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I. Chemistry of Estrogens 

A . TOTAL SYNTHESIS OF ESTROGENS 

1. Equilenin and Its Stereoisomers 

Of the many difficulties encountered in the path of total synthesis of 
the estrogens, the introduction of an angular methyl group between rings 
C and D was one of the most difficult to surmount. In view of the many 
noteworthy attempts at total synthesis by other investigators (see the 
excellent review by Jones, 9G), the successful efforts of Bachmann and 
co-workers in 1939 and 1940 (3) are truly outstanding. Starting with 
Cleve's acid, l-aminonapthalene-6-sulfonic acid (I), equilenin (XIV) 
and its stereoisomers were obtained in 11 steps. I was fused with sodium 
hydroxide to give aminonaphthol ; diazotization and methylation yielded 
6-methoxy-l-iodonaphthalene. Its Grignard product (II) was treated 
with gaseous ethylene oxide to yield III; conversion to the corresponding 
bromide was effected by treatment with phosphorus tribromide. The 
bromide was condensed with sodium malonic ester and the condensation 
product decarboxylated to give IV, which was converted to the acid 
chloride and cyclized to l-keto-7-methoxy-l,2,3,4-tetrahydrophenan-
threne (V). The latter compound was first prepared by Butenandt and 
Schramm in 1935 (30) from Cleve's acid, but by a different route. V was 
treated with dimethyl oxalate in the presence of sodium methoxide to 
yield the corresponding glyoxylate, VI. Haworth had encountered 
difficulty in eliminating carbon monoxide from the glyoxalate but by the 
simple expedient of adding powdered glass and heating, Bachmann 
succeeded in obtaining VIL The sodio derivative of VII reacted with 
methyl iodide whereupon an angular methyl group was introduced to 
give λ^ΙΙΙ. Treatment with methyl bromoacetate in the Reformatsky 
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reaction yielded IX. Dehydration (in two steps) gave X . A geometric 
isomer of X was obtained as the acid anhydride and therefore the car-
boxyl groups may be assumed to be in eis relationship in this com-
pound. The carboxyl group attached to the double bond in X extends 
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away from the tertiary carboxyl group. Both acids (X) yielded on 
reduction with sodium amalgam in water the alpha and the beta forms 
of XI , which are actually racemic mixtures. The arbitrary desig-
nation alpha and beta refers to the spatial configuration of the hydrogen 
atom on carbon atom 1 (phenanthrene system of numbering!). The 
beta acid subsequently yielded dZ-equilenin; the alpha acid finally 
yielded dZ-isoequilenin (also independently synthesized recently by Birch 
et al., 12). This conversion (XI—>XIV) was accomplished in the follow-
ing way: the beta acid was converted by the Arndt-Eistert method to the 
corresponding proprionic acid derivative, XI I . Cyclization by the 
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Dieckmann method gave XIII , which on decarboxylation gave a racemic 
mixture of equilenin (XIV) . The racemate was resolved by way of the 
Z-menthoxyacetic ester to yield d-n-equilenin, identical in every respect 
with the naturally occurring equilenin first isolated by Girard et al. (62) 
from the urine of pregnant mares. cWso-equilenin was found to be 
identical with the 14-epi-equilenin, which had been prepared from 
equilenin by Hirschmann and Wintersteiner (81). The latter authors 
pointed out that the configuration of d-zso-equilenin at C13 is the same as 
that in naturally occurring equilenin. Hence, the configuration of all 
stereoisomers of the natural hormone equilenin are established with 
reference to 14-epz-equilenin. The estrogenic activity of d-n-equilenin 
is thirteen times that of Z-n-equilenin ; the dZ-ùo-equilenins are relatively 
inactive. Since Marker (109) had previously succeeded in converting 
equilenin to estrone ( X I X ) , the Bachmann synthesis of equilenin is in 
effect a synthesis of estrone. 

Johnson et al. in 1945 (95) briefly described a new method for syn-
thesizing equilenin. Compound V (see above) was the starting point in 
the synthesis. It was converted in three steps to : 

C H 3 

(R represents the nucleus of V) which reacted in a novel manner with 
diethyl succinate to yield: 

Ο 
H 3C II 

R 
- C 0 2C 2H , 

— C N 

= 0 

1 / 
The latter substance was readily decarboxylated and then catalytically 
reduced to yield racemic mixtures of n- and zso-equilenin ; these were 
resolved in the usual manner. The new synthetic route may be useful 
in attempts to synthesize estrone. 

2. Other Attempts at Total Synthesis 

Bachmann and co-workers (6) applied the methods used in the 
equilenin synthesis in an attempt to synthesize estrone; this is a more 
difficult undertaking, since in estrone one has to reckon not only with the 
asymmetric centers at C-13 and C-14 as in equilenin but also with those 
at C-8 and C-9. The authors succeeded only in obtaining a stereoisomer 
of estrone. It has been pointed out, however, that this method may 
some day give the desired result. The synthesis was carried out as 
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follows: the starting compound, ß-ra-anisilethyl bromide (XV) was con-
densed with sodiomalonic ester, and then in turn with the acid chloride 
of ethyl hydrogen glutarate. The tricarboxylic ester formed was cyclized 
and partially decarboxylated to give XVI . Treatment of the dimethyl 
ester of X V I with sodium methoxide gave the cyclic keto ester XVII , 
which was not isolated as such but used directly. The conversion of 
XVII to dZ-estrone-a ( X I X ) , was achieved in a manner essentially that 
used in the conversion of VII to X I V but the intermediate XVII I (com-
pare with XI ) was not separated into its stereoisomeric components. 
dZ-Estrone-a possesses only -^io the activity of naturally occurring estrone. 
It is significant that the resinous mixture from which dZ-estrone-a was 
obtained by direct crystallization is considerably more active. 

Dane and Schmidt (39) synthesized a stereoisomer or possibly an 
isomer of estrone. 6-Methoxy-l-vinyl-3,4-dihydronaphthalene ( X X ) 
reacted with l-methylpentene-2,3-dione ( X X I ) in a Diels-Alder manner 
to give a 16,17 diketone ( X X I I ) . Reduction yielded the ketol X X I I I , 
which was dehydrated and reduced to X I X . The latter compound was 
not identical with estrone and the estrogenic activity was not reported. 

T O T A L SYNTHESIS OF E S T R O N E ISOMERS 

A. Bachmann Synthesis of dl-Estrone-a 
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C. Breitner Synthesis 
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The D ring is probably fused to the phenanthrene system in the eis 
configuration; in the native estrogens, rings C and D are believed to be 
in a trans relationship but this has not been rigorously proved. On the 
other hand, it is possible that the condensation of X X and X X I did not 
proceed in the manner outlined, so that X X I V rather than X I X may 
actually be the product in hand. 

Breitner (128) sketchily described a method for the synthesis of 
estrone. The initial step appears to be similar to that in the Dane and 
Schmidt synthesis. X X was reacted with citraconic acid anhydride 
( X X V ) ; the adduct, X X V I , on reduction with sodium and alcohol 
yielded a lactone; hydrolysis of the latter gave X X V I I . The procedure 
from this point on bears a resemblance to the Bachmann synthesis. The 
final product possessed about the same degree of estrogenic potency as 
estrone, but the physical properties are not identical. Separation of 
stereoisomers was not carried out at any stage in the synthesis. 

3. Some Interesting Homolog s of the Estrogens 

Quite a number of interesting homologs of equilenin and estrone have 
been prepared and a few of these will be described here. Antedating the 
Bachmann synthesis, Koebner and Robinson (98) synthesized z-nor-
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equilenin1 (the prefix χ is used to indicate indeterminate stereochemical 
configuration and the prefix "nor" to indicate that the angular methyl 
group between rings C and D is absent); Weidlich and Meyer-Delius 
(186) consider the terminal rings of this compound to be trans-linked on 
the basis of comparative hydrogénation experiments in acid and alkaline 
solutions. The acetate of x-norequilenin is estrogenic only in 10-mg. 
doses (Koebner and Robinson, 98). An x-norestrone was prepared by 
Robinson and Rydon (148); its ring system probably has the cis-cis 
configuration. Dane and Eder (38) synthesized an z-dehydronorestrone 
by a different route. 

Variations in the nature of the angular group of dZ-equilenin have been 
introduced. It appears that the estrogenic potency is largely preserved 
in the homologs up to η-propyl, but the η-butyl homolog is inactive 
(Bachmann and Holmes, 5). D-Homoequilenin (stereochemical con-
figuration?) was prepared by Burnop et al. (20) ; the D ring in this com-
pound is six-membered instead of five-membered as in the normal 
steroid series. A partial synthesis of D-homoestrone has been described 
(Goldberg and Studer, 64); this compound has about one-thirtieth the 
estrogenic potency of estrone. 

Bachmann and Wilds (7) described the total synthesis of the stereo-
isomeric forms of e^-17-equilenone, i.e., equilenin derivatives lacking the 
3-OH group. The importance of this OH group for biological potency is 
emphasized by the fact that the dZ-17-equilenones (a and β forms) are 
lacking in estrogenic activity (tested up to 500 μg. in castrated female 
rats). Such compounds are also of interest metabolically in view of the 
recent isolation of 3-desoxyequilenin from pregnant mares' urine (Prelog 
and Führer, 141) ; this substance shows estrogenic activity at a 100-150 μg 
dose level. The urinary steroid is dextrorotatory and has the same 
stereochemical configuration as that in native equilenin; the resolution 
of the dZ-17-equilenones and comparison of these with the urinary product 
would complete the correlation of the two dl series. Wilds et al. (193) 
recently obtained evidence which indicates that the β form of 17-equi-
lenone probably has a trans C:D ring juncture, as is assumed to be the 
case in equilenin. The a form of 17-equilenone possesses a eis C:D ring 
juncture in all likelihood. This opinion is shared by Birch, Jaeger, and 
Robinson (12), who synthesized by an independent route a product 
identical with a-17-equilenone (eM-isoequilenin was also prepared). On 
the basis of results obtained with the model substance, a-hydrindanone, 
this group of investigators is inclined to believe that equilenin (and 
probably the other hormones and sterols) has the trans configuration at 
the junction of rings Ο and D. 

1
 Synthesized by an independent route by Bachmann et aï. in 1943 (4) . 
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B . PARTIAL SYNTHESIS OF ESTROGENS 

1. From Er gosier ol 

In 1936, Marker et al. (112) reported the partial synthesis of estrone 
( X I X ) from dehydroneoergosterol ( X X X ) . The latter is prepared by 
the method of Windaus by exposing a solution of ergosterol (XXVII I ) 
and eosin to sunlight in the presence of oxygen. A pinacone of ergosterol 
(Windaus and Borgeaud, 195) forms, which on heating loses the angular 
methyl group between rings A and Β to give neoergosterol2 ( X X I X ) . 
In the latter compound, ring Β is aromatic. Further aromatization can 
be effected by dehydrogenation in the presence of platinum; dehydroneo-
ergosterol ( X X X ) (Honigmann, 82) is thereby obtained. The latter 
compound is naptholic. It is reduced with amyl alcohol and sodium to 
produce a phenolic steroid ( X X X I ) in which ring Β is now saturated. 
Removal of the side chain in this compound is effected by chromic acid 
oxidation resulting in the formation of estrone ( X I X ) . 

Windaus and Deppe (196) failed to duplicate the results of Marker 
and co-workers (112). They questioned the results of these investiga-
tors on the grounds that reduction of the naptholic ring of dehydroneo-
ergosterol gives primarily nonphenolic material. Marker (109) stated 
later that it was a minor product (phenolic) and not the major product 
(nonphenolic) which was subsequently utilized in the synthesis (see also 
Section I, D, 2). Unfortunately, experimental details for the partial 
synthesis of estrone were not furnished by Marker and his group. To 
date, there has been no confirmation of this synthesis although two mem-
bers of Marker's group independently duplicated his results. 

Remezof (145) obtained from neoergosterol ( X X I X ) , by a procedure 
of oxidative degradation which was not very clearly described (lacking in 
characterization of the intermediary products), a nonphenolic isomer 
( X X X I I ) of estrone in which ring Β instead of ring A is aromatic. 
X X X I I is claimed to be as potent as estrone. 

2. From Cholesterol 

Inhoffen and co-workers (90) prepared dibromocholestanone ( X X X -
III), which on debromination gives a A1 , 4-dienone-3. The latter 
( X X X I V ) on treatment with acetic anhydride and concentrated sulfuric 
acid yields a phenolic steroid ( X X X V ) . The side chain is removed by 
chromic acid oxidation to give 1-methylestrone ( X X X V I ) . Inhoffen 
et al. (91-92) subsequently extended this study to steroids in the andro-
gen series. (Androgenic substances can be prepared from cholesterol 
by oxidative processes). They prepared the dibromo derivative of the 

2
 For proof of structure see Inhoffen (89). 
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17-acetate of androstenol-17-one-3. This product on dehydrobromina-
tion yielded a AM-dienone-3 ( X X X V I I ) , which on treatment with 
acetic anhydride and sulfuric acid gave 1-methylestradiol ( X X X V I I I ) ; 
it lacked estrogenic activity. The dienone ( X X X V I I ) was subjected 
to high temperature, methane was lost and a small amount of a-estradiol 
( X X X I X ) was thereby obtained. This synthesis correlates the aromatic 
steroid hormones with those of the nonaromatic series. Apparently 
α-estradiol and testosterone (XL) have the same steric configuration at 
the points of fusion of rings Β and C and also of rings C and D ; the 
hydroxyl group at C-17 is trans to the methyl group at C-13 in both 
hormones. But, as has been pointed out, (Wilds and Djerassi, 194) the 
possibility of inversion in the conversion of X X X V I I to X X X I X is not 
ruled out since the reactions were carried out at a high temperature. 

Wilds and Djerassi (194) confirmed the work of Inhoffen; utilizing 
essentially the same principles, they improved the yield of α-estradiol 
considerably, and also more clearly defined the nature of the intermediary 
dibromo derivatives. It has been reported (127) that as much as 15 kg. 
estrone had been prepared from dehydroisoandrosterone (XLI) in 1944 
by the Schering Corp. in Germany. The synthetic route resembles that 

P A R T I A L SYNTHESIS OF E S T R O N E AND « - E S T R A D I O L 
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C. Schering (Germany) Synthesis 
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Ο 

X L I I 

XLII 

X I X ) ; experimental 

C . ESTRIC ACIDS* AND RELATED PRODUCTS: 

TOTAL AND PARTIAL SYNTHESIS 

Estriol (XLIII) on fusion with potassium hydroxide yields a dicar-
boxylic acid, XVIIIa, which Miescher has named marrianolic acid. 

* Estrogenic carboxylic acids. 
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This reaction was first studied by Marrian et al. (121) and also by Mac-
Corquodale et al. (106,107). The methyl ether of the same dicarboxylic 
acid can also be obtained by the permanganate oxidation of the methyl 
ether of estriol in acetone (MacCorquodale et al., 106). Miescher (123) 
improved the yield by treating the benzyl ether of estriol with hypoiodite, 
the benzyl group being removed subsequently by hydrogenolysis. 
Similar treatment (Heer and Miescher, 75) of the benzyl derivative of 
estrone ( X I X ) also yields marrianolic acid. Heer et al. (74) extended 
the study to equilenin (XIV) and obtained ß( + )-bisdehydromarrianolic 
acid (XIa). Both types of marrianolic acids (XVIIIa and XIa) lack 
estrogenic activity. Brief mention has been made by MacCorquodale 
et al. (105) of other interesting acids and lactones which were obtained 
by them on more extensive degradation of the estrogens; none of these 
compounds were found by them to have any significant estrogenic 
activity, previous statements to the contrary notwithstanding (see also 
Thayer et al, 182). 

MacCorquodale et al. (106) fused estrone ( X I X ) with potassium 
hydroxide and obtained a monocarboxylic acid (XLVI). Heer and 
Miescher (75) similarly fused estradiol ( X X X I X ) with potassium 
hydroxide and obtained a product identical with Doisy's. Miescher 
named it doisynolic acid. Doisynolic acid (XLVI) is a highly active 
estrogen when administered by the subcutaneous or oral route (W. 
Hohlweg, and H. H. Inhoffen, in 1937 and 1939 described patents for the 
preparation of monocarboxylic acids from estrogens and found these acids 
to be active orally). LIeer et al. (74) fused native equilenin (d-n-equi-
lenin according to Bachmann et al.) (and also dihydroequilenin) with 
potassium hydroxide and obtained a dextrorotatory and a levorotatory 
bisdehydrodoisynolic acid (XLVII) . The levorotatory acid ("normal" 
or a) possesses an astonishingly high degree of estrogenic potency but the 
dextrorotatory (" iso" or β) acid is biologically inactive. Miescher 
et al. (74,123) synthesized bisdehydrodoisynolic acid, a task greatly 
facilitated by the work of Bachmann (see Section I, A, 1). VIII was 

P A R T I A L S Y N T H E S I S OF E S T R I C ACTOS 
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treated with magnesium ethyl bromide to give XLVIII , which was 
dehydrated, reduced, and demethylated to give bisdehydrodoisynolic acid 
(XLVII) as racemates of the n-(or a) and iso-(or β) forms. Rometsch 
and Miescher (149) succeeded in resolving the synthetic racemate of 
a-bisdehydrodoisynolic acid. The a( —)-bisdehydrodoisynolic acid was 
found to be identical with the levorotatory fusion product obtained 
from native equilenin; the β (+)-bisdehydrodoisynolic acid possessed 
about -jf̂ r the estrogenic activity of the a( — ) acid. Anner and Miescher 
(2) more recently described a simplified synthesis of bisdehydrodoisyn-
olic acid. The bromide of III was condensed with the sodio derivative 
of proprionyl propionic ester (XLIX) to give L, which was then cyclized 
to give XLVIII ; the conversion of XLVIII to bisdehydrodoisynolic acid 
has been previously described. Miescher and co-workers (1,11,75) have 
prepared a number of interesting homologs of bisdehydrodoisynolic acid, 
some of which are highly potent as estrogens, a ( —)-Bisdehydrodoisyn-
olic acid appears to be the most potent estrogenic substance thus far 
described, according to Miescher. The estrogenic activity of this com-
pound and related products are listed in Table I. 

Quite recently, Hunter and Hogg (88) described an elegant method 
for the total synthesis of doisynolic acid. The starting product, ra-meth-
oxyphenylacetic acid, was converted to the corresponding alcohol by 
reducing the ester with sodium and alcohol. The alcohol was in turn 
converted to the bromide (XV) with the aid of phosphorus tribromide. 
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The bromide was then condensed with ethyl-ß-ketopimelate. The 
condensation product underwent cyclodehydration with concentrated 
sulfuric acid. Hydrolysis yielded a dibasic acid (XVI) which was con-
verted to LI by the method of Bachmann et al. (6). Treatment of LI 
with an equivalent amount of ethyl magnesium iodide yielded the 
ethylidine derivative, LII; catalytic reduction, followed by hydrolysis 
and demethylation, gave a diastereoisomeric mixture of doisynolic acid 
(XLVI) which possessed a very high degree of estrogenic potency. 

T A B L E 1° 

C O M P A R A T I V E BIOLOGICAL P O T E N C Y OF T H E E S T R I C A C I D S AND E S T R O G E N I C 

H O R M O N E S 

Compound tested 

Native estrogens 

Estrone ( X I X ) 
«-Estradiol ( X X X I X ) 
Equilenin ( X I V ) 

Stilbestrol* (LIV) 
Doisynolic acids (and homologs) 

Doisynolic acid (from α-estradiol) ( X L V I ) 
Synthetic rac.-doisynolic acid ( X L V I ) 
Synthetic rac.a-bisdehydrodoisynolic acid ( X L V I I ) . 

a( — )-Bisdehydrodoisynolic acid (from equilenin) 

( X L VI I ) 
LV (racemates) 

Ri = C H 3 R 2 = OH 

H OH 

C 2H 5 H 
Marrianolic acids 

Marrianolic acid ( X V I I I a ) 
α-Bisdehydromarrianolic acid ( X I a ) 

Effective dose levels 

for vaginal response 

(rats; A . D . test) 

Subcut. 

(MG.) 

Oral 

(MG.) 

0 .7 20 to 30 
0 .3 to 0 4 20 to 30 
10 to 20 

0 .3 to 0 4 0 .7 to 1 0 

0 .7 to 1 0 

0 .8 to 0 9
C 

0.1 to 0 15 0.1 to 0 2 

0 .05 to 0.1 

0.1 to 0 2 0.1 to 0 . 2 
> 100 > 100 
5 5 to 10 

> 100 
> 1000 

" Data (except when indicated otherwise) compiled by Miescher et al. (2,74,75,123). 
h
 For a recent comprehensive review on synthetic nonsteroid estrogens, see Solms-

sen (173). 
c
 Data b y Hunter and Hogg (88). 

Anner and Miescher (2) confirmed the work of Hunter and Hogg in 
that they also succeeded in preparing the same ethylidine compound 
(LII). The former group of investigators observed that this compound 
readily undergoes rearrangement to bisdehydrodoisynolic acid; this fact 
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T A B L E II 

N A T I V E E S T R O G E N S : R E L A T I V E AND A B S O L U T E P O T E N C Y
0 

Absolute activity (vaginal response in spayed adult rodents) 

MG. per 

Compound 
Rat unit Mouse unit 

Estrone ( X I X ) 1.0 1.0 0.125 

Α-estradiol ( X X X I X ) 0 .08 0.125 0 .05 

^-estradiol (LVI) 3 .3 12.5 1.25 

Reference 190 132 25 

Relative activity 

Compound Spayed-rat method 
Immature mouse-uterine 

weight method 

Estrone ( X I X ) 100 100 

Α-estradiol ( X X X I X ) 1000 300 

/3-estradiol (LVI) 10 (very irregular) 7 .5 

Estriol ( X L I I I ) 20 (very irregular) 40 

Equilin (LVII ) ca. 25 11.0 

Reference 97 97 

β
 See also Table I. 

whereby isoequilin A (LXXIII) is converted to 14-epiequilenin (Hirsch-
mann and Wintersteiner, 81); analogous also is the disproportionation 
reaction whereby dihydroequilin is converted into 8-isoestradiol and 
dihydroequilenin (see Section I, D, 3). It is not well established in the 
opinion of Anner and Miescher whether the estrogenic potency of the 
doisynolic acids thus obtained might be due to contamination with 
bisdehydrodoisynolic acid since some of the latter is formed concomitantly. 

Heer and Miescher (75) have attempted the arduous and bewildering 

led Anner and Miescher to suspect that the highly estrogenic but unchar-
acterized product which Hunter and Hogg obtained on hydrolysis and 
demethylation of LII is probably bisdehydrodoisynolic acid (XLVII) . 
Anner and Miescher succeeded in partially hydrogenating the ethylidine 
compound (LII) to give monodehydrodoisynolic acid (LIII). As might 
be expected, due to the fact that the double bond is situated between two 
tertiary carbon atoms, monodehydrodoisynolic acid is relatively resistant 
to hydrogénation. It was, nevertheless, converted to a racemic mixture 
of doisynolic acids; as a by-product, bisdehydrodoisynolic acid was 
obtained in small yield. This observation is reminiscent of the reaction 
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task of correlating the spatial configuration in the estric acids with one 
another and with that in the native or natural hormones. The pertinent 
facts are presented forthwith. In the course of total synthesis of equile-
nin, Bachmann et al. (3) obtained two racemic mixtures of bisdehydro-
marrianolic acid.* The conversion of these compounds to equilenin (and 
isoequilenin) and resolution into its antipodes are indicated in Chart 1. 
It is curious that an inversion in optical rotation occurs in the process of 
converting the a-bisdehydromarrianolic acids into the iso forms of 
equilenin. The (+)-bisdehydromarrianolic acid (β or "normal"), which 
may be obtained from native equilenin, is probably identical with the 
product derived from total synthesis by Bachmann et al. (3) ; this is based 
on a comparison of the melting points of the derivatives of the first 
product with the corresponding derivatives of the + « ( —) and β 
(racemate) of the bisdchydromarrianolic acids prepared by total syn-
thesis. Heer and Miescher (75) have correlated some of the compounds 
of the marrianolic acids series with the corresponding compounds of the 
doisynolic acid series. This was accomplished by selective replacement 

T O T A L SYNTHESIS OF E S T R I C A C I D S
0 

.4. Bisdehydrodoisynolic Acid 
C H 3 

—COOCH, 

- C H 2 C H » 

VIII 
Mg OH 

CH3CH2Br 

CH3O 

XLVIII 

B. Bisdehydrodoisynolic Acid (simplified synthesis) 

C H 3 

Bromo derivative NA—I—COOCH, 

- H 2 O , 

then H2 
XLVII 

III C H 2C H 8 - N a B r 

Ο 

C H 30 

C H 3 

—COOCH3 

ù C H 2 C H 3 

II 
Ο 

XLIX 

Cyclization 

* As the methyl ethers. 

XLVII « - XLVIII 
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C. Doisynolic and Monodehydrodoisynolic Acids 

C H 3 C H 3 

-COOCH3 

C 2H 5MgI 

— C O O C H 3 

= - C H C H 3 

C H 30 C H 3 0 

H 2, etc. 
XLVI 

LI 

Hydrolysis, demet hylatii 

LII 

Rupe Ni, H 2 ; 
then KOH 

XL VII 
ΐ Pd, EI2 

I 
XLVI 

α
 See also Bachmann syntheses. 

C H , 

I—COOH 

-CH2CH3 

HO 

LIII 

of the hydroxyl group with chlorine in the acetic acid group in XVII I , 
Rosenmund reduction to the aldehyde, and Wolff-Kishner reduction 
(XLVI) . These authors also described the preparation of the estric acids 
of the lumi series, using lumiestrone (see Section I, D, 6) as the starting 
compound. It is curious that an inversion in optical rotation occurs 
when lumiestrone is converted into lumimarrianolic acid. The chemical 
interconversions of the above-mentioned compounds and of other related 
hormone products (see Section I, D) are diagrammatically indicated in 
Charts 1 and 2. It is rather difficult to explain why the a-bisdehydro-
marrianolic acids (biologically inactive) yield a biologically active 
α-bisdehydrodoisynolic acid, since the isoequilenins which the former 
compounds also yield are biologically inactive. The picture is compli-
cated by the finding that potassium hydroxide fusion of native equilenin 
results in the formation of two bisdehydrodoisynolic aids (one belonging 
to the a series, the other to the β series), whereas similar treatment of 
estrone yields only one product; the drastic conditions of alkaline fusion 
may have induced a Waiden conversion in the former instance. Heer and 
Miescher finally submit for consideration the following conclusions based 
on the findings summarized in Charts 1 and 2. 
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(a) If native estrone and equilenin possess a trans C : D ring juncture, 
then, in a( —)-bisdehydrodoisynolic acid ("normal" or biologically 
active), the 1-ethyl group and the 2-carboxyl group are in eis relationship; 

C H A R T 1 

ESTROGENIC H O R M O N E S AND ESTRIC A C I D S : CHEMICAL INTERCONVERSIONS 

dZ-ß-Bisdehydromarrianolic acid 

Î 

(iZ-n-equilenin / n-d
a
\ 

\n-l 

Total synthesis.-

dZ-a-Bisdehydromarrianolic acid —» J ^ * ( + ). 
( - ) 

*iso-£-equilenin 
*iso-d-equilenin 

dZ-a-Bisdehydrodoisynolic acid —> | ^ «( + ) 

( - ) ° 

KIO Native (-h)-equilenin
0 

(identical with synthetic 
n-d-equilenin) 

KOH fusion 

(Waiden inversion?) 

JI3(-h)-Bisdehydrodoisynolic acid 

|/3(+)-Bisdehydromarrianolic acid 
(identical with product of total synthe-
sis) 

° Biologically active. 

conversely, in -bisdehydrodoisynolic acid (" iso" or biologically 
inactive), these groups are in trans relationship: 

C H 3 C H 3 

•COOH 

—C2H5 

trans 

•COOH 

•C2H5 

CIS 
(Phenanthrene system of numbering) 

(b) If the stereochemical relationships are the reverse of those stated 
above, it follows that the C : D ring configuration is not identical in 
estrone and equilenin.* 

* But the C : D ring configuration in estrone and in equilenin appears to be identical 
since (a) Marker (109) converted dihydroequilenin to ^estradiol (an observation 
which has, however, not been confirmed), (b) equilin is readily dehydrogenated to 
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Heer and Miescher allow for a possible inversion of the 1-ethyl 
group in the course of the conversion of the marrianolic acid series to 
the doisynolic acid series, but they consider this to be rather unlikely. 

C H A R T 2 

ESTROGENIC H O R M O N E S AND E S T R I C A C I D S : C H E M I C A L INTERCONVERSIONS 

Total synthesis 

( - f )-Native estrone" 

KIO 

KOH FUSION 
Racemic doisynolic acid" 

U.V. LIGHT 
(INVERSION AT C-13) 

( - f ) -Doisynol ic acid" 

\m KOH FUSION (-h)-Native 
• ( + )-Marrianolic acid < estriol" 

OR KIO 
OXIDATION 

( — )-Lumiestrone 
(or 13-isoestrone) 

KIO 

(-f-)-Lumidoisynolic acid 
Î 

• ( + )-Lumimarrianolic acid 

PD 

8-Isoestradiol
a 

Î , 

ACID Iso-i-equilenin 
Iso-d-equilenin < (+)-14-Iso-equil in A " 

PD (INVERSION AT CU; 

J NI, H 2 

(-h)-Native Δ
6
-

equilin
a
 —> Isoequilin" 

J PD (INVERSION ATC-14) 

(-+•) Native estrone" <— 

Δ7.8 —» Δ
8
·

9
) PD 

NA, ALCOHOL, ETC. 1 
• ( + )-Native equilenin" 

PD, H 2 

" Biologically active. 

In any event, these authors feel that final proof for the stereochemistry 
of the estric acids (and of the native hormones) will require further 
e xperiment ation. 

C H 3 O H 

C H 2 

H O / 

C H 3 

C H 2 

R 2 

C H 3 

— C O O H 

—Ri 

H 

LIV 
Diethylstilbestrol 

LV 

equilenin (47); equilin was converted by Pearlman and Wintersteiner (135,136) to 
estrone. 



372 WILLIAM H. PEARLMAN 

D . CHEMICAL REACTIVITY OF ESTROGENS 

1. Reactions at C-17 Only 

Schwenk and Hildebrandt (159) catalytically reduced estrone ( X I X ) 
and obtained two epimeric diols; full experimental details were not given. 
Wintersteiner et al. (197) more fully characterized the diols; the 17-a-
hydroxy compound ( X X X I X ) is readily precipitated with digitonin, a 
reaction which appears to be unique in the estrogen series. Butenandt 
and Goergens (25) independently reported the preparation of a- and 
ß-estradiol ( X X X I X and LVI) from estrone by catalytic reduction of the 
latter in the presence of a nickel catalyst. Other methods for the reduc-
tion of the carbonyl group in estrone have been described; in every 
instance, however, Α-estradiol is the predominant reduction product. 
Hydrogénation of a neutral alcoholic solution of estrone in the presence 
of platinum oxide will result in a 90% yield of Α-estradiol (Marker and 
Rohrmann, 115c). Methods for the reduction of estrone with the aid of 
sodium and alcohol have been reviewed by Whitman et al. (192) who 
reduced estrone in 10% potassium hydroxide with the aid of Raney 
nickel. The reduction of estrone by the Meerwein-Pondorff method, in 
which aluminum isopropoxide is employed, gives a mixture of a- and 
ß-estradiol in which the content of the β epimer is appreciable (Marker 
and Rohrmann, 115a). 

LVI LVII 
^-Estradiol (see X X X I X ) Equilin 

The diols obtained from equilin (LVII) and equilenin have been 
described. David (40) reduced equilin in alcohol with sodium, and 
obtained a diol, a-dihydroequilin. The reduction of equilin by the 
Meerwein-Pondorff method gives predominantly a-dihydroequilin; the 
jS-isomer failed to be isolated (unpublished observations, Pearlman and 
Wintersteiner). Equilenin, on reduction with sodium and alcohol, yields 
a-dihydroequilenin (David, 40). The Meerwein-Pondorff reduction of 
equilenin was first studied by Marker et al. (113), who succeeded in 
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LVIII LIX 
α-Dihydrc-equilenin ß-Dihydroequilenin 

(see X I V , Equilenin) 

The 17-a-diols in the estrogen series are considerably more active 
than the 17-carbonyl compounds from which they are derived. On the 
other hand, ß-estradiol is appreciably less active than estrone. Tables I 
and II list the native estrogens and their estrogenic potency. A strict 
comparison of the estrogenic activity given in the literature cannot be 
made because assay procedures vary from laboratory to laboratory. 

The 17-hydroxyl group in the α-diols of the estrogen series is believed 
to be in trans configuration with respect to the angular methyl group on 
carbon 13 (Wintersteiner in 37). A correlation of this configuration in 
the estrogen series has been established with that of the 17-a-hydroxy 
compounds in the androgen series (see Section I. B. 2.). The 17-/3-diol 
in both the androgen and estrogen series can be dehydrated, by way of 
the 17-benzoate, to yield the corresponding A1 6-derivative; the 17-a-
hydroxyl compounds are resistant to dehydration, however. When 
estriol is heated with potassium hydrogen sulfate in a high vacuum, a 
molecule of water is lost and estrone is formed (Butenandt and Hilde-
brandt, 26; Marrian and Haslewood, 122). 

The 17-hydroxylated estrogens may be oxidized to the corresponding 
17-ketones with the aid of chromic anhydride (for example, see 25); the 
phenolic hydroxyl group must, of course, be protected by acylation or 
methylation. Oppenauer oxidation of the diols is probably the most 
elegant method to achieve this aim, inasmuch as protection of the phenolic 
hydroxyl group is not necessary and there results little or no destruction 
of estrogenic material (132). 

Estrone reacts with acetylene to form an addition compound desig-
nated as 17-ethinylestradiol. It is highly estrogenic (0.1 μξ=1 rat 
unit on subcutaneous injection; 3 jug = 1 rat unit on oral adminis-

obtaining a- and ß-dihydroequilenin (LVIII and LIX) . Equilenin may 
also be hydrogenated in neutral alcohol in the presence of platinum oxide 
to give a-dihydroequilenin (Marker and Rohrmann, 115b); the latter is 
also obtained on catalytic hydrogénation of XIV in an acid medium if the 
hydrogénation is not permitted to proceed further (Ruzicka et al., 151) 
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tration). Ethinylestradiol may be partially hydrogenated in the 

C H 

8 
I OH 

presence of Rupe nickel to give the 17-ethenyl derivative. The latter 
compound is less potent that 17-ethinylestradiol by the subcutaneous 
route and considerably less so by the oral route (Inhoffen et al., 90a). 

C H 2 

II 
H C 
I OH 

2. Reduction of Aromatic Nucleus 

a. Estrone or Estradiol. In 1930 Butenandt (22) observed that 
catalytic reduction of estrone in a neutral medium resulted in the reduc-
tion of the aromatic ring; a monohydroxyestrane derivative was isolated 
which was considered to be an estranol-3, but Marker and Rohrmann 
(115c) suggest that this is probably an estranol-17. Marker and Rohr-
mann (115c) also believe that the reaction was an aberrant one probably 
due to traces of alkali in the Adams catalyst employed. Schoeller et al. 
(157) catalytically hydrogenated estrone (or estradiol) and obtained a 
complex mixture of isomeric octahydroestrones (LXX) lacking in estro-
genic activity. In 1936 Dirscherl (46) made a detailed study of the 
results obtained on catalytic hydrogénation of estrone in an acid medium. 
He isolated two isomeric estranediols ( L X X ) ; one of these is identical 
with the estranediol Β which Marker et al. (116,117) obtained from the 
urine of nonpregnant women. Reduction of estrone generates new asym-
metric centers at C-3, C-5, C-10 and C-17. Marker's estranediol A and Β 
(both isolated from urine) differ in the configuration of the hydroxyl 
group at C-3 or C-17 since both compounds yield the same diketone on 
oxidation (116,117). Dirscherl (46) also isolated as by-products from 
the hydrogénation of estrone, two monohydroxyestrane derivatives lack-
ing an hydroxyl group at C-3. 



X. THE CHEMISTRY AND METABOLISM OF THE ESTROGENS 375 

b. Equilenin or Dihydroequilenin. A5'7-9-estratrienediol-3,17(a) 
(LXXI) is obtained from equilenin on reduction with sodium and alcohol 
(David, 41; Marker et aL, 118; Ruzicka et al., 151); the diol may be 
obtained in approximately 80% yield (151). A diol epimeric at C-3 
has been obtained as a by-product on hydrogenating equilenin in acidic 
alcohol in the presence of platinum oxide; a eis configuration for the C-3-

H 3C 
OH 

HO 

LXX 
Estranediol 

(asymmetric centers are numbered) 

OH 
H 3C i 

H O 

LXXI 
(LXXII: lacking OH at C 3) 

OH group is favored (151). The major product in the latter instance is 
A5<7'9-estratrienol-17(a); this monohydroxy compound (LXXII) was 
first prepared by Marker et al. (113,114) from equilenin in 70% yield by 
essentially the same procedure. This substance can be similarly pre-
pared from a-dihydroequilenin (Marker and Rohrmann, 115). 

On treatment of dihydroequilenin in boiling n-amyl alcohol with 
sodium, there are formed nonphenolic products in about 75% yield and 
phenolic products in about 20% yield (Marker, 109); α-estradiol can be 
obtained from the phenolic fraction if a-dihydroequilin is the starting 
product, and similarly ß-estradiol if ß-dihydroequilenin is substituted in 
the reaction. The nonphenolic products have been described above. 

3. Some Chemical Studies on Equilin 

Equilin is resistant to catalytic hydrogénation with palladium; 
instead, dehydrogenation readily occurs with the result that equilenin is 
obtained (Dirscherl and Hanusch, 47). Serini and Logemann (165) 
confirmed this observation; they also observed that on treatment of dihy-
droequilin with hydrogen in the presence of Raney nickel, a disproportion-
ation reaction occurs which involves no uptake of hydrogen. The 
products formed are dihydroequilenin and isoestradiol. The latter is 
believed to be isomeric with α-estradiol with respect to the configuration at 
C-8 ; the stereoisomer is not precipitable with digitonin. Chromic acid oxi-
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dation of 8-isoestradiol gives 8-isoestrone. The iso compounds have 
about one third the biological activity of the corresponding estrogens. 

Hirschmann and Wintersteiner (81) treated equilin with hydrochloric 
acid and acetic acid and obtained 14-epi-A8'9-equilin (designated 14-iso-
equilin A, L X X I I I ) ; inversion at C-14 occurred in the process of shifting 
the double bond from the 7,8 position. The latter substance when 
heated with palladium yielded 14-epiequilenin (for the total synthesis of 
this compound, see Section I, A, 1). 

Another isomer of equilin has been prepared by Pearlman and Winter-
steiner (136) ; the double bond is located between positions 6 and 7. The 
A6-isomer (LXXIV) is obtained from 7-hydroxyestrone (LXXV) by 
eliminating hydrochloric acid from the intermediary 7-chloro derivative. 
A6-Iso-equilin possesses about one third the physiological potency of 
estrone; in contrast to equilin, the double bond isomer is readily con-
verted to estrone on catalytic hydrogénation. 

The hydroxylation of the double bond in equilin is described below 
(Section I, D, 4 a). 

Ο Ο 

LXXV LXXVI 
7-Hydroxyestrone 6-Keto-a-estradiol 

4. Oxygenated Derivatives of Estrogens 

a. Oxygen in Ring B. Estradiol, on oxidation with chromic acid, 
yields 6-keto-a-estradiol (LXXVI) (Longwelland Wintersteiner, 104) ; the 
hydroxy groups are protected by preparing the diacetyl derivative. 
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LXXVII LXXTX: Ri = OH; R 2 = Ο LXXX 
Equilin glycol LXXTX a : Ri = Η ; R 2 = Η Urinary androstenetriol 

LXXIX b : Ri = H; R 2 = Ο 

c. Oxygen in Ring D: Partial Synthesis of Estriol and Its Stereoisomers. 
Quite recently the conversion of estrone to estriol and some of its stereo-
isomers has been realized. Huffman et al. (83,84) prepared the benzoyl 
derivative of 16-oximinoestrone; the methyl ether derivative was previ-
ously described by Litvan and Robinson (102). The former group of 
workers effected a reductive hydrolysis of the oximino group with zinc 
and acetic acid; the corresponding ketol was thereby obtained and on 
catalytic reduction, it yielded isoestriol A. Subsequently, Huffman and 
Miller (86) announced the preparation of a triol identical with naturally 
occurring estriol, but no experimental details were furnished. Huffman 
(83) also prepared the methyl ether of 16-ketoestrone by a gentle oxida-
tion of the methyl ether of the ketols derived from estrone. 

Attempts have been made to establish the spatial relationship of the 
16,17-OH groups in estriol with each other and with those in the andro-
stenetriol ( L X X X ) first isolated by Hirschman (79) from urinary sources. 
Using the same procedure for converting estrone into estriol, Huffman 
and Miller (86) were successful in preparing Hirschmann's triol from 

The 6-keto derivative has about one fourth the estrogenic activity of 
α-estradiol. 6-Ketoestrone may be similarly prepared from estrone 
(Schwenk, 158). 

Equilin, on treatment with osmium tetroxide, yields a 7,8-glycol 
(LXXVII) which is inactive as an estrogen even at a 500 μg. level (Serini 
and Logemann, 165). When the glycol is distilled in a high vacuum, 
dehydration occurs and 7-ketoestrone is obtained (Pearlman and Winter-
steiner, 135). Catalytic reduction of the 7-keto compound yields 
7-hydroxyestrone. Both 7-keto- and 7-hydroxyestrone possess about 
the same estrogenic potency, which is about - ^ 0 that of estrone. 

b. Oxygen in Ring C. Chromic acid oxidation of equilenin acetate 
will yield the corresponding 11-keto derivative ( L X X I X ) (Marker and 
Rohrmann, 115b). 
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5. Ring Splitting 

a. Ring B. Longwell and Wintersteiner (104) obtained a keto lactone 
(LXXI) as a by-product in the oxidation of α-estradiol diacetate with 
chromic acid. The estrogenic activity was not reported. 

b. Ring D. A number of mono- and dicarboxylic acids may be 
obtained by fusing the native estrogens with potassium hydroxide or by 

OH 
H 3C : H 3C Ο Ο 

LXXXII 
Westerfeld's lactone 

C H 3 Ο Ο 

/ 
LXXXIII 

(see L X X X I I ) 

dehydroisoandrosterone (XLI). The spatial arrangement of the hydroxyl 
groups in androstenetriol and in estriol may therefore be assumed to be 
identical. Huffman and Lott (85) cite indirect evidence which points 
to a trans geometric relationship between the vicinal hydroxyl groups 
in both triols. This conclusion is in agreement with that reached by 
Ruzicka et al. (142,152), who suggested that the vicinal groups in estriol 
are 16(0) and (17a) on the basis of their experiments in preparing stereo-
isomers of estriol. These authors (142) dehydrated ß-estradiol by way of 
its benzoyl derivative; a double bond was thus introduced between 
positions 16 and 17. This substance (A16-estrone) on treatment with 
osmium tetroxide yielded a glycol which, considering its manner of 
derivation, is probably 16(a), 17(a). This triol is not identical with 
estriol nor with isoestriol A. Estriol, isoestriol-16(a), 17(a) and Δ 1 6-
estrone are active as estrogens at ΙΟ-ßg., 5-10-Mg., and 40-50-Mg. dose 
levels, respectively. Ruzicka et al. (152) similarly prepared an andro-
stanetriol starting with A16-androstanol-3(ß). This triol is stereoisomeric 
with the hydrogénation product obtained from Hirschmann's triol. 
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treatment with hypoiodite, permanganate, etc. (see Section I, C). 
Westerfeld (188) obtained a lactone ( L X X X I I ) on treating estrone with 
hydrogen peroxide in aqueous alkaline solution. It possesses about X*T 

the estrogenic activity {i.e., in its effect on vaginal cornification) of 
estrone but is more potent than estrone in its stimulating action on the 
pituitary (Smith, 170,171). In Doisy's laboratory (106), a closely 
related lactone was obtained on permanganate oxidation of the methyl 
ether of estriol; a tentative structural formula (LXXXII I ) is given. 

6. Irradiation
2 

On irradiation of estrone with ultraviolet light, inversion occurs 
at C-13; the product thus obtained has been named lumiestrone (Bute-
nandt et al., 31). It is inactive as an estrogen even at a 100-Mg. level.4 

It is interesting that the carbonyl group in lumiestrone shows marked 
steric hindrance, as, for example, in its behavior toward ketone reagents. 
Dehydrogenation of lumiestrone with palladium black results in the for-
mation of iso-Z-equilenin, identical with the product synthesized by 
Bachmann et al. (3). When estrone is similarly dehydrogenated, iso-d-
equilenin is obtained; it is identical with the 14-epiequilenin of Hirsch-
mann and Wintersteiner (81). Apparently inversion at C-14 occurs on 
dehydrogenation of estrone. Butenandt et al. (24) subsequently obtained 
additional support for the steric configuration of lumiestrone. Estrone 
was irradiated with monochromatic light of 313-πΐμ. wavelength. The 
energy relationship was carefully studied and it was concluded that the 
photochemical conversion of estrone to lumiestrone is a unit quantum 
process; the 17-keto group is essential for the transformation since it 
alone absorbs light at 313 πΐμ (see lumiandrosterone, 29). 

P A R T I A L SYNTHESIS OF E S T R I O L AND S T E R E O I S O M E R S
0 

A. Huffman Synthesis 

Ο 
H 3C N O H H 3C OH H 3C 

Ο 
Ο 

Estrone -
( X I X ) 

R 
Zn, C H 3 C O O H 

R R 

16-Ketoestrone Ketol 
I 
I 

Isoestriol A 
(Stereoisomeric with estriol, 

X L I I I ; estriol and other 
stereoisomers also obtained) 

5
 See Chart 2, page 371. 

4
 Figge (57) has obtained evidence which indicates that irradiated estrone may 

have a stimulating action on the pituitary; crystalline lumiestrone, however, was 

not tested. 
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B. Ruzicka Synthesis 

H 3C 

(rt-estradiol —> R 
(LVI) 

OH 
H 3C : 

O s 0 4 
R 

- O H 

Δ
1 6

-estrone Isoestriol-16 (a), 17 (a ) 

Likely spatial relationship 
in native estriol 

(16(/3),17(a)) 
a
 D ring alone represented; R indicates rest of structure as in estrone. 

II. Metabolism of Estrogens 

A . WHERE A R E ESTROGENS FORMED? 

Modification in sexual function or in the secondary sex characteristics 
of the organism may be correlated with the extirpation of certain endo-
crine organs or with changes in the morphology of these tissues. Simi-
larly, the rate of excretion of estrogens under normal and pathological 
conditions may give evidence of an indirect nature as to the ultimate 
source of estrogen elaboration. For example, estrogen excretion rises 
markedly during the course of pregnancy and drops precipitously with 
the termination of pregnancy but the removal of the ovaries of pregnant 
women and of mares does not result in disappearance of estrogens from 
the urine. The placenta is therefore implicated as a source of estrogen. 
Studies of this sort have been reviewed previously (49,139) and will not 

T A B L E I I I 

ISOLATION OF C R Y S T A L L I N E ESTROGENS FROM L I K E L Y S I T E S OF SYNTHESIS 

Estrogen Organ Investigator 

«-Estradiol Ovaries (sow) MacCorquodale et al. (108) 
Estrone

0 
Ovaries (sow) Westerfeld et al. (191) 

Estrone Placenta (human) Westerfeld et al. (190) 
«-Estradiol Placenta (human) Huffman et al. (87) 
Estriol Placenta (human) Browne (19) 
Estrone Adrenals (beef) Beall (8) 
Estrone Testes (stallion) Beall (9) 
α-Estradiol Testes (stallion) Beall (9) 

° Demonstrated but not isolated. 
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be discussed further. Such indirect evidence complements the more 
direct evidence furnished by the actual isolation of crystalline estrogenic 
compounds from extracts of these organs. Table III lists the estrogen 
and the endocrine organ from which it was isolated. The ovaries and 
placenta are generally regarded as the chief sources of estrogen in the 
organism. The testes and adrenals appear to produce much smaller 
quantities although, in the stallion, testis tissue appears to be a pro-
digious producer of estrogen. ThusJ Levin (101) finds that certain 
specimens of stallion urine are the richest sources of α-estradiol to date 
and Beall (9) reports that the estrogenic content of horse testis is higher 
than that of any other endocrine organ. 

B. ISOLATION OF ESTROGENS FROM SOURCES OTHER THAN THOSE OF 

ELABORATION 

Pregnancy urine is a very rich source of estrogenic material. The 
estrogens are present, for the most part, in the form of conjugates such 
as estrone sulfate

5
 or estriol glucuronide; brief acid hydrolysis suffices to 

liberate the estrogen (Marrian in 37). The urine of nonpregnant women 
is a poor source as is also the urine of males with the notable exception of 
stallion urine (Zondek, 200; Levin, 101). The estrogen and its urinary 
source is indicated in Table IV. Not all species elaborate estrogens of 
identical structure although estrone and estradiol are common to those 
species which have been studied. Estriol appears to be characteristic of 
the human species; estrogens in which ring Β is aromatic or partially 
saturated are found only in the mare. 

C . INTERMEDIARY METABOLISM OF ESTROGENS 

A comparison of the chemical structure of the various estrogens which 
have been obtained in exhaustive isolation studies (Tables III and IV) 
suggest metabolic interrelationships, some of which have been sub-
stantiated by experiment. It has been fairly well established that the 
following reactions occur in the mammalian organism: 

α-estradiol ^± estrone —> estriol 

^-estradiol 

This scheme is based on the isolation or detection of metabolites of the 
estrogen under study following its administration in massive doses to an 
experimental subject. The results of such experiments are summarized 
in Table V. There are differences among the species with respect to the 
course of estrogen metabolism. For example, the formation of /3-estra-

6
 The preparation of estrone sulfate from estrone has been described by Butenandt 

and Hof steter (27). 
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T A B L E I V 

ISOLATION OF ESTROGENS FROM U R I N A R Y S O U R C E S
0 

Estrogen Source Investigator 

Ketonic estrogens 

Estrone Pregnancy urine (human) Doisy et al. (50) 

Butenandt (21) 

Pregnancy urine (mare) DeJongh et al. (42) 

Male urine (human) Dingemanse et al. (44) 
Male urine (stallion) Haussler (69) 

Deulofeu and Ferrari (43) 
Male urine (bull) Marker (110) 

Castrate male urine (steer) Marker (110) 

Estrone sulfate Pregnancy urine (mare) Schachter and Marrian (154) 

• Butenandt and Hofsteter (27) 

Equilin Pregnancy urine (mare) Girard et al. (62) 

Hippulin Pregnancy urine (mare) Girard et al. (62) 

Equilenin Pregnancy urine (mare) Girard et al. (61) 

Nonketonic estrogens 

«-Estradiol Pregnancy urine (human) Smith et al. (169) 

Pregnancy urine (mare) Wintersteiner et al. (199) 

«-Estradiol Male urine (stallion) Levin (101) 

ß-Estradiol Pregnancy urine (mare) Hirschmann and Wintersteiner 

(80) 

Estriol Pregnancy urine (human) Marrian (119) 

Doisy et al. (48) 

Estriol glucuronide. . Pregnancy urine (human) Cohen and Marrian (36) 

/3-Dihydroequilenin 

(" δ-follicular 

hormone") Pregnancy urine (mare) Wintersteiner et al. (198) 

° Exclusive of metabolism experiments. 

diol rather than a- estradiol is favored in the rabbit when estrone (Stroud, 
175; Pearlman and Pearlman, 132) or α-estradiol (Heard et al., 71; Fish 
and Dorf man, 59) is injected, whereas little or no ß-estradiol can be detect-
ed in the urine of men following estrone administration (Pearlman and Pin-
cus, 134). In human pregnancy urine little or no ß-estradiol can be 
detected (Pearlman and Pearlman, 132), although ^-estradiol (Smith etal, 
169) has been isolated from this source. Estriol has been isolated only 
from human source material but this substance (or one that closely re-
sembles it in its physical properties and/orits biological action) may be 
formed in the guinea pig (Fish and Dorf man, 58), rabbit (Pincus and Zahl, 
140; Pearlman and Pearlman, 132), monkey (Doisy et al,, 49), dog (Long-
well and McKee, 103; Pearlman et al., 131), and rat (Schiller and Pincus, 
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T A B L E V 

E S T R O G E N M E T A B O L I S M E X P E R I M E N T S 

Estrogen metabolites
0 

Subject Investigator 

Isolated Indicated
6 

Subject Investigator 

Administered α-estradiol 

Estrone, 

ß-estradiol . . . . Rabbits:female (with 

and without simul-

taneous progesterone 

administration) 

Rabbits : o variée t. 

and hysterect. 

Guinea riigs: both 

sexes; ovariect. 

A man 

Monkeys : female; 

ovariect. ; ovariect.-

hysterect. 

Rabbits:female; (ova-

ries essential to con-

version) 

Rabbits: female; 

(functional uterus 

essential to conver-

sion) 

Dogs : both sexes 

Pregnant monkeys 

Dogs 

Rat : liver 

Humans 

Heard et al. ( 7 1 ) 

Fish and Dorfman 

( 5 9 ) 

Fish and Dorfman 

( 5 8 ) 

Heard and Hoffman 

( 7 3 ) 

Westerfeld and Doisy 

( 1 8 9 ) 

Pincus and Zahl ( 1 4 0 ) 

Dingemanse and 

Tyzlowitz ( 4 5 ) 

Marker and Hartman 

( 1 1 1 ) 

Pearlman et al. ( 1 3 1 ) 

Schiller and Pincus 

( 1 5 5 ) 

Estrone "S t rongphenol ic" es-

trogen (estriol?) 

Rabbits:female (with 

and without simul-

taneous progesterone 

administration) 

Rabbits : o variée t. 

and hysterect. 

Guinea riigs: both 

sexes; ovariect. 

A man 

Monkeys : female; 

ovariect. ; ovariect.-

hysterect. 

Rabbits:female; (ova-

ries essential to con-

version) 

Rabbits: female; 

(functional uterus 

essential to conver-

sion) 

Dogs : both sexes 

Pregnant monkeys 

Dogs 

Rat : liver 

Humans 

Heard et al. ( 7 1 ) 

Fish and Dorfman 

( 5 9 ) 

Fish and Dorfman 

( 5 8 ) 

Heard and Hoffman 

( 7 3 ) 

Westerfeld and Doisy 

( 1 8 9 ) 

Pincus and Zahl ( 1 4 0 ) 

Dingemanse and 

Tyzlowitz ( 4 5 ) 

Marker and Hartman 

( 1 1 1 ) 

Pearlman et al. ( 1 3 1 ) 

Schiller and Pincus 

( 1 5 5 ) 

Estrone 

"S t rongphenol ic" es-

trogen (estriol?) 

Rabbits:female (with 

and without simul-

taneous progesterone 

administration) 

Rabbits : o variée t. 

and hysterect. 

Guinea riigs: both 

sexes; ovariect. 

A man 

Monkeys : female; 

ovariect. ; ovariect.-

hysterect. 

Rabbits:female; (ova-

ries essential to con-

version) 

Rabbits: female; 

(functional uterus 

essential to conver-

sion) 

Dogs : both sexes 

Pregnant monkeys 

Dogs 

Rat : liver 

Humans 

Heard et al. ( 7 1 ) 

Fish and Dorfman 

( 5 9 ) 

Fish and Dorfman 

( 5 8 ) 

Heard and Hoffman 

( 7 3 ) 

Westerfeld and Doisy 

( 1 8 9 ) 

Pincus and Zahl ( 1 4 0 ) 

Dingemanse and 

Tyzlowitz ( 4 5 ) 

Marker and Hartman 

( 1 1 1 ) 

Pearlman et al. ( 1 3 1 ) 

Schiller and Pincus 

( 1 5 5 ) 

None 

Ketonic estrogen (es-

trone?) 

Estrone 

Estriol 

Ketonic estrogen (es-

trone?) 

Rabbits:female (with 

and without simul-

taneous progesterone 

administration) 

Rabbits : o variée t. 

and hysterect. 

Guinea riigs: both 

sexes; ovariect. 

A man 

Monkeys : female; 

ovariect. ; ovariect.-

hysterect. 

Rabbits:female; (ova-

ries essential to con-

version) 

Rabbits: female; 

(functional uterus 

essential to conver-

sion) 

Dogs : both sexes 

Pregnant monkeys 

Dogs 

Rat : liver 

Humans 

Heard et al. ( 7 1 ) 

Fish and Dorfman 

( 5 9 ) 

Fish and Dorfman 

( 5 8 ) 

Heard and Hoffman 

( 7 3 ) 

Westerfeld and Doisy 

( 1 8 9 ) 

Pincus and Zahl ( 1 4 0 ) 

Dingemanse and 

Tyzlowitz ( 4 5 ) 

Marker and Hartman 

( 1 1 1 ) 

Pearlman et al. ( 1 3 1 ) 

Schiller and Pincus 

( 1 5 5 ) 

In bile: estrone, es-

triol 

Liver perfusate: es-

trone, estriol 

Estrone 

Estriol 

Rabbits:female (with 

and without simul-

taneous progesterone 

administration) 

Rabbits : o variée t. 

and hysterect. 

Guinea riigs: both 

sexes; ovariect. 

A man 

Monkeys : female; 

ovariect. ; ovariect.-

hysterect. 

Rabbits:female; (ova-

ries essential to con-

version) 

Rabbits: female; 

(functional uterus 

essential to conver-

sion) 

Dogs : both sexes 

Pregnant monkeys 

Dogs 

Rat : liver 

Humans 

Heard et al. ( 7 1 ) 

Fish and Dorfman 

( 5 9 ) 

Fish and Dorfman 

( 5 8 ) 

Heard and Hoffman 

( 7 3 ) 

Westerfeld and Doisy 

( 1 8 9 ) 

Pincus and Zahl ( 1 4 0 ) 

Dingemanse and 

Tyzlowitz ( 4 5 ) 

Marker and Hartman 

( 1 1 1 ) 

Pearlman et al. ( 1 3 1 ) 

Schiller and Pincus 

( 1 5 5 ) 

Administered estrone 

ß-Estradiol . . . Rabbits 

Men 

Stroud ( 1 7 5 ) 

Pearlman and Pincus 

( 1 3 3 ) 

Estriol α-Estradiol 

Rabbits 

Men 

Stroud ( 1 7 5 ) 

Pearlman and Pincus 

( 1 3 3 ) 

α-Estradiol 

Rabbits 

Men 

Stroud ( 1 7 5 ) 

Pearlman and Pincus 

( 1 3 3 ) 

β
 Excreted in urine except where otherwise noted. 

b
 Indicated indirectly b y comparison of the chemical and physical properties of 

the substances responsible for the estrogenic activity of postinjection urine extracts 

with those of pure crystalline hormones. 
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T A B L E V (Continued) 

Estrogen metabolites
0 

Subject Investigator 

Isolated Indicated
6 

Nonketonic estrogens Monkeys: female ova- Westerfeld and Doisy 

riect.; ovariect. and ( 1 8 9 ) 

hysterect. 

Estriol Rabbi t : female (func- Pincus and Zahl ( 1 4 0 ) 

tional uterus essen-

tial to conversion) 

Estradiol Women (simultaneous Smith and Smith 

Estriol progesterone admin- ( 1 6 8 ) 

istration) 

Nonketonic estrogens Dogs : both sexes Dingemanse and 

Tyzlowitz ( 4 5 ) 

Nonketonic estrogens Dogs : sex? Longwell and M c K e e 

( 1 0 3 ) 

In bile: " w e a k " and 

"s t rong" phenolic 

estrogens 

Estradiol Men and women Pincus and Pearlman 

Estriol ( 1 3 8 ) 

«-Estradiol Rat and rabbit: liver, Heller ( 7 6 ) 

uterus, etc., slices 

/3-Estradiol Rabbits: female Pearlman and Pearl-

Estriol man ( 1 3 2 ) 

Estradiol Rats: partially hepa- Schiller and Pincus 

Estriol tectomized ( 1 5 6 ) 

α-Estradiol Rabbit (pregnant): Szego and Samuels 

endometrium ( 1 8 0 ) 

Administered estriol 

Estriol; no estrone, Monkey : female ; nor- Doisy et al. ( 4 9 ) 

nor estradiol mal intact; ovariect. 

and hysterect. 

Rabbits: female Pincus and Zahl ( 1 4 0 ) 

Estriol; no estrone, Men Schiller and Pincus 

nor estradiol ( 1 5 5 ) 

Administered /3-estradiol 

Estrone, α-estradiol?, Monkey : female ; ova- Doisy et al. ( 4 9 ) 

estriol riect. and hysterect. 



X. THE CHEMISTRY AND METABOLISM OF THE ESTROGENS 385 

1 5 5 , 1 5 6 ) ; identification of this estrogen metabolite by isolation of a crys-
talline product would be desirable. Marrian ( 1 2 0 ) suggests that estriol 
may have some specific but unknown function during pregnancy. 

Studies of the metabolism of equilin or equilenin have not been 
reported and there is only conjecture as to the relative position of these 
substances in the scheme of estrogen metabolism. Fieser ( 5 6 ) suggests 
that compounds of the equilenin group may represent successive stages 
in the dehydrogenation of estrone. In the laboratory, estrone can be 
dehydrogenated to give a stereoisomer of equilenin (see Section I, D , 6 ) . 
Equilin readily undergoes dehydrogenation to yield equilenin (see Sec-
tion I, D , 3 ) , a process which may also occur in vivo. 

D . Is ESTROGEN METABOLISM CONFINED TO ORGANS OF SEX HORMONE 

PRODUCTION AND STIMULATION? 

As far as is known, very little or no estrogenic material is produced 
in organs other than the ovaries, testes, placenta, and adrenals; possibly 
the pituitary gland produces some estrogen but this has not been estab-
lished. It is quite logical to assume that the end organs of estrogen 
stimulation, such as the uterus, transform the estrogens into other prod-
ucts in a process intimately linked with the biological utilization of these 
hormones. Indeed, in vitro experiments indicate that uterine tissue will 
modify the structure of the estrogen molecule. Thus, Heller ( 7 6 ) incu-
bated estrone with rat and rabbit uterine tissue and observed an increase 
in estrogenic potency. Szego and Samuels ( 1 8 0 ) demonstrated an almost 
complete conversion of estrone into α-estradiol following incubation of 
estrone with the endometrium of the pregnant rabbit; however, this 
change could not be effected by the endometrium obtained from non-
pregnant bovine or from a pregnant woman. Such experiments do not 
necessarily mean that the intermediary metabolism of estrone is confined 
to the uterus. As a matter of fact, the bulk of the evidence indicates 
that the uterus (and ovaries) (see Table V) are not essential to those 
chemical transformations which the estrogens are known to undergo; 
but then it must be borne in mind that our knowledge of estrogen metab-
olism is meager. Marker ( 1 0 9 ) made the interesting suggestion that the 
regulation of the menstrual cycle is controlled by estrogenic substances 
by a process involving the reduction of these substances to the biologically 
inactive estranediols (LXX) , which he had isolated from nonpregnancy 
urine but not from pregnancy urine. It has not been proved that the 
biological effect is dependent on this chemical change nor has it even been 
established that the estrogens are reduced in the organism to estranediol. 
It seems that our knowledge of the biochemical mechanisms whereby 
estrogens exert their biological effects is practically nil. 
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There is considerable evidence that the liver plays a major role in the 
transformation of the estrogens into products lacking biological activity 
(see Section II, F). The liver and certain other organs can also convert 
the estrogens into other products possessing more or less estrogenic 
potency. Heller (76) incubated estrone with liver slices poisoned with 
cyanide and noted the formation of a product of increased estrogenic 
potency, presumably α-estradiol. The addition of cyanide inhibits the 
inactivating system of the liver; the in vitro conversion of estrone into a 
substance possessing greater biological activity cannot be demonstrated 
otherwise. In the perfusion experiments of Schiller and Pincus (155), rat 
liver appears to convert α-estradiol into estrone and estriol or into estro-
genic substances which are very similar in physical and chemical prop-
erties. If the estrogenic substances found in bile are assumed to be 
formed by metabolic processes occurring in the liver, estrogen metabolism 
studies on bile fistula dogs may be of special interest in this regard. 
Longwell and McKee (103) found that, if dogs were injected with estrone, 
a nonketonic estrogen appeared in bile. This estrogen is extractable 
from benzene with sodium carbonate solution. Pearlman et al. (131) 
detected a similar estrogen (estriol?) in the bile following the intravenous 
injection of α-estradiol; a ketonic estrogen, presumably estrone, was the 
major estrogenic metabolite detected. According to Szego and Roberts 
(147,178), the liver is essential for estrogenic activity as measured by the 
uterine water response in the adult, partially-hepatectomized or eviscer-
ated rat. Two mechanisms are envisaged which may explain this phe-
nomenon: (1) the liver inactivates estrogens and is also essential for the 
chemical "activation" of estrogens and (2) the liver may furnish some 
metabolite essential for the uterine response. 

E . ISOLATION OF NONPHENOLIC STEROIDS STRUCTURALLY RELATED TO 

ESTROGENS: A R E THESE METABOLICALLY RELATED? 

The isolation of certain nonphenolic steroids from urinary sources 
(see Table VI) has provoked speculation as to whether these substances 
may not be derived in vivo from the estrogens since there is a close 
structural relationship. In the laboratory, the conversion of equilenin 
into A

5
»

7
'
9
-estratrienol-3-one-17 has been realized (see Section I, D, 2); 

the latter substance was isolated by Heard and Hoffman (72) from mare 
pregnancy urine. Whether the organism can effect a similar conversion 
is not known. The estranediols isolated by Marker et al. (114,117) from 
human nonpregnancy urine may have arisen from estrone in vivo since 
catalytic hydrogénation of estrone yields substances of this type. Doisy 
et al. (49) have pointed out that dehydrogenation of some saturated ring 
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T A B L E V I 

ISOLATION OF N O N P H E N O L I C S T E R O I D S
0 

Steroid Urinary source Investigator 

Estranediol A and Β ( L X X ) . . 

A
5
'
7
-

9
-Estratrienol-3-one-17 

(see L X X I I ) 

3-Desoxyequilenin ( L X X I X a ) 

1 l-Keto-3-desoxy-equilenin 

(after C r 0 3 oxidation) 

( L X X I X b ) 

Human pregnancy 

Pregnant mare 

Pregnant mare 

Pregnant mare 

Marker et al. (116,117) 

Heard and Hoffman (72) 

Prelog and Führer (141) 

Marker and Rohrmann (114,115b) 

° Of close structural relationship to estrogens. 

structures is effected by mammals but that the reduction of aromatic 
rings is of less frequent occurrence. It was suggested that these reduc-
tion products of estrogens may be anabolites rather than catabolites 
of the estrogens. In this connection the experiments of Bernhard and 
Caflisch-Weill (10) are pertinent. They found that hexahydrobenzoic 
acid labeled with deuterium is dehydrogenated in the dog to benzoic acid; 
the aromatization of the cyclohexane ring readily occurs in vivo. It may 
be that aromatization of the steroids occurs in the organism. 

The recent isolation by Prelog and Führer (141) of 3-desoxyequilenin 
(LXXIXa) from pregnant mares' urine is exceedingly interesting. 
Marker and Rohrmann (115b) had previously suspected the presence 
of this substance in pregnant mares' urine since ll-keto-3-desoxyequilenin 
(LXXIXb) was isolated from the neutral fraction after chromic acid 
oxidation; similar oxidation of equilenin acetate will result in the intro-
duction of a keto group at Cn (see Section I, D, 4, b) . There is no basis 
of chemical analogy to support the hypothesis that desoxyequilenin 
arises directly from equilenin in the organism. It is true that catalytic 
reduction of the estrogens in an acid medium will result in the elimination 
of the hydroxyl group at position 3 but saturation of ring A occurs con-
comitantly. On the other hand, it is conceivable that 3-desoxyequilenin 
arises in vivo from A5'7,9-estratrienol-3-one-17 (LXXII) by a process 
involving dehydration in ring A followed by aromatization since, on 
chemical grounds at least, this process is easily visualized. (By virtue of 
the same reasoning, 3-desoxyequilenin may possibly have arisen as an 
artifact in the course of isolation; the formation of artifacts has been a 
sore point with the student of steroid metabolism in the past—for examples, 
see "Artifacts in the study of the intermediary metabolism of andro-
gens" in 139.) It is not unlikely that 3-desoxyequilenin is converted 
to equilenin in view of the demonstrated hydroxylation in vivo of certain 
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naturally occurring aromatic substances, e.g., the conversion of phenyl-
alanine (labeled with deuterium) to tyrosine (Moss and Schoenheimer, 
124); the conversion of stilbene to 4,4'-dihydroxystilbene in the rabbit 
is another example (Stroud, 176). 

H Y P O T H E T I C A L CONVERSION in vivo OF THE E S T R O G E N S
0
 TO C A R C I N O G E N S

6 

Ο C O O H 

V + 
I 

C H 3 

Pyruvic acid 

/ \ / \ / ? 

I U I ' 
A A V 

0 
CHI 

201 

Cholanthrene 3-Desoxyequilenin 
( L X X I X a ) (formula 

inverted) 
JF? 

equilenin ( X I V ) 

Jh 
Estrone ( X I X ) 

β
 L X X I X a , X I V , X I X have actually been isolated from pregnancy urine, 
* Adapted from Fieser (55). 

The fact that a highly aromatic steroid such as 3-desoxyequilenin has 
been isolated from natural sources is highly significant in connection with 
that theory of carcinogenesis which postulates the formation of poly-
nuclear substances akin to synthetic substances of demonstrated carcino-
genic activity, e.g., 20-methylcholanthrene, by a "faulty" metabolism of 
the steroids (see Fieser, 56); 20-methylcholanthrene can be prepared 
synthetically from the innocuous bile acids and also from cholesterol. 
More recently, Fieser (in 55) suggested that equilenin (or estrone) might 
undergo condensation with pyruvic acid in vivo, resulting eventually in 
the formation of 3-hydroxycholanthrene. (The latter substance has not 
been prepared synthetically.) In view of the fact that 3-hydroxy-20-
methylcholanthrene, which has been prepared synthetically, is lacking in 
potency as a carcinogen (probably due to the presence of the 3-hydroxyl 
group), Fieser does not feel too sanguine with regard to the hypothetical 
formation of cholanthrene or its derivatives; it was difficult to visualize 
how the phenolic hydroxyl group could be eliminated in vivo. However, 
the recent isolation of 3-desoxyequilenin clearly removes, at any rate, 
this objection, although to be sure it is not known whether 3-desoxy-
equilenin actually arises from equilenin or from some other substance. 
3-Desoxyequilenin may therefore conceivably give rise to cholanthrene, a 
substance which has been synthesized and which is known to be very 
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potent as a carcinogen. The fact that only 3.6 ßg. of 3-desoxyequilenin is 
present per liter of pregnant mares' urine (calculated from the isolation 
data) is in itself interesting, for it indicates that significant steroid 
metabolites, e.g., carcinogens or procarcinogens, may be present in 
biologic material in amounts that would ordinarily escape detection. 

F . ROLE OF LIVER IN ESTROGEN INACTIVATION 

1. In Vitro Studies 

a. Incubation Experiments. Zondek (201) first demonstrated a loss 
of estrogenic potency on incubation of estrogens with liver pulp; acid 
hydrolysis did not restore the estrogenic activity. Since the inactivating 
property of the liver is destroyed by heating and since cell-free extracts 
retain their inactivating capacity, Zondek concluded that the estrogen 
inactivation is probably an enzymic process; the enzyme responsible was 
designated an "estrinase." The observations of Zondek have been con-
firmed by Engel and Rosenberg (54); the latter authors succeeded in 
obtaining aqueous extracts from beef liver which are capable of rapidly 
inactivating the native and synthetic estrogens. Zondek and Sklow 
(203) demonstrated that the reticuloendothelial cells of the liver play no 
part in the process of inactivation; the liver cell is believed to contain 
"estrinase." 

In the experiments by Heller et al. (76-78), α-estradiol was incubated 
with liver slices from the rat and rabbit; complete inactivation of the 
estrogen was observed and the estrogenic activity was not restored by 
acid hydrolysis. Partial inactivation was effected by kidney slices; 
incubation with heart, lung, spleen, uterine, or placenta tissue did not 
decrease the estrogenic potency. Estrone was completely inactivated by 
rabbit liver slices and partially by rabbit kidney and rat liver. Estriol 
was only partially inactivated by rat liver and kidney and also by rabbit 
liver. It appears then that there are differences in the rate of inacti-
vation of the various estrogens and that there are also differences among 
species in the rate of inactivation of the same estrogen. In vitro experi-
ments by other workers further substantiate the latter conclusion. 
Twombly and Taylor (183) showed that human liver tissue inactivates 
α-estradiol less rapidly than does liver tissue from mice and rats. In 
the experiments of Samuels and McCauley (153) the rate of estrogen 
inactivation was lowest when human liver mince was employed; inacti-
vation was most rapid following incubation with liver mince obtained 
from the rat and mouse; other species studied were the rabbit and dog. 

b. Perfusion Experiments. Israel et al. (94) perfused the heart-lung 
system of the dog with estrone; no inactivation was observed. On the 
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other hand, when a heart-liver-lung preparation was substituted, rapid 
inactivation ensued; histologic examination of the liver at the termina-
tion of the experiment appeared to indicate that the functional state of 
the liver had been maintained. Schiller and Pincus (155) perfused rat 
liver with α-estradiol. They observed some inactivation which they 
suggested might be accounted for by conversion of α-estradiol to the less 
potent estrogens, estrone and estriol. If small amounts of α-estradiol 
were perfused, complete inactivation resulted in the course of five hours; 
acid hydrolysis of the perfusate did not restore the activity. On the 
other hand, perfusion of rat heart with α-estradiol resulted in no loss of 
activity. 

2. In Vivo Studies 

a. Estrogen Experimentally Diverted into Hepatic Portal Circulation. 
Golden and Sevringhaus (65) transplanted the ovaries of the rat to the 
mesentery and to the axillae; estrus did not occur in animals with the 
ovaries in the portal circulation but estrus did occur in those animals with 
transplants in the axillae. Biskind and Mark (13,14) implanted pellets 
of estrogen in the spleen of castrated rats. They observed no estrogenic 
effect as long as the spleen remained connected with the hepatic portal 
circulation. When the spleen was transplanted so that its venous blood 
flowed directly into the systemic circulation, the estrogenic effect of 
the implanted hormone became apparent. Biskind and Meyer (15) 
implanted estrone pellets in the spleen of male rabbits; degeneration of 
the testicles did not result as is the case when estrone is implanted sub-
cutaneously. These observations were confirmed by Segaloff et al. 
(160,162), who carried out experiments of a similar nature. 

b. Liver Damage. In animals with liver damage induced by hepato-
toxic agents or by dietary factors, there is an increased sensitivity of the 
end organs to endogenous and exogenous estrogen. Thus, Talbot (181) 
noticed a definite increase in uterine weight in nonovariectomized rats 
which had received carbon tetrachloride. Pincus and Martin (137) 
observed a marked increase in vaginal response on estrogen administra-
tion to ovariectomized rats which had received carbon tetrachloride by 
gavage. The role of the nutritional state of the organism in estrogen 
metabolism is discussed below (Section II, G). It is of interest that 
Glass et al. (63) noticed that male patients with cirrhosis of the liver 
displayed gynecomastia and testicular atrophy; the estrogen in the urine 
was largely excreted in unconjugated form. 

c. Partial Hepatectomy. Schiller and Pincus (156) studied the metab-
olism of estrone in normal and partially hepatectomized rats; there was 
an increased excretion of estrogen in the urine in the latter group of 



X. THE CHEMISTRY AND METABOLISM OF THE ESTROGENS 391 

animals. Segaloff (161) observed that partial hepatectomy in spayed 
female rats reduces the amount of α-estradiol required to produce vaginal 
estrus when the estrogen is injected subcutaneously or intrasplenically. 
Engel and Navratil (53) observed that, in the hepatectomized frog, 
estrone is inactivated after 48 hours; they concluded that the liver is not 
the only organ in which inactivation occurs. This conclusion does not, 
of course, necessarily apply to mammals. It is interesting that Selye 
(164) found the anesthetic effect of the steroids to be increased by partial 
extirpation of the liver. To be sure, this is a totally different type of 
biological response and is properly classified by Selye as pharmacological. 

G . EFFECT OF NUTRITIONAL STATE ON ESTROGEN METABOLISM
6 

Biskind and Shelesnyak (17) claim to have demonstrated a relation-
ship between vitamin Β complex deficiency and the capacity of the liver 
to inactivate estrogens. Following castration of adult female rats and 
transplantation of one ovary to the spleen, the animals developed an 
anestrous condition. When the rats were placed on a vitamin-B-com-
plex-free diet, most of these animals went into a state of estrus; there 
were no visible organic lesions in the liver. In a subsequent study by 
Biskind and Biskind (16), pellets of estrone were implanted in the spleen 
of adult castrated female rats. On a normal diet the rats were anestrous 
but on a vitamin-B-complex-deficient diet, a protracted state of estrus 
developed. Addition of brewers' yeast to the vitamin-deficient diet 
effected a return to the anestrous state. The observations of Biskind 
and co-workers were confirmed by Segaloff and Segaloff (163). They 
noted an increased vaginal response to estrogen in spayed rats on a 
B-complex-deficient diet (as compared to spayed rats on a normal con-
trolled diet) ; the estrogen was injected intrasplenically or subcutaneously. 
Addition of choline chloride, pyridoxine or calcium pantothenate to the 
B-complex-deficient diet failed to decrease the vaginal response of these 
rats to the level of the rats on the normal diet, whereas addition of thiamin 
hydrochloride and riboflavin effected this result. The authors state 
that the effect of thiamin hydrochloride on the vaginal response to estro-
gen administration is independent of its effect on the appetite of the 
experimental animals. Singher et al. (167) made in vitro studies bearing 
on the relationship of vitamin deficiency to the capacity of the liver to 
inactivate estrogens. They observed that slices of liver removed from 
rats on a riboflavin and thiamin-deficient diet were unable to inactivate 
estradiol, whereas liver slices from rats on a normal diet were capable of 
doing so. Furthermore, the loss of inactivating ability paralleled the 
decrease in the riboflavin and thiamin content of the liver. Pyridoxine, 

6
 See recent reviews by Hertz and also b y Biskind in (184). 
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pantothenic acid, biotin, and vitamin A had no effect on estrogen inactiva-
tion under the same experimental conditions. 

Shipley and György (166) performed experiments similar to those of 
Biskind and Biskind (16) with the essential difference that the rats which 
were utilized had hepatic injury deliberately induced by feeding a high-
fat, low-protein diet. It will be recalled that in Biskind's experiments 
no hepatic lesions were visible. Nonetheless, the results with respect to 
vaginal response were about the same. A curative effect was observed 
when large amounts of yeast were included in the diet. György (68) 
showed, subsequently, that the addition of lipotropic factors such as 
methionine or protein digest to the diet likewi&e exerted a curative effect, 
but a fivefold increase in the basal vitamin Β supplement did not affect 
the results. As to whether the accumulation of fat per se, or destruction 
of hepatic cells, or both, is the responsible factor in the increased vaginal 
response to estrogen in Gyorgy's experiments: it appears from the work 
of Szego and Barnes (177) that the dietary accumulation of fat in the 
liver is not the responsible factor. 

Recently, the conclusions drawn from most of the foregoing studies 
were questioned by Drill and Pfeiffer (51). They point out that, in 
these studies, paired inanition controls were not used. To be sure, the 
observations of Biskind and Biskind (16) were readily confirmed by Drill 
and Pfeiffer, but paired inanition control rats which were limited to the 
same amount of food consumed by the vitamin-deficient animals (but 
receiving the Β vitamin) also showed vaginal cornification. The authors 
(51) conclude therefore that the effect of acute vitamin Β complex 
deficiency appears to be due to the concomitant inanition; addition of 
methionine to the diet did not influence the results. 

Koref and Engel (99) observed that folic acid will inhibit to a limited 
extent the estrogenic activity of estrone after the two substances are 
incubated in vitro. Although folic acid is present in liver, the authors 
suggest that folic acid may not be the substance responsible for the 
vigorous estrogen-inactivating potency of the liver in vitro. 

H . ENZYMIC INACTIVATION OF ESTROGENS 

It is generally believed that catabolism of the estrogens will result in 
the formation of products lacking in biological activity; this process 
has been loosely referred to as "inactivation." Nothing is known con-
cerning the nature of such products. These should not be confused with 
the conjugated forms of the estrogens such as estrone sulfate and estriol 
glucuronide ; the latter are weakly estrogenic and are readily detected by 
subjecting the conjugates to acid hydrolysis which liberates the estrogen. 
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The source and nature of the enzymes or enzyme systems which inactivate 
estrogens are discussed below. 

1. Liver 

Zondek (201,202) has been successful in obtaining a cell-free extract 
of liver which will destroy the biological potency of estrogens7; the pres-
ence of an enzyme, "estrinase," has been postulated. Engel and Rosen-
berg (54) have also succeeded in preparing similar aqueous extracts from 
beef liver; such extracts may be treated with organic solvents to precipi-
tate the inactivating factor in the form of a powder. It would be highly 
desirable to obtain a highly potent preparation of this character so that 
the nature of the inactivating process and the structure of the products 
of inactivation might be determined. Heller (76) believes an oxidase 
system is responsible for the inactivation of estrogens by liver slices, but 
the presence of such a system could not be demonstrated by Graubard and 
Pincus (66). 

2. Plants 

Westerfeld (187) obtained from mushrooms a tyrosinase extract which 
converts tyrosine to melanin and is also capable of inactivating estrone. 
The products formed from estrone may be similar to the products 
described by Raper (144) when tyrosinase is permitted to act on m-cresol: 

H O Ο 

> ? 

H O C H , H O C H 3 Ο 
m-Cresol 

The oxidative nature of the enzymic inactivation of estrogens has been 
demonstrated by Graubard and Pincus (66). They found that potato 
tyrosinase transforms the estrogens into colored products with the uptake 
of three to four atoms of oxygen; the hormones appeared to be com-
pletely inactivated. Laccase action will result in the uptake of about 
one atom of oxygen per molecule of hormone with a loss of 90% of the 
estrogenic activity. Mushroom tyrosinase does not appreciably oxidize 
estrogens nor does it affect their activity. Zondek and Sklow (203) 
described the preparation of an estrone-inactivating enzyme from pota-
toes, which they believe to be neither tyrosinase nor a laccase. These 
authors (cited in 203) also found that beet root and potato juice contain a 
tyrosinase capable of inactivating estrone. Hyacinth roots and cauli-

7
 Synthetic estrogens, e.g., stilbestrol, may also be inactivated b y rat liver pulp 

(Zondek et al., 206). 
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flower juice will destroy estrone although they do not contain a melanin-
forming tyrosinase. However, the melanin-forming tyrosinase from 
mealworm larvae does not inactivate estrone. Recently Zondek and 
Sulman (204) examined 32 strains of nonpathogenic bacteria and found 
that Proteus X kingsbury and Bacillus mesentericus will inactivate 
estrone8; the presence of a melanin-forming tyrosinase could not be 
detected. Examination of 29 pathogenic strains of bacteria did not 
reveal any strain capable of estrogen inactivation. 

While it is true that the inactivating factors present in the plant 
kingdom have not been demonstrated in the animal organism, still much 
can be learned by the type of studies described above; similar sub-
stances might be formed in the mammalian organism although perhaps 
by a different mechanism.9 It would be very interesting to isolate the 
end products of estrogen inactivation and to determine their structure. 
Probably these substances are exceedingly labile and may defy isolation 
from such sources as urine. 

I. ESTROGEN IN BILE AND BLOOD 

1 . Excretion of Estrogens in Bile: an Enterohe pa tic Circulation 
of Estrogens? 

A very high excretion in the bile of dogs and humans of estrogen of 
both endogenous and exogenous origin has been observed by Cantarow 
and co-workers (32-35). For example, as much as 90-95% of the bio-
logical activity was recovered in the bile of dogs following the intravenous 
injection of either estrone or a-estradiol (35). Although it had been 
known that bile contains estrogenic material,10 (literature cited by 
Cantarow et al., 35), it had not been demonstrated until recently that the 
quantities of estrogen excreted in the bile are large by comparison with 
the amounts to be found in the peripheral circulation or in the nonendo-
crine organs of the body. These findings led Cantarow et al. to postulate 
an enterohepatic circulation of the estrogens similar to that of the bile 
acids. These investigators (35) do not deny that the liver can inactivate 
estrogens but they doubt that the liver does so in vivo as rapidly as has 
been supposed. The experiments in vitro indicate that the liver rapidly 
inactivates estrogen (see Section II, F, 1), but the experiments in vivo 
performed by Cantarow et al. do not support this conclusion. In vitro 

8
 Estrogens may undergo metabolic change by the intestinal flora; estrogens are 

known to be excreted into the gut (see Section I, I, 1). 
9
 "Tyrosinase-l ike" activity has been detected in the hide of the rat by Spoor and 

Ralli (174). 
1 0
 Early observations by Gsell-Busse (67). 
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studies cannot be strictly compared to in vivo studies; the results may 
perhaps be the same qualitatively but may differ quantitatively. Those 
in vivo studies which purport to demonstrate a rapid inactivation of estro-
gens (see Section II, F, 2) can be interpreted quite differently on the 
basis of an enterohepatic circulation of estrogens. Thus, in those experi-
ments in which estrogen is directed into the hepatic circulation (see 
Section II, F, 2, a), a diminished biological response is to be anticipated 
since, under the experimental conditions, little estrogenic substance can 
enter the systemic circulation whereas, under physiological conditions, 
estrogen is secreted into the systemic circulation. This interpretation 
appears to be borne out by the demonstration of considerable estrogenic 
activity in the bile collected from a dog in which a pellet of α-estradiol 
was implanted in the spleen (34). 

In those studies in which the liver is damaged (see Section II, F, 2, b) 
or in which the experimental animals are maintained in a state of inani-
tion by limiting food consumption (see Section II, G), the increased 
estrogenic response to estrogen may be the consequence of a decreased 
flow of bile or a diminished excretion of estrogen in the bile, or both. 11 It 
is more difficult to explain why slices of liver from rats on a B-complex-
deficient diet should show a diminished capacity to inactivate estrogens 
on incubation. It is noteworthy that Cantarow et al. (32) found no 
difference in the rate of inactivation of estrogen by liver brei obtained 
from rats poisoned with carbon tetrachloride, a hepatoxic agent, as com-
pared with liver brei obtained from healthy animals. 

The excretion of large amounts of estrogen in the bile was not observed 
by Longwell and McKee (103), who recovered only 1.3 to 8.0% of the 
biological activity in the bile following the subcutaneous injection of 
estrone in dogs. Thus, there is lack of agreement between these labora-
tories with respect to the level of excretion of exogenous estrogen in the 
bile. Cantarow et al. (35) stress the necessity of ensuring a satisfactory 
state of efficient liver function in bile fistula dogs since otherwise rela-
tively insignificant hepatic functional defects may have a profound 
influence on steroid hormone metabolism. It has become increasingly 
apparent in recent years that nutritional factors must be reckoned with 
in evaluating the level of estrogen metabolism in the organism. 

As Longwell and McKee (103) have pointed out, the liver appears to 
be intimately linked with the metabolism of estrogens and the bile seems 
to be a likely source of material with which to study these reactions. 
These investigators found that the bile contains estrogenic substances 
other than the estrone administered to bile fistula dogs. Pearlman et al. 

11
 A vasoconstrictor effect on intrahepatic circulation in the rat results from brief 

inhalation of carbon tetrachloride vapors (Wakim and Mann, 185). 
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(131) similarly demonstrated the presence of metabolites of estradiol in 
the bile following the administration of this estrogenic substance. 

Appreciable amounts of estrogen have been detected in the feces of the 
pregnant cow (Levin, 100); the major portion of the estrogenic activity 
is found in the weakly phenolic, nonketonic fraction and it may therefore 
be presumed that estradiol is present. The excretion of estrogens in the 
feces may be due to the fact that estrogens are normally excreted in the 
bile and may escape, in part, absorption in the gut; it is also possible that 
estrogen is excreted into the gut directly from the blood stream. A fecal 
excretion of estrogens in other species has been noted by other investiga-
tors (literature reviewed by Levin, 100). The intestinal flora may play a 
role in effecting chemical changes in the estrogen excreted since it is well 
established that the estrogens (and other steroids) undergo phtyochemical 
change (for a review of pertinent literature, see 139). 

2. Nature of Estrogen Circulating in Blood 

The estrogen in the blood is maintained at a relatively low level even 
under those physiological conditions when estrogen production is maxi-
mal, e.g., during pregnancy (Szego and Roberts, 179). Intravenously 
injected estrogen disappears rapidly from the blood stream (Cantarow 
et al., 32). Whatever the explanation for these phenomena (see discus-
sion above), it is evident that the concentration of estrogen arriving at 
the target organs of estrogen stimulation must be at a low level. It is of 
obvious importance to know the nature of this "transport-estrogen/' 

Pursuit of this problem has been handicapped by the practical diffi-
culty involved in obtaining from the blood amounts of estrogenic material 
adequate for isolation study. Nevertheless, some information of an 
indirect nature has been obtained. Haussler (70) reported that variable 
amounts of estrogen are associated with the proteins in mare serum. 
Mühlbock (125) observed that about 30-50% of the estrogenic substances 
in the blood of pregnant mares is in a combined form from which it is 
released on acid hydrolysis; in pregnant A v o m e n , 50-75% of the blood 
estrogens are in the free form (Mühlbock, 126). Rakoff et al. (143) found 
that the concentration of estrogens in the serum of pregnant women is 
identical with that in whole blood; as much as 50% of the total estrogenic 
material of the serum may be present in a combined or conjugated form. 
Szego and Roberts (179) have made extensive studies of blood estrogen. 
They observed that the estrogen content is uniformly low in the blood 
or serum obtained from pregnant women, normal and pregnant cows, 
and normal and gonadotrophin-injected rabbits. Protein-free acetone 
extracts of blood contain about one-third the total estrogenic con-
tent of the blood; the estrogen in these extracts is almost entirety 
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present in a conjugated form since it can be extracted with ether only 
after acid hydrolysis. The rest of the estrogenic material is asso-
ciated with the blood proteins in a form liberated by weak alkaline 
hydrolysis. The blood estrogens will pass through a collodion membrane 
and the dialyzate so obtained contains all of the estrogenic material 
originally present in the blood. It is interesting that they were able to 
dialyze aqueous solutions of the crystalline estrogens. The authors 
conclude that there is an equilibrium in the blood between estrogen and 
protein and that dialysis results in the progressive dissociation of the 
estrogen-protein complex. Roberts and Szego (146) utilized human 
plasma material recently made available by the Cohn method of frac-
tionation and found that the lipoprotein fraction III-O (a jo-globulin 
fraction) contains most of the estrogenic material. All the estrogenic 
activity of this fraction may be found in the dialyzate; the estrogen is 
present in an esterified form from which it can be released by brief acid 
hydrolysis. The estrogenic material thus obtained resembles estriol in 
its physical properties. The authors suggest that the conjugated form 
of the estrogen may be that of a glucuronide. It is also suggested that 
the liver may be the site of formation or combination of the estrogen-
protein complex. The reports of Roberts and Szego leave the impression 
that practically all the estrogenic material in blood or plasma is present 
in a conjugated form not extractable by ether, whereas other workers 
in this field have indicated the presence in blood of considerable amounts 
of estrogen existing in a form which can be readily extracted by ether, 
i.e., the free form. 

J. SOME CONJECTURES REGARDING METABOLISM OF ESTROGENS 

Zondek and Sulman secured indirect evidence (205) on the basis of 
experiments with gonadotrophic and antigonadotrophic factors for the 
formation of a "pro-estrogen" in the ovaries of infantile female rats 
during the eighteen-hour period following the injection of chorionic 
gonadotrophin. They also cite the work of Freed and Soskin (60), who 
stimulated rat ovaries with chorionic gonadotrophin and obtained evi-
dence for the formation of two estrogens, one in the theca and the other 
in the granulosa. The theca estrogen was found to be incomplete in its 
action since it did not induce endometrial proliferation. The granulosa 
estrogen was complete in its action and resembled estrone in this respect. 
It would be very interesting to determine the chemical structure of these 
substances but an attempt to isolate these from ovarian extracts would 
probably not be practical. 

The androgens may possibly serve as precursors of the estrogens in 
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the organism, as was first suggested by Butenandt and Kudszus in 
1935 (28). These investigators observed that androstenedione elicited an 
appreciable estrogenic response in infantile female rodents; they con-
sidered the possible conversion of androstenedione into estrogenic sub-
stances in the ovary. It is of interest in this connection that some 
evidence has been obtained which indicates that the ovaries secrete 
androgenic substances, but the nature of these substances is not known 
(literature cited in 139). 

Paschkis et al. (129,130) attempted to R e m o n s t r a t e a biological trans-
f o r m a t i o n of androgens into estrogens. They detected the excretion of 
estrogenic material in the bile and urine of female dogs following the 
administration of androgens. Since the amounts of estrogen excreted 
were very small, it is possible that the ovaries may have been stimulated 
to secrete additional estrogen, but according to these authors, the fact 
that estrogen was present in the urine following the injection of testo-
sterone in normal and castrated male dogs (129) militates against this 
assumption. The reviewer is of the opinion that no conclusion can be 
arrived at with respect to the ovarian factor since castrated female dogs 
were not utilized. There is also the possibility that the adrenal glands 
of either sex may have been stimulated by the androgens injected. The 
adrenal factor is not eliminated by the observation, in a subsequent 
experiment, that very small quantities of estrogen are excreted by a 
female adrenalectomized dog since this animal was not castrated. Pasch-. 
kis et al. (129) finally conclude that the conversion of androgen into 
estrogen seems to be more a likely interpretation but is not yet definitely 
proved; in none of these experiments was an excretion of estrogen 
observed prior to androgen administration. It is note\vorthy that 
certain androgenic substances, especially A5-androstenediol-3(/3), 17(a), 
possess some estrogenic activity (Butenandt, 23). Whether A5-andro-
stenediol-3(ß),17(a:) is actually converted in vivo to a substance identical 
with or closely resembling the native estrogens in structure is not known; 
the estrogenic activity of these androgenic substances may be due to their 
intrinsic structure. It might be interesting to see whether the excretion 
of estrogenic material is actually higher in dogs injected with A5-andro-
stenediol-3(/3),17(a;) than in dogs similarly treated with testosterone; it 
might also be of interest to carry out such experiments with gonadeo-
tomized, adrenalectomized animals. In recent years, a chemical basis 
of analogy has been established for the biological conversion of andro-
stenediol into α-estradiol (see Section I, B, 2). Cholesterol may be the 
ultimate source of estrogens in the organism; the metabolic route may 
perhaps be by way of dehydroisoandrosterone (Butenandt and Kudszus, 
28; Fieser, 56). Rondoni et al. (150) claim to have detected small 
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amounts of estrogenic material in liver following incubation with choles-
terol over a period of several weeks. Since incubation of estrogens with 
liver is known to result in inactivation, the extent of conversion of choles-
terol to estrogen may have been considerably higher. The chemical 
nature of the estrogenic material obtained in the experiments of Rondoni 
et al. (150) was not established. The results obtained are not clear-cut 
and imply that organs other than those of internal secretion may serve as 
sources of estrogen elaboration, an inference that has not been substan-
tiated to date. 

A method devised by Emmens (52) may be exceedingly useful for the 
detection of metabolic precursors of the estrogens. According to this 
author, pro-estrogens may be differentiated from true estrogens by deter-
mining the relative effective dose required to elicit a vaginal response 
when the substance tested is administered by the systemic (S) and local 
(L) routes. Compounds which have a low S/L ratio are regarded as pro-
estrogens on the assumption that such compounds, in order to exert a 
maximal biological response, must enter the systemic circulation to 
undergo modification by some organ other than the vagina. Of the sub-
stances thus far tested and found to be pro-estrogens, none are steroid in 
character with two notable exceptions : one of these is androstenediol (see 
discussion above). Useful "leads" as to the nature of estrogen pre-
cursors might be gained by a more extensive application of the Emmens 
method. 

Ample ground for speculation in the field of estrogen metabolism is 
afforded by our expanding knowledge of the chemistry of the estrogens. 
For example, the recent findings of Miescher and co-workers (see Section 
I, C) that certain acids prepared by total synthesis or by partial synthesis 
from the native estrogens are more active than α-estradiol raises the 
question in the minds of these investigators of whether these substances 
(or perhaps similar ones) may be formed in vivo. The student of estrogen 
metabolism, having been alerted by work of this character, may be encour-
aged to make a more exhaustive study of the acid fractions obtained from 
extracts of biological material. Bioassay by the vaginal smear technique 
should be of great aid in this instance in following the course of isolation, 
but it would be useless in the detection of a product such as marrianolic 
acid which is lacking in estrogenic activity. Lactones may arise in the 
course of estrogen catabolism; compounds of this character have been 
prepared by treating the native estrogen with chromic acid, perman-
ganate, or hydrogen peroxide (see Section I, C, and I, D) . Reactions 
with hydrogen peroxide are believed to resemble reactions which occur in 
vivo and it is for this reason that the weakly estrogenic lactone, which 
Westerfeld (188) obtained by treating estrone with hydrogen peroxide, 
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may be of special significance. According to Smith (170,171), this 
lactone is considerably more potent than estrone in stimulating the 
pituitary, a remarkable finding indicative of the existence in nature of a 
novel category of estrogens. A differential method of assay based on the 
pituitary and vaginal response may yet reveal the existence of metabolites 
identical with or similar to Westerfeldes lactone. Compounds such as 
16-ketoestrone or 16-hydroxyestrone, which are hypothetical intermedi-
ates in the biological conversion of estrone to estriol, and also 7-keto-
estrone would probably be decomposed by the strong alkali ordinarily 
employed in extracting estrogens; 7-ketoestrone is readily destroyed by 
treatment with aqueous sodium carbonate at room temperature (Pearl-
man and Wintersteiner, 135). It is conceivable that the marked increase 
in biological potency observed by Smith and Smith (172), as a result of 
the addition of zinc dust prior to the acid hydrolysis of urines, may be 
traced to the reduction of alkali-labile estrogenic material; this increase in 
estrogenic activity cannot be due entirely to the conversion of estrone to 
estradiol, according to Smith and Smith. 

In retrospect, it can be said that our present knowledge of estrogen 
metabolism is fragmentary but the future appears to be very promising. 
It is becoming increasingly apparent that compounds which can be pre-
pared in the laboratory from the estrogenic hormones can, in many 
instances, be isolated from natural sources as well. Thus o u r k n o A v l e d g e 

of the chemistry of the estrogens quickens our efforts in solving problems 
of estrogen metabolism. The application of the new tool of isotope 
labeling may prove to be as highly illuminating in this field as has been 
its recent application in studying the related fields of steroid metabolism 
(for example, see Bloch et al., 18). Although much has been, and prob-
ably will be, learned by the classical approach to metabolism investiga-
tion, deficiencies inherent in such methods render the study of certain 
problems difficult if not impossible, as for example, the hypothetical 
conversion of cholesterol to estrogen. 
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