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was excreted In the bile by I hr. Better
ceuticalscan probablybe designed.
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In women with breast cancer, the rate of response to
anti-estrogenic treatment increases with the content of
estrogen receptors in the tumor. Levels of hormone re
ceptors are determined in biopsy samples and used as a
guide to therapy.

A gamma-emitting compound that would bind to the
receptors in vivo might allow a noninvasive, more accu
ratescreeningofthesetumorsusingconventionalnuclear
medicineinstruments.Krohn(1) hasrecentlyreviewed
progressin thisarea.Amongcompoundsevaluatedas
estrogen-receptorbinding radiopharmaceuticalsare
estradiol, radioiodinated at C-2 and C-4 (2,3), and the
corresponding F- 18 compounds (4). Failure ofthe latter
was unavoidable because of the low specific radioac
tivities,andtheiodocompoundswerealsounsuccessful
because binding to the receptor is hindered by bulky
substituents on the aromatic ring (5,6). In a study of two
otherestrogenanalogs,Mazaitiset al. (7) showedthat
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the binding of monoiodohexestrolto receptorsin vivo is
masked by nonspecific protein binding, and that I7a-
iodoethynylestradiol suffers rapid de-iodinationin the
presence of proteins. Katzenellenbogen et al. (8) have
prepared a series of four tritium-labeled halogenated
derivatives of hexestrol that bind to the estrogen receptor
in vivo.Two of these,o-fluorohexestroland I -fluoro
hexestrol, bind more tightly to the estrogen receptor than
estradiol and hold out great promise if they can be Ia
beled with fluorine-l8 at a high enough specific radio
activity.

Recently, Hochberg (9) introduced 17f3(l6a-
[â€˜251]iodo)estradiol (l-E2) and showed that it binds to
rat uterus in vivo. We report our studies with this com
pound in normal rats and rats with mammary tumors.

MATERIALS AND METHODS

Animals.Unlessstatedotherwise,we usedFischer
femalerats(I 50â€”250g) bearingtransplantedmammary
adenocarcinomaI3,762.*Sprague-Dawleyrats bearing
spontaneous mammary tumorst or tumors induced with
N-nitrosomethylurea (NMU)t were also used (10). All
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We have studied the distributionof 17@(16a-[@l]iodo)-estradiol (l-E2) in
tumor-bearingand normalrats. High early adrenal-to-bloodratios (up to 22 at 5
mm) were seenin all groups,butthisfell to sixat I hr. Uterus-to-bloodratiosof 15
were found,andthese were fairly constantupto 2 hr after administration.Uptake
of label in the uterus,but not in the adrenals,was sensitiveto excessdiethylstil
bestrol,whichcompeteswfthl-E2for estrogenreceptors.Meantumor-to-bloodra
tios of 1.4, 5.5, and 8.7 were seen at I hr in rats with transplanted,spontaneous,
and N-nitrosomethylurea-inducedtumors, respectively. Diethylstilbestrolwas
shownto reduceuptake of label by spontaneoustumors.Mostof the radioactivity



TABLE1.TISSUEDISTRIBUTION(% DOSE/g)of1-125AFTERl.V.ADMINISTRATIONOF17fi(16a-[125lJ
IODO)ESTRADIOL TO RATS BEARING TRANSPLANTED MAMMARYTUMORSTissue5min

15mm 1 hr 2hr 4hr8hr
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animalswereallowedfreeaccessto foodandwater.
Tissuedistributionexperiments.Fiveratswereused

per time point unless otherwise stated. About 1 sCi of
I- 125-E21 (280 Ci/mmol) in 10 @zlof ethanol was diluted
with 0.4 ml of 0.9% NaCI and injected into the tail vein.
After intervalsof 5 and I 5 mm,andI , 2,4, and8 hr,the
animalswere anesthetizedwith ether and bloodwas
drawn from the heart. The chest cavity was then opened
and the heart excised. Organs were rinsed, blotted, and
dropped into preweighed counting tubes. Whole liver and
tumor were weighed and I - to 2-g samplestransferred
to countingtubes.Tubeswerereweighedandthenas
sayed for radioactivity in an automatic gamma well
counter. Standards containing onetenth ofthe injected
dosewere countedwith eachexperiment and % dose/g,
% dose/organ, and organ-to-blood ratios were calculated

for each tissue. The tail from each animal was assayed
separately in a single-channel gamma well counter to
check for residual radioactivity. Differences between
groupsof animalswereassessedstatisticallyusingStu
dent's t-test.

Surgical procedures.Operationswere done under
ether anesthesia. Ovariectomies were performed 3 days
before the animals were used in experiments. Adren
alectomiesand bile-ductcannulationsweredoneim
mediatelybeforeadministrationof l-E2.

Radiochemicals.Eachbatchof I-125-E2(280Ci/
millimol) was subjected to thin layer chromatography
(TLC)I in chloroform:acetone (95:5, v/v). Spots were
located by autoradiographyon XRP-l film.1Over98%
of the radioactivity was associated with a single spot, Rf
= 0.3. No spots could be seen under ultraviolet light.On

prolongedexposureof the film, other radioactive spots
became apparent at R@= 0.0, 0.4, and 0.6.

RESULTS

Tumor-bearingrats.The tissuedistributionof I- I 25
in rats bearing transplanted mammary tumors after in

travenousinjectionof I-E2 isshownin Table I . The blood
levelof radioactivitydeclinedfrom0.28Â±0.06%dose/g
at 5 mm to 0.09 Â±0.03 at I hr; thereafter it fell more
slowly to 0.05 Â±0.04 at 8 hr. The uteri accumulated
approximately 1% dose/g by 5 mm and stayed fairly
constant to 2 hr.

Ovariectomy might be expected to increase recep
tor-mediateduptakeof I-E2 by depletingendogenous
estrogensable to competefor binding to receptors.
However, in four castrated female rats, two carrying
transplanted tumors and two normal, we found that uteri
had 1.27 Â±0.35% dose/g at 1 hr and this was not sig
nificantly different from normal, uncastrated female rats
(0.99 Â±0.47% dose/g).

Mammary tissue and ovaries behaved like uteri except
that the concentration was lower and declined more
rapidly after 2 hr. The ovaries lost half of their radio
activity between 5 and I 5 mm. This behavior was par
alleled by blood, bone, brain, heart, kidney, lungs,
muscle,pancreas,spleen,thyroid,and tumor. It probably
largely represents movement down concentration gra
dients between blood and the lipid content ofthe various
tissues.Some breakdown of I-E2 to iodide would account
for the later accumulation of label by the thyroid. At I
hr, bonewastheleastradioactivetissueat 0.06%dose/
g.

At 5 mm the adrenal glands had the highest uptake
of any tissue,6.12 Â±1.32%dose/g (Table I). The
adrenal-to-blood ratio fell from 22 at 5 mm to 6 at I
hr.

The distribution pattern in adrenalectomized animals
at I hr did not differ from that obtained with sham
operated controls, but blood levels in both of these groups
were higher (0.20 Â±0.03 and 0.2 1 Â±0.04% dose/g) than
those shown in Table I . This was probably due to the
anesthesia.

The transplanted mammary tumor exhibited about
10% of the uterine uptake at I hr; the mean tumor-to
blood ratio was only I .3. Table 2 shows that in the

Adrenals 6.12Â±1.32 1.70Â±0.67 0.53Â±0.05 0.32Â±0.12 0.06Â±0.04 <0.01
Blood 0.28 Â±0.06 0.17 Â±0.03 0.09 Â±0.03 0.08 Â±0.01 0.06 Â±0.02 0.05 Â±0.04

Kidney 1.73Â±0.35 0.78Â±0.28 0.30Â±0.08 0.20Â±0.04 0.12Â±0.02 0.06Â±0.04
Liver 2.67 Â±0.47 1.82 Â±0.66 0.65 Â±0.09 0.57 Â±0.17 0.57 Â±0.18 0.39 Â±0.26
Lungs 1.34 Â±0.37 0.72 Â±0.15 0.21 Â±0.08 0.12 Â±0.07 0.07 Â±0.02 0.03 Â±0.04
Ovaries 1.84Â±0.44 0.89Â±0.40 0.63Â±0.08 0.59Â±0.12 0.20Â±0.05 0.07Â±0.06
Muscle 0.59 Â±0.09 0.22 Â±0.10 0.10 Â±0.03 0.06 Â±0.02 0.02 Â±0.02 0.01 Â±0.01
Thyroid 0.99 Â±0.31 0.46 Â±0.28 0.58 Â±0.30 1.08 Â±0.90 1.36 Â±0.87 3.70 Â±1.58
Tumor 0.53 Â±0.33 0.25 Â±0.15 0.12 Â±0.02 0.12 Â±0.06 0.05 Â±0.03 0.03 Â±0.02
Uterus 1.12 :1: 0.27 0.87 1 0.42 0.99 d 0.47 1.25 Â±0.37 0.70 Â±0.26 0.24 Â±0.18

. All values are the mean Â± 1 s.d. for five animals.
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TABLE2. TISSUEDISTRIBUTION( % DOSE/g, MEANAND RANGE)OF 1-125AFTERADMI
17/9(16a-(12511I000)ESTRADIOL TO TUMOR-FREE RATSNISTRATION

OFAnimalsNormal

males NormalfemalesTime15mm
11w 15mml5minlhr4
4 444No.ofanimalsWeight(g)104(100â€”111)

111(103â€”125) 127(110â€”136) 180(160â€”195)128(115â€”140)
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Adrenals

Blood
Kidney
Liver
Lungs
Ovaries/testes
Muscle
Thyroid
Uterus/prostate

3.10(2.19â€”3.96)

0.31(0.21â€”0.41)
2.04(1.22â€”2.83)
3.56(2.22â€”4.92)
1.02(0.63â€”1.69)
0.86(0.29â€”1.52)
0.66(0.40â€”0.84)
1.10(0.56â€”1.46)
1.03(0.60â€”1.28)

1.09(0.54â€”1.84)
0.15(0.10â€”0.18)
1.06(0.64â€”1.39)
2.22(1.63â€”2.62)
0.43(0.25â€”0.71)
0.41(0.25â€”0.51)
0.24(0.13â€”0.39)
1.47(0.81â€”2.31)
0.78(0.36â€”1.68)

2.91(2.42â€”3.47)
0.24(0.20â€”0.28)
1.28(0.96â€”1.93)
2.55(1.74â€”2.96)
0.87(0.72â€”1.29)
1.34(0.67â€”1.71)
0.43(0.34â€”0.77)
0.84(0.61â€”0.99)
1.27(0.54â€”2.08)

0.86(0.19â€”1.16)
0.15(0.11â€”0.18)
1.25(1.14â€”1.32)
1.32(0.93â€”1.56)
0.41(0.19â€”0.81)
0.38(0.20â€”0.72)
0.08(0.02â€”0.17)
1.20(0.92â€”1.41)
0.18(0.03â€”0.40)

0.50(0.19â€”0.77)
0.10(0.09â€”1.12)
0.35(0.32â€”0.43)
1.00(0.59â€”2.01)
0.24(0.20â€”0.28)
0.83(0.63â€”1.24)
0.12(0.10â€”0.14)
1.08(0.48â€”1.85)
1.81(1.33â€”2.59)

* 2 nmol of diethylstilbestrol was given intravenously 20 mm before 17$(16a-[125IJiodo)estradiol.

Sprague- Dawley rats bearing spontaneous mammary
neoplasms, tumors also exhibited little uptake of I-E2
comparedwiththeiruteri(0.11Â±0.03and0.84Â±0.50%
dose/g, respectively), but tissue-to-blood ratios were
much higher, at 5.5 (p < 0.01 comparedwith the
transplantedtumors).A stillhigheraveragevalue(8.7)
was obtained for NMU-induced tumors, but because the
rangewaswider(2â€”25),a t-testgaveonlyp < 0.2forthis
groupcomparedwith the transplantedtumor group.
When diethylstilbestrol was administered 20 mm before
I-E2,theuterus-to-bloodratiosin ratswithspontaneous
tumors were markedly lowered (p < 0.025). This con
firms Hochberg's observations (9) and shows that the
uterinebindingof I-E2 is to estrogenreceptors.Di
ethystilbestrolalsoloweredtumor-to-blood(p < 0.025)
and ovary-to-blood ratios (p < 0.2), suggesting in
volvement ofestrogen receptors in the uptake of I-E2 in
these tissues.

Rats without tumors. To determine whether tumor
transplants might affect the distribution of I-E2, a series
of experiments was done with tumor-free animals (Table
3). No greatdifferencesin tissue-to-bloodratioswere
seenin femalesat I 5 mmor 1 hr. However,the tissue
concentrations were higher at I 5 mm than in tumor
bearing Fischer rats. We found I .8 1 Â±0.55% dose/g in
the uteri of these animals at I hr, the highest values of
any animals we studied. As with the tumor-bearing an
imals, prior administration of diethylstilbestrol reduced
the uptake of I- I 25 in the uteri (and to a lesserextent in
the ovaries), but not in the adrenals. A t-test gave p < 0.1
for the difference in uterus-to-blood ratio between plus
and minus diethylstilbestrol groups. The value for the
ovaries was p < 0.4. Thus, the adrenal uptake is not
mediated by classical saturable estrogen receptors.

Male ratshadgreateruptakeof l-E2radioactivityin
the adrenals, liver, and skin than females, but statistically
these differences were not very reliable (0.4 > p > 0.2).

Levels in skin (not shown in Tables 1 and 2) were 0.81
Â±0.39andO.61Â±0.22%dose/gatl5minand Ihr;in
normal females theselevelswere 0.40 Â±0.20 and 0.28
:1:0.06,whileinratswithtransplantedtumorstheywere
0.26 Â±0. 18 and 0.25 Â±0.04. The greater liver uptake
may be related to the presence in male rat liver of large
amountsof a nonreceptorsteroid-bindingprotein (II),
although much of the liver uptake in both sexes is prob
ably due to metabolites of l-E2. As expected, testes and
the prostate accumulated less radioactivity than normal
female ovaries and uteri at I 5 mm and I hr.

Metabolism and excretion. The liver cleared mostof
the radioactivity from the blood and secreted it into the
bile. At I hr the small intestine contained 48%of the dose
in fouranimalswithtransplantedtumorsand71%infour
animalswith spontaneoustumors.Two ratskept in a
metabolism cage excreted 65% of the administered I- I25
inthefecesand9%intheurineby2l hr. At4days8l%
had appeared in the feces and 16% in the urine. The
thyroid contained 0.7% dose, the liver 0.5%, and the gut
0.3%after 4 days.

Bile wascollectedfrom four ratswith cannulatedbile
ducts at 5-mm intervals for I hr after injection of I-E2.
There was a lag of about 10 mm before radioactivity
began to appear, and thereafter the rate of I- 125 excre
tion was fairly constant. In I hr 2 1-55% of the injected
dosewascollected.This variability was probablydue to
different degreesof anesthesia.Analysis of the bile by
TLC did not reveal any I-E2 or 1251. The radioactivity
in bile had R1 = 0, 0.5, and 0.95, respectively, in chlo
roform:acetone (95:5, v/v), water, and water:ethanol
( I:I, v/v). After bilehadbeenincubatedwithglucu
ronidase,**the Rfvalueswere0, 0, and0.95. In water:
ethanol, however, the spot showed more â€œtailingâ€•after
the treatment with the enzyme. Thus, although glucu
ronidationappearstobeinvolvedin hepaticmetabolism
of I-E2,glucuronidase(withorwithoutsulfatase)ttdid
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AnimalsNMUSpontaneousTime21wlhrlhrtNo.

ofanimals544Weight
(g)230 Â±6394(325â€”495)335(285â€”420)

GATLEY, SHAUGHNESSY.INHORN, AND LIEBERMAN

not release l-E2 from bile. We have not investigated the
chemical state of I- I 25 in feces and urine.

DISCUSSION

The distribution data reported here confirm that I-E2
binds to the estrogen receptor in vivo (9). This is sup
ported by the high uptake in the uteri ofall female ani
mals tested, and by the abolition of high uptake by excess
diethylstilbestrol, which can compete with I-E2 for the
receptor.

Uptake of l-E2 by spontaneousand N MU-induced
mammary tumors, and our demonstration that DES
significantly lowers uptake of label by spontaneous tu
mors, suggest that it may be possible to visualize human
breast tumors and/or metastases with I-E2. This would
depend on the tissue richness of estrogen receptors.
Humanbreasttumorsexhibitconcentrationsofestrogen
receptors as high as 500 fmol/mg protein, about ten
times the maximum concentrations reported for rat
mammary tumor (12,13). The best nuclide for this
purpose would be I- I23, with its short half-life ( I3.6 hr)
and lack of particulate emission, and its gamma energy
well suited for Anger-camera imaging. A positron
emitting label (perhaps F-18 or Br-iS) on the 16a po
sitionofestradiolmightbepreferableto I- 123. Positron
emissiontomographywouldthenenablebindingtoes
trogen receptors in tumors or normal tissues to be mea
sured quantitatively. A preliminary report of the syn
thesisof the Br-77 compoundhasappearedrecently
(14).

It isclearthat factorsotherthanthedistributionof
estrogen receptors must be considered in order to explain
the distribution of label from I-E2. It is important to

understand that the sub-pharmacological dose used here
does not provide for an assay of tissue receptor content.
Rather, it samples the available receptors. The specific
radioactivity of the I-E2 used in the experiments sum
marized in Table 1 was 280 Ci/mmol. Therefore, the
amount bound in the uteri at I hr was 5- 10 fmol. This
involves only around I% of the receptors in mature rat
uteri (15), which might explain why ovariectomy did not
markedly increase uterine uptake of l-E2. Other expla
nations are possible, however; for instance, a fall in es
trogen level will decrease uterine perfusion (16). Thus,
in ovariectomized animals, increased uptake of l-E2,
because of decreased competition from endogenous es
trogens, might be offset by a reduced supply of l-E2 from
the blood.

After intravenous injection, l-E2 can move from blood
and be held in the tissues by cytoplasmic estrogen re
ceptors or by other nonspecific binding, including simple
lipid solubility. However, the availability of I-E2 to re
ceptors will depend on the vascularity of each tissue, so
that the amount of I-E2 specifically bound will depend
on blood supply as well as the concentration of receptors.
As the concentration in the blood falls, l-E2 dissolved in
lipid material in the tissues or loosely bound to proteins,
can re-enter the blood. Although 1-E2 binds reversibly
to the cytoplasmic estrogenreceptors, the dissociation
constant is so small (l0@0 M) that loss of 1-E2 from the
uterus is very slow. Thus, the percent dose per gram in
the uterus is essentially constant from 5 mm to 2 hr.
whereas the level of radioactivity in the other tissues
(except the thyroid) falls to I /3 or less(Table I ). Most
of the I-E2 is metabolized and cleared by the liver into
the bile within an hour after administration. Some ra
dioactivity was excreted in urine, and it is likely that this

TABLE3. TISSUEDISTRIBUTION(% DOSE/g)OF1-125AFTERADMINISTRATIONOF17@9(16a-[125l]lODO)-
ESTRADIOL TO RATS WITh SPONTANEOUS AND NMU-INDUCED MAMMARY TUMORS

0.05Â±0.05t
0.04Â±0.02
0.08 Â±0.03
0.43 Â±0.21
0.05Â±0.02
0.14Â±0.18
0.02Â±0.01
0.34Â±0.20
0.18 Â±0.07
0.48 Â±0.23

0. 12(0.03â€”0.18)t

0.02(0.02â€”0.04)

0.11(0.08â€”0.14)
0.30(0.25â€”0.35)
0.06(0.05â€”0.08)
0.27(0.18â€”0.36)
0.03(0.02â€”0.04)
0.45(0.35â€”0.75)
0.11(0.07â€”0.15)
0.84(0.34â€”1.52)

0.20(0.15â€”0.23)@
0.03(0.02â€”0.03)
0.05(0.04â€”0.06)
0.26(0.10â€”0.41)
0.05(0.03â€”0.06)
0.12(0.11â€”0.14)
0.03(0.02â€”0.04)
0.41(0.19â€”0.59)
0.05(0.04â€”0.07)
0.05(0.04â€”0.06)

Adrenals
BlOOd

Kidney
Liver
Lungs
Ovaries
Muscle
Thyroid
Tumor
Uterus

. All animals were female Spragueâ€”Dawley rats.

t 2 nmol of diethylstilbestrol was given intravenously 20 minutes before 17f3(16a-['25ljiodo)estradiol.

t Values are the mean Â±1 s.d. or the mean and range.
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would represent relatively polar (i.e., more water soluble)
metabolites of l-E2.

Two observations argue against the adrenal uptake
being due to â€œclassicalâ€•estrogen receptors. They are that
the time course of radioactivity in the glands is com
pletely different from that in the uterus (Table I ), and
that the uptake was not abolished by excess diethylstil
bestrol (Tables 2 and 3). Limited amounts ofestrone and
estradiol are made in the adrenals, and the functions of
these glands are affected by exogenous estrogens
(17,18). Conceivably, binding by oneor more enzymes
involved in steroid interconversions could account for the
high adrenal-to-blood ratio of radioactivity at 5 mm.
Early accumulation oftritiated E2 has been reported in
dogs (19) and mice (20), with the latter study showing
the radioactivity concentrated in the adrenal cortex.
Nuclear medicineadrenalstudiesare currentlydone
with I- I 3 1-labeled I9-iodocholesterol and 6-iodo
methyl- I 9-norcholesterol (21 ). With these agents,
imaging must be done after a 3- to 7-day delay. E2 la
beled with a gamma-emitting nuclide would have the
potential advantage of immediate imaging.

The scanning potential of l-E2 for breast cancer and
for diseases of the uterus, ovary, and adrenals should be
further investigated. However, better estrogen-recep
tor-binding radiopharmaceuticals can probably be de
signed. An agent that is metabolized more slowly than
l-E2 would probably show higher target-tissue uptake,
because the receptors would have longer access to the
compound in the blood. Eckelman et al. (22) have de
velopeda modelfor predictingtissue-to-bloodratiosof
receptor-binding radiopharmaceuticals from tissue
receptor concentrations and affinity constants. Similarly,
Katzenellenbogen and his colleagues (23) have formu
lated a â€œbindingselectivity indexâ€•to predict from in vitro
tests the likelihood that a given compound will show a
high ratio of specific to nonspecific binding. A previous
report from our own laboratory (24) also stressed the
need to consider nonspecific binding in explaining the
biodistribution of potential radiopharmaceuticals that
bind to enzymes. The results of the present work remind
us that metabolism and excretion also have to be taken
into accountin the designof receptor-bindingradio
pharmaceuticals.

FOOTNOTES

* Mason Research Institute, Worcester, MA.

t Harlan Sprague-Dawley, Madison, WI.

I Kindly provided by Dr. D. P. Rose.
â€˜NewEnglandNuclear, North Billerica, MA.
I Polygram SiIG/uv plates from Brinkman Instruments, Westbury,

NY.
I Kodak.
** Type VIII, Sigma Chemical Company, St. Louis, MO.

tt Type V, Sigma Chemical Company, St. Louis, MO.
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