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ESTROGENIC ACTION OF ESTRIOL FATTY ACID ESTERS
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Summary—Recent studies suggest that, estriol, like estradiol, is biosynthetically esterified with
fatty acids. We have synthesized the stearate esters of estriol, at C-16a,C-178 and the diester,
C-16a,178 and tested these D-ring esters for their estrogenic action both in vivo and in vitro,
comparing them to estradiol, estriol and estradiol-17-stearate. None of the estriol esters bind
to the estrogen receptor. They are only weakly estrogenic in a microtiter plate estrogen
bioassay: stimulation of alkaline phosphatase in the Ishikawa endometrial cells. However,
both estriol monoesters are extremely potent estrogens when injected subcutaneously (in
aqueous alcohol) into ovariectomized mice. Compared to the free steroids, they produced a
dramatically increased uterine weight with a greatly prolonged duration of stimulation. The
16a,178 -diester also induced a protracted uterotrophic response, but the stimulation of uterine
weight was comparatively low. Since the esters of estradiol and estriol do not bind to the
estrogen receptor, their estrogenic signal must be generated through the action of esterase
enzymes. These naturally occurring esters have the potential of being extremely useful
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pharmacological agents for long-lived estrogenic stimulation.

INTRODUCTION

It has become increasingly evident that all of the
families of steroid hormones are metabolized
into fatty acid esters (for a review, see [1]). While
the physiological role of this transformation
into an extremely nonpolar “‘lipoidal” form of
the hormone is not clear, its effect on the
estrogen, estradiol has been studied in some
detail. We have shown that estradiol is bio-
chemically esterified into a mixture of fatty acid
esters at C-178 but not at the phenolic C-3
hydroxyl [2, 3]. The biosynthesis of estradiol
fatty acid esters has been confirmed in several
laboratories [4-8]. We and others have shown
that the esterification of estradiol with fatty
acids leads to an extremely potent estrogen with
an unusually sustained action[9-11]. Esterifi-
cation protects the steroid nucleus from en-
zymatic catabolism and prolongs its metabolic
survival [12]. The ester is not itself hormonally
active, i.e. it does not bind to the estrogen
receptor, it requires hydrolysis for acti-
vation [13]. Esterases acting on the steroidal
ester provide the hormonal stimulus [S, 14, 15],
stemming from the long-lived substrate.
Recently it has been shown that estriol,
1,3,5(10)-estratrien-3,16a,178-triol I, is con-
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verted into a nonpolar metabolite by a human
breast cancer cell line in culture [16]. Although
it has not been characterized, its polarity
suggests a fatty acid ester. We have also found
that rat lung converts estriol into a hydrophobic
metabolite with characteristics of a fatty acid
ester of estriol [17]. This finding has led us to
synthesize (Scheme 1) various D-ring esters of
estriol, 16a,178-, and 164,178- in order to be
able to characterize the nonpolar biosynthetic
product and to determine the estrogenic potency
of these esters. We have synthesized the stearate
esters of estriol as representative stable products
for direct comparison with estradiol-17-stearate,
whose properties have been extensively investi-
gated [9, 10]. We have determined the extrogenic
properties of the various estriol esters I, V and
VIII, including: their binding to the estrogen
receptor; their ability to induce a hormonal
response in an estrogen sensitive cell line (alka-
line phosphatase in Ishikawa endometrial
cancer cells {18]); and their estrogenic action,
and the duration of the response, in stimu-
lating uterine growth in the ovariectomized
mouse [19].

EXPERIMENTAL SECTION

Melting points were determined on a Koffler
Hot Stage and are uncorrected. NMR spectra
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Scheme 1. The synthesis of D-ring esters of estriol.

were recorded on a Bruker WM-500 spec-
trometer at 500 MHz in CdCl;. High resolution
mass spectral data were obtained on a Kratos
Ms-80 RFA spectrometer. HPLC was per-
formed on a Waters modular system consisting
of a 600E controller and pump, U6K injector
and 484 variable wavelength absorbance detec-
tor. HPLC analysis was performed at 1 ml/min
with the u.v. detector at 280 nm. HPLC system
H, is: 250 x 46 mm LiChrosphere 100 Diol
(Merck) column, CH,Cl,/isooctane (3:2); sys-
tem H, is: 250 x 46 mm Ultrasphere Si (Altex)
column, iso-octane/isopropanol (49:1).

Estrogen receptor binding assay

Competition for the binding of the estrogen
receptor in ovariectomized rabbit uterine cyto-
sol was performed as previously described with
minor modification [20]. The various steroids
and 2nM [2,4,6,7-*H]estradiol (115 Ci/mmol)
were dissolved in 5 ul dimethylformamide and
incubated overnight at 0°C with 100 ul of
uterine cytosol in a buffer consisting of 10 mM
Tris, 1.5 mM Na, EDTA, 10 mM Na, MoO, and
1 mM monothioglycerol, pH 7.4. Nonspecific
binding was determined by a control containing
100-fold excess of diethylstilbestrol. Free radio-
activity was absorbed by dextran-coated char-
coal and the bound radioactivity was counted in
a liquid scintillation counter.

Ishikawa estrogen bioassay

The induction of alkaline phosphatase in
the Ishikawa cells grown in microtiter plates
was performed exactly as described [21]. Cells
are plated in 96-well microtiter plates at a
density of 25,000 cells per well in 150 ul of an
estrogen free media (1/1 mixture of phenol
red-free Ham’s F-12 and DMEM containing
5% charcoal stripped calf serum) and grown
in the presence of the indicated concentrations
of test steroid. After 3 days, the media is
removed, the cells washed, frozen and thawed,
and 50 u! of 5 mM p-nitrophenyl phosphate in
1 M diethanolamine, pH 9.8, is added. The
mixture is incubated at room temperature
and alkaline phosphatase activity monitored
periodically at 410nm in a microtiter plate
reader.

Mouse uterotrophic assay

Adult female mice CD-1, about 7 weeks old
(Charles River) were ovariectomized under
Metofane anesthesia. 7 days later they
were injected subcutaneously with either 200 ul
of vehicle (saline/ethanol 4:1) or estradiol
and estradiol-17-stearate at 132 nmol/kg body
weight or estriol, V, VIII, and III at 264 nmol/
kg body weight, all dissolved in 200 ul of the
vehicle. At various times, up to 20 days after the
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injection, the animals were killed and their uteri
were removed, dissected free from adhering
tissue, blotted and weighed.

3-t-butyldimethylsilylestriol II. To a solution
of 100 mg (0.347 mmol) of estriol in 0.7 ml
of DMA was added 75ul (0.381 mmol) of
MTBSTFA and the mixture was stirred for
4 h at room temperature. After evaporation to
dryness under high vacuum, the residue was
purified on a silica gel column with CHCl;—
ethylacetate—ethanol (5:1:0.3) as the solvent
system. After the solvent was evaporated, the
residue was recrystallized from methanol to give
110mg (80% yield) of II. Intermediate II
was homogeneous by TLC: m.p. 196-198°C;
'H-NMR, 60.192 (s, 6H, (CH,),Si), 0.815
(s, 3H, C;;-CH,),) 0.983 (s, 9H, t-BuSi), 3.599
(dd, 1H, J=5.07Hz, C,;,-H), 4.185 (dd, 1H,
J=3.7 and J=35.6 Hz, C,(,-H), 6.559 (d, 1H,
J=2.6Hz, C;-H), 6.619 (dd, 1H, J=2.6 and
J=8.4Hz, C-H), 7.115 (d, 1H, J=84Hz,
C,-H); HRMS, found 402.2583, calculated from
C,40,SiH;402.2580.

Estriol - 16a, 178 -distearate  III. 75 mg
(0.25 mmol) of stearyl chloride in 0.1 ml of
benzene was added to a solution of 50 mg
(0.124 mmol) of II in 0.1 ml of benzene and
100 ul (1.25 mmol) of pyridine. After 2h the
reaction mixture was poured into H,O and
extracted with petroleum ether/ether (1:1). The
organic layer was washed with aqueous 1%
HCl, H,0 and then dried. The residue after
evaporation of the solvent was purified on a
silica gel column with petroleum ether/ether
(20:1). The protecting ¢-butyldimethylsilyl
group at C-3 was removed with 0.4ml I M
tetra-n-butyl-ammonium fluoride (Bu,NF) in
THF. After 1h, the THF was evaporated and
the residue was dissolved in ether and washed
with H,O. The crude product IIl was purified
on a silica gel column with CHCl,/CH,Cl,
(1:1). Recrystallization from methanol gave
66 mg (65% yield). Compound I was homo-
geneous by TLC and analytical HPLC in
system H,, R, = 7-8 min; m.p. 40°C; 'H-NMR,
60852 (s, 1H, C,;-CH;), 0.888 (t, 6H,
J=6.9Hz, 2x-OC-(CH,),CH,), 1.262-1.386
(broad, 60H, 2x-OC-CH,-(CH,),;-CH,), 2.296
¢, 2H, J=75Hz, OC-CH,-(CH,);;-CH,),
2.336 (t, 2H, J=7.5Hz, -OC-CH,(CH,)s
CH,), 4.593 (s, 1H, C;-OH), 5.016 (d, 1H,
Jispare=58Hz, C;,-H). 5.195 (dd, 1H,
Ji6p17. = 5.8 and Ji54,65 = 7.9 Hz, C,4-H), 6.566
(d, 1H,J = 2.7 Hz, C,-H), 6.630 (dd, 1H,J =2.7
and J =84 Hz, C-H), 7.137 (d, 1H, J = 8.4 Hz,
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C,H); HRMS, found 820.6944, caiculated from
C,,OsH,, 820.6921.

3,160.-di-(t-butyldimethylsilyl)-estriol 1V. A
solution of 300 mg (1.04 mmol) of estriol in 2 ml
of DMA and 450 ul1 (2.28 mmol) of MTBSTFA
was stirred at room temperature overnight.
After evaporation to dryness, the crude product
was purified by filtration through a silica gel
column with petroleum ether/ether (5:1). Re-
crystallization from methanol gave 456 mg
(85% yield) of IV. Intermediate IV was pure
by TLC analysis: m.p. 65°C; 'H-NMR, 60.192
(s, 12H, 2x(CH,),Si), 0.797 (s, 3H, C,;-CH,),
0.983 (s, 18H, 2xt-BuSi), 3.572 (broad, 1H,
C,-H), 4.096 (ddd, 1H,J =1.7Hz, J = 5.6 and
J=9.2Hz, C,,H), 6.556 (d, 1H, J=2.6Hz,
C,-H), 6.616 (dd, 1H, J=2.6 and J=8.4Hz,
C,-H), 7.115 (d, 1H, J = 8.4 Hz, C,-H); HRMS,
found 516.3440, calculated from C,,0,Si,H,,
516.3441.

Estriol-178-stearate V. Ester V was syn-
thesized in the same manner as III starting with
50 mg (0.97 mmol) of IV in 0.1 ml of benzene,
50ul (0.6mmol) of pyridine and 32mg
(0.106 mmol) stearyl chloride in 0.75ml
benzene. Deprotection of the hydroxyl groups
at C-3 and C-16a was performed with 0.3 ml 1M
Bu,NF in THF. Crude ester V was purified on
a silica gel column with benzene/ethylacetate
(25:1). Recrystallization from methanol gave
38 mg (72% yield) of V. This compound was
homogeneous by TLC and by analytical HPLC
in system H,, R,=17-18 min: m.p. 84-85°C;
'H-NMR, 50.874 (s, 3H, C,;-CH;), 0.889 (t,
3H, ] = 6.8 Hz, -OC-(CH,),,-CH,), 1.266—-1.349
(broad, 30H, -OC-CH,-(CH,),;-CH,), 2.401 (t,
2H, J=7.5Hz, -OC-CH,-(CH,),;-CH,), 3.798
(s, 1H, C,-OH), 4.145 (ddd, 1H, J 55,5 = 8.3 Hz,
Jigpie = 4.3 and Ji5, s = 1.6 Hz, C\(p-H), 4.273
(d, 1H, J\¢,7, =4.3 Hz, C,,-H), 6.572 (d, 1H,
J=2.7Hz, C,H), 6.633 (dd, 1H, J=2.7 and
J=84Hz, C-H), 7.145 (d, 1H, J=8.4Hz,
C,-H); HRMS, found 554.4343, calculated from
C,s0,H; 554.4320.

16B-methoxymethylestriol ether VI. 100 mg
(0.193 mmol) of IV in 0.5ml of benzene was
reacted under Argon with 44 ul (0.58 mmol) of
chloromethylmethyl ether in the presence of
101 ul (0.58 mmol) of N,N-diisopropylethyl-
amine. After 6 h, the reaction mixture was con-
centrated under vacuum and the oily residue
was dissolved in ether and washed with H,O.
The intermediate, 3,16a-di-(z-butyldimethyl-
silyl)-178-methoxymethylestriol, was purified
by filtration on a silica gel column with
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petroleum ether/ether (20:1) and then treated
for 1 h with 1.1 ml (6 mmol) of 1 M By,NF in
THF in order to remove the two ¢-butyl-
dimethylsilyl protecting groups. The THF was
evaporated under vacuum and the residue was
extracted from H,O with ethylacetate. The or-
ganic layer was dried and evaporated. The crude
product was purified on a silica gel column with
CHCl;—ethylacetate—ethanol (5:1:0.1) as the
solvent system. Recrystallization from ethyl-
acetate afforded 45mg (70% yield) of VI
(homogeneous by TLC): m.p. 172-174°C; 'H-
NMR: §0.8366 (s, 3H, C,;-CH,), 3.230 (d,
IH, Jie517a=954Hz, C-17a), 3.320 (d, 1H,
J = 1.7Hz, C-,-OH), 3.468 (s, 3H-, -O-CH,),
4.150 (ddd, 1H, Jysp1e5=7.3Hz, Jig5,7,=5.4
and Js,.5=2.1Hz, C,e-H), 4.763 (dd, 2H,
J=6.7Hz, -0O-CH,-O-), 6.569 (d, 1H,
J=2.7Hz, C,-H), 6.6314 (dd, 1H, J = 8.4 and
J=27Hz, C-H), 7.144 (d, 1H, J=84Hz,
C,-H); HRMS, found 332.1985, calculated from
C,O,H,; 332.1980.

3- t- butyldimethylsilyl - 17 - methoxymethyl -
estriol VII. t-butyldimethylsilylation of the hy-
droxy group at C-3 of VI was performed in the
same manner as in the synthesis of II. Starting
with 100 mg (0.301 mmol) of VI, the crude
product VII was purified on a silica gel column
using cyclohexane/ethylacetate (10:1). After
evaporation, 114 mg (85% yield) of an oily
residue was obtained which, although pure by
TLC, resisted crystallization: '"H-NMR: §0.191
(s, 6H, (CH,),Si-), 0.840 (s, 3H, C;;-CH,), 0.982
(s, 9H, t-BuSi-), 3.227 (d, 1H, J 7, = 5.4 Hz,
Ci7.-H), 3.467 (s, 3H, -OCH,), 4.145 (ddd, 1H,
Jispisp = 8.3Hz, Jig517, = 5.4 and J 5,65 = 2.1 Hz,
Ciss-H), 4.761 (dd, 2H, J = 6.7 Hz, -O-CH,-0O-),
6.558 (d, 1H, J =2.6 Hz, C,-H), 6.613 (dd, 1H,
J=8.4 and J=26Hz, C-H), 7.111 (d, 1H,
J = 8.4 Hz, C,-H); HRMS, found 446.2866, cal-
culated from C,;O,SiH,, 446.2841.

Estriol-16u-stearate VIII. Esterification of
the 16a-OH in intermediate VII was performed
in the same manner as for ester I using 60 mg
(0.134 mmol) of VII in 0.125 ml benzene, 60 ul
(0.75 mmol) pyridine and 45 mg (0.15 mmol) of
stearyl chloride dissolved in 0.75 ml of benzene.
The product was purified by filtration on a silica
gel column with petroleum ether/ether (20:1).
After evaporation the residue was dissolved
in 0.13ml of CH,Cl, and cooled to —78°C.
To cleave the methoxymethyl group, 0.27 ml
(0.266 mmol) of 1 M dimethylboron bromide in
1,2-dichloroethane was added dropwise under
Argon. The reaction mixture was stirred for 1 h
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at —78°C. Afterwards it was transferred into a
stirred solution of 1 ml of saturated NaHCO, in
2ml of THF. After a few minutes the mixture
was extracted 3 times with ether. The com-
bined organic layer was washed with 3%
NaHSO; -H,0, dried and evaporated. To re-
move the ¢-butyldimethylsilyl protecting group
at C-3, the residue was treated with 0.4 ml
(0.4 mmol) of 1 M Bu,NF in THF for 1 h. The
THF was evaporated and the resulting residue
was extracted from H,O with ether. The ether
was evaporated and the crude ester VIII was
purified on a silica gel column with benzene/
ethylacetate (25:1). Recrystallization from
methanol gave 45 mg (65% yield) of VIII. Ester
VIII was homogeneous by TLC and by analyti-
cal HPLC in system H,, R, = 13-14 min: m.p.
68-69°C; 'H-NMR: 50.872 (s, 3H, C,,-CH;),
0.889 (t, 3H, J=6.8Hz, -OC-(CH,),,CH,),
1.264-1.367 (broad, 30H,-OC-CH,-(CH,),,-
CH,), 2.351 (t, 2H, J=7.5Hz, -OC-CH,-
(CH,)s-CH,), 3477 (d, 1H, J=1.8Hz
C,75-OH), 3.602 (dd, 1H, J g4 7, = 4.9 Hz, J 7, 175.
OH = 1.8 Hz, C-;,-H), 4.602 (s, 1H, C,-OH),
4.832 (ddd, 1H, Jis5,65=9-2Hz, Jg5,7, =49
and J5, 5 =1.6Hz, C-H), 6.572 (d, 1H,
J=2.7Hz, C-H), 6.637 (dd, 1H, J=8.4 and
J=27Hz, C-H), 7.157 (d, 1H, J=844Hz,
C,-H); HRMS, found 554.4320, calculated from
C,O,H, 554.4320.

RESULTS AND DISCUSSION

We have synthesized the ring D stearate
esters of estriol, the 2 monoesters V and VIII, as
well as the diester VIII. The synthesis of the
estriol esters III, V and VIII (Scheme 1) was
based on the selective protection of the hydroxyl
groups in estriol I, then esterification of the
appropriate free hydroxyl groups, followed by
cleavage of the protecting groups to form the
desired esters with high yield. This procedure,
which starts with estriol, allows stereochemical
retention of the D-ring hydroxyl groups. The
hydroxyl groups at C-3 and C-16a were pro-
tected by reaction with N-methyl-N-(¢-butyl-
dimethylsilyl)-triffuoracetamide (MTBSTFA) in
N,N-dimethylacetamide (DMA)[22]. The hin-
dered C-178 hydroxyl group does not form
a t-butyldimethylsilyl ether as has been re-
ported for androst-5-ene-38,17f-diol [23]. Since
MTBSTFA reacts much faster with the phenolic
C-3 hydroxyl than with the C-16a hydroxyl
group, selective formation of 3-z-butyldimethyl-
silylestriol II was accomplished using 1.1/1
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molar ratio of the reagent to estriol. Esterifi-
cation of IT with stearyl chloride in the presence
of pyridine and deprotection under mild con-
ditions with Bu,NF in THF [24] led to ester III.
The reaction of MTBSTFA with estriol in
a molar ratio of 2.2/1, overnight produced
3,16a-di-z-butyldimethylsilylestriol IV. Follow-
ing esterification of the free C-178 hydroxyl
group in IV, the silyl ethers were cleaved with
Bu,NF/THF resulting in ester V. Conversion
of the C-178 hydroxyl group in IV to the
methoxymethyl ether [25] and cleavage of the
t-butyldimethylsilyl ethers at C-3 and C-16«
gave 17f-methoxymethylestriol VI. Selective
silylation with MTBSTFA at the C-3 hydroxyl
group produced 3-z-butyldimethylsilyl-178-
methoxymethylestriol VII. Following esterifi-
cation of the hydroxyl group at C-16a with
stearyl chloride, the methoxymethyl group was
cleaved with dimethylboron bromide [26], and
finally the ¢-butyldimethylsilyl group was re-
moved from C-3 with Bu,NF/THF producing
ester VIIL

We tested these estriol esters for their estro-
genic activity in several systems, comparing
them to estradiol, estriol and estradiol-17-
stearate. On the basis of the properties of estra-
diol-17-stearate [13], it would seem unlikely that
the estriol esters would bind to the estrogen
receptor and induce estrogenic effects directly
while still esterified. However, in contrast to the
C-17 esters of estradiol, the estriol esters V and
VIII have a free hydroxyl group in the D-ring,
a necessary component for binding to the estro-
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Fig. 1. Competition for binding to the estrogen receptor.
The indicated C,g-steroids were incubated with rabbit uter-
ine cytosol and [*Hlestradiol at 0°C overnight. The diester
111 did not compete for the binding of [*Hlestradiol. The
curve for III has been omitted for clarity. The amount of
[Hlestradiol specifically bound in the absence of any com-
petitor was 17%, and nonspecific binding in the presence of
200 nM diethylstilbestrol was less than 2% of the total
radioactive ligand. E,=estradiol; E,=estriol; E;-16a-
St = estriol-16a-stearate  VIII;  E,-178-St = estriol-17§-
stearate V; E,-178-St = estradiol-17f-stearate. Each point is
the average of duplicate determinations.
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gen receptor. Consequently, it was possible that
these 2 monoesters, but not the diester III,
might differ from the estradiol esters and bind
to the estrogen receptor. However, as can be
seen in Fig. 1, none of the estriol esters III,
V and VIII compete for the binding of
[PHlestradiol to the estrogen receptor. Both
estradiol and estriol inhibited the specific bind-
ing of [*H]estradiol to the estrogen receptor. As
would be expected [27], estriol is slightly less
potent than estradiol.

We have developed the Ishikawa microtiter
plate bioassay as means of easily determining
the potency of estrogenic compounds [21].
These cells actively metabolize estrogens [28],
and unlike the estrogen receptor assay in which
metabolism is minimal, in the Ishikawa bioassay
metabolic intervention is an important determi-
nant of the magnitude of the estrogenic signal.
With most estrogens there is a good correlation
in potency between in vivo studies and the
Ishikawa assay [21]. However, this is not true of
estradiol-17-stearate which is a very strong es-
trogen in vivo [9, 10] and only weakly estrogenic
in this assay [21]. The most likely explanation
for this disparity is that the ester requires hy-
drolysis for its action and the Ishikawa cells
have low esterase activity. Since the fatty acid
protects the steroid esters from metabolic inacti-
vation [12], we hypothesized that if the estriol
esters could act directly with the estrogen recep-
tor, they would be very active in the Ishikawa
assay. However, the results of the induction of
alkaline phosphatase in the Ishikawa cells show
that they do not produce a strong estrogenic
response (Fig. 2). In this experiment the order

optical density

-10 -8 -6
log molar concentration

Fig. 2. Induction of alkaline phosphatase in Ishikawa cells.
Ishikawa cells were grown in estrogen-free media in 96-well
microtiter plates for 3 days with the various steroids.
Alkaline phosphatase activity was determined with the
chromogenic substrate p-nitrophenyl phosphate at 410 nm.
O =estradiol; @ =estriol; A = estradiol-178-stearate;
O =V; A=VII; W@ =1l Each concentration of steroid
was assayed in quadruplicate. Error bars are SEM, those
not visible are smaller than the symbol.
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of potency is estradiol > estriol > estradiol-17-
stearate > V > VIII > III. This experiment
agrees well with the study (Fig. 1) which showed
that V, VIII, and I do not bind to the estrogen
receptor. The lower potency of the estriol esters
compared to estradiol-17-stearate, which must
be hydrolyzed to stimulate Ishikawa alkaline
phosphatase, indicates that in order for the
estriol esters to act they too must be acted on by
an esterase,

In contrast to the in vitro assays, when the
esters are administered in vivo in a single sub-
cutaneous injection, they are markedly more
potent than both of the unesterified C,s-steroids
(Fig. 3). Predictably estriol, was much less active
than estradiol (note that estriol and its esters
were administered in twice the dose as estradiol
and estradiol-17-stearate). The uterotrophic
stimulation was gone by 2 days after the injec-
tion of estriol and by about 3 days for estradiol.
In comparison to the free steroids, all of the
esters produced a sustained uterotrophic effect
which lasted about 2 weeks. There was also a
much greater stimulation of uterine weight
caused by the esters. At maximum stimulation
estradiol increased uterine weight over the con-
trols at 24 h, 103%; estriol at 24 h, 45%; V at 6
days, 464%; VIII at 4 days, 362%; estradiol-17-
stearate at 6 days, 442%.

The diester III produced a much less pro-
nounced uterotrophic weight gain than either V
and VIII. After the injection of IIIL: at 4 days the
uterine weight was stimulated 41%, at 8 days
31%, at 14 days 31%, returning to baseline
between 2 and 3 weeks. We had expected that
the diester III might elicit an even greater
prolonged effect since it requires hydrolysis at
both D-ring esters to liberate the estrogenic

Ovehicle
200t oE;
o 1751 AE3
150 4 A E3~16a-5t
OEs~178~5t

WE,-178-5t

uterine weight (mg

0 5 10 15 20
Days
Fig. 3. Mouse uterotrophic assay. Adult ovariectomized
mice were injected once with 132 nmol/kg of estradiol,
estradiol-17-stearate, or 264 nmol/kg of estriol, HI, V, VIII
in 200 ul of aqueous ethanol. At the indicated times the
animals were killed and the uteri removed and weighed.
Abbreviations are defined in the legend to Fig. 1. Error bars
are SD. At each point, # is not less than 4.
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signal, estriol. However, while it did bring
about a protracted uterine stimulation, the dur-
ation was not substantially greater than the
monoesters.

The mode of administration of the steroids
in the uterotrophic experiment (Fig. 3) differs
from our previous studies with estradiol-17-
stearate [9, 10]. In those experiments the estro-
gens were injected intravenously rather than
subcutaneously, as they are in the present study.
The present route was chosen because we re-
cently found that the steroidal esters are present
in much higher amounts in tissues than in
blood (unpublished observations), probably se-
questered where they are synthesized. Conse-
quently, we chose subcutaneous injections in an
attempt to allow the esters to equilibrate with
tissues before passing through the liver. Interest-
ingly, with estradiol there is virtually no differ-
ence between the 2 forms of injection. However,
comparing the results in Fig. 3 with those
previously obtained with estradiol-17-stearate,
there is a very large increase in potency when the
ester is injected subcutaneously. Obviously these
hydrophobic esters given in aqueous alcohol,
mimic the increased estrogenic effect that is
obtained when nonesterified estrogens are
administered in a vehicle of oil rather than an
aqueous one [19].

Estriol is a major metabolite of estradiol. In
human pregnancy it is the predominant C
estrogen, synthesized by the placenta from fetal
16a-hydroxylated C,q steroids [29]. While estriol
is known to be estrogenic, it is relatively weak
estrogen compared to estradiol[19]. This is
borne out by all of our experiments (Figs 1-3).
Estriol, was called an “impeded” estrogen [30],
because it, like other weak estrogens, can inhibit
the estrogenic action of estradiol. The low
potency, as well as the inhibitory action of
estriol, is caused by the short duration of its
occupancy of the nuclear estrogen receptor
when it is administered in a bolus injection [31].
However, when estriol is given in a sustained,
more physiological manner, then it is a potent
estrogens [31, 32). It is apparent that the C-16a-
and C-17f-estriol monoesters, V and VIII, are
also producing a sustained stimulus. Most likely,
the esters are sequestered in tissues, slowly re-
leasing estriol over a period of many days. Thus,
a dramatic estrogenic effect is produced. The bio-
synthetic formation of estriol esters would lead
to a pool of preformed estrogen that can main-
tain estrogen dependent tissues for a consider-
able period. Our experiments with the estriol
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esters show that these esters are extremely
potent estrogens and that they could play an
important physiological role. In addition, these
esters would make exceptional pharmacological
agents for prolonged estrogen stimulation.
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