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ABSTRACT 

Analogs of 4-androstene-3,17-dione and testosterone were tested as 
substrates for the aromatizing enzyme complex of human placenta. 
Compounds modified in rings B, C, and D were found to be aromatized 
via a pathway similar to that postulated for 4-androstene-3,17-dione 
and testosterone, in which oxidation to the 19-hydroxy and 19-0~0 
(or corresponding gem-diol) intermediates occurs. No evidence of 
additional intermediates was obtained. 

Many compound.$have been tested for their acceptability as sub- 

strates for the aromatizing enzyme system of human placental microsomes 

(for reviews see: 6,7,8). In those studies the major interest was in 

the capability of the aromatizing system to form phenolic products. 

No attempts appear to have been made to identify intermediates or to 

determine at what stage in the sequence the reaction stopped if no 

estrogens were detected. Some of those studies also lacked rigorous 

identification of products. Identification of intermediate metabolites 

could be of value toward elucidation of the mechanism of aromatiza- 

tion of the modified precursors. The development of a procedure for 

identification of the intermediates of steroid aromatization, using 

gas chromatography-mass spectrometry (9) made possible a study of the 

course of aromatization of a number of structurally modified substrates 

by human placental microsomes. It was also possible, with the above 
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procedure, to show the aromatization of 4,6-androatadlene-3,17- 

dione, a compound previously thought not to be a substrate (10). 

CURIES AND ~THODS 

Steroids. 4,6-Androstadiene-3,17-dfone and 17%~hydroxy-1,4-6- 
andrastatrien-3-one were obtained from Steraloids, inc.; 17%-hydroxy- 
4,9(11)-androstadien-3-one from the Medical Research Council Reference 
Collection; 17%,19-dihydroxy-l7a-methyl-4-androeten~3-one was a gift 
from Dr. M. Wolff; and 19-hydro~-4,6-8ndrost8die~e-3,~7-dio~~ a gift 
from Dr. G. Kruger. 

4-Androsten-3-one was prepared as follows: 5-Androsten-3%-ol 
was prepared by Wolff-Kishner reduction of 3%-hydroxy-S-androsten- 
17-one (40 g) with hydrazine (40 ml) and a solution of sodium (10 g) 
in diethylene glycol under reflux for 70 hours. The product was 
partially evaporated, poured into water, washed, recrystallized 
from methanol, and then from hexane to give felted needles, mp 137' 
identical with the published value (11). It was showy to be home- 
geneous and of the correct molecular weight by &'&MS (kfe274). 

Oxidation of the 3%-alcohol with chromium trioxfde in aqueous 
acetone (12) and recyrstaflizatiofi from methanol pave, unexpectedly, 
3,3-dimethoxy-5-androstene, mp 113-116o, QG&H 240 nm, ~0.805, NMR 

(CDC13) 60.732 ppm (18~H3), 1.020 (19-H3), 3.12, 3.22 (3,3-bis-OGH31, 
5.37 (broad doublet), 3 = 6Hz due to 6-H coupled to 7%-H (13). Ana- 
lysis: calculated for C2lH3402: G, 79.19; H, 10.76; 0, 10.05; found 
C, 78.70, 78.09; H, 10.03, 10.74, 0, 11.68, 11.03. CC-MS gave two 
peaks of approximately equal height, both of @ 286, presumably 
corresponding to flash-heater loss of methanol to give 3-methoxy- 
2,4-androstadiene and 3-methoxy-3,5-androstadiene. 

Treatment of the ketal in benzene with aqueous hydrochloric 
acid gave 4-androstene-&one, recrystallized three times from meth- 
anol to mp XO4o, identical to the literature value (14). This enone 
was shown to be homogeneous by TLC and GC-MS, be 272. The m 
spectrum (CDCl$ 0.770 (l.8-H3), 1.201 (19-H3) and 5.79 (4-H, singlet) 
is in good accord with the assigned structure. 

4-Androstene-3a,I7%-dial was prepared by reduction of testos- 
terone (2 g} with sodium borohydride in ethanol. ChromatoS~a~hy 
on alumina (60 g, activity III) and elution with ether gave 4-androst- 
ene-3%, 17%-dial crystallizedfrom methanol. to mp 151-154°, and charact- 
ized by NMR (X5). Elution with 5% to 25% methanol gave 4-androstene_3a,17@- 
dial, recyrstallized from methanol to mp 230-2350. 

Aromatizing enzymes. Washed human placental microsomes were 
prepared according to the procedure of Ryan (16) and stored at -70° 
in sealed ampoules. 



Incubations. Each flask contained 200 nmoles of substrate, 
12 umoles NADP, 56 umoles glucose-6-phosphate, 2 unit of glucose- 

6-phosphate dehydrogenase, and 50 mM sodium phosphate buffer, pH 7.0, 
in a total volume of 3 ml. The flasks were incubated for 30 min. in 
air at 370 to generate NADPH, then the aromatization reaction was 
started by addition of 2 ml of microsomes (equivalent to 10 g wet 
weight of tissue) and continued for 1 hr. Incubations with 19-hydroxy- 
17a-methyltestosterone (S), 4-androsten-3-one, and epitestosterone 
were with 400 nmoles of substrate. The 19-hydroxy-4,6-androstadiene- 
3,17-dione and 19-hydroxyandrostenedione were incubated for 15, 30, 
and 60 min. The reactions were stopped by addition of 5 ml of dichl- 
oromethane and vigorous shaking. 

Purification of steroids. Steroids were isolated by extraction 
of the incubation medium with dichloromethane, evaporation, and 
partition of the residue between 90% methanol and hexane. The residue 
from the methanol phase was partitioned between ethyl acetate and 
water, and the residue from the ethyl acetate phase chromatographed 
on hydroxyalkoxypropyl Sephadex, as described in detail elsewhere (9). 

Thin layer chromatography. The fractions recovered from hydroxy- 
alkoxypropyl Sephadex chromatography that contained steroids were 
fractionated further by TLC on plates of fluorescent Silica gel G 
(Quantum Industries). Solvent systems used were: A, diethyl ether/ 
benzene (5:4); B, chloroform/methanol (99:l); C, chloroform/ethyl 
acetate/methanol (1:l:l); and D, di.ethylether/benzene/cyclohexane 
(1:l:l). Compounds were located by examination under ultraviolet 
light, and by spraying with sulfuric acid/ethanol (1:l) and heating 
(1100). Phenolic steroids were detected specifically by spraying 
the plates with Phenol reagent (Fisher) followed by exposure to 
ammonia vapor (17). Following incubation of 19-hydroxy-4,6-androsta- 
diene-3,17-dione, TLC was carried out in two dimensions. System A 
was used in the first direction, the plates were turned 900 and the 
zones concentrated by running 0.5 cm past the starting spot twice 
with system C. They were then developed in system B. 

For identification of steroids by GC-MS, the zones were 
scraped from unsprayed plates and the zones containing steroids eluted 
with methanol/ethyl acetate (1:l). 

Gas chromatography-mass spectrometry. Trimethylsilyl ethers 
and methoxime-trimethylsilyl ethers were prepared for solid injection 
as described previously (18,9). GC-MS analyses were performed on an 
LKB 9000 chromatograph -mass spectrometer under operating conditions 
previously described (70 eV) (9). Quantitation was achieved from the 
total ion current tracing by measuring the peak height of the steroid 
relative to that of an internal standard (SB-pregnane-3a,20a-diol 
diacetate) and extrapolating from a standard curve. 

Incubation with 178-estradiol dehydrogenase. The a-configura- 
tion of the phenolic diol isolated after incubation of epitestosterone 
was established by the fact that it was recovered unchanged after 
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incubation with human placental 17B-estradiol dehydrogenase (kindly 
supplied by Dr. D.J.W. Burns). This enzyme has absolute stereospecificity 
for 17H-hydroxyl groups (19). The conditions of the incubation were as 
follows: Each flask contained 0.2 mM NAD+, 57 mU of 17H-estradiol dehydro- 
genase, 20umoles of either estradiol-17B, estradiol-17u, or the phenolic 
compound isolated from the incubation, in a total of 3.0 ml of 0.1 M sodium 
bicarbonate buffer, pH 8.75. The incubations were for 10 min at room 
temperature. The aqueous solution was extracted twice with dichloromethane; 
estrogens were separated by TLC in solvent system A, and detected by Phenol 
reagent as described above. 

RESULTS 

The metabolites identified following incubation of ring D modi- 

fied steroids are shown in Table 1. The compounds were characterized 

by their TLC mobilities, ultraviolet absorption on fluorescent TLC 

plates, a color reaction specific for phenolic steroids (17), GLC 

retention times, and mass spectra. 

After incubating 19-hydroxy-17o-methyltestosterone with placental 

microsomes, the 19-aldehyde and 17a-methylestradiol were identified. 

The mass spectrum of the isolated 17o-methyl-19-oxotestosterone as the 

bis-methoxime is shown in Fig. 1. Under the conditions employed, the 

tertiary 17&hydroxyl group does not form the trimethylsilyl ether. 

The spectrum is similar to that of the bis-methoxime of 19-oxotestos- 

terone shown, but with differences of 14 a.m.u. in the ions containing 

ring D. The prominent fragment at M-31 is due to loss of a methoxyl 

group, characteristic of methoximes. The groups of fragments at M-58, 

M-59, M-62 and M-63, and at M-89 and M-90 are characteristic of all 19- 

oxo-steroid methoximes studied to date (9). The ions at M-58 and M--89 

are probably due to loss of the C-19 group (-C=NOCH3), and C-19 plus 

an additional methoxyl group. 

The 17a-methylestradiol recovered from TLC was identified by GC- 

MS as its 3-trimethylsilyl ether, with molecular ion at m/e 358 and 

other ions of interest at M-15, M-18, and M-(15+18). Fragments 
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characteristic of estrogens and derived from rings A, B, and C (20, 

21, 22) were also present (Table 2) and the spectrum was identical to 

that of an authentic reference sample. 

Epitestosterone was aromatized to estradiol-17a by the human 

placental microsomes; the 19-hydroxy and 19-oxo intermediates were 

identified (Table 1). The mass spectrum of the isolated 19-hydroxy- 

epitestosterone (TM%)2 was similar to that of 19-hydroxytestosterone 

(TMSi)2. Fragments of interest were M' 448, M-30, M-90, M-103, due 

to loss of the primary alcohol trimethylsilyl ether (C-19)(9), M-(90+ 

30), M-(90+103), m/e 129 which arises from fragmentation of ring D (23) 

and m/e 103 (C-19 group). 

The mass spectrum of the recovered 19-oxoepitestosterone (MO)2- 

TMSi (Fig. 2) was similar to that of 19-oxotestosterone (MO)2-TMSI (9). 

The spectrum was characterized by the groups of fragments at M-58, M-59, 

M-62, M-63 and M-89, M-90 as discussed above in relation to other com- 

pounds containing the 19-aldehyde methoximes. 

The mass spectrum of the trimethylsilyl ether of the isolated 

estradiol-17a was that of a typical estrogen (Table 2) and identical to 

that of a sample of authentic estradiol-17a (TMSi)2. Since the 17~ 

and 178-hydroxy epimers cannot easily be distinguished by their mass 

spectra, the isolated compound was identified as the 17a-epimer by 

incubating it with the soluble human placental 178-estradiol dehydro- 

genase. The isolated phenolic compound and authentic estradiol-17a 

remained unchanged, while estradiol-178 was completely oxidized to 

estrone. 

4-Androsten-3-one was aromatized (Table 1) but the intermed- 
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iates were insufficient in amount to be identified positively. The 

mass spectral fragmentation of 1,3,5(10)-estratrien-3-01 TMSi was 

similar to that of the other estrogens except for the ions containing 

ring D (Table 2). 

The substrate modified in ring C, Ag(")-testosterone, was 

aromatized to A'(")-estrone (Table 3). The 19-hydroxylated inter- 

mediate was also identified, but the 19-oxo intermediate was not 

detected. The mass spectrum of the methoxime-his-trimethylsilyl 

ether of 19-hydroxy-A'(") -testosterone (Fig. 3) was characterized 

by the molecular ion d 475, fragments due to loss of the C-19 

group (M-103, M-(103+31) ), loss of fragments containing trimethyl- 

silanol (M-90, M-(90+30) and ring D fragmentation typical of 17- 

trimethylsilyloxy compounds (m/e 129). 

The mass spectrum of the isolated A'(")-estrone as the tri- 

methylsilyl ether was identical to that of the authentic reference 

compound. The spectra of the A'(") -estrogens differ somewhat from 

the typical pattern seen in the ring C saturated compounds due to 

the ability of the former to form fully conjugated systems. A 

Thorough discussion of the fragmentation of the A'(")-estrogens 

is given by Djerassi, et al. (20). _- 

The ring B modified substrates, 4.,6-androstadiene-3,17-dione 

and 19-hydroxy-4,6-androstadiene-3,17-dione, were aromatized (Table 

4) and the 19-hydroxy- and 19-oxo-intermediates identified by CC- 

MS. The mass spectrum of the bis-methoxime trimethylsilyl ether 

of 19-hydroxy-4,6-androstadiene-3,17Ldione obtained from incubation 

of 4,6-androstadiene-3,17-dione with placental microsomes is compared 
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with that of the reference compound in Fig. 4. The corresponding 

19-hydroxy-A6-testosterone was also formed during incubation, and 

the mass spectrum of its methoxime bis-trimethylsilyl ether is 

shown in Fig. 5. The mass spectrum of the bis-methoxime trimethyl- 

silyl ether of the isolated 19-0x0-A' -testosterone is given in 

Fig. 6. The fragmentation is similar to that of the other 19-oxo 

compounds discussed and comprises the following: an intense ion at 

M-31, and characteristic groups of fragments at M-58, M-59, M-62, 

M-63 and M-89, M-90. The ion at m/e 129 is derived from ring D. 

The mass spectra of the trimethylsilyl ethers of the b- 

dehydroestrogens obtained from incubation of the ring B modified 

substrates are outlined in Table 2, and were identical to the 

spectra of reference steroids. The spectra are similar to those 

of estrone and estradiol (Table 2) with a shift of 2 a.m.u. lower 

due to the additional double bond. A highly characteristic ion of 

the 6-dehydroestrogens was found at m/e 229 and is due to the formation 

of a favored benztropylium ion (20, 21). 

The rate of formation of estrogens from B and C ring modified 

substrates is compared with the formation of estrone and estradiol 

from androstenedione in Table 5. After 60 min, A9(") -testosterone 

gave only 11%,4,6-androstadiene-3,17-dione, 26% as much phenolic 

steroid as did the corresponding unsubstituted compounds. The yield 

of estrogen from 19-hydroxy-4,6-androstadiene-3,17-dione was about 

half that obtained from 19-hydroxyandrostenedione. 

The A and B ring modified substrate analog 17B-hydroxy-1,4, 

6-androstatrien-3-one was aromatized in low yield. The phenolic 

products were detected by TLC (phenol reagent positive) but 
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insufficient product was obtained for GC-MS identification. The 19- 

hydroxy or 19-oxo intermediates were not seen. 

Several compounds incubated with the placental microsomes were 

not aromatized; these were compounds that were modified in ring A. 

4-Androstene-3a,17@diol remained unchanged after incubation for 1 

hour; 17B-hydroxy-5a-androstan-3-one was reduced to 5a-androstane- 

30,17B-dial. No evidence of 19-hydroxylation could be found for 

either of the above substrate analogs. 

DISCUSSION 

The results provide evidence that aromatization by placental 

microsomes of a number of steroids modified in different parts of 

the molecule involves the same sequence of oxidations as has been 

elucidated for the major substrates, androstenedione and testoster- 

one. Thus the pathway Cl9 steroid * 19-hydroxysteroid + 19-0x0- 

steroid (or corresponding gem-dial) + Cl8 aromatic steroid is still 

followed. This is not to say that other mechanisms do not operate 

on certain types of compounds, such as the 19-nor steroids which 

obviously do not follow this pathway. Meigs and Ryan (24) have 

shown that the aromatization of the Is-nor compounds is sensitive, 

aromatization of the Al," compound partially sensitive, and aroma- 

tization of the normal substrates insensitive to carbon monoxide. 

The mechanisms of the carbon monoxide sensitive systems have not 

been elucidated to date. 

At the outset of these experiments it had been hoped that 

changes in structure from the normal substrate might cause a 

change in the rate limiting step in the aromatization sequence. 



Thus intermediates between the 19-0~0 and the phenolic product 

might accumulate and give further information on the mechanism 

of elimination of C-19 and the 1B hydrogen. This was not the 

case with the compounds chosen. 19-Hydroxylation usually became 

slower, and intermediates were seen in lesser, rather than greater 

amounts than in the cases of the natural substrates. An esception 

was the incubation with epitestosterone, in which case proportionally 

Larger amounts of 19-oxo-epitestosterone resulted, as judged by 

total ion current chromatogram peak heights; quantitative results 

were not obtained. 

Other workers have found that A4-3-ketones and A5-3$-hydroxy 

compounds (25) are substrates for 19-hydroxylase. It is not known if 

38,19-dihydroxy-5-androsten-17-one or the corresponding 1?B-hydroxy 

compound, both potential intermediates, can serve as substrates for 

the second 19-hydroxylation step or must first be attacked by the A'- 

3g-hydroxysteroid dehydrogenase-isomerase system that is also present 

in placental microsomes. 

Reduction of the A'-enone system to the saturated ketone or shift 

of the double bond to the Al-position both prevent aromatization. 

Neither 5a-androst-l-ene-3,17_dione, the ocrresponding 3.?B-hydroxy 

compound (26), nor l?@hydroxy-5ct-androstan-3-one (5) is aromatized by 

the placental microsome system. In the present study, neither 17%- 

hydroxy-5cr-androstan-3-one nor 4-androstene-3cr,17&diol was aromatized. 

In both cases the block appeared to be at or prior to the 19-hydroxylation 

step since no intermediates or phenolic products were found. 
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The aromatization of 17a-methyltestosterone (6,27), 4,16- 

431 

androstadien-3-one (28) and epitestosterone (6,29,30) have been 

reported. Horn and Finkelstein (31) found little aromatization 

of epitestosterone with a freeze-dried preparation of the 28,000 

x g pellet from placental microsomes that had been stored at -20'. 

4,6-Androstdiene-3,17-dione, shown here to be aromatized at about 

one-fourth the rate of androstenedione, was previously reported as 

not aromatized (10). When the 19-hydroxylated analog of this 

compound was used as a substrate, the double bond at C-6 became 

less of an impediment to aromatization, so that 19-hydroxy-4,6- 

androstadiene-3,17-dione was aromatized at about one-half the rate 

of 19-hydroxyandrostenedione (Table 5). The aromatization of 19- 

hydroxy-4,6-androstadiene-3,17-dione and also of Aq(ll) -testosterone 

are reported here for the first time. 

1. 

2. 

3. 
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