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The estradiolfatty acid esters (lipoidal derivatives, LE2) are extremely potent estrogens that accumulate 
in fat, including fat of menopausal women. These steroidal esters are protected from metabolism and 
are converted to the free, biologically active steroid through the action of esterases. Previous studies 
have shown that biosynthetic pathways in the adrenal gland exist in which steroidfatty acid esters are 
substrates. This led us to determine whether a cryptic aromatase pathway exists in which testosterone 
esters could be converted directly into LE2. We tested a representative fatty acid ester, testosterone 
stearate, both as an inhibitor and as a substrate for the aromatase enzyme from human placental 
microsomes. This ester had neither activity. In addition, we tested [IB-3H]testosterone acetate as a 
substrate for this enzyme complex, measuring the production of ‘HZ0 as evidence of aromatization. 
Although the rate of reaction was considerably slower than that of testosterone, 3Hr0 was produced. 
However, when [2, 4, 6, 7-:‘H]testosterone acetate was incubated and the steroidal products isolated, 
we found that hydrolysis of the substrate had occurred. Both [3H]-labeled testosterone and estradiol 
were found, and very little if any[3H]estradiol acetate was formed. Thus, we conclude that an aromatase 
pathway involving testosterone esters does not exist and that the sole source of LE, is through direct 
esterification of estradiol. (Steroids 57:475-479, 1992) 
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Introduction 

It is generally recognized that peripheral aromatization 
of circulating androstenedione, secreted by the adre- 
nal, is the source of esterone (E,) the predominant 
estrogen, in the menopausal woman.’ Although E, is 
estrogenic, it is only weakly potent, with less than 5% 
the estrogenic activity of estradiol (E2).* Because the 
blood levels of El3 and its production rate correlate with 
excess weight4 in menopausal women, and because 
aromatase is present in fat,’ it is thought that fat is the 
major source of this estrogen. Recently we have found 
that E2 fatty acid esters (lipoidal derivative of estradiol, 
LE,) are present in sizable amounts, several hundred 
picograms per gram, in fat of the menopausal female.6 
In contrast to E, the esters comprising LE, are ex- 
tremely potent estrogens. 7-10 They are far more active 
than E2, which is thought to be the most potent natural 
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mammalian estrogen. LE, is a heterogeneous family of 
fatty acid esters that are esterified at C-17 of E2.r1 These 
esters produce a sustained stimulus because they are 
long-lived; i.e., they are protected from metabo- 
lism.‘*~r3 Although they are not directly estrogenic14J5 
they act as prohormones that release E, through the 
action of esterases. l6 Thus, the natural esters compris- 
ing LE, are the endogenous analogs of synthetic esters 
that are used therapeutically for their sustained ac- 
tion.17 Because LE2 is sequestered in fatty tissues, we 
hypothesize that it may be involved in paracrine stimu- 
lation of neighboring estrogen target tissues. Through 
such a mechanism, LE, could play an important role 
in the maintenance of specific estrogen-regulated tis- 
sues in the menopausal woman. 

LE? ‘_” formed biosynthetically through esterification 
of E2. ’ 22 However, another possible route is through 
the aromatization of testosterone esters. The sub- 
strates in this biosynthetic pathway, testosterone fatty 
acid esters, are known to exist: testosterone is esteri- 
fied enzymatically, and a nonpolar metabolite of tes- 
tosterone, presumably consisting of fatty acid esters, 
circulates in the blood of men.24v25 Biosynthetic path- 
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ways involving steroidal fatty acid esters have been 
demonstrated,26 suggesting the likelihood of a similar 
pathway in the formation of LE,. In this article we 
describe experiments investigating the hypothesis that 
a testosterone ester can act as a substrate for the 
aromatase enzyme. 

Experimental 

[I@, 2P-3H]testosterone (50 Cilmmol) and [2,4,6, 7-3H]testoster- 
one 89 Ci/mmol were obtained from NEN-DuPont (Boston, MA, 
USA). Stearyl chloride was from NuChek Prep (Elysian, MN, 
USA) and acetic anhydride from Fisher Scientific (Springfield, 
NJ, USA). NADPH was purchased from Sigma (St. Louis, MO, 
USA). 

High-performance liquid chromatography (HPLC) was per- 
formed with a Waters Associates Model 510 pump (Milford, MA, 
USA), a U6K injector, and a model 440 UV detector at 254 and/ 
or 280 nm. In all systems the column was a IO-pm LiChrosorb 
DIOL (Merck, Gibbstown, NJ, USA) (4.6 mm x 25 cm). HPLC 
system A is CH,Cl,/isooctane (60 : 40); system B, CH,Cl,/isooc- 
tane (20 : 80). 

[ 1 @3H]testosterone was synthesized from [l/3, 2/3-3H]testos- 
terone by treatment with alkali as described.*’ The steroid was 
purified by HPLC in system A where it migrates in 8 minutes. 
Specific activity (16.5 Ci/mmol) was determined with the HPLC 
UV detector at 254 nm. The percentage of 3H at 1 p (82%) was 
determined by quantification of )H remaining in E2 after incuba- 
tion with placental microsomes. *s Steroid alkyl esters were pre- 
pared by reaction with either acetic anhydride or stearyl chloride 
as previously described.‘* [l/3-3H]testosterone and [2, 4, 6, 7- 
3H]testosterone acetate were purified on HPLC system A, where 
testosterone acetate migrates in 5 minutes. [l @-3H]testosterone 
stearate was purified on HPLC system B, eluting in 8 minutes. 

Human placental tissue was obtained immediately after deliv- 
ery and chilled on ice. Placental microsomes were prepared as 
previously described. 29 Briefly, tissue was washed with cold 
0.15 M KC1 and dissected free of adhering membranes and large 
blood vessels. Washed placental tissue was homogenized in cold 
0.25 M sucrose and centrifuged at 20,000 x g for 15 minutes. 
The supernatant was subjected to centrifugation at 148,000 x g 
for 45 minutes to obtain a microsomal pellet. The pellet was 
washed twice after resuspension in 50 mM potassium phosphate 
buffer, pH 7.4, and resedimented at 148,000 x g for 30 minutes. 
Washed microsomes were resuspended in a minimal volume of 
buffer and aliquots stored at -20 C. Protein was determined 
using a modified Lowry procedure.3” 

Except where noted, aromatization was determined by incu- 
bating [3H]steroids added in 20 ~1 of ethanol with 350 pg of 
microsomal protein and 50 PM NADPH in 2 ml 50 mM potassium 
phosphate buffer, pH 7.4, at 37°C for 30 minutes. In preliminary 
experiments (not shown) these conditions gave linear kinetics. 
When [l/3-‘HIsteroids were used as substrates, microsomes were 
incubated at 37 C with 5.1 x lo4 cpm [l/3-3H]testosterone or 
[l p-3H]testosterone- 17-stearate (1.7 nM) and the ‘H,O formed 
was measured.29 After incubation, the reaction mixtures were 
extracted twice with 6 vol CHCl, and the phases were separated 
by centrifugation. Residual steroid was removed from the aque- 
ous layer by treatment with 2 ml of a 5% aqueous suspension of 
charcoal (Norit A, J. T. Baker, Phillipsburg, NJ, USA). After 
thorough mixing, the charcoal was removed by centrifugation 
and the ‘Hz0 counted in a liquid scintillation spectrometer. In 
some experiments [2, 4, 6, 7-3H]testosterone acetate was tested 
as a substrate and then the products were isolated and quantified 
as follows. After incubation, internal standards of 5 gg each 
of testosterone and testosterone acetate, 10 pg E,, and 50 pg 
estradiol-17-acetate were added in 50 ~1 of ethanol and the mix- 

ture extracted twice with 6 vol CHCl,. The organic solvents 
were combined and evaporated under Nz, and the residue was 
chromatographed on HPLC in system A. After 12 minutes, the 
solvent system was changed in a step gradient to CH,Cl,. In this 
system testosterone acetate migrates in 5 minutes, testosterone 
in 8 minutes, estradiol-17-acetate in 15 minutes and estradiol in 
26 minutes. The internal standards were monitored by the dual 
wavelength UV detector at 280 and 254 nm. 

Results 

Inhibition studies 

In preliminary studies designed to determine whether 
testosterone esters could interact with aromatase, a 
representative fatty acid ester, testosterone stearate, 
was tested as an inhibitor of the aromatization of 
testosterone. Placental microsomes were incubated 
with [ 1 p-3H]testosterone and varying concentrations 
(10-9-10-5 M) of testosterone or testosterone-17- 
stearate as described earlier. As shown in Figure la, 
testosterone effectively inhibited the production of 
3H,0, but under these same conditions testosterone- 
17-stearate had no effect on the aromatization of 
[ I/S3H]testosterone. Another similar experiment was 
performed under the assumption that the apparent 
lack of inhibition by testosterone-17-stearate could be 
due to a low rate of association with the enzyme. In 
this experiment we incubated the competitors with 
the placental microsomes for 90 minutes at 22 C 
before initiating the aromatase reaction through the 
addition of [3H] substrate and cofactors. However, 
again under these conditions testosterone-17-stearate 
had no effect on aromatase activity, whereas unesteri- 
fied testosterone inhibited the release of 3H,0 (Figure 
lb). 

Testosterone esters as aromatase substrates 

To determine directly whether testosterone esters 
could act as substrates for aromatase, [ 1 p-3H]-labeled 
testosterone, testosterone-l7-stearate, and testoster- 
one acetate were incubated with the placental micro- 
somes as described earlier and the release of 3H20 was 
measured as an indicator of aromatase activity. When 
[ lp-3H]testosterone stearate was incubated with pla- 
cental microsomes under standard conditions for up 
to 2 hours (in some experiments up to 3 hours), no 
aromatase activity was observed as evidenced by the 
measurement of 3H,0 (Figure 2). However, the short- 
chain ester testosterone acetate was aromatized, albeit 
at a much slower rate than the free steroid, [ 1 /S3H]tes- 
tosterone. 

We attempted to confirm that aromatization of the 
intact ester had occurred by identifying the putative 
product, estradiol-17-acetate, in an experiment in 
which we incubated [2, 4, 6, 7-3H]testosterone-17- 
acetate with placental microsomes. After incubation 
for 60 minutes, the reaction mixture was extracted 
and analyzed by HPLC as described earlier. Aliquots 
of each fraction were counted for radioactivity and 
the results corrected for recovery of the internal 
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standard. The data in Table 1 show that most of the 
aromatic product of the reaction is E, and not estradi- 
ol-17-acetate, as would have been expected had tes- 
tosterone acetate been aromatized. A small amount 
of radioactivity (0.2% of incubated substrate) was 
found in the region in which the carrier estradiol-17- 
acetate migrated, although the identification of the 
tracer is not considered secure. Significant amounts 
of unesterified [3H]testosterone (8%) were also found. 

Discussion 

The discovery of steroidal fatty acid esters (the lipoidal 
derivatives of steroids) was precipitated by a study 

lo 1 
0 

-10 -9 -6 -7 -6 -5 

Log Molar Inhibitor Concentmtlon 

-10 -9 -8 -7 -6 -5 

Log Molar Inhibitor Concentmtion 

Figure 1 Inhibition of the aromatization of [1/3-3H]testosterone. 
a: [3H]testosterone was incubated with placental microsomes 
with or without testosterone (0) or testosterone stearate (0) for 
the indicated period. [jH] incorporated into water was deter- 
mined as described in the text. b: Placental microsomes were 
preincubated at room temperature with the indicated concentra- 
tions of either testosterone (0) or testosterone stearate (0) for 
90 minutes before the addition of [1/3-3H]testosterone and the 
start of the incubation. Conditions for the incubation are de- 
scribed in the text. The results are representative of several ex- 
periments performed in triplicate. Error bars are standard devia- 
tions; where none are visible they are smaller than the symbol. 

30 60 

Minutes 

90 120 

Figure 2 Testosterone esters as substrates for placental 
aromatase. 0, [l p-3H]testosterone; 0, [lp-3H]testosterone stea- 
rate; and A, [lp-3H]testosterone acetate were incubated with 
placental microsomes for the indicated time. Aromatization was 
determined by quantification of 3H20 produced. Replicates are 
as described in Figure 1 legend. 

Table 1 Incubation of [2, 4, 6, 7-3Hltestosterone acetate with 
placental microsomes 

Product CPM % Yield 

Testosterone 3,900 7.9% 
E,-17-acetate 80 0.2% 

E2 500 1.0% 

After incubation for 1 hour at 37 C, internal standards were added 
and the mixture was extracted and purified by HPLC as described 
in the text. Results are averages from duplicate incubations. 

that showed that some alkyl esters of cholesterol are 
converted into pregnenolone esters by the cholesterol 
side-chain cleavage enzyme.3’ This suggested that ste- 
roidogenic pathways might exist that use and produce 
steroid esters. Thus, we found in bovine adrenals en- 
dogenous nonpolar metabolites of pregnenolone,32 
17-hydroxypregnenolone, and dehydroisoandroster- 
one.33 We named them lipoidal derivatives because at 
the time their structure was uncertain, although later 
they were shown to be fatty acid esters.34 Fatty acid 
esters of most of the families of steroids are now known 
to exist.” Although they can be formed directly by 
esterification,35 the existence of cryptic biosynthetic 
pathways that use steroidal fatty acids esters as sub- 
strates has been demonstrated: pregnenolone esters are 
converted by adrenal enzymes into 17-hydroxypreg- 
nenolone and dehydroisoandrosterone esters.26 Indi- 
rect evidence for a pathway that uses esters as sub- 
strates was surmised from studies that showed in the 
adrenal gland lipoidal derivatives of pregnenolone that 
are distinct from pregnenolone esters made biosynthet- 
ically by esterification of pregnenolone.33 

The presence of fatty acid esters of E2 in adipose 
tissue of menopausal women, in whom E,, the sub- 
strate for the formation of LE,, is low, opened the 
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possibility that a pathway of aromatization might exist 
in which testosterone esters are intermediates. To ex- 
plore this we tested a model ester, testosterone stea- 
rate, both as an inhibitor and as a substrate for placental 
aromatase. However, this ester did not have either 
activity. The short chain ester, [1/3-3H]testosterone ac- 
etate was also tested as a substrate for the placental 
enzyme. The acetate ester was chosen by analogy to 
another steroidogenic enzyme complex, the choles- 
terol side-chain cleavage enzyme. Although this cyto- 
chrome P-450 enzyme cannot cleave (C-20,22) choles- 
terol stearate it can use some esters as substrates. It 
converts cholesterol acetate into pregnenolone acetate 
at the same rate as it produces pregnenolone from cho- 
lesterol.3’ Similarly, in these experiments it appeared 
that the acetate ester was aromatized because 3H,0 
was produced when [ 1 P-3H]testosterone acetate was 
the substrate, but the rate of reaction was much less 
than that of testosterone (Figure 2). However, when 
we incubated [2, 4, 6, 7-3H]testosterone acetate with 
placental microsomes in order to isolate the product, 
there was very little [3H]E,-17-acetate (Table 1). On the 
contrary, considerable amounts of [3H]estradiol were 
found. Hydrolysis of testosterone acetate had oc- 
curred. Even assuming that testosterone acetate is con- 
verted directly to E,-acetate, the rate would be exceed- 
ingly low when compared with testosterone. However, 
the identification of E,-acetate is not definitive and, 
furthermore, even if the small amount of radioactivity 
present in the [3H]E,-acetate fraction would have been 
confirmed as the ester, it might not necessarily have 
been formed by direct conversion of the androgen ace- 
tate. It could be synthesized by an esterase through a 
transesterification reaction, whereby the acetate from 
testosterone is added to [3H]estradiol formed from 
[3H]testosterone. 36 Nevertheless, in the experiment in 
which [ 1 p-3H]testosterone acetate is the substrate, 
most of the 3H,0 must have been formed indirectly, 
via testosterone acetate + testosterone + E2 + H20. 
It appears unlikely that a pathway exists by which LE, 
is synthesized directly from testosterone esters. Thus, 
the sole pathway in the synthesis of these potent estro- 
gens must be through the esterification of E,: andro- 
stenedione + estrone + E, + LE,; or alternatively 
testosterone * E, --, LE2. 
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