents the gracient profile. Solvent 4, n-hexare. Solvert 8, o
hexanes/isopropanal 70/30 Gwolsoll. Flow, 1.5 el/min. Pressure, 26 atm,
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L, X5; M, Sx-androstane-3x, 178~ and -38,173-diol; N, AS; O, ep145; P,
1704P5; Q, 17,200P4; R, oestradiol; 8, 16a¥P4.

A rumber of ‘unidentified metabolites’, i1.e. metabolites not
identified by “H-markers, were formed from C[1%CIPS 1n  the testis
homogenates of the rats {13, monkeys and men. They were designated X1
to X10 asccording to their retention times. They were tentatively
identified as DN (X1}, 2000HP4 (X4}, eepifS (X7), 17,20aP4 (X9) and
1600HPE (X103, 1Inm short, the putative precursors were selected by
incubations of testicular homogenates with [M0IPS or SH-labelled P4,
1704P3, 1704P4, DHEA, A4, AS, T or ADL. The enzymatic activities
responsible for the synthesis of the metabolites were partially
characterized by studying the effects of the inrhibitors espostare [S)
and SU-10603 [61, and the presence or abserce of cofactors (NAD,



NADPH) [71. Comparison of the profiles of products that were formed
when the metabolites were acetylated (25 ul pyridin, 25 ul acetic acid
anhydride) using different reaction times (1-150 min, reaction stopped
by adding 0.5 ml ethanol, analyzed via HPLC) provided information as
to the rnumber of acetylatable hydroxylgroups present. Finally, the
retention times of authentic standards were compared with those of the
metabolitee. The nature of X5, formed from PS in yields <5% in the
testicular hamogenates of rats, monkeys and men, remains unknown.

Fig 2. Biagynthes:s of testicular sterocids.

eptAd ADL
1
HO x HO~ =
L
P5 7 P4
- ———
ALl
HO o o=~
o
OH
17OHP5¢ ITOHP‘I\L
—_—

/ e
[ [s] OH
pEa Y~ ,.4 17 ,30aP4 OH
—=—>
HO = o/ o o#

AS 'l'

RESUY T&

e time seguence of the metabolism of t1%CIPS 18 presented 1n fig
3. Tre profiles obtained in the testes of the 2 species of morkeys
tested were qualitatively very similar, but completely different from
those found 1n the haman testis homogenate, which are rdentical to the
profiles we described earlier [1,2). The syrmthesis of T in the human
testes proceeded almost exclusively wvia the AS steroids 170HP3, DHEA



and AS. The only gquartitatively important A4 1ntermediate formed was
1704P4. The conversiaons of PS5 to DHEA (via 170HPS) and of AS to T
proceeded fast and substantial amounts of T were synthesized from 6
min on.

In contrast to men, the synthesis of T from FS 1 the monkey testis
homogenates tested proceeded exclusively via the A4 steroid P4; levels
of 1704P5 and other AS steroids were very low or even undetectable
throughout the 1ncubations. P4 accumulated rapidly (520% withain 1 mim)
and peak levels (up to 78%) were achieved within & to 12 mirutes. It
was metabolized relatively slowly to 170HP4 (reachirng levels up to S54%
atter 80 min) which in turn was converted slowly. Levels of A4 were 1n
most cases undetectably low. The conversion of A to T proceeded fast,
si1nce when tsH]M was used as substrate in the testis homogerate of a
crab eating monkey more than SO% was converted into T within 1 min,
Ralatively small amounts of T (max  15%) were +ormed from r1%ces
during the 150 min ircubation.

Apart from the steroids of the A4 and AS pathwav A number of other
metabolites were formed from (19CIPS  under the corditions used. The
profiles of these metabglites 1/ the monkey testes were very similar
but completely different from those found in the human testes (see fig
3. In the human testes large amounts {(mavx Z3%! of the lé—unsaturated
Cig steroid ADL were formed wathin minutes after starting the incubs-
tion, appearing together with 1ts satellite emdS wmax 4%4) [B1. ADL
was converted slrwly 1nto ADN (max 9%). In the Torkey testes these
sterorgs were not formed regardless the substrate used. The gquantita-—
tively most important ‘unidentitied metatolites’ +Formed 1n these
toestes were 2006DHP4 {up to 43% after 190 mind, 17,2004 (up to 14%)
and 16a0HP4 (up to W), ZP0DHPA was ot formed .n detectable amounts
fram (19CIPS 10 the human testis honagenates tegsted.  In contrast to
the mankeys, a complex mixtuwre of low yield, poee i1y separated, polar
matabolites (XX8) was Formed 1n the human testis bomogenates tested
after longer i1ncubation times. Guantitatively important amounts of
17,2004 and 1&a0HP4 were mot detectable 1n this mixture. However,
when E3H‘1P4 was used as substrate 1 human testis homogenates, synthe—
5135 af 1600HP4 and 17,200P4 (10% and 24 after 100 min, regpectively?
was clearly measurable.

No detectable amounts of Se-steroids or estrogems were formed in
ary of the incubations, including those using [HIT ae substrate.



g 3.

Time sequence of the metabol 150 of [§~
expressed as pevcerta

61

I4GJPS. Vields are

ge of totyl radiosctiv: ty added as substrate

(11803P5), Metabolites with peak levels <1% are rot shown. Lefts
steroids of the A5 patiway. Middle: steroids of the A\ pathway-,
Right: ‘urndent:fied metabolites”’.
b4
o
501 FS 1 E
40 )
304 .
170425 DHEA ADL
20 | ]
1] A5 I epiAS ADN
0 . ——————% » —
a
v 170HP4 -
50 P ! 4 ; B
]
40 ] <8
(24
304 ] ;
«
204 T 1
10 T 1 20aDHPS 720aP4
1 .
o .70“;5 ey —r v v %u&
0
60 ; P4 | g5
ps k&
()
451 1704P4 | “ 2
o
-
30 1 o
lS# : 1 20aDHP4 1,30aP4
- ;AHP&
Q — . =y r y — —r—
—
75 J 4 )
Pl °
| 4
60 2 g
45 R 4 g
104 ) | E
lﬂ
> ] 1708P4 ] 20ap4
1 . 16a0HP4
0 ¥ ¥ L8 ¥ \A L ¥ g T A ¥ ¥ ¥ v
O 125 6 4222 43 801500 ) 2.5 6 1223 43 801500 | 215 &

incubation time (minutes)

Ty
12 23 43 80 150



DISCUSSION

This paper compares the early time sequence in t14cIPs metabolism
1n testis homogenates of human and subhuman primates, i.e., the rhesus
monkey (Macaca mulatta) and the crab eating monkey (Macacs 1rus), two
species of the old world monkeys close ta man.

Under the conditions of the experiment the conversion of PS 1n the
human and monkey testicular homogenates were completely different,
whereas 1n both monkey species the similarity 1n PSS metabolism was
striking., In the human testis T was rapidly synthesized from PS
predominantly via the AS pathway, whereas 1n both mornkey species the
A4 biosynthetic pathway was the preferred route, P4 peaking within a
fow mirutes but T acoumulation being relatively slow. The preference
of the AS pathway 1n human testes has been described previously
[1,7,91 but there 1s still discrepancy in literature concerning the
preferred pathway of P3 metabolism to T 1n monkey testes. In the more
primitive primates as the marmoset PS 1s converted to T exclusively
via the A4 pathway (10,111, but 1n the baboon and the rhesus monkey
conversion via the A4 as well as the AS pathway has been reported
(12,13]. Evidence For a preforred A4 patlway 1n the crab eating
macague has been presented by Inarc et al (43, Our i1nability to detect
Sx-reductase and aromatase activity 1n human and monkey testes i1s in
lire with literature data [9,14,15].

In the monkey but not in the human testis homogernates large amounts
of the 20x-hydroxylated steroids 20aDHP4 and 17,2004 and, to a lesser
extent, 16o0HP4 accumulated using tY3cIPs as  substrate. Using t3H1Pa
as substrate also in men the presence of 20e-hydroxysteroird dehydro-
genase and léba—hydroxylase enzyme activities could be demonstrated,
corfirmng data published by others [9,15-171. The presence of
20a—hydroxysteroid dehydrogenase activity 1in baboon and orang utan
testes has been demonstrated as well [181. Detectable amounts of the
203-hydroxylated steroids 20f-hydroxy—4-pregren-3-one or 17x,203—-di1-
hydraoxy—-4—pregren—-3—one were not formed 1n any of the incubations
described 1n this paper. Interestingly, the latter compound acts as a
sex pheromone in the goldfish, synchromizing milt production and
ovulation [19].

The presence of an active l6—enre—synthetase enzyme in all human
testis homogenates we studied sc far and 1ts complete absence 1n both



species of monkeys 1s  rather remarkable 1n view of the supposedly
close relation of these primates to humans, and thelr conmon capacity
of the ldx—hydroxylation of P4 which 1s ~ according to Tnano ot al (4]
- a characteristic of testicular function of primates. According to
these authors in no other mammal (rat, mouse, guimea p1g, cat, dog,
goat or horse)! léx-hydroxylase has been demorstrated. The presence of
i&-sre—gynthetase activity is a well-known characteristic of boar
testes [2,4,20,21). Interestingly, 1in this species also evidence for
the presence of testicular 1&6x—hydroxylase activity has been found
[20,21] as 1600HFS accumulated after incubation of PS5 in microsomal
testis fraction in the absence of NAD. Although the presence of this
enzyme in human testes has earlier been reported (9,155,171, it has
received little attention. The steroid serving as substrate for this
enzyme 1n human testes 17 vivo remains unclear since under the
conditions of our expariments anly small or undetectable amounts of P4
were formed from PS.  1éo—Hydroxylation of PS was not observed in any
of the human test:is homogenates we studied so far. Moreover substrate
preference of testicular léo-hydroxylation 1n man is limted to P4
[171.

In contrast to the coytochrome P4SO—enzymes the activity of 17—
Letosterord oxidoreductase in the monkey testes tested appeared to be
vary high under the conditions used. Despite the preferred A4 route
levels of A4 formed from (13CIPS, (SHIPA or [SH1170HPA were in almost
avery experiunent undetectably low. When o NADPH (essential for 17—
ketosteroid oxidoreductase activity [7]1) was added to the incubation
medium no T was formed from CI4CJPS and synthesis of A4 was clearly
measurable. The wvery fast synthesis of T when [Z'HJM was used as
substrate (330% withun 1 min) 1s 1n 1line with such a high activity.
The quas: absernce of significant amounts of 170HPS 1n monkey and of P4
1n human testis homogenates must be explairned by the virtual lack of
synthesis of these sterocids since mo fast metabolism was found using
[3H11704PS or [SHIPS as substrate and no metabolites of these sterotds
were found after 1 min of incubation using t14cIPS as substrate.

In conclusion, under the conditions adopted, PS metabolism in the
testi1s hanogenates of the subhuman primates studhied differs from that
1n humans 10 many ways, the moast important being the preferential use
of tha A3 pathway 1n the synthesis of T in monkeys agawnst the oS
pathway in men and the complete lack of 1&—ene—synthetase activity in



the monkey testes. This enzyme activity 18 a prerequisite for the
synthes:1s of the 16-unsaturated steroids ADL and ADN, sex pheromone
precursors at  least in men and boars. Although 16o—hydroxylase and
200-hydroxysteroird dehydrogenase activities are present in human as
well as 1n monkey testes only 1n the latter the huge P4 synthesis
alltws atcumulation of the 16a— and 20ax—hydroxylated metabolites. Thas
paper demonstrates that as long as his closest living relatives
{chimpanzee, gorilla and orang utan) have not been studied, man is the
only primate coharbouring 1n 1ts testes lé—ere-synthetase and 16a-
hydroxylase activities. It 1s concluded that the primates studied are
rot suitable madels for the study of human testicular steroirdogenesis.
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LLIST OF ABBREVIATIONS

A4, androsteredione, 4—-androsterne-3,17-dicne

AS, androsterediol, S-androstene-33,178-diol

ADL, 5, l&-androstadien—-3#-ol

AN, 4,1&-androstadien-3-one

DHEA, dehydroepiandrosterone, 3f-hydroxy-S—androsten—17-one
200DHPY, 20a--dihydroprogesterone, 20a—hydroxy—d—pregnen—3-one
opfS, epiandrosteredicl, S-androstere—38,17a—diol

160HPE,  16a~hydroxyprogesterone, léo—hydroxy—4-pregrene-3,20-dione
16633, 1bux-hydroxypregnenolane, 3f, 1éa—dihydroxy~5S—pregnen—-20-one
1704P4, 17-hydroxyprogestercne, |7a—hydroxy—4-pregnene-3,20-dione
170HPS, 17-hydroxypregrenolons, 38, 17a«-dihydroxy-S-pregnen—20—one
P4, progesterore, 4-pregneme-3,20-dione

P3, pregrenolone, 3f3-hydroxy-S—pregrnern—20-one

17,200P4, 17a, 200~ dihydroxy—4-pregren—3—one

T, testosterone, 17R-hydroxy—4—androsten—-3—one



adaendun £

CHARACTERIZATION OF ‘UNIDENTIFIED METABOLITES® FORMED FROM [14CIPS N
TESTICUAR HOMOGENATES

In the previous chapters the synthesis of numerous ‘unidentified
metabolites” from EMC]F'S in testicular homogenates from rats, monkeys
and men has been stressed. They were designated X1 to X10 according to
their retention times 1n the HPLC system. The characterization of most
of these ‘unidentified metabolites” has been described elsewhers in
this thesis (in detaal in chapter 3 and 1n short 1n chapters 2, 3, 4,
and 5). In this addendum the aexperiments leading to the characteriza-
tion of these metabolites are summarized.

MATERIALS AND METHODS

The homogenization, incubation and analytical techmoues are
described extensively elsewhere i1n this thesis. It has to be noted
that the HPLC gradient profile as presented 1n chapter 2 was later
changed to optimalize the separation between P4 and X2 and between PS
and DHT, reszulting in the profile presented in chapter 4.

84, a compound krown to 1nhibit several cyt.PaS0 linked oxidations
[1-31, was kindly donated by C.A. Brownly Jr (Ciba Geagy, Summit, New
Jersey). EPOS and TRIL, compounds krown to  inhabat both 3RHSD and
200450 [4-8], were kindly donated by D.0O. Sanders (Stevling Research
Group Europe, Sterling Winthrop, Haarlam, The Netherlands). Other
chemicals were purchasad from seaveral commerc:ial suppliers as des-
cribed elsewhere in this thesis.

Steroirds were acetylated by adding 25 ul acetic acid anhydride to
25 ul of a s=olution of the radiolabeled steroid 1 pyradine at room
temperature. The reaction was terminated by adding 0.5 ml ethanol. The
sclvents were evaporated to dryress, the residue dissolived in nhexare
and analyzed wvia HPLC. In this way most primary and secundary
hydroxylgroups are estarified whereas tertiary hydroxyl groups remain
unesterified [F1. Comparison of the profile of products formed after
1, 5 and 100 min allows conclusiorms as to  the mumber of acetylatable
hydroxylgroups present.

Reduction of steroids was performed by dissolving them in 1 ml
water with about 10 mg NaBH4 for 2 hr at room temperature. The mixture
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was evtracted with ether and analyzed via HPLC.

[3HIADL and [SHIX7 were synthesized by incubation of a human testis
homogenate with [4,7--HIPS 1n the presence of 100 uM EPDS. [SHIX1 was
synthesi1zed from [3H1ADL in the same homogenate without addition of
wmbitors. [19C12000HP4  (X4) was synthesized by 1ncubation of the
testis homogenate of the rhesus monkey with [4-1%CIPS 1n the presence
of 100 uM BU. The testis homogenate of a crab eating monkey was used
to synthesize [SH117,200P8 (X9) from [1,2,6,7--HI170HP4 1n the
presence of 100 uM SU,and [SH11660HP4 (X10) from [1,2,6,7-"HIP4 1n the
absence of cofactors. All products were purified by HPLC.

RESULTS (see also steroid scheme)
1dentrfication of X2 as 5, 16—androstadien-32—ol (AL)

ADL X2, a non—polar sterord formed From £14C]P5 n
human but mot rat or monkey testicular homogenates,
was tdentified as ADL as described i1n detail in

HO
chapter 3 using mass spectrometry as final evidence.

characterization of X1 as 4,l16-androstadien—3—one (ADN)

X1 1s a highly non—polar metabolite formed fram
[14C]P5 1in human but not vat or monkey testicular
homogenates. Evidence for X1 being 1dentical to ADN
18 row based an several experimental data.lt was the 0”
only metabolite formed from [3HIADL 1n  human testicular homogenates.
The synthesis of X1 from ADL could be inhibited by adding the 3/HSD
iphibators TRIL or CK to the incubation mixture whereas the cyt.P4S0
inhibitor 8UJ had mo effect. Furthermore, just like the synthesis of
ADL from P3, the synthesis of X1 from P4 could be blocked by adding
84U, but not by CK. X1 was not acetylatable.

ADN

characterization of X7 as S-androsterne—30R,17x—diol (ep1A5)

X7 18 a polar metabolite appearing always together with ADL 1n
hunan testicular homogenates (see chapter 9) and was characterized as
epifS., The synthesis of X7 from PS  could not be blocked by adding the



3RHSD inhibitor EPOS, suggesting it is a AS steroid. After reduction
of [1,2,6,7-"HIDHEA with NaBH, 2 reaction products

epias T8 were formed (AS, 97% and epifS, 3% eluting with the
same retention times as AS and X7. Furthermore, the

4o acetylation pattern indicated the presence of 2
acetylatable hydroxyl groups. When £HIX7 was used
as substrate in a human testicular homogenate, a metabolite eluting
with the sanre retentiorn time as the M stercid epiT was formed, the

aynthesis of which could be blocked by the 3BMSD inhibitor EPDS.

characterization of X4 and X% as 2o—hydroxy—4-pregren-3-one (20a0HP4)
and 1 7a, Zox~dihydrory—4-pregrern—-J3-one (17,2004}

X4 and X9 are metabolites formed in high yields from [1%CIPS in the
monkey testicular homogenates. In the human testes they were formed
urider certain conditions as well (sse chapter 4). X4 and X9 are
probably identical to 20cDHPE and 17,2004, the 20c-hydroxysteroid
dehydrogenase metabolites of P4 and 170HP4, respectively. Their
chromatographic behaviowr is in line with thess pro—
posals.Comparison of the profiles of products formed 20aDHP4
using various t3Histeroids as substrate in the tes—
ticular homogenate of a crab eating monkey indicated o
P4 to be the divect precursor for X4 and 1704F4 +or
X9. The presarce of NADPH in the incubation medium, 17,200P4 ::8*.:
a prerequisite for 200H8D activity [10], was essen—
tial for the synthesis of X4 +rom P4 and of X9 from g
170HP4. The cyt.PAS0  irhibitor SU (100 wM) did mot
interfere with these conversions whereas the 2004SD  inhibitor EPOS
(100 M) inhibited both. The acetylation patterns indicated the
presence of 1 readily acetylatable hydroxyl group in both X4 and X9

(see experimental section).
characterization of X10 as lsa-hydroxy—d—pregnen3, 20~dione (15x0HP4)

X1C is a Mhghly polar metabolite formed from
t18CIPS and [SHIPA in  the monkey testis homogenates

OH nd from COHIPS in the human testis homogenates. It
0% eluted with the same retention time as l1é6o0HP4. The

220
16a0HP4
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immediate precursor of X10 was P4. The synthesis of X10 from P4 was
strongly inhibited by the cyt.PAS0 inhibitor SU (100 @M) but not by
EPOS {100 uM). The acetylation pattern indicated the presence of i
acetylatable hydroxyl group.

characterization of X3, Xbé6, X8 and saome other metabolites as So—
reduced steroids

X3, X6 and XB are metabolites formed from (19CIPS only 1n the
testicular homogenates of rats. In Leydig cell cultures using tl%caes
(chapter 8) some other ‘umnidentified metabolites’ were formed as well.
All these metabolites reflect the well-known presence of Sa—reductase

3¢ ,17a-d1-

o oH
DHT Aadiol nydroxy-8a-
pregnean-
20-one
0 H HO

activity 1n rat testes. X3, X6 and X8 eluted with the same retention

times as DHT, Radiol and 3&, 17a—dihydroxy—So—pregnan—-20—one, respecti-
vely. In cultured rat Leydig cells saome other Soe-reduced steroids were
also found {(chapter 8).

characterization of X5

XS was synthesized i1n relatively low yields (usually 1-5%) in the
testicular homogenates from humans, monkeys and rats. Its structure

remains so far unknown.
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ABSTRACT

The tmochemical pathway leading to the l6—unsaturated C19 steroids
- known sex pheromone (precursors) in pig and man — 18 sti1ll a matter
of dispute. In the 14-ene—synthatase process, via which 5, 16-androsta—
dien-3R—0l (ADL) ar 4,lé-androstadien—3-ome (ADN) are biosynthesized
from pregrenolone (P3) or progesterore (P4), a rnumber of 2 or even 3
step conversions have been suggested in porcine testes, including
20f3-reduction, 21~hydroxylation and 16&,17-dehydrogenation.

Studying the lé-ene—synthetase reaction 1n human testicular homoge—
nates, we adduced evidence for the hypothesis that ADL 1s synthesized
from 3 vn  a single step, not requiring separate intermediates. Our
proposal for  the 1&eme-synthetase mechanism also explains why, at
least 1n our hands, synthesis of ADL 1s always accompanied by
co—synthesis of 1ts satellite S—androstene-33,17x—-di1ol (ep1AS): both
steroids are synthesized as a mere comsequence of the fact that the
proposed elimination and substitution reactions for the synthesis of
ADL and ep1AS, respectively, are competitive processes.

J Steroid Biochem, may 19689 (1n press)
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INTRODUCTION

The mechamism via which the l4~unsaturated Cig steroids — krnown sex
pheromone (precursors) in pig and man [1,2] -~ are biosynthesized has
been subject of discussion ever since their discovery in 1944 [31. In
early reports testosterome was found to be a precursor for these
steroids [1,2,4-7]1. Later, however, testosterore and a large number of
other steroids incliuding ep1testosterone, testosterone—acotats,
dehydroep: androsterone, lba—hydroxy-F4, léa—hydroxy-PS, 17-hydroxy—P4,
17-hydroxy—-P3, and 1é-dehydro—P4 (1,2,8-13] have been excluded as
precursors for  16—androsteres whereas PS5 and P4 were found to be
putative precursors {1,2,8,14~193, In attempts to explain the 16—ere-
synthetase process a number of conversions, 1ncluding 20R-reduction
(PS + pregrenediol + ADL) [201, 21-hydroxylation (P4 + 21-hydroxy-P4 +
AN or PS * 21-hydroxy-P3 » ADL) (10,212 and 14, 17-dehydrogenation (PS
* 17-hydroxy—PS * 1&—~dehydro—-PS + ADL) {13,22,23]1 have been suggested
to occur  prior to side chain cleavage 1n porcine testicular homo—
genates. A concerted process (P » ADL) has been suggested as well
11,192,241, Some of the contradictory literature data concerning the
possible intermediates (especially 17-hydroxy-PS) might be attributed
to the different species used (immature or mature pigs or humnans).

Deta:led mechamistic studies on the lb—ene—synthetase reaction are
scarce. Shimizu and Nakada [15,25,26] reported that 17-deuterated PS
was converted into ADL and intc emAS by bogr testicular microsomes
with retention of the decterium in both compounds. The deuterium was
lost 1n the synthesis of androsterediol as was to be expected sirce
this steroid was synthesized from PS via 17-hydroxy-PS and dehydroepi—
androsterore, two 1ntermediate steroids without hydrogen atoms at
C-17. In a prelimnary paper Osawa and Shibata (271 reported the
retention of both 16f~ and 17o-hydrogens anrd loss of the té&x—hydrogen
in the conversion of P4 to Se-androst-1&-en-3R-ol.

In the present paper the lé-eresynthetase reaction was studied
using human testicular homogenates [191. Comparison of our own data
with those cited above led to a proposal for the reaction mechanism
underlying the 1&ene—synthetase process. This proposal provides a
satisfactary explanation as well for the experimental fact that, at
least 1n our bhands, the synthesis of ADL from PS was always accomparmed
by the synthesis of ©orAS.



MATERIALS AND METHODS
chexmcals

[3HISteroids were purchased from New England Nuclear Corp. {(Boston,
MA) (P4, S57.0 Ci/mmol; 17-bydroxy-P4, 50.0 Ci/mmnl; androstenedionre,
85.0 Ci/mmol; testostercne, 41.6 Ci/mmol; androstenediol, 955.0 Ci/
mmol) or from Amersham International (Amersham, K) (P53, 19 Ci/mmol;
1 7-hydroxy-PS, 12 Ci/mmol;  dehydroepiandrosterone, &0 Cir/mmol;
21-hydroxy-P4, 36 Ci/mmol). ta-19cIPS  was purchased from Amercham
International (56 mCi/mmol). Steroids were acetylated by dissolving
them 1n a mixture of pyridine and acetic acid anhydride (25 ul each)
and the reaction was stopped by adding 0.5 ml ethamal. [14C]Pregnere~
diol was synthesized by reduction of [14CIPS with NaBHg. [SHIADL and
t3H'_lep1AS were synthesized by incubation of a human testicular
homogenate with C[SHIPS in the presence of the 3R-hydroxysteroid
dehydrogenase 1nhibitor cyarncketore [19]1. The products were purified
via HPLC (vide i1nfa). Other chemicals were purchased from several

commercilal suppliers.
ncubation, analysis and characterization of the metabolites

The tectniques of bomogenization, incubation, analysis and
characterization of the metabolites have been described 1n detail
elsewhere [19,28,291. In short, testis tissue obtained from 5 patients
who underwant, orchidectomy +for their prostatic carcinoma and from 2
patients with hydrocele and 3 with spermatocele who were biopsied
during surgery, was homogermized (100 mM phosphate buffer, pH 7.4,
containing 0.25 M sucrose; 0°C) and centrifuged (10,000xg, 20 min,
4°C). The supernatant was 1ncubated in a final volume of 1 ml with the
racdiolabeled stero:d indicated 1n the presence of a NADPH-generating
systan and NAD (fimal concentrations, 0.4 MM NAD, 0.4 mM NADP, 4 mM
glucose~&—phogphate, 0.12  U/ml glucose-b—phosphate dehydrogenase) in
air 1n a shaking water bath at 32°C. The reaction was terminated by
adding 10e-cold diethylether. In the cases that '4C-labeled substrate
was used, 3&-lmarker steroids (P4, androsteredione, PS, dshydroepi-
androsterorne, testosterone, 17-hydroxy-—P4, androstenediol, 17-hydraxy-
P9, and estradiol) were added to monitor procedural losses. The



7&

mixture was analyead via HALLD wsing @ s.lica aliphatic diol-colusn
(Merck, Hibar LiChrosort Diol 5 um, 25x0.4 om) with a n-hexane/
1sopropamal gradient [281 and fractionation in 154 scintillatian vials
(3fmin), enabling separation of a large number of stercids 1n a single
run (12,293, The recoveries of the [SHJmaP ker steroids were usually
45-63%. In the cases that 14{3 labeled substrate was used, yields are
expraessed as percentage of total amount of radioactivity added as
[MC]substrate. In the cases that 3H labeled substrate was used yields
area expressad as percentage of total recovered radicactivaty.

In an earl:er paper (28] we reported the synthesis of several
‘unidertified metabolites” from I:MCJF‘S. For this paper only the
metabclites designated X1, X2 and X7, that were formed 1n human but
ot 1m rat [28]1 or monkey [29]) testes, are of interest. The i1dentifi-
cation of X2 as ADL, using mass—spectrometry as +final evidence, had
been described 10 detail elsewhere [19]1. Eviderce for X1 beirg
identical to ADN 15 row based on several esxperimental data. The
conversion of [SHIADL to X1 by human testicular homogenates could be
inhabited by adding the 3fB-hydroxysteroid dehydrogenase i1nhibitor
cyanoketone. Like the corversion of PS  to ADL (191, the conversion of
[3HIP4 to X1 could be blocked by adding the cytochrome P4SO-inhibitor
SU-10803, but not by cyarnoketormae. X1 was not acetylatable. Evidence
for X7 being identical to epifS {191 15 also based on several experi-
mental data. The pattern of products formed after acetylation of
[SHIX7 using different reaction times indicated the presence of 2
different, acetvlatable hydroxyl graups. Furthermore, after reduction
of [SHidehydrospiandrosterore with NaBH,  both  the 17-epimeric
androstenediols were formed, eluting 1n our HPLC system with the same
retention times as androstenediol and X7. When (SHIX7 was used as
substrate 1n a human testicular homogerate, a metabol:ite eluting with
the same retention time as epitestosterone, the 3R-hydroxysteroid
dehydrogenase matabol:ite of ep1fS, was formed, the synthesis of which
could be blocked with cyarcketone.This 3R-hydroxysteroid dehydrogenase
irhabitor did not interfere with the conversion of PS5 wo X7,i1ndicating
X7 bears the 3IB-hydroxy-S—ere moiety.



RESLLTS

Human testicular homogenates were 1ncubated with several radioc—
labeled steroids to study their ability to serve as precursor for ADL
or ADN. [1%CIPS and [3HIP4 were converted to ls-androsteres 1n vields
of 20-25% (191 and about 2%, respectively, whersas the [HIC;q
sterowds dehydroepiandrosterore, androstenredicl, androsteredione, and
testosterone and the [SHIC,; steroids 17-hydroxy-PS and 17-hydroxy-P4
were not. The [“Histeroids epiAS and Zi-hydroxy-P4 were not converted
into ADL or ADN erther. These data indicate that hydroxylations at the
170- or 21-positions are not involved in the lé-gre-synthetase
process. [ 13CIPregnenediol was converted to ADL and ADN, but the time
sequence study suggested 1t was first oxidized to PS and subseguently
to AL (f1g 1). Detectable amounts of goidS were synthes:ized as well.
Remarkably, huge amounts of a very polar metabolite designated XB were
formed wathin 1 man. The natwe of this metabolite remains unknown but
the finding that X@ was rot formed 1n detectable amounts using ClCIPS
as substrate provides additional evidence +for the idea that 1in the

Fig I. ime sequerce 1n the metabolism of fldﬁJprEQferﬂdlaI. Left

parnel: substrate and metabolites of the lé-ene~synthetase process.

Right panel: other metabolites. Yields are expressed as percentage
of total amount of radicactivity added as 0 rsubstrate.

* %
001\\\ 160
") ™ 70 X8
404 \Ptegue-xedwl QGL /F\"h ———e |
201‘_ 1; 0 1
N 3 \\ 5% /T/‘
25\ _
o f/f \\ —\\\, l /
I / \

l / nnmf
(

/’ \\A!ll
»
/ //\L\ag f ‘f ng-\é\\

4 11 27 &6 150 6% 150

—_—
~.

o1

— 4

incubation time (min)

A5, androstensciol; DHEA, dehydroeplrandrasterong; T, testostercre;
170HFPS, 17-hvdroxy-F5; X3, unidentified metabolte.



human testis pregnenediol is nat an intermadiate i1n the conversion of
S to ADL. Since XA was not found using t1%c3ps as substrate, mo
afforts were done to characterize this metabolite.

The possible effects of l6—dehydroPS on microsomal steroid
metabolism were studied by incubating a tuman testicular homogenate
with [1%c1Ps and 100 uM radioinert l1é&—dehydro—PS. After 150 min of
incubation the only quantitatively important 3C  labeled metabolite
formad was P4 (about 10%), whareas only minor amounts of 17-hydroxy-FP4
and 17-hydroxy—P3 were detected as other metabolites (both about 1%).
In the presence of 10 uM lé-dehydro-PS the same effects, but to a
lesser extent, were +ound. These data 1ndicate that l4—dehydroPS
interfered with steroid metabolism, especially with cytochrome-P450
linked reactions.

in al1 experiments performed on human testicular bomogenates 1h our
laboratory, ADL and epiAS were formed 1in cambination with each ather;
all efforts to suppress the synthesis of ore without affecting the
uvther using various chemicals (910603, cyarncketore, epostane,
cyproterone, aminoglutsthimide, metyrapone, splrorolactone, tamox:fen,
bydroxycholesterols, 1é6—dehydro—PS, ADL, 17-hydroxy-P5S and otbhers)
fai1led [19,29, and unpublished datal, It has to be noted that 1n none
of these experiments eovidence was found for the synthesis of
21-hydroxy—P3, pregrenediol, ar any other metabolite that might be an
intermediate in the léerme-synthetase reaction. The data presented in
this paper and those of others (see Introduction) indicate that the
brogynthatical interrelations between PS, P4, ADL, ADN and emtdS are
ds presented 1n fig 2.
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F1g 2. Pathways in the lé-ene—synthetase prooess.



DISCUSSION

In thais paper the l&enesynthetase reaction has been studied 1n
datail using human testicular homogenates. In ow hands, ADL and gpiAS
were always formed 1n combination with each other. In testicular
homogenates of rats and macaques, using identical condit:iorns, ADL, ADN
and gp1AS were ot found, regardless the substrate used (19,28,291.
Furthermore, during the first 30 min of incubation of human testicular
homogenates with [19CIPS, 1n which the metabolism of ADL  and epiAS
remained negligible, the ratic ADL/ep!AS was roughly constant in every
experiment [19]. Shimizu [26] reported the same phenomeron for boar
testes. In addition, we found no eviderce for the existence of
intermediates 1n the conversion of PS  to ADL. These data suggest that
both ADL and epiAS are synthesized from PS by a single enzyme via
competing mechanisms. Taking imto account that the 17«-hydrogen 1s
maintained 1n the conversion of P33 to ADL and epiAS [15,23-271, the
following proposal was formulated. PS binds to the iron atom of
cytochrome PAS0 via 1ts carbonyl at C-20. The stero:d nucleus 1s bound
to the porphyrin rucleus via hydrophobic interactions while the
hydroxyl at C-3 is bound wvia electrostatic interactions to the
propionyl side chains of the porphyrin nucleus £301. ADL is then
synthesized via an elimination reaction that 15 nitiated by a
nucleophilic attack of the enzyme at the lé6oc-hydrogen of P35;
abstraction of the 16B-hydrogen 15 not allowed since the elimination
reaction can proceed only when the eliminated groups ara in the
anti-configuration:

)
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The negat:vely charged ‘0" 1n this drawing represents an oxygen atom
of one of the amino acid residues in the active site of the enzyme °‘E’
or an hydroxylic anmion that 1s stabilized in this site. The synthesis
of epiIAS proceeds via a campeting mechanism, 1.e. via a rucleophilic



substituiion that i1z 1mitiated by a nucleophilic attack at C~17:
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In both cases the hydrogen atom an C-17 18 maintained whereas the
lé6a—hydrogen 15 abstracted 1n the synthesis of ADl. {(see Introduction).
This proposal for the 16—ere—synthetase mechanism 15 an
tllustration of the principle that although enzymes are specific
biochemical catalysts, they are subjected to all rules of orgamc
chemistry. The substrate specificity of the reaction appeared to be
high, as reflected by the large difference in yields of lé—androstenes
using PS or P4 as substrate (20-254 and about 2%, respectively).
Nevertheless, synthesis of e&pIAS from PS can ot  be prevented since
the elimination and substitution reactions are competitive processes.
The proposal indicates  that eo1AS 18 a side-product of the
16—ere—synthetase reaction and not a ‘pre-selected endproduct’. A
physiological rrole of this steroid {and its better documented
metabolite eprtestosterone [31,32))  is not known but might, i1n this
way, rmot exist at all. Arother remarkable consequence of the proposal
1s that ep1AS is synthesized from P3 1n a singie step whereas
synthesis of androsterediol 1s known to proceed wvia 2 different
intermadiates (17-hydroxy-P3 and dehydroepiandrosterons).

It 15 1mportant to stress that the fact that ADL and gmiAS appeared
only 1n combination with each other can rmot be explained by ron—
specific destruction of one steroid yielding the other sance in
incubations of testicular homogenates with £3H1A0L o ep105 was formed
and vice versa [29].

The suggestion of Loke and Gower [20] that pregrnerediol might be an
intermediate 1n the lé—ene~synthetase reaction is rather puzzling as
the conversion of PO to pregrenedicl 1s a reductive process whereas
the comversion of PS to ADL 18 oxidative. The time sequance studies,
hawever, 1ndicated that pregrenediol was first converted to PS and
subsequently to ADL and epiAS (fig 2). The synthesis of T proceeded
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via the same pathway as found previously using t1%cIPS as substrate
£28,293, 1indicating that the mucrosomal corversions wers Mot
influenced by the relatively bhigh concentratiors of PSS 1n these
experiments. Our proposal excludes pregrenediol as immediate precursor
of ADL since the C-20 carboryl plays an  important role during the
reaction in binding PS to the cytochrome P4AS0 rucleus.

The suggestion of Mason et al [(22] that 1&6-dehydro-PS might be an
intermediate 1n the conversion of PS to ADL 1n neonatal pig testicular
microsomes was based on  few experimental data. The authors used a
single TLC—separation and 1dentified one of their metabolites formed
from £190IPS as 16—dehydroPS by co-chromatography and recrysialliza—
tion to constanmt speci¥ic activaty. These data alome, hawever, are not
sufficient to characterize a steroad completely [33]1. Kwan et al [23]
were not  able to confirm synthesis of téa-dehydro—PS from PS5 using
similar conditions. Furthermore, the seguence proposed by Mason et al
[22] (PS » 17-hydrony—PS + 1&-dehydro-PS -+ ADL) was entirely based on
the temporal sequence of occourrence of the metabolites; an experiment
usi1ng radiolabeled 17-hydroxy—PS as substrate was not performed. The
possibility that ADL might be synthesized divectly Ffrom PS at much
lower reaction rates than 17-hydroxy-PS can rnot be excluded and might
even be of physialogical importance since it seems natural that
pheromone  production has to remain  limited before maturation.
Furthermore, the bord between carbons 17 and 20 1= more stable in
16—dehydra-P3 than 1n PSS due to the conlugation of the 16-17 double
bord with the carbonyl at C-20 1n 1&-dehydro-PS. As a result synthesis
of AL will procesd, From a thermodynamic point of view, easier from
FS than f-om l&—dehydra—PS.

Wrern radioinort  lé—dehydro-FS wae added to a bhuman testicular
homogensie  tre metabolism  of CMCZPS was strongly intubited,
acncially Lhe ovtochrome-PaS50 linked reactions. This inhibition might
be ewpiained by the fact that due to the 20-keto—-té—ene moiety of
ety a-FS trus sterold can bind with a higher affimty to the
evboche-wne -PASO 1ron atom than PS. This  fFinding might be impartant in
the interpretation of the results of the experiments by Kwan et al
13,343 who 1ncubated neonatal pig testicular microsomes with 250 uM
radioinert l&-debydro—PS  and concluded that this steroid was an
intermediate 1n the synthesis of ADL.

Interestingly. essentially the same mechanmism as proposed in this



paper for the conversion of P53 to ADL can be used to describe one step
in the mosynthesis of cholesterol, 1.e. the lda-cemethylation of
larnosterol [35,36], and the C17,20-lyase reaction. In the first
process the 1SA-hydrogen of the 32-oxometabolite of lamostarol s
attacked. In the latter process, cormverting 17-hydroxy-PS to
dehydroeprandrostarone or 17-hydroxy—P4 to androstenedione, the atom
to be subjected most likely to the rucleophilic attack 1s the hydrogen
of the 17ochydroxylgroup. In both reactions the hydroxylated derivates
will not be formed (primarily due to sterical handrance).

In conclusion, the data presented in this paper support our hypo—
thesis that ADL 1s syrthesized from PS 1n tuman testicular homogenates
in a single step without separate, isplatable intermediates. The
proposal for the lé6—ene—synthatasa mechanism also explains the syn—
thesi1s of epiAS; this steroid 1s synthesized because elimination and
substitution reactions are competitive processes. The 17o-hydrogen of
P3 1s maintained 1n the synthesis of both ADL and &p1AS whereas the
16o-hydrogen is lost in tha synthesis of ADL.
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LIST OF ABBREVIATIONS

ADL, 5,l6~androstadien—33-ol

ADN, 4,1é—androstadien-3—one

androstenedione, 4-androstere-3, 17-dione

androstenediol, S-androstere—3i3,17R-d10l

cyanoketona, 2a—cyano-17(-hydroxy—4,4, 17o-trimethyl-S—androsten—3-one
16—-dehydro—P4, 4,16~pregnadiene—3,20-diane

16-dehydro—PS, 3R-hydroxy-5, 16—pregnadien—-20—-one
dehydroepiandrosterone, 3R-hydroxy-S—androsten—17-one

ep1AS, epiandrostenedicl, S—androstene—30, 17a-diol
epitestosterone, 17a—hydroxy-4—androsten—3-ore

P4, progesterone, 4-pregnense-3,20—-diare

P9, pregnenolone, 3R-hydroxy-S-pregren—20-one

pregnenediol, S-pregnene-33,20-diol

SL-10603, 7-chloro—3,4-dihydro-2-(3-pyridyl}—1—-(2H) —naphtalenone
testosterore, 17R-hydroxy—4-androsten—3—one



addendum F

ADDITIONAL DATA ON CYTOCHROME P4SO-LINKED ENZWVMES

As already alluded to in chapter 95, the proposal  for the t6—ene-
synthatase reaction can be applied without modifications to the lysse
reaction as well, leaving room for the possibility that the enzyme
might be capable of catalyzing both reactions. Although 1t 15 now
generally accepted that 17o0Hase and lyase activities are associated
with the same protein [1-121, little 18 known about the ability of
this protein to exert lé-ere-synthetase activity as well. Numerous
authors purified and studied porcime testicular 17o0Hase/lyase but did
ot report that thelr preparatior exrerted lé-sre-svnthetase activity
as well [1,13-15], or that a ld—sre-synthetase preparation contained
i70fMHase or lyase activaty [16,17). However, Naka)in et & (18] showed
that their 17o0Hase/lvase preparation did contain té—ene—synthetase
activity, but only in the presence of cyt.bS. Thay therefore concluded
that 17aHase, lvase and lé—ere-synthetase activities are probably all
associated with the same protein. The porcine 17olHase/lyase prepara—
tions mentioned above might have been devoid of lbé—ene-synthetase
activity due to the absence of oyt.bS, but the 11solation of 16-ene-
synthetase without 17o0Hase or lyase activity 1s less easy to explain
1f all raactions are i1ndeed catalyzed by the same enzyme. The finding
that a single antiserun was able to bt both 17o0Hase/lyase and
1éeme-synthatase activities in neonatal porcine testicular microsomes
L1831 18 1n itself not very surprising since many cyt.P450 enzymes are
structurally closely related (19,203, The fact that a single purified
gnzvme can catalivze different reactions i1 vitro toes rot recessaraly
imply that 1t exerts all activities in vivo as well,since the ultimate
tertiarv structure, which i1s dictated by the primary structure of the
erzme but also by its surroundings and/or the presence of aother
compounde {such as cyt.bS), determines the biological activity (18,
21-243. In this respect 1t 1s 1interesting to note that 17a0Hasa/lyase
obtained from pig adrenal mcrosomes [2,3,221 was capable of cata-—
lyzing both reactions 1n vitro whereas 1n vivo the lyase activity must
be suppressed since cortisol 18 the major sterold secreted by this
gland. Also, i1n patients with lvase deficiarncy [25,26]1 extremely high
circulating levels of 170H4PS and  1/70HP4 weve found, indicating that
17o0Hase activity was not deficient, Furthermore, our experiments on



the effects of several compounds on [14CJF'5 metabolism in testicular
homovenates 1ndicate that 17o0Hase and lyase and also lé6ene—
synthetase activities do have different properties i1n vitro, For
example, the alleged 3/HSD 1nhibitor EPOS (chapter 8) at 100 uM
concentration i1nhibited the lyase reaction as 170HPS accumulated over
DHEA and AS whereas the lé-ene-synthetase and 17o0Hase reactions
remarned virtuslly unaffected. SU (chapter 8), at 10 M, prevented the
synthesis of ADL and other U, steroids. but after 130 min i1ncubation
170HP4 was clearly measurable, 1ndicating the 17afHasa reaction was
ot 1nbibited completely. Similar differential effects ware noticable
for metyraporne, spironolactome, tamoxifen, clomiphene and l1&—dehydro—
PS {(data rot shown)., Only the synthesis of ADL and ep1AS (X7) remained
coupled under all conditions. Finally, 1t has to be noted that i1n aur
experiments on cultured human Leydig cells (chapter 7) 1t was found
that all biosynthetic precursors of T were excreted i1n the 1ncubation
medium; Bven PS  and 170HPS5 reached considerable levels. Apparently,
the corversi1on of PS to DHEA proteeded in two separate steps: PS5 was
converted to 170HPS by a 17ax-hydroxylating i7ofHase/lyase enzyme, and
subsequently converted to DHEA by another (7cMHase/lyase enzyma,
catalyzing the lyase reaction. 1f ore single 1700Hase/lyase enzyme
would catalyze both veactions, 170HPS would remain bound to the ernzyme
and would not be released 1n the 1ncubation medium.

In chapter 3§ a proposal for the mechanism of the lé—ene-synthetase
reaction has been presented and some reference was made to the
possible mechanism of the lyase reaction. Data suggesting a possible
mechanism of the 17o0Hase reaction were obtained 1n experiments using
tha testicular homogenate of a crab eating monkey.In these experiments
r19C12000HPE (X4) was used as substrate and was found to remain
urmatabolized durina 150 min of 1ncubation; 1ts  17a-hydroxylated
derivate 17,200P4 was not found. These data are in lire with owr
finding that levels of 20aDHP4 (X4) that were formed from [HCJPS n
the monkey testes reached plateaus when the supply of P4 was exhausted
(chapter 4 f1g 3) and i1ndicate that the 20x—hydroxylated steroid did
rot serve as substrate for 17o0Hase, Apparently, the C-20 carbonyl of
P4 13 essentral 1n the 17o0Hase reaction. It has to be admitted that
this conclusion i1s ot entirely suwrprising, since in the conversion of
P4 to 170HP4 the 17c—hydrogen of P4 has to be replaced by a hydroxyl—
group withh retention of the stereochemical configuration. For this



a7

reaction to occowr the hydrogen has to be removed +irst since carbon
lacks dForbitals 1n 1ts valence shell. The remaining charge lor
electron in case of 1ntermediate radicals) will be stabilized by the
adjacent C-20 carbonyl:

20

.CH

P4 17-hychroxy-Pg

Obviously, sxactly the same principle will be valid for the comversion
of PS5 to 170HP3, but 1t can be applied to a step 1n the sequence pro-
posed by Mason et af {271 fw the conversion of PO to ADL in rexnatal
porcine testicular microsomes as well, The authors suggested a pathway
via 1704PS and l&—dehydro-FS (discussed 1 chapter $). In the conver—
s10n of 170HPS to 16-dehydro-P3 1t seems obvious that the 17o-hydroxyl

is removed first, yieldirg the same transition state as mentioned

above:
=0 . 7( 0
OH
—_> } >
1 7-hvaraoxy—PS - 16-dehydro—FS

Since both steps (P3 + 170HPS and 170HPS + 16—dehydro-P9) are, 1n thas
way, likely to proceed via i1dentical tranmsition states, 170HPS 1s Mot
an obligatory 1ntermediate 1n the conversion of PS to lé—dehydroPS
and the nathway carn be depicted simply as PS5 * lé—dehydro-PS.
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