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SUMMARY 

I. The biosynthesis of progesterone from [I-laC]acetate has been demonstrated. 
2. By means of in vitro incubations of F4-14C]progesterone and [4-14C]androstene - 

dione in human ovarian tissue, a continuous spectrum of intermediate compounds 
leading to the synthesis of estrogens has been demonstrated. Presumptive evidence has 
been obtained for the following products: 6fl-hydroxyprogesterone, pregnanedione, 
allopregnanedione, 2oa-hydroxypregnene-3-one , 2ofl-hydroxypregnene-3-one, i7-hy- 
droxyprogesterone, I7a-2o~-dihydroxypregnene-3-one , 2o~-hydroxypregnane-3-one, 
androstenedione, estrone, and estradiol-I7fl. 

INTRODUCTION 

Although it has been assumed that the early steps of progesterone biosynthesis follow 
the same general pathway as the synthesis of cholesterol 1,2, direct evidence for its 
synthesis from simple carbon compounds in the ovary has not been heretofore avail- 
able. The studies reported in this paper demonstrate the in vitro biosynthesis of 
progesterone from ~i-14C]acetate incubated with corpora luteal tissue. The subsequent 
course of progesterone metabolism in the human ovary has been followed by the in 
vitro incubation of I4-14CJprogesterone and F4-14C]androstenedione with ovarian 
stromal and corpora luteal tissue. Seven products have been characterized. The nature 
of the products is such as to suggest a relatively detailed metabolic scheme in the 
transformation of progesterone to androstenedione and estrogens. 

* Key investigator, American Cancer Society. 
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EXPERIMENTAL 

Minced human stromal or luteal tissue x (o.5-1.o g) or bovine corpora luteal tissue 
(5-6 g) was incubated with chromatographically pure radioactive compounds (l-uman 
tissue: Io,ooo counts/min-[4-14C]progesterone, specific activity 1.o7" Io ~ counts/rain t 
mg; IO,OOO counts/rain- [4-~4C]androstenedione, specific activity I . t i .  ior counts/rain/ 
mg; IO,OOO counts/min-[4J*C]testosteronc, specific activity I . i .  io ~ counts,,"min/mg.-- 
bovine tissue: I,OOO,OOO counts/min-[I-a~C]sodium acetate, specific activity 3o.5 
/~C/mg) in a buffer medium (o.o5 M sodium-potassium phosphate, pH 7.3 and o.oo4 M 
magnesium chloride) at 37 ° for 2 h (bovine tissue, 4 11). The incubations were ter- 
minated by addition of 3 volumes of acetone which was subsequently removed by 
vacuum distillation. The residue from a chloroform extract of the water solution was 
dissolved in a few drops of chloroform-methanol (x : I) mixture and chromalographed 
in Zm~Ir.~I~Om'S s formamide systems. The radioactive areas were loczted by means 
of an automatic strip feed counter 4 and analyzed by methods heretofore describedL 

Preparation of [4-vtC]androstenedione 

This radioactive compound was prepared by dissolving 5oo,ooo counts/rain of 
testosterone in 15 drops of glacial acetic acid to which one small dry crystal of chro- 
mium trioxide was added. The mixture was shaken thoroughly in a glass stoppered 
tube and allowed to stand overnight at room temperature. The following mo,,~aing 
7 ml of water were added to the mixture, immediately after which the steroid was 
extracted with ethyl acetate. The ethyl acetate was removed x~fith a stream of nitrogen. 
and the residue was dissolved in methanol-chloroform (x :x) for cl;romatography on 
the hexane-benzene system. The androstenedione area was eluted from the paper 
with methanol and dried for use in the experinaent. 

ZI~.~ER~,rA.',r reactionn for detection of ketonic carrier compou1~ds 

A thin longitudinal strip of the chromatogram was dipped in a mixture of two 
volumes of m-dinitrobenzene (I % in methanol) and one volume of freshly prepared 
I5 % potassium hydroxide and dried on a medium warm glass plate, to develop the 
color. (3 keto compounds gave a blue violet color; 17 keto compounds gave a violet 
color and 2o keto groups gave a brown purple color,) 

Ferric chloride test 7 for detection of carrier estrogens 

A longitudinal strip or sample of the chromatogram was dipped in a mixture 
consisting of equal volumes of 1% ferric chloride (FeCI.~) and I .,% K3Fc(CN)6 and 
subsequently washed in o.I N hydrochloric acid. Excess hydrochloric acid was 
removed by washing in tap water and the chromatogram was allowed to dry. 

Reduction of ketonic groups 
2 ml of a saturated solution of LiAIHa in anhydrous diethyl ether were added to 

the dry steroid, mixed thoroughly and allowed to stand at room temperature fo," 
5 min. 3-4 ml of distilled water was then added to stop the reaction and decompom 
the excess Li,MIt4. The reduced steroid was then extracted frorn the solution with 
ethyl acetate which was removed by evaporation under a stream of v.itrogen. 

2oct-and 2ofl-hydroxypregnene-3-one were generously supplied by  Dr. W. KLYNE 
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(Post Graduate Medical School, London). 6~-hydroxyprogesterone was a gift from 
Syntex, S.A.. The other steroids were obtained from commercial sources. 

R E S U L T S  

Biosynthesis of progesterone 
Fig. I is a tracing of the radiochromatograph obtained from an incubation of 

bovine corpora luteal tissue with [2-1¢C]acetate. 

1oo 

so 

progesterone ORIGIN 
300 counts/m:. 

Fig. I. Biosynthesis (bovine corpora luteal tissue) of progesterone from [i-14C]acetate. The 
crosshatched area represents non-radioactive (carrier) progesterone (detected by u.v. absorption). 

The peak at the mid-portion of the chromatogram was eluted and rechromato- 
graphed in the hexane-formamide and heptane-formamide systems with carrier 
progesterone. In both systems the radioactive peak migrated at the same rate as 
the carrier compound. The specific activities of the two chromatograms from two 
solvent systems were shown to be the same (hexane-formamide, 2.04 counts/min/mg; 
heptane-formamide, 2.06 counts/min/mg. 93 and 85 ~g respectively of the IOO ~g 
progesterone originally added were recovered from the chromatogram). The compound 
was shown to be not acetylatable. Three consecutive crystallizations of the mixture 
of progesterone and the unknown radioactive compound from two solvents (heptane 
and hexane) exhibited the same specific activities: 

Crystallization Specific activity 

I) (Hexalle) 53.0 counts/min/mg 
2) (Heptane) 57.1 counts/min/mg 
3) (Heptane) 56.3 counts/min/mg 

Identification of the other radioactive peaks was not carried out in these ex- 
periments. 

Metabolism of progesterone 
The chromatographic spectra of progesterone metabolism in the human ovary 

are shown in Fig. 2. The initial spectrum is a tracing of a radio-chromatograph 
obtained after the incubation of IO, OOO counts/min E4-~C~progesterone in 0.5 g of 
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human corpora ]utea] tissue. The subsequent  spectra  were obtained iro?,~ composi te  
ext rac ts  from incubations of both  stroma] and corpora~ lutea] dssue. ]!Le~:,e>ti;d]y lh<~ 
same compounds  have been found in both  types  of tissue. The J},7;a;<~ ' a)sc s]}ov,'.< t{~c: 
sequence in wlaich t]:~e varions radioact ive areas v,:erc resolx ed for ana]ysis. The f o r  
lowing is p resumpt ive  evidence %r t1-~e ident i ty  of the isolated compou~ds : 

z. dfi-lOd,'o~3.,fl~'oges/ero~e: "]The radioac t iv i ty  remaining ~t ::t~e origi~ i~ ihe 
original hexane - fo rmamide  chromatogram was rechromatogr;~p!~ed h~ l:hc' he×ane 
benzene system with the carrier compound (non-radioactive 6fi-hT!.,drox?zprog~eseeron< ) 
and found to migrate at i:l~,e same rate. ']:'lm two compou~ds also po~itior~ed i:]~,:~w.,seJ,,:e~ 
Jn the same area in the benzene system. The acetate of l)ot]-, comlxmnds .~'a--~ id<p, tJcal]y 
in the hexane-benzene  system. ~'lild oxidation o~ the radioact ive comp<)~md r~ su]t:ed 
in a der ivat ive  wbic]~ migra ted  identically with 6-keto-progestero~Je 

t 

!~1 PROGESTERONE 
. . . .  Z imm~rma~n 

- ' - : ---  ~ -  i 70HP 
60HP 

H * *  preg a IIopreg. prog / ~  

.............. ? ~"  
. .... o~ A ~, Arc" ,4 

• " i," / I ffa.~- 
..... 

, 2 o ~ o H P o c  p~og. - - . . x  ( ~ ,Bz oo~r ~oo,: .~o~P / / /  
..~n4 ......... . " .. • ...... 

.-. &.. : ,  
and . . . . . . .  diane ~: / { ~  

HBz andr. faz ~- 170HP 1?,20-DHP 

I7,20-DHP ac 

Fig .  2, C h r o m a t o g r a p l ~ ] c  s p e c t r a  of p r o o e s t e r o n e  ]DYOCIHC{;S ]n Lhe ]111133al] OV{;~% r 811(] ',:!)C 5~O(!HelIct~ 
of a n a l y s i s .  T h e  w i d e  p o r t i o n s  of t h e  h a t c h e d  a r r o w s  rel:)rese]~l t h e  are~ (>f ~hc chr( matogr;.'.rn 
e ]u ted .  The  &rlTo\vs p o i n t  go subsequen . t  t r ea . t :mem of t h e  e lu tod  r a d i o a c t i v e  ~mi;erJal.  'J']'.c tolh)wi?.g 
a b b r e v i a t i o n s  a re  e m p l o y e d :  }t ,  c h r o m a t o g r a p h y  to  freest in ]:~exa~e s y s t e m  ; H *, c h r ~ m a L o g r ~ p h  3 
in  b e x a n e  d r o p p e d  z b f~:om f r o n t ;  I t** ,  c h r o m a t o g r a p h y J n  h e x a * a e d r o ? v . c d  ; ~ . 3 ?  f~nm fron~; 
Bz,  c h r o m a t o g r a p h y  to  f r o n t  in t:)ep, zene  sxrskem; Hl3z:  c i~ roma tog raph? :  i;r~ fro~F, 5~_1 h e × a n e  
b e n z e n e  s \ s t e m :  prog . ,  p r o g e s t e r o n e ;  ])reg., p r e g n a n e d i o ~ e ;  a! ]opreg. ,  a]Jo])reg'a~nedi<n-~e; ~o(z- 
O H P ,  2or.t-hydroxypreg~'~ene-3-one; eo/3OH.P, 2 o / 3 - h y d r o x y p r e g n e n e - 3 - o n e ;  .n > 6 f i _ h a d r o x y  
p r o g e s t e r o ~ e ;  ~ 7 ( ) H P ,  ] 7 ,~- ]~ydroxyproges te rone ;  ~ 7 , e o - D H P ,  ~ 7% 2o25-di];ydroxy'prc~rm~]e-3-onc; 
and r . ,  a n d r o s t e n e d i o n e ;  ac, a c e t a t e  e s t e r :  ox, o x i d a t i o n ;  ace t . ,  aeef is la tJon.  TI:e dott :ed ]ine~; re- 
p r e s e n t  a r e a s  in w h i c h  tSe  c a r r i e r  col~lpOlJI]ds ~\ cite d e t e c t e d  "aith ei l :her  t h e  ZSmmerlT~ ])n r eac t%l :  

or u.v .  a b s o r p t i o n ,  k ca r r ie r  er)n~po~md. >:as J~ot a,>,ailab]e fo r  t]~e ! 7, , , o - ] ) H P  c,'):n.->c,~nd. 
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2. Pregnanedione: Initial and secondary chromatography in the hexane system 
proved that the radioactive compound migrates identically with the index carrier 
(RF 0.6-0.8). Reduction of the combined compounds gave a more high polar compound 
(probably monohydroxy compounds, as they were of intermediate polarity) which 
ran identically with the reduced carrier. Upon acetylation of the reduced compounds 
(carrier and radioactive), the radioactive and non-radioactive compounds were found 
in the identical area of the chromatogram. The original compound did not form an 
acetate ester. 

3. Allopregnauedione : This compound was not found in all incubations. However, 
in some of the chromatographs a shoulder was observed on the low polar side of the 
progesterone peak. Lengthening the time of chromatography (dropping of the solvent 
for one hour) resulted in resolution of this compound from progesterone. The com- 
pound migrated at an identical rate with allopregnane carrier and would not acetylate. 

4. 2oa-hydroxypregnene-3-one : This compound migrated slightly from the origin 
in hexane and was resolved by dropping the solvent for several hours. It  ran identically 
with the index compound in both the hexane and hexane-benzene systems. Oxidation 
converted it to progesterone. Acetylation yielded a derivative which ran identically 
with the acetate of the carrier compound. 

5.2ofi-hydroxypregnene-3-oue: This compound migrated midway between the 
origin and progesterone area in the hexane system. It conformed to the carrier com- 
pound in both hexane and hexane-benzene systems. Progesterone was formed upon 
oxidation. When the combined area containing the index compound and the radio- 
active compound was acetylated both migrated to the front of the hexane chromato- 
graphic system. 

6. z7-hydroxyprogesterone: This compound had an RF of approx. 0.3 in hexane- 
benzene and 0.6 in the benzene systems. In both systems it ran identically with the 
index compound. Oxidation converted it to androstenedione. It  did not form an 
acetate ester. 

7. z7a-2o~-dihydroxypregnene-3-one: In benzene the radioactivity corresponding 
to this compound exhibited an RF of 0.25; in chloroform, an RE of 0.6. Its acetate 
migrated between the front and I7-hydroxyprogesterone in the benzene system 
(RF 0.9). The acetate had an RE in the hexane-benzene system of 0. 5. Mild oxidation 
gave as products, I7-hydroxyprogesterone and androstenedione. The observations 
that this compound forms an acetate which migrates at a slightly faster rate than 
I7-hydroxyprogesterone, and yields I7-hydroxyprogesterone and androstenedione 
upon mild oxidation is strong evidence for the structure listed. As 2oa-hydroxypreg- 
nene-3-one is the major product in ovarian progesterone metabolism, it is likely that 
the compound is I7a,2oa-dihydroxypregnene-3-one. 

8.2o~-hydroxypregnane-3-one: The RF of this compound in the hexane-formamide 
system is almost identical to that of progesterone. Upon acetylation of the progesterone 
peak, two products are noted: Unchanged progesterone and an acetylated compound 
which migrates to the front. When the compound is hydrolyzed to remove the acetate 
group and subsequently oxidized (mild), a derivative is observed which migrates at 
the same rate as pregnanedione. As the reduction of the 20 ketone to a 2oa-hydroxy 
group seems to dominate in the human ovary, this compound is thought to be 2oa- 
hydroxypregnane-3-one. 

9. A ndrostenedione: In the initial chromatography with hexane, this compound 
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migrates slightly in freest of the origin. In the hexane--benze~ae sp:tel~ k ~as a.~ ~hTy 
of 0.65. I t  migrates identically in both systems with the inde>- coinpou~_~d and doe~ 
not form an acetate. 

Only small radioactive areas corresponding to the following compounds v,:ere 
observed in chronmtographs from the progesterone incubations. However, wker~ 
[4-~4C]androstenedione was employed as the substra.te, radioactTve are~:s of suNcient 
magnitude to acety]ate and rechromatograph (Fig. 3) were obtain:cal. 

/ ~  ...... Index 
/ ~  compound 

, \  / 7>,', 
O C> O 

ondrostenedione estrone estr~diol 

lS'Jg . 3- T r a c i l ] g  o~ a radJoc l~ roma tog raph  de ,nons i : ra t i ng  £l~e syn thes i s  
f r om [4-]~C a.ndroste~edio ' , ]e (ovaTja ~ s t r oma !  o r  l u t e a l  

1 
4 
, 5 0 

f 
of cst:radiol a.~?d estroT~e 

IO. Estro~¢,e,: In both the hexane-benzene and benzene systems the radioactive 
compound migrates identically with index estrone, The acetylated deriv~tive has aJ? 
RF of about o.65 in hexane-formamide and migrates wit]~ estror~e aeetat,',, 

I I .  Estradiol-sT~: The radioactivity of this compound migrates at the same rate 
as index estradio]-I7~ ehromatographed in the benzene and chloroform ~ystems. 
Acetylation forms an acetate wlaich runs with the front in hexane. 

12. OrTgi~@eah (Fig. 3): The radioactive compound in thi:: pc~n}c ]ms Hot, bee~,~ 
studied. 

DISCUSSION 

Fig. 4 depicts possible steps in the conversion of progesterone to androstenedione and 
the estrogens. All products listed in the figure which precede the step of aromalizatJo~ 
can be readily demonstrated in a continuous spectrum after NN~C]proge~terone 7s 
incubated in humal~ corpora lutes] or stroma] tissue. Only two of the products, 
2oc,-hydroxypregnene-3-one and 2ofi-hydroxypregnene-3-one ]~av<, been ]}eretofor~ 
isolated from normal human ovaries s. ]3oth 17-hydroxyprogesteroP, c amJ androste.~e- 
dione have been reported as products of progesterolle metabolism in Nssue .from an 
arrhenoblastoma 9 and po]ycystic (SteJn-Levent]ml) ovaries 1°. The latter mvestiga.tors ~° 
also reported tentative identification of testosterone, but several studies ~ wit]~ 
polycystic ovaNes in this laboratory have revealed only those produc(<{ listed in Fig-. 4. 

In the current experiments only traces of estrone and cstrodio] 1)a>e been 
observed after incubation with <[4-14C]progesterone. However, t]~,e formation of bo£h 
estrone and estradio] were readily demonstrated when [4-14C]androstenedJone was 
incubated as a precursor (Fig. 3). The compound/s remaining at the origin (Fig. 3) 
has not been identified, However, its failure to form an acetate ester indie~d;es ]t ]:~, 
not estrioI, 
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The metabolism of progesterone in the human ovary seems similar to that  in 
experiments. HEARD et al. zs and WEST et al. ~9 have demonstrated the i n  vivo conversion 
of testosterone to estrogens. I t  has been shown in this investigation as well as in 
investigations by  others2°, ~ that  testosterone can be converted to estrogens in the 
human ovary. Placental tissue also can carry out this conversion ~2 as well as other 
conversions 2~. The present experiments suggest that  androstenedione is the dominating 
precursor in the course of synthesis of the estrogens. The synthesis of both estrone and 
estradiol can be demonstrated from this precursor (Fig. 3)- 

The significance of the formation of pregnanedione, allopregnanedione, 6fi- 
hydroxyprogesterone and 2o~-hydroxypregnane-3-one (latter compound not included 

1 c : o  

A C E T A T E  

cM 3 | PREGNANEDIONE 

_n5 o...J 
6 ,  . . . .  ROGE . . . . .  NE t I I I I "  o - ~ , , + , )  , 

~ 0 " ~  ~ '  ,.~OPREGN,NEO,ONE 
IW~PROGESTERONE~I~I 

CH3 " ~ CH 

2Om-OH P R O G E S T E R O N E  ~ | |  2 o a - ~  PROGESTERONE 

o * 

IT-OH PROGESTERONE 

• -... : : .  ~ : : : "  

• - - .  ? • CH 3 " ' '  

O ~ . - v v  * 
i 7a ,20~ r-  D I HYOR OXYPROGES TE RONE 

TESTOSTERONE ' 

O 0 o OH 
ANOROSTENED~ONE 

-g -  

HO HO 

ESTRONE EGTRAOIOL 

Fig. 4. The m e t a b o l i s m  of proges te rone  ill the  h u m a n  o v a r y  (proposed sequence of b iosynthes is ) ,  
1 The convers ion  of a c e t a t e  to  proges terone  was  d e m o n s t r a t e d  on ly  ill bov ine  corpora  lu tea .  
* Compounds  i so la ted  af ter  i ncuba t i on  of F4-14C]progesterone in  h u m a n  ova r i an  t issue.  The 

es t rogens  were i so la ted  af ter  i ncuba t i on  of andros tened ione .  
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in Fig. 4) is not known. These compounds may  be associated with the med~anisn~ ol 
other species. SoLos~o~- et al .  ~ have identified androstenedione, and ::7<h).droxy- 
progesterone after the in vitro incubation of progesterone in bovine ov~JSa,,~ iiss)~e. 
Two ]aboratories~a, ** have reported 2ofi-hydroxypregnene-3-oJ~e 1~o be a producl of 
progesterone metabolism in the bovine ovary. A similar patten~ of ]:>-ogestero~ie 

metabolism to that  observed in the ovary appears' to occur in the rat and guinea pig 
testis 15. The overall synthesis of estrogens from [l'aC]acetate Jnc~l)at:ed v,di!-~ ovarian 
tissue has been reported by RABINOWITZ AN]) DOWBEN ~. Howeve,< }{OLL/~ND:ER A2~19 

H O L L A N D E R  17 w e r e  m~successful in demonstrating these co~],7eysJo]}s i!] :drnJiar 
action of progesterone or may be decomposition products in the course of i]~e break~ 
down of progesterone for conjugation and eiiminatJo~ from ttqe o~'ganism. 

MEYER ~ has made the interesting observation that  ]-9-hydro :yandrosi;e,~edione 
can be converted to estrone in the bovine ovary, x9-F, ydroxy/ai:ion i~ known %, occur 
biologically ~'~, ~ and Jt Js possible that  this compound is; an intermediate iJ" the process 
of aromatization. I t  is a]so possible that  a pathway of estrogen :ayz:ti~e::i:-" ,'×is{~: in 
which I9-hydroxylation precedes the c]eavage of ti~e side chairl. 
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