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S. Rendi¢
Metabolism of Testosterone

Faculty of Pharmacy and Biochemistry, University of Zagreb, Croatia

Endogenous testosterone is metabolised extensively in a number of tissues, and as metabolic
products number of structurally related compounds can be formed (Fig. 1). At least 27
other steroids of different biological importance are potential metabolites and they can be
farther metabolised to 548 isomeric monohydroxy derivatives (1). Additionally
hydroxylated products (polyhydroxylated) have been identified in metabolic studies in vivo
and in vitro (Figs. 1 and 2).

The most frequently studied metabolic reactions of testosterone are oxidoreductive reactions
at positions 3, 4, and 17, and C-hydroxylations, the latter reactions being catalysed
exclusively by cytochrome P450 families of enzymes (1-3). Other reactions include
aromatisation of the A ring (4), formation of A-T and A6-T—6,7—oxide (5,6), and as an
interesting example 19-nortestosterone was indentified as metabolite in mouse kidney (1).

Intention of this presentation is to bring out selected examples of the metabolic reactions
and formation of the end-products of testosterone metabolism. These considerations could
be of interest in determination of testosterone metabolites in urine samples, to enable better
understanding and interpretation of the analytical results.

Different approaches and experimental models are used when studying metabolism of
testosterone and other steroids. Studies are performed in vivo and in vitro, using different
animal models and with humans in clinical studies. In vitro experiments are performed
using variety of steroidogenic and non-steroidogenic tissues, cell cultures and cell fractions,
including purified enzymes and reconstituted enzyme systems. The latter experimantal
models are used particulary to investigate specificity and mechanisms of metabolic reactions

(Fig. 3).

The main characteristics of metabolic reactions of testosterone are presented in Fig. 4.
These characteristics can be extended also to metabolism of other endogenous and synthetic
steroids as well. Particulary intersting features are exercised by cytochrome P450 (cyt.
P450) catalysed reactions. Testosterone is oxygenated by cyt. P450 isoenzymes with high
degree of stereo- and regiospecificity and is repeatedly used as a highly specific substrate
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for these enzymes. Testosterone as a model substrate is convenient when studying the level
of particular isoenzyme in the test system, as well as when studying other factors and
mechanisms of steroid metabolic reactions (3).

Another important feature is that steroid hormones, including testosterone, play an

important role in regulating the expression of several constitutive hepatic and other tissues
cyt. P450s (3).

Oxidoreductive reactions
Interconversion of testosterone and epitestosterone

Interconversion between testosterone and its 17c-isomer epitestosterone in vivo was
observed following intravenous infusion of high doses either of the isomer. Administration
of the single steroid resulted in increased urinary excretion both the testosterone and the
epitestosterone  glucuronides (Fig. 5) (10). In the same study administration of
androstenedione also led to increased excretion of both glucuronides. The interconversion
was also observed in in vitro studies (Fig. 6). For example, epitestosterone was identified
when testosterone was incubated with human peripheral venous blood (11), and with
microsomal preparations from kidneys of rabbits, but not with the same from human or
male rat (12). In the latter experiments performed by Takeyama er al. (13) showed
conversion of 14C-androstenedione and H3-progesterone to both of the isomers (Fig. 6).
The conversion occured in neonatally grafted mouse testes in female, but not in male or
normal mouse testes.

Formation of androstenedione from testosterone and epitestosterone was reported by Wood
et al. (14). From the differences in enrichement with 189 in androstenedione formed from
testosterone and epitestosterone as a substrates (5-8% and 84%, respectively), different
mechanisms of androstenedione formation from the isomers were proposed. Depending on
the substrate used (testosterone, androstenedione, or epitestosterone) difference in the ratios
of C-16 hydroxylated - and 8-isomers were found as well (Fig. 7). The enzyme used was
cyt. P450 purified from hepatic microsomes of Aroclor treated male rats.

Several enzymes (Fig. 5) can catalyse oxidoreductive reaction in C-17: 17a- and 178-
hydroxysteroid dehydrogenases, and different isoforms of cyt. P450 as well (Fig. 14, ref.
.
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Formation of diols, triols and 5a-reduction

Diols of testosterone (3a- and 3B-androstanediols) are formed by reduction of C3-carbonyl
during the reaction catalysed by 3a- and 3B-hydroxysteroidoxidoreductase (HSOR),
respectively, following previous reduction to Sa-dihydrotestosterone (So-DHT). Following
administration of Z3C-testosterone (<0.2% of the dose) and 3a-androstanediol (<2% of
the dose) were identified. 13C-5 -DHT was identified only in plasma samples. While 3a-
diol was identified as an end-product of testosterone metabolism. 38-diol undergoes further
metabolism (Fig. 8, ref. 15,16,19). It was concluded that determination of 3c-diol in urine
sample can be used as a measure for conversion of testosterone to biologocally important
5a-DHT. In in vitro studies (17,18) both the 3o- and 3B-isomers are formed from
testosterone, however, the concentration of 38-diol in human testicular and prostate tissue
was higher than that of 3a-isomer. The 38-isomer is further metabolised to 38-, 7a-triol,

3B-, 7a-, 17-one and 3B-, 6a-,17-one (Fig. 9). It was concluded that the major metabolite
of 5a-DHT is 38-diol.

Following in vivo administration of l4¢ 38-diol, 3a- and 3B-triols as well as 3a-diol and
androsterone were identified as major metabolites in urine samples. Urinary excretion of
3a-diol and androsterone was 1% and 20% of the dose, respectively (Fig. 9, ref. 19).
Formation both of diol isomers from Sa-DHT was also shown by incubating the latter
compound in vitro with prostate tissue preparations (20).

Testosterone can be reduced to Sa-DHT either directly or after previous hydroxylation at
position 68- (Fig. 1). The 6a- and 7a-isomers, however, are blocking the enzyme
catalysing the Sa-reduction reaction. Good substrates for steroid So-reductase are
androstenedione and testosterone metabolites hydroxylated at the positions 14a-, 16a-, and
168- of the 5 membered ring (21).

Hydroxylations of testosterone

Hydroxylations of testosterone are catalysed by isomers of cytochrome P450, in which
reactions they act with a high degree of regio- and stereoselectivity (3). Hydroxylated
metabolites are the major metabolites formed from testosterone by livers of different
animals. In stereoidogenic tissues cytochrome P450 catalyse reactions which constitute
important steps in biosynthetic pathways of steroids (1,2).

Testosterone can be oxygenated to 21 monohydroxy isomers, theoretically (22). Rat liver
microsomes, for example, oxygenate testosterone to 10 different compounds (Fig. 10, ref.
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21). The profile of testosterone metabolites excreted in urine, as well as those formed in in
vitro studies, can be influenced and regulated by treatment of animals with drugs and
chemicals known to behave as inducers (22-26) or inhibitors (27) of cytochrome P450
enzymes. Examples of drugs reported to change the composition of cytochrome P450
isoenzymes, and therefore metabolic profile of testosterone, in liver cells are shown in Fig.
12. Pretreatment of animals with, for example, phenobarbital, 3-methylcholanthrene (3-
MC), or PCN (pregnenolone-16a-carbonitrile) increase cytochrome P450y, P450., and
P450p up to 100 fold (24).

Miura er al. (28) reported qualitative as well as quantitative differences between species
(comparison was made for male and female mice, rabbits, guinea pigs, hamsters, dogs and
humans) in hydroxylation of testosterone at position 2a-, 28-, 7a-, 15a-, 168-, C-19, and
17-oxidation. Difference in 15a-hydroxilation between mice and human microsomal tissue
preparations was also reported by Mienpai et al. (29).

Wood er al. (30) investigated in vitro metabolism of testosterone and androstenedione using
five highly purified cytochrome P450 isoenzymes. The positional specificity and
stereoselectivity of the isoenzymes tested was also dependent on the steroid used as a
substrate. Regio- and stereoselective activity of isoenzymes of cyt. P450 is indicated in Fig.
13. Based on the results obtained in in vitro studies (29,31) hydroxylated metabolites most
likely to be formed in human liver are 28-, 68-, 158-OH (Fig. 14). Human liver also
contained some 2o~ and low 15a-OH activity (29).

In summary, metabolites which would be expected as end-products after testosterone
administration are 3B- and 3a-, 178-diols (A), and hydroxylated testosterone (B) at different
positions shown in Fig. 15.

It can be well assumed that under the conditions of long- or short-term misuse or natural
(testosterone) and/or synthetic steroids, the endogenous or "natural" profile of steroid-
inducible cyt. P450 isoenzymes in liver (and possibly in other tissues as well) will be
modulated. As a consequence of such a modulation, capacity of hepatic tissue to form one
or more metabolic end-products of testosterone (Fig. 15) will be modified and will result in
changed profile of the products excreted as well. Formation of the end-products can be
influenced by: induction of hydroxylation pathways (for example, 68-hydroxylation of
tetosterone catalysed by IIIA1 isoenzyme, is induced by exposure to synthetic steroids, ref.
3); hormonally regulated pathways can be suppressed or induced by administration of
steroids; catalytic activity of cytochrome P450 isoenzymes can be inhibited by administered
steroids (stanozolol was reported to inhibit cyt. P450 catalysed reactions, ref. 32).
Quantitative determinatin of the end-products of testosterone metabolism, or determination
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of the products ratios might be useful as an additional criterion when confirming medically
unjustified administration of natural and synthetic steroids.
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. TESTOSTERONE METABOLISM

TESTOSTERONE —— 27 other steroids

+ 348 different monohydroxy derivatives
(in 9 positions) :

+ 7 no. of polyhydroxylated derivatives

REACTIONS ENZYMES

Ja-, and JF-reductions §a-, and JB-reductase
Ja-, and J4-oxidations /rcd- Ja-, and Jf-hydroxysteroid
| - oxidoreductase (HSOR)
-C-hydroxylations isoforms of cyt.P450
(¢-, and 8-) | | |
178-oxidation i  178-hydroxysteroid

oxidoreductase (HSOR)
aromatisation |
formation of :

- ﬁ;keto ‘group

- 19-nortestosterone

- 46-diene (4°T)

33




€ '3

| ( ¢ Juowjeasyold)

somfzud pafjund - E«Sbﬁn -
SUO3ORIJ [[39- - pajeasjun - ;o%ﬁw [ewjuy
§IN}[ND []3D - aseasip uf - -
. (Suemny)
sue8io pajejos| - Ay3jeay - :sa[pmys [eojui[)
([eWuE puE/i0 LEWNY)

OAU.LIA NI oAIA NI

SAHIANLS DITOGVIANW 0L SHAHOVOUdLV

34




¥ '3

SnjeIS [EUOBLIOY °/

aoudpuadap ade 9

SUOJJELIEA [ENPIAIPUMIIU] puE Safoads °g

s[eoymayd pue s3nJp q uorNquuUI 'y

spioJajs Sufpnjoul ‘syeojwayo ‘sdnip £q swiojos| jo Lf[iqionpuy ‘g
£3po1109ds xas 'g

sowfzuaos| JuIAJJIp jo £3oijioadsoalals pue -ofdai 1S ']

-IHNOYHILSOLSHL -
SNOILOVHY DITOHVIHN 40 SOILSIYHLIOVIVHD

35



§ "3y

(19A3] dWAZUD PadNpAX | UM JUIMWILI})
05%d 340 [eupuogdojim dpjedsy -

0S%d 340 [ewososu opjeday -
9SBJONPAIOPIX0-4 /] PuUR -v/J -
"SINAZNH

(9961 '/ 39 wwe[ )
SURWINY U} (‘@[ X0 [0 ‘Hojsmju 'A’f BUIMO[[0}) [F J0 [ Jo S[SOp Y31y 1933y : TAATASH0

HNOUYHLSOLSHILIddI =—dNOYHTLSOLSHIL
40 NOISYHANODYHINI

36



9 ‘314

(4961 “[® 32 Jainbeyq)
USWOM PUB UBW UWO0JJ INSS[) [BUIIPE PUE POO[Q SMOUIA U} ‘OJ3/A Uf ‘¥

(1861 “1e 39 ejion ) .
Jed pue UBWNY U] PaAiasqo joU -
(9snem '}jqqeJ ‘sidjswey mwoij) sAuppy odj/a uf g

(9961 “Je 39 pme{aye] ) $3353} ISNOW [BULIOU '

(9861 “Je 79 pmedaye] ) d0jW I[BWDJ U] $3)53) Isnow payjeid '}  :THAONW

ANOY4LSOLSHLIdE INOIGINTLSOYANY ANOY¥HLSOLSHL
0

Hw

-vy; HO

(SI[PNIS OJ3/A U] PUB OAJA OJ)
NOISY¥HANOD HNOYHLSOILSHL ANV ANOIAINILSOYANY



|-¢ pue -® ‘HO-9ID|

01 I e~
g:m n b
HNOYHLSOLSd.LIdd 'ANOICEANVLSOYANY INOYHLSOLSHL
0
~ 05%d '¥0 iayjo pue | a5BONpA ()6%J dwodyooif)
aseuadoiplysp prosaskxoipky HO- 4§41 (11 1911) 0S§d 3woiyooif)
*SHNAZNH ¥HHLO *SHNAZNH
L3 . pajeasiaid Jopoosy ‘orjeday jey

996112 32 pooy
'SIWAZNT QdI1d1¥Nd



.,sw:oamﬁs 13yny)

8 ‘314

‘0661 ,
‘8961 ‘Joddeyiarg

emseyd uy) (3um uf 7))

ANOYHLSOLSTLOYAAHIA jonpoid puad

101a- 7€
H

'paI-v g | HO

(3upm ul 37°0))

(sjonpoid pus jo uofjewioj)

NOISTIANT "SNVATIH NI WSTTOSVIHW HNO¥HISOLSAL-D,

STOIA 40 NOILVINYOS

39



6 'S

(1.'%€L°0) (] ‘oupn uy 31 )

(1) [omy-207 -»g Alﬁl. 1010-%¢
L |

pPoInsIep 30U

[ LHQ- 5]
(3) loM3-47 -4 | . F H
| e'z| |1

(T '%%0'0)
(€'2'T) 1o -2/ '-4¢

(€'7) IoM3-»9 '-4¢

(7 ‘supm up %50 )

DT 1010-4¢

(-g41 '-05 '-4¢)

(1 ‘supm uf %07 )

(3u0-/ *-»g -0g)

— >  HNOYHISO¥ANV

N mzomm._.mo._.mm__.

(3u0-—z] "0 '-4E)
(1 '2un uf %19'9)

— > INOYH1SOYANVOSI

21
4

40

auo-/f -v/ ~n§ '-gg
auo-/f -09 "-ng '-gg

(9861 “4aujo pue 99T)
(10503 pue sowosop ajysoid ) oy 17 ENOYELSOLSHLONAAHIA-P§ He ¢

(€861 "2 32 Jaujp) amynd uedio uy ayejsoid uewny - 0434 uf INOYHLSOLSHL Dyy ‘2
(1861 “I¢ 39 J0[0oe()  suewny uj woRdRuy 4F 1AW 044 uf TOIG-FE Dy, ']
40 WSTTOgVIIN




o1 ‘31

g'09

[HO] ———

S_,Euuﬁ [eUOULIOY

aoudpuadap uedio pue xa3s ‘safoads

£31A1303]250213}5
£y1an0aasojdal : SHIISTIAIIVIVHD NIV
SWJ0JoS| (§§d 2WoIYa03) : SHNAZNH

INOYH1LSOLSHL 40 SNOILVTAXOYAAH-D

41



: ‘31g
6861 "2 39 einjy

9 1 'PIXO HO-ZI

Iotg HO-%/
or 1 HO-¢9
W/
(O¥LIA NI'LVY) TONTANIIA XA5
-0 9] -49 '-47 sdog
6 -ngl t-mg-g9 -4z 1ojsmE
-0 ‘49 Nqqey
-ng] -0/ '-49 (W'd) oAl 30
-0/ '-49 (4) d2A1] JeY
o ) ‘-9 '-ng (W) 19} 3oy
. 49 -4z () 494} uewny

TORE[AX0IpATY JO TORIS0{

‘(O¥LIA NI)

SWOS0ID[W JO 3DIN0§

HONH(ANH4Hd SHIDAdS

42



21 '3 - .
0661 "1 33 A9][9y o
‘1861 “[p 39 upjlopuog _ !
'6861 "‘[e 39 puij .
| I
‘s
!
€'2'1
g‘e's
-§9 ‘gz
xe- /] ‘g | ‘49 - g
xo-/I '-49I ‘-v9]
-v/ -1y
g ‘-g9 ‘-47

-8l

tWOJJR[AXOPAY JO WO[}IS04

upAwopueajou],

Juojoejouciidg

JUOSPYIIWEXI(]

upojdueyry

NOd

JN-E

uppfwoy3yfig

[e}qieqousyq

Jo[ooly
EVELFLEYFEVR|

205%d
405%d
%05%d
205%d
0544 '160

} TI10J0S]

(SolmosoJD{W JdAl] el woij)

‘0414 NT ALIDHIDEdS WY040SI

43



el ‘314

'6861 “[e 19 Z)iMomofiieg
‘9961 ““Je 32 Sunywen
"0661 “[2 39 1n0q[ajioM

- } ; ' + IV Il
T oW
+ o - | + 1o
' + + | 24
+ + ¥ | . 19

| + | v I
K 4 + IV

+ . + VI
08 PIKO-g/I -do1r 091 481 -v/ -49 -9 -97 -0g

Uo[3isog _ wiojos| -

44

mzomm._.mo__.,mm_ﬁ HLVIAXOYAAH HIIHM 05%d "LAD 40 SWIOJ0SI



¥1 31

2961 ‘urmxey

-9 30 %%-¢ I HO-44I
—§9 jo %01~ I HO-4¢2

pue

sejjjoqeem pajexolphy 103 jo % G4 < L HO-¢9

| NOILVAILODVNI HAILVAIXO 40
SELNOY YO[VW-SHNOSOYDIN ¥YFAIT NVWADH

45



ST ‘34

HO-491
HO-%§I ‘HO-45I
HO-9/ 'HO-%/
HO-79 'HO-?9
HO-%7 ‘HO-47

©
-

=
o

$101A-4241 *-»§ '-0g
STOIA-§41 '-08 '-4€

ANIN NVATIH NI GHIT9DXH ANV SENSSIL ¥9AL0 NV JINEDOQIOEHIS NI [ 90 SHITTOSVIAN

‘AYVAKNDS

(d

(¥

46



