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Four radioiodinated estrogen derivatives were studied to determine their
affinity for the estrogen-binding protein found in the cytosol of rabbit

and rat uteri. In vitro determination of the binding properties by compet
itive-binding experiments and by sucrose-gradient centrifugation indicates
that one of the derivatives, iodohexestrol, binds to the cytosol estrogen
binding protein. This in vitro behavior was related to in vivo distribution.
Studies in immature female rats showed high uterine uptake of iodohexes

trol at 2 hr (1.69% dose/gm). lodohexestrol also has a high nonspecific
binding in both the blood and the uterine cytosol. Thyroxine can diminish
the nonspecific binding in vitro ; in vivo the prior injection of thyroxine
increased the 2-hr uterus-to-blood ratio from 1.9 to 10.4. The in vitro
receptor-assay system was helpful in predicting in vivo distribution.
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Tritiated hexestrol and estradiol-1 7$ concentrate
in certain experimental and human tumors (1,2).
The concentration mechanism depends on the pres
ence of specific intracellular estrogen-receptor pro
teins (3 ) . These receptor proteins appear to be the
same as those responsible for the concentration of
estradiol in natural estrogen-responsive tissues such
as the uterus (4). Since recent studies have shown
a direct positive correlation between the presence
of the estrogen receptors in malignancy and the re
mission of the tumor after endocrine ablation (5),
the development of an estrogen derivative containing
a gamma-emitting nuclide could be useful in detect
ing metastases and in determining the estrogen de

pendency of metastatic tumors in sites that are not
easily biopsied.

This differentiation of estrogen-dependent tumors
from tumors detected by other procedures would
provide a noninvasive method to help predict the
response to endocrine-ablation therapy. The estro
gen derivatives can be evaluated readily with the
estrogen-receptor assay. This in vitro system may
prove helpful in predicting the in vivo distribution.

MATERIALS AND METHODS

Figure 1 shows the structures of four compounds
of potential interest : estradiol-I 7@3 (I) ; hexestrol

(II ) ; I ,3,5-estratriene,3-ol,17/3-yl N-([1-carborne
thoxy-2-(4-hydroxyphenyl)]ethyl)succinamate (III);
and 1,3,5-estratriene,3,1 7f3-diol,6-aminoxy acetyl
amino-3-(4-hydroxyphenyl)propionate (IV). These
were either purchased or synthesized by standard
techniques (6,7).

The compounds were iodinated using equimolar
amounts of iodine and chloramine T (8). Iodine-125
was used as the radioactive tracer. The location of
the iodine is indicated in Fig. 1. In the preparation
of compounds lila and IVa, the tyrosine methyl
ester was iodinated before amide formation. All the
compounds were analyzed by thin-layer chromatog
raphy, and chemically and radiochemically pure sam
pies were obtained by elution from preparative thin
layer silica-gel plates (6,7). Compound Ia was
chromatographed in benzeneâ€”ethyl acetate (60:40),
ha in methylene chloride, and lila and IVa in either
benzeneâ€”ethyl acetateâ€”acetic acid (60 :40 :0.5 ) or
chloroformâ€”methanol--water (9 : 1 :0.1).

All chemicals were reagent grade. The 3H-estra
diol-17f.@ (54.3 Ci/mmole) and the 125! were ob
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FIG. 1. Structuresof estradiol(I); hexestrol(II); 1,3,5-estratri
ene,3-ol,17fl-yl N-( (1 -carbomethoxy-2-(4-hydroxyphenyl)] ethyl) suc
cinamote (III); and 1,3,5-estratriene,3,1 7@-diol,6-aminoxy acetyl
amino-3-(4-hydroxyphenyl)proprionote (IV).

tamed commercially and used without further pun

fication. The protein concentration was measured by

Lowry's method (9).
Frozen uteri from 6-day-pregnant rabbits on from

23â€”25-day-old immature rats were homogenized in
two volumes of TED buffer (0.01 M Trisâ€”HCI, pH
7.5, containing 1.5 mM EDTA and 0.5 mM dithi
othreitol) with a Teflon homogenizer. The homo
genate was ultracentrifuged at 105,000 g at 4Â°C for

1 hr.*
Competitive-binding experiment. A volume of 200

,@lof rabbit cytosol was incubated with approximately

I pmole of tritiated estradiol-17$ (4H-E2) at 4Â°C

for 1 hr. The incubation was terminated by adding
0. 1 ml of a suspension of dextran-coated charcoal

(2.5 mg of Norit A and 0.025 mg of dextran in 0.1
ml of Trisâ€”HC1 buffer, pH 8.0). The mixture was
kept on ice for 20 mm, and the charcoal was then
spun down at 5,000 rpm for 10 mm. A 100-@ilaliquot
of the supernatant was pipetted into counting vials
and the radioactivity was measured in I 0 ml of
Aquasol.

For competitive-inhibition experiments, various
amounts of nonradioactive estradiol-l7@3 or its de
rivatives were added to the reaction mixture together
with 3H-E2 and incubated as described. The incuba
tion mixture containing only 3H-E2 was used as the
control, representing I 00% binding.

Sucrose-gradient centrifugation and receptor bind
ing. Approximately I pmole of 3H-E2 or â€˜251-estrogen
derivative was incubated with 250 @lof uterine
cytosol from 6-day-pregnant rabbits (2.1 mg of
protein) or from 23â€”25-day-old rats (2.3 mg of pro
tein) for 1 hr at 4Â°C,with or without preincubation
with 200 pmole of unlabeled estradiol.

Two hundred microliters of the cytosol were lay
ered on 4.6 ml of a linear sucrose gradient (10â€”
30% in TED buffer) and centrifuged at 224,000 g
for 18 hr at 4Â°C.The gradient was fractionatedt in
0. 1-ml portions and transferred to liquid-scintillation
vials.

Heat treatment of uterine cytosol. The uterine
cytosol from 6-day-pregnant rabbits was pretreated
by heating at 60Â°Cfor 5 mm before being incubated
with 3H-E2 or â€˜251-labeledcompound I. The distri
bution of radioactivity was then determined using the
sucrose-gradient assay.

Effect of L-thyroxine and its derivatives on the
binding of iodinated compounds. One picomole of
radioiodinated II was added to rabbit uterine cytosol
with or without l0@ M L-thyroxine or its deriva
tives. The mixture was incubated at 4Â°C for 60 mm,

and dextran-coated charcoal was added to remove
unbound iodohexestrol. The remainder of the pro
cedure was carried out as described in the competi
tive-binding experiment. The experimental procedure

was repeated using rat plasma or uterine cytosol to
determine whether the binding protein was present
in these compartments.

Tissue distribution of radioiodinated compounds
I, II, and III. Ten picomoles of each radioiodinated
compound, in 0.1 ml of 30% ethanol in saline, was
injected into the femoral vein of immature female
rats under light ether anesthesia. Two hours after
the injection, each rat was killed and I ml of blood
was immediately collected from the heart. The liver,

kidneys, stomach with contents, thyroid, uterus, and
ovaries were removed, weighed, and transferred to
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counting vials. The radioactivity was expressed as
percent dose/gm tissue or percent dose/organ.

In separate experiments with rats, a suspension of
L-thyroxine was administered ( 100 mg/kg) by in
traperitoneal injection 1 hr before injection of the
radioiodinated compounds. Two hours after the in
jection, each rat was killed and the tissue samples
were analyzed as described.

RESULTS

Tritiated estradiol was chromatographed periodi
cally and shown to be radiochemically pure. All
iodinated compounds were purified before use by
preparative thin-layer chromatography.

Competitive-binding experiment. The estrogen
receptor binding affinity of the four compounds
(Fig. 1) was determined by competitive-binding
procedures. Quantities of I, II, III, or IV were added
to the receptor-assay system containing 3H-E2 and
rabbit uterine cytosol (Fig. 2) . Compound I was
most effective in displacing 3H-E2 (50% inhibition
at 2.9 times the amount of 3H-E2), followed by II
(50% inhibition at 6.4X) and III (50% inhibition

at 200X ) . Compound IV could not displace 8H-E2
from the receptor even at 200-fold excess.

In contrast to the uniodinated molecule, iodinated
I could not displace 3H-E2 from the receptor. Mono
iodinated H could displace 3H-E2, although a 100-
fold excess was required to decrease the binding of
3H-E2 by 50% . Compounds III and IV were not
tested in the iodinated form because of the poor
inhibitory properties of the uniodinated molecule.

Sucrose-gradient centrifugation and receptor bind
ing. The centrifugation patterns of 3H-E, and the
radioiodinated derivative of compound II, incubated
with rabbit uterine cytosols, are shown in Fig. 3.
The distinct peak at fraction 36 in the 3H-E2 expen
ment corresponds to the previously reported (10)
heavy peak (85) of estrogen-binding protein. This
peak disappeared when excess unlabeled estradiol
(200X ) was added to the cytosol before 3H-E2 ad
dition. When 0.3 M KC1 was added to the cytosol,
the 3H activity shifted from fraction 36 to fraction
22, which has been identified as a light (45) estrogen
binding protein (10).

As shown in Fig. 3b, no 85 peak was detected for

E

.5

FIG.2. Competitive-bindIngexperi.
ment using radioreceptor assay with char
coal. Estradiol (I), hexestrol (II), compound
Ill (III), compound IV (IV), iodlnated es
tradiol (Ia), and iodinated hexestrol (Ila).
Seetext for experimentaldetails.

FIG.3. Sucrose-gradientcentrifuga
tion patterns of â€˜H-estradiol and iodinated
hexestrolwith rabbit-uteruscystosol.(a)
â€˜H-estradiolalone (0); with 200 pmole of
estradiol added (0); and with 0.3 M KCI
added (S) (b) lodinated hexestrol. See
text for experimental details.

Concintratlon (p mole/O.@ ml)
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a
U

Bottom Top Bottom Top

FractionNumber Fraction Number
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the iodinated form of compound II. Instead, a promi
nent peak was detected at fraction 22, where the 4S
form of the estrogen-binding protein is located. Simi
lar patterns were observed for the iodinated forms
of compounds I and III. The distribution of radio
iodine, however, was not affected by preincubation
with excess estradiol. On the other hand, the 45
binding of 3H-E2 produced by high salt (KCI) con
centration was inhibited totally by the addition of
excess estradiol. Therefore, the binding of the iodi
nated species of compounds I, II, and III does not
appear to involve the same protein that binds 3H-E2
under high-salt conditions. When 3H-E2 and corn
pound ha were incubated in the same cytosol prepa
ration, 3H-E2 was bound to the 8S component,
whereas radioiodinated Ii was bound to the 45 com
ponent. This further verified that the estrogen
binding protein was intact but did not bind the iodi
nated form of compound II.

Despite the inhibitory effect of the iodinated com

pound II on 3H-E2 in the radioreceptor assay (Fig.
2) , the binding of the radioiodinated form to the 8S
component in the sucrose-gradient assay was not
evident when uterine cytosol from pregnant rabbits
was used. Although this animal model has been used
for the study of estradiol-binding protein with 3H-E2
(1 1 ), the estradiol produced in pregnancy may be
sufficient to prevent low-affinity estrogen derivatives
from binding to the receptors. Therefore, the uteri
from immature rats were tested as a source of Un
saturated estrogen-binding protein.

Figure 4 shows the sucrose-gradient centrifugation

15,000-

E
a
U

FIG. 4. Bindingof iodinatedhexestrolto cytosolfromimma
ture rat uterus: Sucrose-gradient centrifugation pattern without (0)@
and with (S) addition of 200 pmole of estradiol. See text for cx
perimental details.
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FIG. 5. Effectof previousheatingon
sucrose-gradient centrifugotion pattern of
â€˜H-estradiol (a) and @I-estradiol (b) with
(â€¢)andwithout(0) heating.
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Tissue distribution of radioiodinated compounds
I, II, and III. The radioiodinated forms of corn
pounds, I, II, and III were then evaluated as diag
nostic radiopharmaceuticals by comparing their dis
tributions in immature female rats (Table 2) . The
uterus-to-blood ratio was used as an index of their

value as a diagnostic agent. In agreement with the
in vitro experiments, the radioiodinated form of corn
pound II showed a higher uterine concentration
(1 .69% dose/gm) than the radioiodinated forms of
either compound I (0.29% dose/gm) or compound
III (0.17% dose/gm). However, the uterus-to-blood
ratio for compound II, although the highest of the
three compounds, was still less than 2.

As determined in the in vitro studies, binding to
a thyroxine-binding protein constituted a major part
of the interaction. Thus, just as the addition of thy
roxine to the in vitro systems decreased the binding
to the thyroxine-binding protein, so did the intra
peritoneal injection of thyroxine in the animal
distribution studies. As shown in Table 3, the injec
tion of thyroxine before the injection of the radio
iodinated compound II produced an increase in the
uterine concentration and a decrease in that of the
blood. The uterus-to-blood ratio was 10.4 at 2 hr
after injection. At 6 hr the uterus-to-blood ratio of
the radioiodinated form of compound II had dropped
to 2.7 (Table 2), but prior injection with thyroxine
increased this ratio to 5.5. For the radioiodinated
form of compound I, by contrast, the effect of thy
roxine on the uterus-to-blood ratio was minimal. A
similar competition study, performed in vitro, also
reports inhibition of binding by thyroxine (14).

DISCUSSION

lodinated estrogens have been suggested as tracers
of estradiol. Monoiodinated estradiol was the first
compound prepared, but it did not achieve a high
uterus-to-blood ratio ( I 5) , suggesting a lack of
ability to concentrate in estrogen-sensitive tissues.
The in vitro receptor-assay studies reported here
suggest that iodination in the ortho position of the
A ring interferes with the binding to the estrogen
binding protein.

Compounds lila and IVa have been used success
fully as radioligands in radioimmunoassays for es
tradiol, but these were not tested as radioligands for
radioreceptor studies.

Katzenellenbogen et al. proposed the use of a
series of iodinated hexestrols to trace subcellular
amounts of estradiol and to label estrogen-binding
proteins ( 16) . Using the sucrose-gradient method
and electrophoresis, they showed that the iodohexes
trol derivative binds to a thyroxine-binding protein
as well as to the estrogen-binding protein. Their in

TABLE 1. EFFECTOF L-THYROXINE AND ITS
DERIVATIVES ON BINDING OF l25I@HEXESTROL

TO UTERINE CYTOSOL AND PLASMA
PROTEIN IN THE RAT

io-@M L-thyroxine 62.25
10@M D-thyroxine 51.17
10@M L-diiodotyrosine 34.52
10-' M.L-monoiodotyrosine 0

S Homogenized in 10 volumes of TED buffer.

t Dilutedwith20volumesof TEDbuffer.

38.57
16.81
33.48

0

pattern of the radioiodinated form of compound II
using immature rat uteri. The radioiodinated com
pounds I and III showed the same binding patterns
as were observed with rabbit uteri (Fig. 3 ), that is,
no binding in the 8S region. However, the radio
iodinated compound II showed a small peak in the
8S region where 3HE binds. This peak diminished
to zero in the presence of excess estradiol.

Heat freatment of uterine cytosoL Since the estro
gen-binding protein is very unstable under heat treat
ment (12), the stability of the 4S binding component
was examined. As shown in Fig. 5, the binding affin
ity of the 8S estrogen-binding protein for 3H-E2 was
the binding of the 1251-labeled compound I with the
light component was retained, although the binding
capacity had decreased and a new binding compo
nent had appeared.

Effect of L-thyroxlne and its derivatives on the
binding of iodinated compounds. The observation
that the three compounds Ia, ha, and lila have an
iodophenol structure in common suggests that the
4S component could be a thyroxine-binding protein;
this is not the 4S component that binds 3H-E2 under
high-salt conditions. To strengthen the belief that the
4S component might be a thyroxine-binding protein,
the binding of iodinated II was tested with rat
plasma. One picomole of iodinated II bound com
pletely with a plasma component, as well as with
uterine cytosols from rabbits or immature rats. The
binding of iodinated II with plasma or uterine cyto

sols was markedly inhibited by L-thyroxine and

moderately by D-thyroxine or L-diiodotyrosine (Ta
ble I ) . L-Monoiodotyrosine had no effect on the
binding of iodinated II. Since the inhibiting effect of
these thyroxine analogs on iodinated II was the same
as their effect on the binding of labeled thyroxine to
thyroxine-binding proteins (13), the iodinated forms
of I, II, and III most likely bind to thyroxine-binding
proteins.
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TABLE2. DISTRIBUTIONOF l25l@LABELEDDERIVATIVESIN IMMATURERATSAT 2 HR
(% dose/gm Â±1 s.d.)

liver

Kidney

Uterus
Blood
Uterus-to-blood ratio
Injected dose (ng)
Injected dose (pmole)

. At 6 hr.

0.91 Â± 0.18
0.47 Â± 0.08
0.29 Â± 0.03
0.32 Â± 0.00

0.92
5.5

13.8

1.45 Â± 0.12
0.55Â±0.02
1.69 Â± 0.22
0.91 Â± 0.12

1.87
3.0
7.57

2.09 Â±0.36
0.81 Â± 0.09
0.17 Â± 0.04
0.63 Â± 0.02

0.27
6.0

. 8.87

0.72 Â± 0.26
0.28 Â± 0.09
0.77 Â±0.10
0.30Â±0.04

2.67
3.0
7.57

vivo study did not include blood levels and therefore

does not indicate whether or not the iodinated hexes
trol would be a useful imaging agent.

Although many diagnostic radiopharmaceuticals
provide high rates of detection of abnormalities, they

are generally not specific. In an attempt to develop
specific diagnostic agents for the detection of hor

mone-regulated tumors, four iodinated derivatives of
estradiol and hexestrol were prepared to determine

their affinity for the estrogen-binding protein present
in estrogen-response tissue. For such derivatives to

be useful, they should possess certain properties re
quired of site-directed agents (17):

1. Exclusive and complete transport to the dis

eased tissue or target organ without degra
dation or metabolism of the derivative prior
to contact.

2. A high affinity for the binding protein simi

lar to that of the natural compound.

3. Absence of nonspecific binding of the deny
ative to normal tissue or protein.

Compounds Ia, lila, and IVa did not fulfill Criterion
2 in that they could not effectively inhibit the bind

ing of 3H-E2 as shown by the competitive-binding
and the sucrose-gradient assay experiments. To some
extent, compound ha could inhibit the binding of
3H-E2, but a good target-to-nontarget ratio (i.e.,
uterus-to-blood) could not be obtained initially be
cause the iodinated derivative was bound to thy
roxine-binding proteins. Prior injection with thyrox
me did produce satisfactory uterus-to-blood ratios,
suggesting that the iodinated hexestrol was bound
to a protein that binds thyroxine. The in vitro studies
of estrogen-receptor binding gave a good indication
of the in vivo distribution to be expected. Further
efforts must be made to design derivatives that retain
their affinity for estradiol-binding protein but do not
contain the o-iodophenol moiety that is bound to
proteins in a nonspecific manner.
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FOOTNOTES

* Beckman L3-50 ultracentrifuge with a Spinco 40 or a

SW 50.1 rotor.
t ISCO density-gradient fractionator Model 640.
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The 7th Annual meeting of the SNM Mid-Eastern Chapter will include two full days of
scientific contributions, including both teaching sessions and selected papers. Prizes will be
awarded for the three best individual presentations. Category I credit is applicable.

The major thrust of the teaching sessions will emphasize the current status of cardiac
imaging and function studies.

For further information, contact:

GeraldS.Johnston,M.D.
Director of Nuclear Medicine
National Institutes of Health
Room 1B37, Building 10
900 Rockvilie Pike
Bethesda, Maryland 20014

Co-Directors, Scientific Program Committee: Peter T. Kirchner, M.D.
and Gerald S. Johnston, M.D.

366 JOURNAL OF NUCLEAR MEDICINE

MID-EASTERN CHAPTER
SOCIETY OF NUCLEAR MEDICINE

7th ANNUAL MEETING

ANNOUNCEMENT OF MEETING




