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THE REDUCTION OF KETO-STEROIDS BY GUINEA PIG 

TISSUE HOMOGENATES

CHAPTER I 

INTRODUCTION 

H istory

I t  i s  ju s t  tw enty-five years since the existence of several 

groups of n a tu ra lly  occurring compounds possessing the 1 ,2-cyc lo - 

pentenophenanthrene carbon skeleton  was f i r s t  suspected. Chemists, 

phy sio lo g is ts , and c lin ic ia n s  have shown a g reat in te re s t  in  these com

pounds, and a good deal of research has been done on them in  the la s t  

tw enty-five years.

P rio r to  1932 su b s ta n tia l progress had been made toward e lu c i

dating the s tru c tu re s  of th ree  groups of compounds, the s te r o ls ,  the b ile  

acids, and the aglycones of the p lan t heart poisons, which were la te r  to  

be c la s s if ie d  as s te ro id s . The capable researches of Windaus, Wieland 

and th e ir  respective co-workers e stab lished  the close s tru c tu ra l  re la tio n 

ship  between ce r ta in  of the s te ro ls  and the b i le  acids.

An x-ray crysta llog raph ic  examination of e rg o ste ro l by Bernal (1) 

in  1932 stim ulated Rosenheim and King (2) to  re-examine a l l  the availab le  

evidence bearing on the s tru c tu re s  of the s te ro ls  and b i le  acids. The
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cyclopentenophenanthrene type of formula was the immediate outcome of 

these researches.

The pioneer work of Allen and Doisy (3) in  1923 on the bioassay 

of the ovarian estrogenic hormone, and the discovery by Ascheim and Zon

dek (4 ) , in  1927, of the presence of large amounts of estrc^enic  m aterial 

in  the urine of pregnant women, encouraged chemists to  attempt the iso 

la tio n  of the ac tiv e  p rin c ip le  in  a pure s ta te  from the l a t t e r  source. 

Simultaneously Doisy, e t  a i ,  (5 ) , Butenandt (6 ,7 ) , and Dingemanse, e t  a l ,

( 8) ,  in  1929-30, iso la ted  from human pregnancy urine the almost pure 

c ry s ta llin e  substance, now known as estrone. A few months l a te r ,  Martian

(9) and Doisy, e t  a l , ,  (10) iso la ted  a second c ry s ta ll in e  estrogen, 

e s t r io l ,  Butenandt and h is  co-workers (11) in  1933, proved the estrogens 

to  be phenanthrene d eriv a tiv es.

Complete proof of the s tru c tu re s  of the natu ra l estrogens was 

achieved by 1934, la rge ly  as a re s u lt  of the b r i l l i a n t  work of Cook and 

h is  co llaborato rs (12-14), This work was fa c i l i ta te d  by the e a r l ie r  re 

searches of G irard, e t a l ,  (15-18), who had devised simple methods for 

obtaining pure ketonic estr<^ens from urine in  a high y ie ld  by means of 

th e ir  new ketone reagents "T" and "P".

The is o la tio n  of e s tra d io l from the liquor f o l l ic u l i  of sow 

ovaries by Doisy and h is  co-workers (19,20) in  1935, stands as a land

mark to  a l l  th is  early  work on the estrogenic substances.

The discovery in  1931, by Kober (21), of a sen s itiv e  and 

highly sp ec ific  color reaction  for the n a tu ra l estrogens, was a major 

achievement leading to  the development of other color reactions based on 

sim ilar p rin c ip le s .
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The c re d it for the f i r s t  to ta l  synthesis of a na tu ra lly  

occurring s te ro id  goes to  Bachmann and h is  co-workers (22 ), who were 

successful in  preparing equilenin  in  1940.

Moore, Koch and th e ir  co llaborato rs carried  out the early  work 

on the androgenic hormone of the t e s t i s .  McGee (23), a member of th is  

team, was the f i r s t  to  demonstrate c le a r ly  the presence of an androgenic 

p rin c ip le  in  e x tra c ts  of b u ll t e s t i s .  However, the f i r s t  pure c ry s ta llin e  

androgen was iso la ted  not from the t e s t i s ,  but from u rine . Here again 

i t  was Butenandt (24,25) who iso la ted  androsterone from human male u rine . 

Butenandt te n ta tiv e ly  advanced a s tru c tu ra l  formula for androsterone, 

which was analogous w ith the probable s tru c tu re  of estrone, which a t th a t 

tim e, however, was s t i l l  unproved. Butenandt's ten ta tiv e  formula was 

soon proved to  be co rrec t in  1934 by Ruzicka and h is  co-workers (26-28).

A second c ry s ta ll in e  androgen was iso la te d  from human male u rine  by 

Butenandt and Dannenbaum (29) in  1934. I t  was la te r  proved to  be 

dehydroepiandros terone. In  1935 the active  androgenic p rin c ip le  from 

te s t is  was iso la ted  in  the pure c ry s ta ll in e  form in  Laqueur's laboratory 

(30), and named testo ste rone .

Zimmermann (31,32) f a c i l i ta te d  the in v estig a tio n s  on the u rinary  

androgens and other re la ted  n eu tra l 17-ketosteroids by f i r s t  suggesting 

the co lorim etric  method fo r th e ir  q u an tita tiv e  determ ination. Many 

valuable m odifications in  the Zimmermann method have since been in tro 

duced by other workers, and various other methods have a lso  been 

developed.

C lear cu t evidence fo r the presence in  corpus luteum e x trac ts  

of a p rinc ip le  active in  producing p rogesta tional changes in  the u te ru s ,
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was f i r s t  obtained by Corner and A llen (33) in  1928, Six years la te r ,  

th is  ac tive  p rinc ip le  was iso la ted  in  pure c ry s ta ll in e  form simultaneously 

by four d iffe ren t groups of workers -  Butenandt and co-workers (34),

A llen and W intersteiner (35), S lo t ta  and co-workers (36), and Hartmann 

and W ettstein  (37), I t  i s  in te re s tin g  to  know th a t Fraenkel had th ir ty  

years previously ind ica ted  th a t the corpus luteum might be an organ of 

in te rn a l secre tion . The iso la ted  hormone was named progesterone. Within 

a few months, i t s  s tru c tu re  was completely elucidated  by Butenandt and 

co-workers, who prepared i t  f r m  stigm astero l (38), and a lso  from u rinary  

pregnanediol (39). In  1936 Venning and Browne (40) iso la te d  the complex 

of pregnanediol w ith glucuronic acid in  the form of a c ry s ta ll in e  sodium 

s a l t  from human pregnancy u rin e , and subsequently a procedure fo r the 

qu an tita tiv e  determ ination of th is  sodium pregnanediol glucurcnidate in  

human urine was elaborated by Venning (41,42),

The existence of a p rin c ip le  in  e x tra c ts  of the adrenal cortex , 

active  in  prolonging the l iv e s  of adrenalectomized animals was firm ly 

estab lished  during the period 1927-30 by the work of Stewart and Rogoff, 

of Hartmann and h is  co-workers and of Swingle and P f if fn e r , In  1934 the 

iso la tio n  of an active  c ry s ta ll in e  preparation f r m  adrenocortical ex

tr a c ts  was reported by E, C. Kendall (43), while a t the same time Winter

s te in e r  e t  a l  (44 ), reported the iso la tio n  of an inactive  c ry s ta ll in e  

substance from the adrenocortical e x tra c ts , Kendall and co-workers (45) 

suggested th a t the complete physiological a c tiv ity  of adrenocortical ex

tr a c ts  might be due to  the combined a c t iv i t ie s  of more than one p r in c ip le , 

while W intersteiner and P f iffn e r (46) iso la ted  severa l d iffe re n t c ry s ta l

lin e  substances from adrenocortical e x tra c ts . In  1936, a se r ie s  of
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papers reporting  the iso la tio n  of a number of d iffe re n t c ry s ta ll in e  

substances from the adrenal cortex  was published by Kendall and h is  co

workers, W intersteiner and P f if fn e r , and by a newcomer to  the f ie ld ,  

R eichstein , Soon afterw ards R eichstein (47) provided experimental ev i

dence th a t these substances were s te ro id s .

By 1937 "co rtin "  a c tiv ity  had been shown to  be possessed by four 

d if fe re n t but c lo se ly  re la ted  compounds, co rticosterone , 11-dehydro- 

co rtico ste ro n e , 17-hydroxy-ll-dehydrocorticosterone, and 17-hydroxy- 

co rticosterone . In  the next few years, two more compounds, 11-desoxy- 

co rticosterone  and 17-hydroxy-ll-desoxycorticosterone, were added to  the 

l i s t  of those possessing "co rtin "  a c t iv i ty . By 1942 about tw enty-eight 

d if fe re n t s te ro id s  had been iso la te d  from adrenal e x tra c ts , and the 

co n s titu tio n s  of most of them had been fu lly  e lucidated . R eichstein  and 

h is  co-workers not only provided us w ith an extensive knowledge of the 

adrenocortico ids, but a lso  developed exce llen t methods fo r the sm all- 

sca le  separation  of pure s te ro id s  from m ixtures. In  1953-54 R eichstein 

and h is  co-workers (48,49) iso la te d  and synthesized a ldosterone, the most 

potent m ineralocorticoid  in  natu re .

In  the past decade a considerable amount of work has been carried  

out on the is o la tio n  of new urinary  s te ro id s , and on the metabolism of 

the s te ro id  hormones (50-53). Although much has been learned about the 

metabolism of androgens, estrogens, progesterone, and adrenocortico ids, 

much more remains to  be discovered. I t  seems lik e ly  th a t many in te re s tin g  

metabolic problems may be solved w ith the aid of hormones labelled  with 

iso to p ic  carbon.
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In  the investiga tions to  be described in  th is  d is se r ta tio n , 

experiments were designed to  observe the influence of pH on the ^  v i tro  

metabolism of androstanedione and androstenedione by guinea pig tis su e  

hom(^enates, and a lso  to  study the metabolism of androstenedione w ith 

d iffe re n t cofactors.

Nomenclature

Since the investiga tions to  be described in  th is  d is s e r ta tio n  

are concerned only w ith androgens, only such nomenclature as i s  p e rtinen t 

i s  c ite d  (54,55), Androgens are deriva tives of cyclopentanoperhydro- 

phenanthrene. The system of designating indiv idual rings and of numbering 

positions on th is  nucleus is  represented in  formula I  (Table I ) ,  The 

formulas I I  and I I I  represent androstane and etiocholane nuclei re

spec tive ly . S tero id  molecules are e sse n tia lly  p lanar. The symbol «C 

i s  used to  denote bonds which p ro jec t behind the plane of the s te ro id  

r in g s , and the symbol to  denote those which p ro jec t in  fron t of the 

plane of the rings. tC configurations are denoted by broken lin e s ; 

whereas, configurations are represented by so lid  lin e s . The methyl 

groups a t  positions 10 and 13 are assumed to  have a P configuration .

The fusion of rings A and B is  trans in  androstane se r ie s  while i t  i s  c is  

in  etiocholane s e r ie s . The fusion of rin g s  B and C i s  trans in  a l l  

s te ro id  hydrocarbons. S im ilarly , the fusion of rings C and D i s  a lso  

tra n s  in  a l l  s te ro id  compounds. The name androstane is  p referred  when 

carbon 5 i s  involved in  a double bond.

The In  V itro Metabolism of S tero ids



IV

TABLE I 

NOMENCLATURE OF ANDROGENS

II

Androstane

I I I

etiocholane

OH

Testosterone 
4-Androsten-17 -ol-3-one

. - O H

E pitestosterone 
4-Androsten-17 -ol-3-one

VI 0

Androstenedione 
4-Androstene-3,17-dione

VII

Androstanedione 
Androstane-3,17-dione



TABLE I  -  Continued

VIII

OH

Androsterone 
Androstan-3< -ol-17-one

IX

oH

Lpiandrosterone 
Androstan-3^-ol-17-one

XI

Androstanolone 
Androstan-17^ -ol-3-one

Dehydroepiandrosterone 
5*»Androsten-3 ^-o l-17-one

XII

4 ,6-Androstadiene-3, 17-dione

XIII

o H

A ndrostanediol 
A airostane-3 < ,17/% -d io l
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Since the in v estiga tions described in  th is  d is s e r ta tio n  involve 

the reductions of androgens, an attempt is  made in  th is  chapter to  review 

the in  v i tro  metabolism of androgens, and the reductions of s te ro id s  

other than androgens. The in  v itro  metabolism of s te ro id s  has been 

stud ied  in  two ways: perfusion s tud ies  developed by Hechter, Pincus, and 

th e ir  co-workers (56-60), and the incubation and assay methods developed 

by C lark and Kochakian (61 ,62), and Samuels and h is  co-workers (63,64).

Perfusion s tu d ie s , although of use w ith any s te ro id , have been 

used esp ec ia lly  in  the f ie ld  of adrenocorticoids. The s te ro id s  studied 

are added to  blood which i s  c ircu la ted  through in ta c t  organs, and the 

e ff lu e n t blood is  processed to  recover the added s te ro id  and i t s  metabo

l i t e s ,  which are id e n tif ie d  by paper chromat(%raphic techniques. Incu

bation  s tu d ie s  have served as the b a s is  for the e labo ration  of the meta

bo lic  pathways of the androgens, Kochakian and h is  co-workers (65-71) 

have studied  the û  v i t r o  metabolism of many androgenic compounds by 

these methods, which are discussed in  Chapter I I .

Androgens, In  v i t r o  s tu d ies  by C lark and Kochakian (62) 

showed th a t incubation of te sto ste ro n e  w ith ra b b it liv e r  s l ic e s  produced 

4-androstene-3,17-dione and ep ite s to s te ro n e . The incubation of 4- 

axxlrostene-3,17-dione w ith  rab b it l iv e r  s l ic e s  under the same conditions 

led  to  the formation of te sto ste rone  as w ell as ep itesto ste ro n e  (65), 

Gongora and Kochakian (72) have demonstrated the conversion of testosterone 

to  4-androstene-3,17-dione and ep itesto ste rone  by rab b it l iv e r  homogenates. 

The incubation of 4-androstene-3,17-dione w ith guinea pig liv e r  and kidney 

b re i  yielded testo ste ro n e  and androsterone. Testosterone incubated w ith 

guinea pig liv e r  hmogenate was oxidized to  4-androstene-3 , 17-dione. The
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presence of diphosphopyridine nucleotide increased the y ie ld  of product 

(68).

Incubation of testosterone with the homogenate of liv e r  from 

female ra ts  resu lted  in  the formation of seme 17^-hydroxyandrostan-3-one 

(73). This s te ro id  had been previously postulated as a possible in te r 

mediate in  the metabolism of te sto ste rone , C^'^-labelled estrad io l-1 7  has 

been iso la ted  by Baggett and co-workers (74) following the incubation of 

testosterone-3-C^^ with human ovarian t is su e . The formation of 19- 

hydroxy testosterone  as an interm ediate product has been suggested,

Axelrod and h is  co-workers (75) perfused testosterone  through an iso la ted  

male dog liv e r  w ith heparinized blood as the perfusion f lu id . They 

id e n tif ie d  16 <-hydroxytestosterone, 6<-hydroxytestosterone, i f i -  

hydroxytestosterone, ep itesto ste rone , 4-androstene-3,17-dione, and 6^ -  

hydroxy-4-androstene-3,17-dione as m etabolites, using the techniques of 

paper chromatography. This i s  the f i r s t  report of /3 -hydroxylation a t 

Cg by a mammalian tis su e . Meyer and h is  co-workers (76) hydroxylated 

androstenedione by bovine adrenal homogenate preparations. They iso la ted  

adrenosterone, 11/5-hydroxyandrostenedione, 6 /5-hydroxyatairostenedione, 

and 6 < ,  Ilf-dihydroxyandrostenedione as m etabolites. The conversion of 

19 hydroxy-4-androstene-3,17-dione to  estrone by human p lacen tal tis su e  

s l ic e s ,  cow ovarian fo ll ic u la r  f lu id , and a lso  by cow adrenals has been 

reported (77), This report a lso  suggests th a t the bioconversion of 

androgens to  estrogens proceeds v ia  a hydroxylated in term ediate,

Schneider and Mason (78) incubated sodium dehydroepiandrosterone 

hemisuccinate w ith rabb it l iv e r  s l ic e s  for three to  s ix  hours under 

aerobic conditions and demonstrated the formation of 5-androstene-3
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1 7 ^ -d io l and a small amount of 5-androstene-3 P,16«C ,1 7 ^ - t r i o l .  The 

conversion of dehydroepiandrosterone to  5-androstene-3/3,17/3-d io l has 

been accomplished by l iv e r  perfusion and by rab b it liv e r  homogenates 

(79), Meyer and h is  co-workers (76) incubated dehydroepiandrosterone 

w ith bovine adrenal homogenate p reparations, and obtained 4-androstene- 

3 ,17-dione, adrenosterone, and 11^-hydroxyandrostenedione as the metabo

l i t e s .

The incubation of androsterone as the sodium s a l t  of the hemi

succinate with rab b it l iv e r  slices  fo r s ix  hours aero b ica lly , re su lted  in  

the formation of three s te ro id s , epiandrosterone, androstane-3, 17-dione, 

and androstane-3< , 17/3-d io l  (80,81).

The incubation of etiocholan-3«C-ol-17-one w ith rab b it l iv e r  

s l ic e s  led to  the formation of etiocholane-3,17-dione, e tio ch o lan e -3 < , 

17/3-d io l ,  and etiocholane-3< , 17*C-diol (80,81). Kochakian and h is  co

workers (71) have recen tly  reported  the cm parisons of the oxidations of 

C29 hydroxysteroids by guinea pig l iv e r  homogenates.

Incubations of androstane-3/ , 1 7 -d io l w ith guinea pig liv e r  

and kidney from guinea pigs and rab b its  have re su lted  in  the formation 

of androsterone and androstane-3, 17-dione (67). Ungar and h is  co-workers 

(82) incubated 4 -an d ro sten e-3 /î,1 7 /î-d io l  and 4-androstene-3«C ,17/3-d io l 

w ith  r a t  and chick liv e r  preparations a t pH 7 ,4 , using DPN as the co

enzyme. The formation of products followed a sequence consisting  of 

te sto ste ro n e , 4-androstene-3,17-dione, and ep itesto ste ro n e . Only trace 

amounts of ring  A reduced ke to stero id s were formed. The nature of the 

reaction  indicated  th a t the d io ls  would not be interm ediates in  the 

reductive pathway of te sto ste rone  catabolism .
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Samuels and h is co-workers (83) have used c i t r a te  as the co

fac to r for the reduction of C-3 ketone in  A rin g .

Estrogens. Estrone incubated with m ixtures of guinea pig 

ery throcy tes, TPN, and glucose-6-phosphate was converted completely to  

17/*-e s tra d io l (84), N either 17 <  nor any other e s trad io l appeared.

Progesterone, Taylor reduced progesterone by ra b b it liv e r  (85) 

and r a t  l iv e r  ( 86) homogenates in  the presence of nicotinamide, DPN, and 

c i t r a te  as co facto rs. I t  was suggested th a t the f i r s t  stage in  the 

enzymatic red u c tim  of progesterone in  l iv e r  involves nonstereospecific 

add ition  of 4H a tm s  in  ring  A to  form hydroxyketones, and th a t the 

allopregnanedione was formed by subsequent reoxidation  mainly of a l lo -  

pregnan-3K -ol-20-one, Slaunwhite and Samuels (87) have reported the 

in  v i tro  conversion of progesterone to  androgens. Incubation of 

iso to p ic a lly  lab e lled  progesterone w ith homogenates or s l ic e s  of te s te s  

from hypophysectoraized or immature r a ts  iiy e c ted  with chorionic gonado

trop in  led  to  the production of 17<-hydroxyprogesterone, 4-androstene-3, 

17-dione, and te sto ste ro n e .

Adrenal c o rtic o id s , Glenn and Recknagel ( 88) have described an 

enzyme system in  r a t  l iv e r  himogenates which cata lyses the degradation 

of the 17,21-dihydroxy-20-ketone side chain of adrenocortical s te ro id s .

I t  req u ires  added nicotinam ide, TPNH, anaerobiosis, and iso ton ic  con

d itio n s  fo r optimum a c tiv ity . They a lso  suggested th a t the s te ro id s  

of the  progesterone and adrenocortical s te ro id  groups shared a common 

pathway so fa r  as the reduction of the C-20 ketone was concerned. The 

same group of in v estig a to rs  reduced C-20 ketone of adrenocorticoids to 

C-20 OH by r a t  l iv e r  microsomes (89), Tomkins and Isselbacher (90) have
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reported an enzyme system in  ra t l iv e r  which catalyzes the reduction of 

cortisone to  te trahydrocortisone. TPNH acts  as H donor. The reaction  

can be coupled to  the oxidation of d - iso c itra te  by TPN and is o c i tr ic  de

hydrogenase, or to  the oxidation of glucose-6-phosphate by TPN with 

glucose^6“phosphate dehydrogenase. The reaction  proceeds fa s te r  under 

nitrogen. F o rch ie lli and h is  co-workers (91) incubated 11-deoxycortisol 

w ith supernatant f lu id  from r a t  l iv e r  homogenate. In  add ition  to  enzymes 

capable of reducing the ring  A double bond, the C-3 ketone and the C-20 

ketone, the presence of enzymes capable of oxidative removal of the »c- 

ke to l side chain has been demonstrated, Reaven (92) has reported the 

reduction of -3  keto group of aldosterone, co rticosterone , desoxy- 

co rticosterone , and hydrocortisone by human and r a t  l iv e r  s l ic e s . The 

reduction of the C-20 carbonyl group of tetrahydrocortisone and 17- 

hydroxypregnanolone by a frac tio n a ted  r a t  l iv e r  homogenate in  the 

presence of DPN, nicotinam ide, and Na fumarate, a t  pH 7 ,4 , has been re 

ported by de Courcy and Schneider (93),

Ganis and h is  co-workers (94) incubated hydrocortisone with 

bovine kidney tis su e  a t  pH 7 .4 , and id e n tif ie d  4 -p re g n e n e - l l ,1 7 <  ,

20/3, 21 -te tro l-3 -o n e , 4-pregnene-17«c ,2 1 -d io l-3 ,1 1 ,2 0 -tr io n e , 4- 

androstene-ll/3 -o l-3 ,17 -d ione, and 4-androstene-3,1 1 ,17-trione as the 

m etabolites. Grant (95) incubated desoxycorticosterone with a soluble 

enzyme extracted  from acetone-dried ox adrenal mitochondria in  the 

presence of fumarate and TPN, and reported the formation of co rtico 

sterone and 6/3-hydroxy-ll-desoxycorticosterone, The ro le  of fumarate 

in  the 11/3-hydroxylation shown to  be re la ted  to  the production of 

TPNH, The following reactions were suggested:
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Fumarate ^ L—P a la te

L-Malate + TPN* y Pyruvate + CO2 + TPNH + H*

TPNH and molecular oxygen are the only substances required for 

the 6 -/5  and 11-/3-hydroxylation of desoxycorticosterone. Sweat and 

Lipscomb (96) have also presented evidence th a t TPNH is  a cofactor for 

11-/3-hydroxylation, and suggest th a t i t  is  formed by the following 

sequence of reactions:

Fum arate > Malate

W la la te  + DPN*-------- > Oxaloacetate + DPNH + H*

DPNH + TPN*------------- ^  DPN + TPNH

Dorfman (97) has w ritten  an exhaustive review a r t ic le  on adrenocortical 

s te ro id  metabolism, which covers the ring  A reduction of A ^-3-ketones, 

the conversion of 17#C -hydroxy s te ro id s  to  17-desoxy s te ro id s , 

the in  v itro  conversion of C21 to  s te ro id s  and new c o r tis o l  metabo

l i t e s .  Tomkins (98) has reported  the enzymatic reduction of a v a rie ty  

of # ( ,/3-unsaturated  3-ketosteroids to  sa tu ra ted  3-ketostero ids by p a r tia lly  

p u rif ied  ra t  l iv e r  ex trac ts . Reduced pyridine nucleotides function as 

hydrogen donors.

From the above rep o rts  i t  may be concluded th a t the enzyme 

systems in  l iv e r  and kidney are capable of reducing reversib ly  the C-3, 

0-17 and C-20 ketones and a lso  the double bond in  the A ring . They a lso  

catalyze the oxidative removal of *Ç -k e to l side chain of adrenocorticoids. 

The dog liv e r has enzyme systems which can hydroxylate C-2, C-6 and C-16. 

Among the rodents, only ra b b it tissu e s  have enzyme systems which can 

produce ep itesto ste rone . The enzymes of the adrenal tis su e  can reduce 

the C-20 ketone and the A ring  completely, can /3-hydroxylate Cg and C n ,
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and can hydroxylate a lso . Only adrenal tis su e  has an enzyme system

responsible for 11/Î-hydroxylation. A ll these enzyme systems are not 

only position  sp e c if ic , but a lso  stereoisom erically  sp ec if ic .

I t  i s  interesting  th a t the reduction of the double bond in  the 

A ring  of s te ro id s  leads to  the formation of androstane d eriv a tiv es  

only.

Of sign ificance is  the fa c t th a t  the r e s u lts  of the ^  vivo and 

in  v itro  experiments complement each other and sp e c if ic a lly  ind ica te  the 

r e v e rs ib i l i ty  of the s te ro id  metabolic reac tio n s , except fo r a few 

d ifferences in  the C2 1  s e r ie s  (52,53), The m  vivo metabolism of C2 1  

compounds gives r is e  to  reduced s te ro id s  prim arily  of the pregnane 

s e r ie s . The in  v itro  metabolic s tu d ies  of s te ro id s  y ie ld  mainly 

allopregnane d eriv a tiv es. The in  v i tro  s tud ies w ith C21 s te ro id s  ind ica te  

6 / I -hydroxylation of these compounds, while 6-hydroxylated s te ro id s  iso 

la ted  from the human u rine  have 6<-hydroxy configuration . By fa r ,  the 

bulk of in  vivo reduction stud ies  in  man have yielded 20 «C-hydroxyl 

groups from the corresponding 20-ketones, The ^  v itro  s tu d ies  with Cgj 

s te ro id s  have yielded mainly 20/*-hydroxy groups from C-20 ketones. A ll 

these d ifferences observed between in  vivo and in  v i tro  stud ies  might be 

due simply to  species sp ec ific  reactio n s . Most of the ^  v itro  s tud ies 

have been done w ith bovine or rodent t is su e s , while the in  vivo stud ies 

have been done mostly in  human sub jec ts.

Because of the comparable re s u lts  of the ^  vivo and in  v itro  

s tud ies with most of the s te ro id s , a t  le a s t the chemistry involved can 

be assigned with some ce r ta in ty . There remain to  be studied many more 

possible s te ro id  m etabolic reac tio n s , and the enzyme systems responsible
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for these changes. On the la t te r  score, a s ta r t  has already been made, 

and many rep o rts  have appeared in  the la s t  few years.



CHAPTER I I

EXPERIMENTAL HIOCEDÜRES

The procedures employed in  these s tu d ies  included preincubation 

p reparation , p reparation  of tis su e  homogenates, incubation procedure, 

separa tion  of tis su e  components from the s te ro id a l m a te ria ls , iso la tio n  

and id e n tif ic a tio n  of the s te ro id a l compounds, separa tion  of individual 

s te ro id s  from th e ir  m ixtures, s te ro id a l assay , and the charac te riza tion  

of metabolites*

Preincubation p reparation . The incubation m ateria ls consisted 

of b u ffer so lu tio n s , the s te ro id s  to  be s tud ied , and the various 

ad d itiv es  (Table I I ) ,

IVro-tenths molar disodium phosphate was the buffer so lu tion  

ro u tin e ly  employed as the incubation medium. F if ty  ml. of th is  buffer 

so lu tio n  were used. The buffer so lu tio n  was u ltim a te ly  d ilu ted  to  0.1 

molar s tren g th  by the add ition  of 50 ml. of the aqueous so lu tio n  of DPNH 

or TPNH. One hundred ml. of 0.166 molar sodium pyrophosphate so lu tion  

were used in  a few experiments run a t pH 9. The buffer so lu tions were 

adjusted to  the desired  pH values by the add ition  of concentrated hydro

ch lo ric  acid . A Beckman Glass E lectrode pH Meter was used fo r the 

determ ination of pH values,

DPNH or TPNH so lu tio n  was prepared by the reduction of DPN or

17
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TABLE I I

Additives used Abbreviations

Diphosphopyridine nucleotide (99% pure) 
(Fabst Laboratories. Wisconsin.)

Reduced form of diphosphopyridine 
nucleotide (more than 90% pure) 
(Prepared in  the laboratory)

Triphosphopyridine nucleotide (92% pure) 
(Pabst Laboratories. Wisconsin.)

Reduced form of triphosphopyridine 
nucleotide (90% pure)
(Prepared in  the laboratory)

Nicotinamide (U .S.P.)
(General Biochemical Inc. Ohio.)

Trisodium s a l t  of i s o c i t r ic  acid (C.P.) 
(H, M. Chemical Co. Ltd. C a lifo rn ia .)

Disodium s a l t  of adenosine triphosphate 
(Sigma Chemical Co. M issouri.)

Disodium s a l t  of adenosine triphosphate 
(Pabst Laboratories. W isconsin.)

Disodium s a l t  of fumaric acid (C .P.)
(B, H. Sargent & Co. )

Magnesium chloride (C .P.)
( J .  T. Baker & Co.)

Glucose (Anhydrous, C. P .)
(Merck & Co, N, J .  )

DPN

DPNH

TPN

TPNH

NA

N a^isocitra te

NagATP.SHgO

Na2ATP.4H20

Nagfumarate

MgClg.ôHgO
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TPN by the modif ied method of Green arid Dew^T9^^^ is

discussed by Hamm (100), Nitrogen was flushed through an aqueous so

lu tio n  containing DPN or TPN (0.13%) and sodium bicarbonate (1,0%) for 

f if te e n  minutes, A fresh ly  prepared so lu tion  of 0,4% sodium hydrosulfite  

was then added and the passage of nitrogen was continued for about an 

hour more. The whole reac tio n  was carried  out a t 38° C, F inally  the 

excess hydrosu lfite  was removed by aeration . The reduced coenzyme con

cen trations were determined spectrophotom etrically using a Beckman DU 

Spectrophotometer; th is  instrument was employed fo r a l l  the spectro - 

photometric assays. The ex tin c tio n  c o e ffic ien t of the reduced coenzyme 

i s  6,22 X 10^ ( 101) .

The stero id s used in  the experiments were p u rified  p rio r to  

incubation by alumina adsorption chromatography. T hereafter, the id e n tity  

of each s te ro id  was confirmed by means of paper chromatography and in f ra 

red spectrophotcfflietry. Then, the compounds were c ry s ta ll iz e d  repeatedly 

from appropriate solvent systems u n t i l  th e ir  m elting points agreed with 

those reported in  the l i te r a tu re .

Preparation of tis su e  homogenates. Adult male guinea pigs were 

employed in  a l l  the experiments. Upon a r r iv a l ,  the weight of the animals 

was usually  between 500-600 grams. The animals were employed in  metabo

lism  s tu d ie s , when th e ir  body weight reached 800-1300 grams. The animals 

were housed in  a constant temperature room (72°+ 1° F .) ,  in  which the 

lig h tin g  was autom atically regulated . The animals were fed ^  libitum  

commercial rab b it p e lle ts  (Superior Feed Company), In  add ition , 30-40 

grams of carro t and a 25 mg, ascorbic acid ta b le t  were given twice a 

Week, _ The_animals were sac rif ic e d  by a blow a t the base of the s k u ll.
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and then were bled by cu tting  the th ro a t and severing the jugular vein.

The animals were shaved in  the abdominal areas in  which incisions were to 

be made, and these areas were thoroughly rinsed  with 70% ethy l alcohol in  

order to  avoid b a c te r ia l contamination. The desired tis su e s  were removed, 

weighed, and stored  in  ice-co ld  beakers. Usually more than one animal 

was requ ired , and hence the tis su e s  were chopped in to  very small pieces 

w ith sc is so rs  and mixed in tim ately  to  minimize the e ffe c ts  of individual 

animal v a ria tio n . Twelve grams of tis su e  were weighed and then tran s

fe rred  to  the ice-co ld  ja r s  of a Waring blendor. Four hundred mg. of 

nicotinamide (800 mg. in  the e a r l ie r  experiments) and 40 ml. of cold 

b uffer so lu tion  were added to  the tis su e  in  the j a r ,  and the mixture was 

homogenized fo r twenty seconds. The homogenate was tran sfe rred  to  a 

Fernbach fla sk  of 3 l i t e r  capacity  by rin s in g  w ith the remaining buffer 

so lu tio n . S tero id  and add itives were then introduced in to  the fla sk  and 

the incubation was s ta r te d .

Incubation procedure. A sp ec ia lly  designed water bath was 

employed fo r the incubations ; th is  apparatus and the procedure employed 

have been described by Nall (102). The incubation was ca rried  out a t 

37-8® C. fo r n inety  minutes. In  anaerobic experiments, the tis su e  was 

homogenized in  an atmosphere of n itrogen , the incubation fla sk s  were 

flushed w ith n itrogen  fo r th i r ty  minutes p rio r to  the in troduction  of the 

homogenates, and then throughout the incubation, maintaining the flow 

ra te  a t  3 l i t e r s  n itrogen per minute per fla sk . At the conclusion of the 

incubation the f in a l pH values of the mixtures were determined, and the 

reactions were terminated by the addition  of 700 ml. of r e d is t i l le d  

e th y l alcohol which p rec ip ita ted  p ro te in s .
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Separation of tis su e  components. Separation of tis su e  com

ponents was carried  out by employii^ the method described by Nall (102), 

The alcoholic  so lu tions of the incubation mixtures were heated to  bo iling  

and f i l te r e d  while hot on suction using c e l i te  powder as a f i l t e r  aid .

The p ro te in  residues were washed severa l times w ith hot e th y l alcohol to  

free  them ccmpletely of the s te ro id . The alcoholic  f i l t r a t e s  were d is 

t i l l e d  in  vacuo to  g e t r id  of alcohol, and the res id u al aqueous ex trac ts  

were ex tracted  four times w ith 200 ml. portions of peroxide-free e thyl 

e ther. The e ther e x tra c ts  were washed w ith d i s t i l l e d  water and then com

bined and the e th e r evaporated. The aqueous residues were then tran s

ferred  to  centrifuge b o ttle s  and d ried  overnight by aera tio n .

The phospholipids were p re c ip ita ted  by usii% the method de

veloped by Hamm (100). The d ried  m ateria l in  the centrifuge b o ttle  was 

dissolved in  a mixture of 1 ml. d i s t i l l e d  water and 10 ml. e thyl e ther.

The phospholipids were p rec ip ita ted  by adding 180 ml, acetone to  the 

mixture w ith constant s t i r r in g .  The mixture was centrifuged a t 1800 

r.p .m . and the supernatant acetone f ra c tio n  was separated by décantation. 

The residue was redissolved in  the mixture of 1 ml. water and 10 ml. 

e ther and the phospholipids were re p re c ip ita ted  by the addition of acetone. 

The whole procedure was repeated tw ice. The acetone frac tio n s  were then 

combined and evaporated to  dryness.

Iso la tio n  of s te ro id a l m a te ria ls . The procedure of Hamm (100) 

was employed to  iso la te  the s te ro id  su b stra te  and the d iffe re n t metabo

l i t e s  from the d ried  acetone frac tio n s . Alumina chromatography was em

ployed in  the manner developed by N all (102). The alumina (Harshaw, 

ac tiv a ted  c a ta ly s t grade, A1-0109P) was ac tiv a ted  p rio r  to  i t s  use in  the
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columns. I t  was washed with d is t i l l e d  w ater, adjusted to  pH 7.3-7.4 

with su lfu ric  acid , rinsed with d is t i l le d  water u n ti l  free  of su lfa te  

ion, d ried , rinsed with methyl alcohol, red ried , and f in a lly  heated a t 

110° C. fo r three hours. F ifteen  to  th ir ty  grams of alumina were used 

for each column, the appropriate amount being determined by the amount of 

s te ro id  used in  the experiment and the w e^h t of the residue which was to  

be chrmatographed. Glass columns w ith in te rn a l diam eters of 20 mm. were 

usually  used. The residues were dissolved in  minimal volumes of re

d i s t i l l e d  carbon te trach lo rid e  and introduced in to  the columns. S teroids 

were then elu ted  using a solvent sequence of r e d is t i l le d  carbon te tr a 

ch lo ride , r e d is t i l le d  benzene, benzene mixed w ith e th y l e th e r, e thyl 

e th e r , e thyl e th er mixed with absolute e thy l alcohol, and methyl alcohol 

(Table I I I ) .

Id e n tif ic a tio n  of s te ro id a l m ateria ls . The frac tio n s  from the 

alumina column were id e n tif ie d  by using the paper chromatographic method 

developed by Kochakian and Stidworthy (103). A 6 inch by 22 inch s t r ip  

of Whatman number 1 f i l t e r  paper was dipped in  a 1:1 mixture of methanol 

and propylene glycol, the excess of the mixture on the s t r ip  was removed 

by b lo ttin g  between p:qjer towels, and then the even d is tr ib u tio n  of the 

solvent on the paper s t r ip  was insured by passing i t  through a wringer. 

The frac tio n s  from the alumina column were weighed and dissolved in  a 

su itab le  so lven t, usually  dichlororaethane, and a liquo ts  containing 0.5 mg. 

of the so lid  dry m aterial from each frac tio n  were put on the paper in  

the form of spots an inch apart. These spots were placed on a s tra ig h t 

lin e  3 inches from the top edge of the paper. A mixture of known s te ro id  

compounds (125 jig. of each s tero id ) was placed on the middle spot. The
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TABLE I I I

Solvent Grade Source

Benzene Thiophene free  
99 Mol% minimum

P h illip s  Petroleum Co. 
Oklahoma.

Cyclohexane Pure grade 
99 Mol% minimum

P h illip s  Petroleum Co. 
Oklahoma.

Carbon te t r a 
chloride

Ether

E ther

Methanol

Acetone

Chloroform

Analyzed Reagent

P u rified  Anhydrous

Solvent

Analyzed Reagent

Analyzed Reagent

Analyzed Reagent

Dichloromethane Analyzed Reagent

Absolute alcohol 100% pure e thyl
alcohol, U.S.P,

Propylene glycol For laboratory  use

J ,  T. Baker Chemical Co, 
New Jersey ,

J ,  T, Baker Chemical Co, 
New Jersey .

J ,  T, Baker Chemical Co, 
New Jersey ,

J .  T, Baker Chemical Co, 
New Jersey ,

J ,  T. Baker Chemical Co, 
New Jersey ,

J .  T. Baker Chemical Co. 
New Jersey .

J ,  T, Baker Chemical Co. 
New Jersey ,

U, S. In d u s tr ia l Chemical 
Co, New York.

The Matheson C o ,, Inc,
New Jersey ,
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papers were eq u ilib ra ted  in  a g lass  tank containing 1:1 mixture of 

benzene and cyclohexane for 3 hours, and then the chromatograms were de

veloped by running the same mixture on the papers fo r 5 hours. The 

chromatograms were then d ried  in  an oven a t 110° C ., fo r 1 hour. Tes

tosterone and androstenedione were detected  both by the u l tr a v io le t  

scanner (104) and by the modified Zimmermann color reactio n  (31,32,105) 

which u t i l i z e s  the spray reagent consisting  of a mixture of equal volumes 

of 15% alcoholic  potassium hydroxide and 2% alcoholic  m-dinitrobenzene.

The co lo r development was f a c i l i ta te d  by heating a t 110° C, fo r 3-5 minutes 

a f te r  the spray* Color development using the spray reagent consisting  of 

a so lu tio n  of 2,4-dinitrophenylhydrazine in  acidulated  alcohol was a lso  

used. Androstanedione, androsterone, epiandrosterone, and androstanolone 

were detected  by the modified Zimmermann color reactio n  (31,32,105) and 

a lso  by the 2,4-dinitrophenylhydrazine reaction .

The d istance moved by the s te ro id a l compounds on the paper 

chromat<%ram i s  also a valuable to o l fo r the id e n tif ic a tio n  of these 

compounds. Each s te ro id  has a  c h a ra c te r is tic  Rt value which has been de

fined  (103) as the r a t io  of the movement of s te ro id  and the movement of 

te sto ste ro n e  in  the same period of time.

Separation of ind iv idual s te ro id s  from th e ir  m ixtures. Each 

fra c tio n  from the alumina column d id  not necessarily  co n sis t of only one 

s te ro id . At times there was a f ra c tio n  which had more than one s te ro id .

The ind iv idual s te ro id s  from th is  mixture se re  separated by paper s t r ip  

chrm atography (69), The mixture was dissolved in  the minimum amount of 

a su itab le  so lven t, u sually  dichloromethane, and the so lu tio n  was quanti

ta tiv e ly  tran sfe rred  to  the paper processed previously as described in
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the above sec tion . The s te ro id a l so lu tion  was put on the paper in  the 

form of a s t r ip  3 inches from the top edge of the paper. The chromatogram 

was developed as described above. Then i t  was heated in  the oven a t 110° 

C, fo r about an hour. The s te ro id  zones were then detected  by means of 

the u l t r a v io le t  scanner and the color reac tio n s  which were described in  

the previous sec tion . The color reactions were applied to  the narrow 

s tr ip s  cut from the edges of the paper. The s te ro id  zones were cut out 

from the paper chromatograms and were ex trac ted  th ree-four times w ith hot 

e thy l alcohol.

Assay of s te ro id a l compounds. Compounds containing an «c ,

/}-unsatu ra ted  ketone, namely androstenedione, and te sto ste ro n e , were 

assayed spectrophotom etrically  a t  241 mu (106), Androstanedione, an

drosterone, epiandrosterone, and androstan-17/ï-01-3-one were assayed by 

a m odification (107) of the Zimmermann reac tio n .

C harac te rization  of m etabolites. The m etabolites formed were 

characterized  by paper chromatography, in fra red  spectrophotometry (108- 

115) and the determ ination of melting poin ts (116,117) of the pure com

pounds and of th e ir  oxime or ace ta te  d e riv a tiv e s .

Control experiments. Control experiments w ith heat inactivated  

tis su e  were frequently  performed, in  a manner s im ila r to  the regular ex

periments.

P ilo t columns. P ilo t  chromatography columns were run along 

with the regular alumina columns during the experiments in  order to  

a sce rta in  the p u rity  of the s te ro id  used in  the experiments. The same 

amount of s te ro id  as was used in  each experiment, was put on an alumina 

column which was b u i l t  and run in  a s im ila r way to  the regular alumina
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column run for each experiment. The sequence of so lvents put on the 

p ilo t  column was the same as th a t put on the regular columns.



CHAPTER I I I

THE INFLOENCE OF pH ON THE METABOLISM OF ANDROSTANEDIONE 

BY GUINEA PIG LIVER HOMOGENATES

I t  has been postulated  th a t the u rinary  androsterone and ep i

androsterone in  man are the m etabolites of androstanedione (118). The 

conversion of androstanedione to  androsterone has been confirmed by 

G a ll^ h e r  and h is  co-workers (119), by adm inistering deuterium labelled  

androstanedione and recovering 24% of the deuterium in  urinary  an

drosterone. Androsterone i s  the p rin c ip a l urinary  androstane deriv a tiv e  

in  man ( 120) ,  whereas epiandrosterone i s  the main one in  guinea pig ( 121) .

Experiments were designed to  study the influence of pH on the 

in  v i tro  metabolism of androstanedione, Guinea pig l iv e r  homogenates 

were used as the source of enzyme system (s). The experiments were run in  

the pH range 5 ,5 -7 .5 , w ith 0.2 M disodium phosphate as the bu ffer medium. 

The use of DPN and TPN as the hydrogen acceptors, and of DPNH and TPNH as 

the hydrogen donors, has been w ell estab lished . Since reductions were 

involved in  our experiments, DPNH or TPNH in  the form of aqueous so lu tion  

was used as the coenzyme. The presence of nucleotidases, the enzymes 

causing the in ac tiv a tio n  of pyridine nucleotides in  animal t is su e s , has 

been described by several in v estig a to rs  (122,123), I t  i s  a lso  demonstrated 

th a t NA in h ib its  (122-124) these nucleo tidases, and i s  involved in  the

27
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exchange reaction  w ith the DPN molecule (124), In  the experiments under

taken, DPNH or TPNH was used to  donate hydrogen to  the androstanedione 

molecule, and be oxidized to  DPN or TPN, Nicotinamide was used in  order 

to  p ro tec t DPN or TPN a t th is  s tag e , so th a t i t  could couple w ith the 

appropriate enzyme systems in  the l iv e r  homogenate, be reduced, and thus 

be availab le  again fo r  hydrogen donation,

Androsterone, epiandrosterone, and androstan-17/3-ol-3-one 

were id e n tif ie d  as the m etabolites. In  a l l  the experiments, the formation 

of androstanolone was extremely low. In  experiments 1-6 (Table IV ), run 

w ith  DPNH, the q u a n titie s  of epiandrosterone formed were a l i t t l e  more 

than those of androsterone, both giving a peak a t  pH 6,5 (Figure 1), In 

these experiments, the q u a n titie s  of androstanolone formed were so low 

th a t i t  was not worth while to  p lo t a curve w ith them. The change in  the 

gaseous phase a t  pH 6 (Experiments 2 & 3) d id  not a l te r  the formation of 

androsterone or androstanolone, but cut down the production of ep i

androsterone to  h a lf .

In  experiments 7-12 (Table IV), run w ith TPNH, the general 

metabolism of androstanedione appeared to  be a t  a l i t t l e  lower level 

than in  those run w ith DPNH, The amounts of epiandrosterone iso la ted  

were more than those of both androsterone and androstanolone, and gave a 

peak a t  pH 6,5 (Figure 2 ), The q u an titie s  of androsterone and andros

tanolone iso la ted , were so low th a t  no attempt was made to  p lo t curves 

with them. In these experiments, the change in  gaseous phase a t pH 6 

d id  not appreciably influence the re su lts .

I t  is  possible th a t these th ree  m etabolites are formed by the 

ac tio n  of three d iffe re n t enzyme systems acting on androstanedione, or of
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TABLE IV

THE INFLUENCE OP pH ON THE METABOLISM OF ANDROSTANEDIONE BY GUINEA PIG LIVER HOMOGENATES

x p t .
lO.

G a s e o u s
p h a s e

S t e r o i d
mg.

DPNH
mg.

TPNH
mg.

pH A n d r o s ta n e — 
d io n e  r e 
c o v e r e d  % b y  
w t .

E p ia n d r o 
s t e r o n e  
fo rm ed  
% by w t .

A n d ro— 
s t e r o n e  
f  orm ed  
% b y  w t,

A n d r o s ta n o lo n e  
fo rm ed  % b y  w t .

1 A ir 5 0 50 - 5 . 5 8 1 .4 3 .2 1 .8 0 . 2

2 A ir 5 0 5 0 - 6 . 0 8 1 .2 6 . 8 4 . 8 0 .6

3 N i t r o g e n 5 0 5 0 - 6 . 0 7 8 .6 3 .4 5 . 0 0 .8

4 A ir 5 0 50 - 6 . 5 7 8 .4 1 0 .6 5 .6 0 . 4

5 A ir 50 5 0 - 7 . 0 7 9 .4 7 . 8 4 . 4 0 . 8

6 A ir 5 0 5 0 - 7 . 5 8 0 .6 4 . 0 2 . 8 0 . 2

7 A ir 5 0 - 50 5 . 5 7 8 .6 4 . 4 1 .6 0 . 4

8 A ir 5 0 - 5 0 6 . 0 8 1 .8 7 .8 1 .6 0 . 4

9 N i t r o g e n 50 - 5 0 6 . 0 7 6 . 4 6 .4 1 .2 0 . 2

10 A ir 5 0 - 5 0 6 . 5 8 0 .2 8 .4 1 .8 0 . 2

11 A ir 5 0 — 5 0 7 . 0 7 8 . 2 7 . 0 1 .2 0 . 2

12 A ir 5 0 _ 5 0 7 . 5 7 8 .8 5 .4 1 .2 0 . 2

too
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two enzyme systems, one leading to  the formation of two m etabolites and 

the other forming the th ird  m etabolite, or of only one enzyme system 

leading to  the formation of a l l  the th ree  m etabolites. Talalay and h is 

co-workers (125-129) have reported the iso la tio n  of two DPN linked 

s te ro id  dehydrogenases from c e ll - f re e  ex trac ts  of Pseudomonas. /3- 

hydroxysteroid dehydrogenase catalyzes the rev e rsib le  DPN linked oxi

da tion  of 3 ^ ,  16/*, and 17/* hydroxysteroids, whereas «C-dehydrogenase 

cata lyzes the rev ersib le  oxidation of 3 * -hydroxysteroids of the 

Cgj, and C24 s e r ie s . I t  i s  a lso  possible th a t only one enzyme system 

forms the th ree  m etabolites of androstanedione in  the presence of 

d if fe re n t co fac to rs , and hence the production of a l l  the three m etabolites 

i s  not the same under fixed conditions.

The formation of epiandrosterone i s  higher than th a t of e ith e r  

androsterone or androstanolone, in  the presence of both DPNH and TPNH,

Thus i t  appears th a t pyridine nucleotides favor 3/9-hydroxylation ra th e r 

than 3< or 17/*-hydroxylation which might occur optimally w ith other 

co facto rs. Both epiandrosterone and androsterone give pH curves w ith a 

peak a t pH 6,5 with DPNH. This suggests th a t one enzyme system, 

u t i l iz in g  DPNH, i s  responsible fo r the formation of both these m etabolites, 

but th a t there  are some endogenous fac to rs  which in h ib it 3 < -hydroxy

la tio n , and keep the production of androsterone a t a lower level.

In  TPNH experiments, a pH curve can be p lo tted  with epi

androsterone, but not w ith androsterone or androstanolone. This suggests 

th a t the requirement of DPNH is  so spec ific  fo r the formation of andros

terone th a t i t s  formation is  p ra c tic a lly  n i l  without DPNH. The pro

duction of epiandrosterone is  a t  a lower lev e l w ith TPNH than w ith DPNH,
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This in d ica tes  th a t the th ird  phosphate group of TPNH in h ib its  the 

metabolism of androstanedione, lowering s lig h tly  the formation of epi

androsterone and cu tting  down considerably the formation of androsterone. 

The th ird  phosphate group might be in h ib itin g  d ire c tly  the enzyme 

systems involved, or i t  might be stim ulating sane endogenous fac to rs  in  

the t is s u e ,  which have an in h ib ito ry  e ffe c t upon the enzyme systems re

sponsible fo r the metabolism of androstanedione.

No pH curves could be p lo tted  fo r  androstanolone, e ith e r  with 

DPNH or TPNH, This might in d ica te  th a t the optimal conditions, and per

haps the enzyme system as w e ll, are absolu tely  d iffe re n t fo r the pro

duction of th is  m etabolite , f r m  those responsible for the production of 

androsterone and epiandrosteronej or the production of androstanolone 

may be a minor metabolic pathway.

I t  a lso  appears th a t the formation of epiandrosterone is  

generally  favored in  the guinea p ig . These observations are supported 

by in  vivo experiments (118),

I t  appears th a t anaerobic conditions keep the metabolism of 

androstanedione a t  a lower le v e l than th a t under aerobic conditions.

This might be due to  the sp e c if ic  requirements of the hydrogen tran s

fe rrin g  reactions and the enzyme systems involved.

The p re fe re n tia l formation of 17-ketone m etabolites ra ther 

than the 3-ketone compounds observed in  the metabolism of androstanedione, 

is  in  accord w ith the preponderance of the former compounds in  excretory 

products ( 120) ,



CHAPTER IV

METABOLISM OF ANDROSTENEDIONE BY GUINEA PIG 

TISSUE KMGENATES

I t  has been postulated (118,130) th a t androstenedione is  formed 

in  the human body by the oxidation of testosterone  and dehydroepi- 

androsterone, then i t  i s  reduced to  satu rated  diketones which are fu rther 

reduced to  hydroxyketones. Androstenedione has been shown to  be metabo

lized  by rab b it l iv e r  s l ic e s  to  testosterone  and ep itestosterone  (65), 

Formation of testosterone  and androsterone from androstenedione by guinea 

pig tissu e  homogenates, has been reported by Kochakian and Stidworthy 

(69).

Experiments were conducted to  study the metabolism of andros

tenedione by guinea pig liv e r  and kidney homogenates, under d iffe ren t 

conditions of pH and with d iffe re n t ad d itiv es, using disodium phosphate 

and sodium pyrophosphate as the buffering media.

Metabolism by Guinea Pig Liver Homogenates

Androstenedione was incubated w ith guinea pig liv e r  homogenates 

in  sodium pyrophosphate buffer a t pH 9. The metabolism to  testosterone  

observed, was only about 1% ( experiments 1-3 in  Table V). The addition  

of DPNH to  the incubation m ixture, and running the incubation a t  pH 6. 8 , 

ra ised  the lev e l of metabolism appreciably (experiment 4 ). Further

34



TABLE V

METABOLISM OF ANDROSTENEDIONE BY GUINEA PIG LIVER HOMOGENATES

E x p t .
n o .

G a se o u s
p h a s e

S t e r o i d
mg.

DPNH
mg.

TPNH
mg.

NA
mg.

O th e r  A d d i t i v e s pH A n d r o s te n e 
d io n e  r e 
c o v e r e d  
% b y  w t .

T e s t o s t e r o n e  
f  orm ed  
% b y  w t .

1 A ir 1 0 0 .. .. 9 . 0 8 0 .9 1 .0
2 A ir 1 0 0 - - — — 9 . 0 8 6 .9 0 . 8
3* A ir 1 0 0 - •» - - 9 . 0 9 0 .0 -
4 A ir 1 0 0 87 - - - 6 . 8 7 6 .7 7 . 4
5 A ir 1 0 0 87 - 8 0 0 - 6 . 8 7 5 .7 7 .4
6 A ir 5 0 » 6 5 8 0 0 - 7 . 0 7 3 .0 1 4 .2
7 N i t r o g e n 5 0 - 6 5 8 0 0 - 7 . 0 7 6 .0 1 2 ,0
8 N i t r o g e n 5 0 5 0 — 80 0 - 7 . 0 7 6 .4 5 .2
9 A ir 5 0 50 - 4 0 0 - 6 . 0 7 7 .2 6 .6

10 A ir 5 0 5 0 - 4 0 0 - 6 . 5 7 8 .6 4 . 0
11 A ir 5 0 5 0 — 4 0 0 - 7 . 0 8 3 ,0 3 .0
12 N i t r o g e n 5 0 5 0 - 4 0 0 - 7 . 0 8 1 .6 5 . 4
13 A ir 5 0 5 0 — 4 0 0 - 7 .5 8 6 .0 2 .4
14 A ir 5 0 50 — 4 0 0 - 8 .0 8 4 .6 3 .4
15 A ir 5 0 — 5 0 4 0 0 - 5 .5 8 1 .4 1 0 .2
16 A i r 5 0 - 5 0 4 0 0 - 6 . 0 8 0 .0 1 1 ,0
17 N i t r o g e n 50 - 5 0 4 0 0 - 6 . 0 8 1 .6 1 6 .8
18 A ir 5 0 - 5 0 4 0 0 - 6 .  5 8 6 .6 1 0 .6
19 A ir 5 0 - 5 0 4 0 0 - 7 . 0 6 9 .9 9 .6
2 0 A ir 5 0 _ 5 0 4 0 0 - 7 . 5 7 1 .6 7 .8
2 1 N i t r o g e n 5 0 - 5 0 - - 6 .5 8 1 .8 1 1 .2
22 N it r o g e n 5 0 - 5 0 4 0 0 6 .5 8 0 .8 1 1 .0
23 N i t r o g e n 50 - 50 4 0 0 G lu c o s e  ( 3 6  m g .) 6 . 5 8 6 .4 1 1 .6

w
O l

*  B o i l e d  t i s s u e  u s e d  i n  e x p e r im e n t  3



E x p t . G a s e o u s  S t e r o i d  DPNH TPNH NA
n o . p h a s e  mg. mg. rag. mg.

24 N i t r o g e n  5 0 5 0 4 0 0
25 N i t r o g e n  5 0 - 50 4 0 0
26 N i t r o g e n  50 — 5 0 4 0 0
2 7 N i t r o g e n  5 0 — 5 0 4 0 0

28 N i t r o g e n  5 0 - 5 0 4 0 0

TABLE V -  c o n tin u e d

O th e r  A d d i t i v e s

N a g . i s o c i t r a t e  ( 5 2  m g .)  
Na2 .A T P .4 H2 O ( 1 1 1  m g .)  
Na2 .A T P .4 H2 O ( 4 1 8 . 1  m g .)  
Na2 .A T P .4 H2 O ( 4 1 8 . 1  m g .)  
M gC l2 .6H 20  ( 1 3 6 .5  m g .)  
Na2 .A T P .4 H2 O ( 4 1 8 . 1  m g .)  
M gC l2 .6H 20 ( 1 3 6 . 5  m g .)  + 
Na2 . f t im a r a t e  ( 1 0 7 . 4  m g .)

pH A n d r o s t e n e -  T e s t o s t e r o n e
d io n e  r e  f  orm ed
c o v e r e d  
% b y  w t .

% b y  w t .

6 . 5 7 2 .8 1 5 .8
6 . 5 7 2 . 0 1 5 .8
6 . 5 7 0 .4 1 6 .4 4
6 . 5 7 3 .4 1 8 .2 2

6 . 5 7 2 .8 1 7 .0
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addition  of NA to  the incubating medium did not a ffe c t the re su lts  a t a l l  

(experiment 5 ). Replacement of DPNH by TPNH ra ised  the level of metabolism 

s t i l l  fu rth e r (experiment 6) ,  The change of gaseous phase from a ir  to  

n itrcçen  did  not seem to  a ffec t the re su lts  remarkably (experiments 7 

and 8) .

I t  was then decided to  observe the influence of pH on the 

metabolism of androstenedione by guinea pig l iv e r  homogenates, in  the 

presence of the reduced forms of pyridine nucleotides (Figure 3).

Experiments were conducted in  the pH range 6- 8 , with disodium 

phosphate as the buffering  medium, in  the presence of DPNH and NA (experi

ments 9-14)* The production of testo ste rone  appeared to  be the highest 

a t  pH 6, Trace amounts of other m etabolites were a lso  detected . They 

were thought to  be epiandrosterone and a su b stitu ted  unsaturated 3,17- 

d iketone, f r m  the re su lts  of the experiments w ith  paper chromatography 

and in fra -red  spectrophotometry. The change of gaseous phase frcrni a i r  

to  n itrogen  a t pH 7 seemed to  favor the formation of testo ste rone , though 

i t  i s  hard to  say p o s itiv e ly  i f  th is  d ifference was s ig n if ic a n t, since 

the metabolism in  a l l  these experiments was a t  a very low level.

S im ilar experiments were run using TPNH and NA as the cofactors 

in  the pH range 5 ,5 -7 ,5  (experiments 15-20), The replacement of DPNH by 

TPNH ra ised  the le v e l of metabolism appreciably. The curve did not show 

a re a l  peak a t any pH, but i t  had a p lateau in  the pH range 5 .5-6 .5 , An

aerobic conditions a t  pH 6 notably favored the formation of testosterone.

In  these experiments a lso , a suggestive evidence of the formation of epi

androsterone and a su b stitu ted  unsaturated 3,17-diketone as the other 

m etabolites was obtained as a re s u lt  of the experiments with paper
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chromatography and in fra -red  spectrophotcwietry,

Androstenedione was incubated w ith guinea pig liv e r  homogenates, 

a t pH 6 ,5 , under n itrogen , in  the  presence of d iffe re n t additives (ex

periments 21-28), I t  appeared th a t the add ition  of NA or glucose to  the 

incubation medium did  not a ffe c t the re s u lts .  Iso c itra te  or ATP ra ised  

the production of testo ste ro n e . Increase in  the amount of ATP used, did 

not make a remarkable d ifference in  the re s u lts .  S im ilarly  MgCl2 or 

fumarate did not a ffe c t the re su lts  s ig n if ic a n tly . In  a l l  these experi

ments a lso , a suggestive evidence of the formation of epiandrosterone 

and a su b stitu ted  unsaturated 3,17-diketone in  trace  amounts was obtained.

Metabolism by Guinea Pig Kidney Homogenates 

Metabolism of androstenedione by guinea pig kidney h(xnogenates 

was studied  using d if fe re n t add itives (Table VI), Experiments were run 

w ith DPNH and NA as the co facto rs, in  a ir  and under nitrogen (experi

ments 1 and 2 ), Amounts of testosterone  formed in  both the experiments 

were p ra c tic a lly  the same. S im ilar experiments were run with TPNH and 

NA as the cofactors (experiments 3-7), Anaerobic conditions appeared to  

favor the formation of te sto ste ro n e . Further add ition  of is o c i tra te  to  

the incubation mixture resu lted  in  a s l ig h t increase in  the production of 

testosterone  (experiment 8) ,  The addition  of ATP (ten  moles of ATP per 

mole of TPNH) to  the incubation mixture ra ised  the lev e l of metabolism 

remarkably (experiment 9 ), Further addition  of MgCl2 d id  not a ffe c t the 

re su lts  (experiments 10 and 11), Addition of ATP and MgCl2 in  sm aller 

amounts (only three moles per mole of TPNH) did not make an appreciable 

d ifference  in  the production of testosterone  (experiment 12), Further



TABLE VI

METABOLISM OF ANDROSTENEDIONE BY GUINEA PIG KIDNEY HOMOGENATES

E x p t .  G a s e o u s  S t e r o i d  DPNH TPNH NA 
n o . p h a s e  m g. m g. mg. mg.

O th e r  A d d i t i v e s pH A n d r o s te n e 
d io n e  r e -

T e s t o s t e r o n e  
f  orm ed

1 A ir 5 0 5 0 8 0 0 7 . 0

c o v e r e d  
% b y  w t .

7 8 .0

% b y  w t  

7 . 8
2 N i t r o g e n 5 0 5 0 - 8 0 0 - 7 . 0 7 7 .8 7 . 4
3 A ir 5 0 — 7 2 .5 8 0 0 - 7 . 0 8 3 .4 6 . 2
4 A i r 5 0 - 65 8 0 0 - 7 . 0 8 7 .2 5 . 0
5 N i t r o g e n 5 0 - 5 0 8 0 0 - 7 . 0 7 5 .6 7 . 6
6 N i t r o g e n 5 0 — 5 0 4 0 0 — 6 . 5 7 6 .4 1 3 .8
7 N i t r o g e n 5 0 - 5 0 4 0 0 - 6 . 5 7 5 .6 1 3 .4
8 N i t r o g e n 5 0 - 5 0 4 0 0 N a ^ . i s o c i t r a t e  ( 1 7 3 , 2  mg. ) 6 . 5 7 8 ,4 1 6 .8
9 N i t r o g e n 50 - 5 0 4 0 0 N ag.A T P.3H gO  ( 4 0 6  m g .) 6 . 5 6 9 . 8 2 0 .8 8

10 N i t r o g e n 50 - 5 0 4 0 0 N ag.A TP.3H gO  ( 4 0 6  m g .)  + 6 . 5 7 0 .2 2 2 .2 8

11 N i t r o g e n 5 0 5 0 4 0 0
M gClg.6H gO  ( 1 3 6 . 5  m g .)  
Nag.A T P.4H gO  ( 4 1 8 . 1  m g .) + 6 . 5 6 5 .6 1 9 .6 6

12 N i t r o g e n 5 0 5 0 4 0 0
M gC lg.6H gO  ( 1 3 6 . 5  m g .)  
N ag.A T P.4H gO  ( 1 2 5 . 4  m g .) * 6 . 5 7 1 .4 1 5 .2

13 N i t r o g e n 50 5 0 4 0 0
M gClg.6H gO  ( 4 1  m g .)  
N ag.A TP.4H gO  ( 1 2 5 . 4  rag .) * 6 . 5 7 3 .2 1 5 .5

14 N i t r o g e n 5 0 5 0 4 0 0

M gClg.6H gO  ( 4 1  m g .)  *  
N a g .fu m a r a te  ( 3 2 . 2  m g .)  
Nag.A T P.4H gO  ( 4 1 8 . 1  rag .) + 6 . 5 7 2 . 8 1 9 .2
M gC l2 .6H 20  ( 1 3 6 . 5  m g .)  + 
N a g .fu m a r a te  ( 1 0 7 . 4  rag. )

o
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addition  of fumarate to  the incubation mixture did not affect the re su lts  

a t  a l l  (experiments 11-14). In  most of these experiments, trace  amounts 

of epiandrosterone and a su b stitu ted  unsaturated 3 ,17-diketone were 

thought to  be formed as the other m etabolites.

Discussion

Liver and kidney have many reductases, which are not only 

p o s itio n  sp e c if ic , but a lso  stereo isom erically  sp ec if ic . They are also 

sp e c if ic  in  th e ir  cofactor requirements (discussed in  Chapter I ) ,  In  the 

above experiments only testo ste rone  was id e n tif ie d  as a m etabolite. A 

suggestive evidence of the formation of epiandrosterone and a su b stitu ted  

unsaturated  3,17-diketone as the other m etabolites was obtained.

Thus i t  appeared th a t the enzyme systems reducing only C-3 and 

0-17 ketones to  the respective f i  -hydroxyls, and a lso  reducing the double 

bond in  ring  A, were active  both in  the liv e r  and the kidney of the 

guinea pig . In  the experiments w ith l iv e r ,  the addition  of NA to  the 

incubating mixture d id  not a ffe c t the re s u lts  appreciably. This might 

suggest th a t the amounts of the reduced pyridine nucleotides were more 

than s u f f ic ie n t ,  in  sp ite  of the in h ib ito ry  ac tion  of nucleotidases pre

sen t in  the tis su e s  (122,123), or th a t the reduced forms of pyridine 

nucleotides were not acted upon by the nucleotidases. I t  might also 

suggest the presence of "NA in h ib ito r"  in  the tis su e s  which did  not allow 

NA to  take p a rt in  the exchange reac tio n  with DPNH or TPNH.

The reduction of androstenedione was favored by acid pH a t 

which the reduced forms of pyridine nucleotides are less s tab le  than they 

are a t  the a lkaline  pH (131), This might lower the a v a ila b ili ty  of the
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reduced form of pyridine nucleotides fo r the reduction of the s te ro id  in  

acid pH, This might account fo r f a i r ly  low levels of metabolism in  our 

experiments.

TPNH seemed to  be more favorable for the formation of testosterone 

than DPNH, This might be due to  the sp ec ific  c h a ra c te r is tic s  of the 

enzyme systems involved, or might be due to  more s ta b i l i ty  of TPNH as 

compared to  th a t of DPNH in  acid medium. In  a few experiments, anaerobic 

ra th e r than aerobic conditions seemed to  be more su ited  fo r the reduction 

of androstenedione. This i s  in  accordance w ith the observations of Tcmq-  

kins and Isselbacher (90),

Is o c itra te  and ATP were found to  be e ffec tiv e  add itives in  our 

experiments. Iso c itra te  might be acting  as a su b stra te  fo r the is o c i t r ic  

dehydrogenase present in  the t is su e s . This enzyme should u t i l iz e  TPN as 

the cofactor and reduce i t  to  TPNH (132), Thus is o c i tra te  might be 

favoring the formation of testosterone  by keepii^ a constant supply of 

TPNH.

Androstenedione + TPNH — —— Testosterone + TPN 

TPN + DPNH ■ — .■■■» > TPNH + DPN 

AlP might be involved in  the g ly co ly sis , leading to  the formation 

of DPNH which might be exchai^ing hydrogen w ith TPN to  produce TPNH as 

shown above (96). ATP might be responsible for converting TPN to  TPNH 

a lso , by y ie ld ing  some energy. H ion required could be picked up from 

the buffer medium. I t  might a lso  catalyze d ire c tly  the reduction of 

androstenedione to  testosterone  by TPNH,

I t  appeared th a t the ATP requirements in  the kidney experiments 

were about th rice  as great as in  the l iv e r  experiments.



CHAPTER V

SUMMARY

In  v itro  metabolism of androstanedione and 4-androstene-3,17- 

dione was studied by using guinea pig tis su e  homogenates as the source of 

enzyme systems.

Experiments were designed to  show the influence of pH on the 

metabolism of androstanedione by guinea pig l iv e r  homc^enates, in  the 

presence of NA and DPNH or TPNH. Androsterone, epiandrosterone, and 

aMrostane-17/3 -ol-3-one were id e n tif ie d  as the m etabolites. The 

metabolism of androstanedione was a t  a higher lev e l in  the presence of 

DPNH than w ith IPNH. Epiandrosterone was formed in  larger amounts than 

androsterone or androstanolone. In  these experiments, pH 6.5 appeared 

to  be the optimal pH for the formation of both androsterone and epi

androsterone in  the presence of DPNH, and fo r the formation of epi

androsterone only, in  the presence of TPNH.

Androstenedione was metabolized by guinea pig l iv e r  or kidney 

homogenates. Testosterone was the id e n tif ie d  m etabolite. Reduced forms 

of pyridine nucleotides ra ised  the lev e l of metabolism considerably.

ITNH was more e ffec tiv e  than DPNH, Addition of NA to  the incubation 

mixtures did not a ffec t the re s u lts  a t  a l l .  Testosterone formation by 

l iv e r  hcanogenates was the highest a t  pH 6 ,0 , in  the presence of DPNH,

43
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while i t  was more or le ss  the same in  the pH ra i^e  5 ,5 -6 ,5 , in  the 

presence of TPNH, Anaerobic conditions seemed to  be more favorable for 

the production of testosterone than the aerobic conditions.

Is o c itra te  and ATP appeared to  be the e ffec tiv e  ad d itives, 

while MgClg, glucose, and fumarate were in e ffec tiv e  in  ra is in g  the level 

of metabolism both in  the l iv e r  and kidney experiments. ATP requirements 

of kidney appeared to  be about th r ic e  those of l iv e r .  In  most of the 

androstenedione e:q)eriments, there  was some evidence fo r the formation of 

epiandrosterone and a su b stitu ted  unsaturated  3,17-diketone in  trace 

amounts as add itiona l m etabolites.
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