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Abstract
Introduction—Independent measurement of the levels of both the estrogen receptors, ERα and
ERβ, in breast cancer could improve prediction of benefit from endocrine therapies. While ERα
levels can be measured by positron emission tomography (PET) using 16α-[18F]fluoroestradiol
(FES), no effective agent for imaging ERβ by PET has yet been reported.

Methods—We have prepared the fluorine-18 labeled form of 8β-(2-
fluoroethyl)estradiol(8BFEE2), an analog of an ERβ-selective steroidal estrogen, 8β-
vinylestradiol; efficient incorporation of fluorine-18 was achieved, but required very vigorous
conditions. We have examined the biodistribution of this compound, as well as ofBr-041, an
analog of a known non-steroidal ERβ-selective ligand (ERB-041), labeled with bromine-76.
Studies were done in immature female rodents, with various pharmacological and endocrine
perturbations to assess ERβ selectivity of uptake.

Results—Little evidence of ERβ-mediated uptake was observedwith either [18F]8BFEE2 or
[76Br]Br-041. Attempts to increase the ERβ content of target tissues were not effective and failed
to improve biodistribution selectivity.

Conclusions—Because on an absolute level, ERβ levels are low in all target tissues, these
studies have highlighted the need to develop improved in vivo models for evaluating ERβ-
selective radiopharmaceuticals for use in PET imaging. Genetically engineered breast cancer cells
that are being developed to express either ERα or ERβ in a regulated manner, grown as xenografts
in immune-compromised mice, could prove useful for future studies to develop ER subtype-
selective radiopharmaceuticals.
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Introduction
Estrogen acting through the estrogen receptor (ER) functions as a major regulator of gene
expression, and is associated with the stimulation of cell proliferation in female reproductive
tissues and in certain hormone-regulated cancers. The estrogen receptor was cloned in 1985,
and despite many intensive searches, no other ER gene was found until 1996, when two
laboratories identified a second ER, which was termed ERβ, the original gene subsequently
being called ERα. The amino acid sequence and the tissue distribution of ERβ are quite
different from ERα. While the DNA binding domains are nearly identical, the N- and C-
termini and the hinge domain are very different, and the ligand binding domains have only
59% amino acid identity. Also, while ERα often predominates (as in the uterus, kidney,
liver and heart), both ERβ and ERα are found together in many tissues (breast, epididymis,
thyroid, adrenal, and bone). ERβ is present at high levels in some cells (granulosa cells of
ovary, testis, prostate, gastrointestinal tract, lung, and brain). With these differences in
structure and tissue distribution, ERβ quickly became a popular target for the development
of selective estrogens with potential for menopausal hormone replacement, regulation of
fertility and other applications.

The functions of ERα and ERβ have been studied extensively in cells and in ERα- and
ERβ-knockout mice, and by using ER subtype-selective ligands, many of which have been
provided to the research community through our work, as well as through research programs
at pharmaceutical laboratories, Wyeth, Merck, Lilly, and Schering. As a transcription factor,
ERβ generally has lower activity than ERα, and when both are present in cells, ERβ overall
appears to have a moderating effect on the activity of ERα. In terms of estrogen-driven
proliferation, ERα and ERβ have been characterized as being in a “yin-yang relationship”,
with ERα playing the role of a proliferative “accelerator” (the yang) and ERβ that of a
proliferative “brake” on ERα action (the yin).

Normal human breast contains both ERβ and ERα, but ERβ levels decline in cancerous
breast tissue with the progressive development of increased tumor grade and malignant
character,whereas ERα levels are higher in cancerous vs. normal breast. Low ERβ protein
levels correlate with poorer prognosis. Notably, however, ERβ protein levels do not
correlate at all well with ERβ mRNA levels; also, the accuracy of ERβ immunoassays is
compromised by several splice variant forms of ERβ, namely ERβ2, ERβcx, and ERβΔ5,
that are detected by ERβ antibodies but do not bind ligand. Only the long form of ERβ, now
termed ERβ1, binds estrogens, and it is the level of this ligand-binding form of ERβ that
correlates best with a favorable outcome on tamoxifen therapy. In fact, recent work suggests
that high ERβ1 levels are predictive of the success of endocrine therapy, even beyond that of
ERα, and that ERβ might also account for the small fraction of breast cancer patientsthat
respond to tamoxifen, despite being ERα negative (based on the results of standard
immunoassays that detect only ERα). Therefore, the independent measurement of the levels
of the active, ligand-binding forms of both ERα and ERβ proteins in breast tumors by
positron-emission tomography (PET) using ER subtype-specific ligands might lead to a
significant improvement in the selection of patients for targeted endocrine therapy.Our
investigation in the area of ERβ-selective PET probes is built upon our prior work on the
development of ERβ-selective ligands, as well as on that by others, and we have been
guided by an evolving understanding of the ERβpharmacophore. Nevertheless, we find that
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there are substantial challenges in the development of radiopharmaceuticals suitable for
imaging ERβ by PET.

In prior work, we investigated the binding, fluorine-18 labeling, and biodistribution
properties of the first ligand designed as an ERβ PET imaging agent, a non-steroidal ERβ-
selective ligand, FEDPN, an analog of DPN, that ultimately proved to have limited potential
for PET imaging of ERβ (Figure 1). We also previously investigated methods suitable for
labeling, with bromine-76, a second non-steroidal ERβ ligand, Br-041, an analog of
ERB-041, prepared by Wyeth. Here, we describe the synthesis, receptor binding and
radiolabeling of 8β-(2-fluoroethyl)estradiol (8BFEE2)([18F]6), an analog of a structurally
novel steroidal estrogen, 8β-vinyl estradiol (8BVE 2), recently reported by the Schering
Company as an ERβ-selective ligand (Figure 1). We also report the biodistribution of both
[18F]8BFEE2 and [76Br]Br-041(whose synthesis has been previously published), and we
compare the two ERβ-selective ligands as PET imaging agents and discuss approaches that
might facilitate future efforts to develop ERα- and ERβ-selective PET imaging agents.

Results
Synthesis of 8β-(2-Fluoroethyl)estradiol (8BFEE2, 6)

8β-Vinylestradiol (1) was first reacted with potassium carbonate, tetrabutylammonium
iodide (TBAI), and benzylbromide in acetone, followed by benzylation at the 17β-hydroxyl
group with sodium hydride, TBAI, and benzylbromide to give the 3,17β-bis-benzylether 2
(Scheme 1). Olefin2 was hydroborated and afterwards oxidized with hydrogenperoxide to
give the bis-benzylatedtriol3. This material was reacted with methansulfonyl chloride in the
presence of triethylamine to give mesylated precursor compound 4 in high yield (91%). To
effect the fluorination reaction, we first tried classical methods, such as tetrabutylammonium
fluoride (TBAF) or CsF in CH3CN or protic solvents in 130 °C for 2h. However, we
obtained neither the fluorinated estradiol nor other by-products, recovering only the
mesylate precursor in quantitative yield, thus indicating that it is stable but also quite
unreactive and might require harsh conditions to achieve fluoride substitution.

We investigated more vigorous conditions, trying to effect fluoride displacement in neat
TBAF, which without solvent behaves as a molten salt that is stable to quite high
temperatures. Treatment of precursor 4 with TBAF at 150 °C for 30 min gave the fluorine-
substituted estradiol 5 in high yield (77%). The final fluoroethylestradiol product 6 was
obtained by cleavage of the two benzyl protecting groups by hydrogenolysis over palladium
on charcoal in high yield (90%).After these transformation and purification, no material
corresponding to the elimination product, 8β-vinyl-estradiol (1), was observed by 1H-NMR
and HPLC analysis.

Estrogen Receptor Binding Affinity and Selectivity of 8β-(2-Fluroroethyl)estradiol (6)
The binding affinity of 8BFFE2 (6) for human ERα and ERβ was determined by a
competitive radiometric binding assay with [3H]estradiol as a radio tracer. The binding
affinity from competitive binding assay are expressed as relative binding affinity (RBA)
values, with estradiol as standard set to RBA =100. Estradiol binds to ERα with Kd of 0.2
nM and ERβ with Kd of 0.5 nM. RBA values are given in Table 1.

The parent ERβ-selective ligand 8β-vinylestradiol (8BVE2) has an excellent affinity for
ERβ and a poor affinity for ERα, giving it a β/α selectivity ratio of 350. The fluoroethyl
analog (8BFEE2) had about a 10-fold lower affinity on both receptors, giving it a β/α
selectivity ratio that is not much less than that of the parent compound. The lower ERβ
binding affinity of 8BFEE2, however, was disappointing.
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For comparison, we have shown in Table 1 the binding affinities of two other ERβ-selective
ligands, DPN and ERB-041, as well as their analogs for radiolabeling, FEDPN and Br-041.
The ERβ binding affinity of 8BFEE2is comparable to that of FEDPN. In prior work, we
had prepared Br-041 in bromine-76 labeled form. In our hands, it has an ERβ selectivity
equivalent to that of the parent compound, ERB-041, but a 16-fold higher affinity for ERβ.

Synthesis of 8β-[18F]Fluoroethylestradiol [18F]4
Initially, for radiolabeling, we followed the reaction conditionsof 150 °C for 30 min,as we
had done in the preparation of authentic unlabeled compound 6. However, the yield of F-18
incorporation with the limited amount of n-Bu4N[18F]F was poor, below 20%. Even the use
of TBAOMs as a molten salt solvent under these conditions did not improve the yield
substantially. We then examined a number of other conditions typically used for fluorine-18
radiolabeling(Figure 2). The use of Kyptofix with K2CO3 at 130 °C gave only a low yield
(13% at 20 min), and the use of the tertiary alcohol protic solvent system, which in many
cases is effective in reducing side product formation through elimination or hydrolysis, gave
even a lower yields (6%) .

Because of the low reactivity but inherent stability of the precursor 4 that we had noted
earlier, we simply used higher reaction temperature conditions with n-Bu4N[18F]F and
TBAOMs as solvent. While yields of the [18F]5 were ca. 25% at 130 and 150 °C, by
increasing the reaction temperature to 180 °C, we obtained the radiolabeled product in good
yield (63%) within 15 min.

Based on these optimized reaction conditions, 8β-(2-[18F]fluoroethyl)estradiol ([18F]6)
could be prepared by treatment of the methanesulfonate precursor 4 with n-Bu4N[18F]F in n-
BuNOMs at 180 °C for 30 min to provide the F-18 labeled intermediate, followed by adding
trimethylsilyl iodide (TMSI) at 130 °C for 5 min to remove the benzyl groups. The total
radiochemical yield of F-18 labeled 8β-fluoroethylestradiol [18F]6 was 47% (decay
corrected); the overall synthesis and purification time was approximately 90 min from end
of bombardment (EOB), and the radiochemical purity of [18F]6 was shown to be over 99%
by reversed phase HPLC, with essentially no coeluting impurities (Figure 3A). When a
sample of authentic 6 was co-injected, [18F]6coeluted with the authentic material (Figure
3B). The effective specific activity of [18F]6 was 5.29 GBq/μmol (143 mCi/μmol, n = 4),
which is somewhat lower than typical, but still sufficient for in vivo biodistribution
studies.Again, no material corresponding to the elimination product, 8β-vinyl-estradiol (1),
was observed to coelute with [18F]6by HPLC analysis.

Tissue Distribution Studies with 8β-(2-[18F]Fluoroethyl)estradiol [18F]6 in Immature Female
Sprague-Dawley Rats

In preliminary studies, we evaluated the tissue distribution of 8β-[18F]fluoroethylestradiol
[18F]6 in female C57BL/6 mice using the same experimental design as described below for
immature female rats. In this study (data not shown), the tissue distribution showed elevated
lung uptake, suggesting that the ligand might have poor solubility; otherwise the distribution
was unremarkable. We continued our studies with the more traditional animal model for the
biodistribution of estrogens, immature female Sprague-Dawleyrats, paying greater attention
to ensuring complete solubility of the agent.

[18F]6, purified by HPLC, was reconstituted in 10% EtOH/saline. To further ensure the
solubility of [18F]6 in these experiments in rats, we added 5% β-cyclodextrin. This resulting
solution was injected (i.e., tail vein) at a radiotracer dose of 13 μCi/rat. The biodistribution
was determined at 1 h postinjection as percent injected dose/gram (%ID/g) (Table 2, Figure
4). To investigate whether uptake was mediated by high-affinity binding to either ERα or
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ERβ, three sets of rats were coinjected with the [18F]6 and 20 μg of estradiol (E2, would
block both ERα and ERβ), 200 μg of DPN (a selective ligand to block only ERβ) or 200μg
of PPT (a selective ligand to block only ERα).

ERβ is rich in the granulosa cells of the ovary, and in normal female animals the ovary is
considered a principal target tissue for ERβ. Uptake of [18F]6 in the ovary was as high as in
the uterus, which has only low levels of ERβ, and was higher than that in non-target tissues,
muscle, heart, thymus, and spleen.Uptake infat was somewhat higher, and kidney and liver
even higher. However, [18F]6 uptake in the ovary was not notably high, nor was it
substantially blocked by any of the three agents, estradiol, DPN or PPT; thus, ovarian uptake
does not appear to be ERβ mediated. Uptake of [18F]6 in the lung was as high as in the
ovaries, and while lung is a tissue that contains more ERβ than ERα, this uptake was again
not blocked by any unlabeled ligand. The somewhat elevated uptake in liver and kidney is
typical for lipophilic agents such as steroids that are eliminated by both hepatobiliary and
renal routes.

Tissue Distribution Studies with 8β-(2-[18F]Fluoroethyl)estradiol [18F]6 in Immature Female
Sprague-Dawley Rats with Hormonal Manipulations

While the ovary is considered to be an ERβ target tissue, ERβ is found principally in
granulosa cells of the follicle, which in immature animals form only a small percentage of
ovarian mass. In addition, because the ovaries are the major estrogen biosynthetic tissue, ER
in the ovary might be saturated by endogenous production of estradiol, although this is not
likely to be a problem in these immature animals. In an effort to improve the characteristics
of the ovary as an ERβ target through pharmaceutical and hormonal manipulation, immature
female Sprague-Dawley rats were treated with Letrozole, an aromatase inhibitor, to lower
estradiol production (10 μg per day for three days), and then with pregnant mare serum
gonadotropin (PMSG) at a dose (5 IU) that is well known to induce massive folliculogenesis
and expansion of the granulosa cell population after 48 hours .

Animals hormonally prepared in the above manner, were injected with [18F]6 at 18 μCi/
animal, and biodistribution was determined at 1 h post injection and expressed as percent
injected dose/gram (Figure 5, Table 3). As before, some animals were blocked with 20 μg of
estradiol or with 200 μg of DPN or PPT. Despite these hormonal manipulations, the
biodistribution of [18F]6 was not significantly different from that of untreated immature
female rats (Table 3, Figure 4) (See Discussion).

Tissue Distribution Studies with Another ERβ-Selective Estrogen, Br-041, in Immature
Female Mice

In earlier work, we developed the radiochemistry methods to label Br-041, a non-steroidal
ligand having high affinity and selectivity for ERβ, with bromine-76. This compound is a
close analog of ERB-041, which has been quite extensively studied as an ERβ-selective
ligand. Both ERB-041 and Br-041 (Figure 1) were prepared by the Wyeth company. The
radiobromination of Br-041 required considerable investigation of the nature of the active
bromination species, minimization of chemically reactive interfering substances, etc., but
eventually an effective protocol for the preparation of 76Br-041 was developed.

As part of this current study, we investigated the biodistribution of 76Br-041 in immature
mice using the same protocol as that used for [18F]6 (Table 2, Figure 4). The results, given
in Table 4 and Figure 6, again show no attributes expected for uptake mediated by ERβ.
Uptake in all tissues studied at 1 and 3 hours was relatively low, and there was no evidence
of blocking uptake in any tissue by estradiol; uptake at later times is very low. Distributions
of a low and a high dose of 76Br-041 at 1 hour are essentially the same, indicating that
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effective specific activity is not limiting target tissue uptake. (See Discussion for further
considerations).

Discussion
Interest and Challenges in Imaging Estrogen Receptor β

Our efforts to develop a PET agent for imaging ERβ are driven by the general interest in
measuring ER levels in breast cancer, and possibly other cancers as well. Measurement of
ERα, considered to be the pro-proliferative ER subtype, can be done effectively using the
well-established PET imaging agent, 16α-[18F]fluoroestradiolFES, a steroidal ligand having
a distinct binding preference for ERα. The generally higher levels of ERα also help to
enforce the ERα specificity of FES PET images, and in several studies, FES-PET images in
breast cancer were shown to have predictive value for response to endocrine therapies. ERβ,
the anti-proliferative ER subtype, is also found in breast tissue, with ERβ levels being
highest in normal breast and in breast cancer, but declining with the progressive
development of malignant character, a change that mirrors the general increase in ERα
levels. Therefore, independent measurement of both ERα and ERβ levels in breast tumors
might provide a more definitive way of predicting disease outcome and response to
endocrine therapies. ERβ may also play a role in defining the stage of other cancers, such as
those of the prostate and lung.

While immunohistochemical (IHC) assays have become the standard method for measuring
ERα levels, immunological assays of ERβ by IHC is complicated by the existence of varied
isoforms of ERβwhose functional activities are often different and whose presence is
detected to different degrees by various antibodies. Thus, measurement of ERβ activity, that
is, in the form of its capacity to bind a ligand rather than its antigenic behavior, might
provide a more functionally relevant measure of ERβ in tumors. It might be particularly
beneficial if this could be done by PET imaging, which is non-invasive and can be done
repeatedly to monitor disease progression or response to therapies.

Determination of ERβ levels by PET, however, presents challenges that are both inherent
and operational. The inherent challenge is that, overall, ERβ levels are less to much less than
those of ERα; this factor demands ligands of exceptionally high affinity and high specificity
to both observe ERβ by PET and to distinguish it from ERα. The operational challenge is
that in normal experimental animals, there is no tissue that is rich in ERβand thus able to
serve as a strong positive control target tissue for the uptake of ERβ PET imaging agents;
for ERα PET imaging agents, the uterus nicely fulfills this role by being highly enriched in
ERα.

Current Status of Development of PET Imaging Agents for Estrogen Receptor β
Thus far, we have examined three different ERβ-selective ligands for their potential as PET
imaging agents for ERβ (Figure 1). FEDPN is an analog of DPN, one of the first ERβ-
selective ligands to be described. There was no obvious site at which DPN could be
conveniently labeled with fluorine-18 by currently available radiofluorination methodology;
so, we examined analogs into which fluorine could be introduced by standard nucleophilic
substitution reactions . Attachment of a fluoroethyl group, which afforded this option, had
the consequence of lowering somewhat both the ERβ affinity and selectivity from that of the
parent compound, and in extensive studies we did with both normal rats and mice, and ERα
and ERβ knockout mice, we obtained only hints that the tissue uptake of FEDPN was being
mediated by ERβ.
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In this study, we have studied two additional agents as PET imaging agents for ERβ. 8β-
Vinylestradiol (8BVE2), which has both high affinity and selectivity for ERβ, is unique
among ERβ selective ligands by having a steroidal structure. While there are several sites at
which fluorine-18 might be introduced into 8BVE2, we did not elect to use the 16α position,
the site where FES is radiolabeled, because this substitution enhances affinity for ERα.
Thus, we chose to replace the 8β-vinyl group with a 2-fluoroethyl substituent. While this
substitution preserved ERβ binding selectivity, it did reduce binding affinity to some extent,
so that 8BFEE2 bound to ERβ with an affinity similar to that of FEDPN. Although it
required rather harsh conditions to achieve radiofluorination, we were able to obtain
[18F]8BFEE2 in very good radiochemical yield. Again, our extensive investigations of the
biodistribution of this agent in mice and rats failed to provide unambiguous evidence for
tissue uptake mediated by ERβ.

Our third investigation centered on Br-041, a close analog of ERB-041, the ERβ-selective
ligand that underwent intensive preclinical investigation by the Wyeth Company and even
began clinical trials. Although Br-041 was described in the initial papers on the medicinal
chemical development of ERB-041, it was not selected for development because its ERβ
selectivity was somewhat less than that of ERB-041. Notably, however, its measured (Table
1) and reported affinity for ERβ is actually greater than that of ERB-041. While ERB-041
contains a fluorine substituent and could in principle be labeled by isotopic substitution, this
would require preparation of an ortho-[18F]fluorophenol, which generally entails a multistep
process for labeling with [18F]fluoride ion, the isotope precursor required to achieve the high
specific activity needed for receptor imaging.

We were attracted to Br-041 because it appeared possible for it to be radiolabeled by
isotopic substitution at the site of bromine substitution using electrophilic bromination
methods on a tin precursor. While considerable optimization was required to accomplish
this, we eventually succeeded and published this methodology some time ago. In the studies
presented here, we found, as we did with the other two agents, that the biodistribution of
Br-041 did not provide evidence of ERβ-mediated uptake, despite its very favorable binding
affinity profile (Table 1).

Future Prospects for the Development of Estrogen Receptor β PET Imaging Agents
The major operational challenge that we have encountered in the development of PET
agents for imaging ERβ is the lack of a suitable target tissue that can serve as a positive
control site for assessing ERβ-mediated uptake in biodistribution or microPET imaging
studies. In this respect, the use of ERα or ERβ knockout animals is not useful, because
although ERβ can be genetically deleted, if there is no selective, ERβ-mediated uptake in
any target tissue, the deletion of ERβ will not result in any observable reduction in uptake.
Deletion of ERα, by contrast, has a marked effect on the uptake of an ERα-selective
imaging agent, such as FES, by the ERα-rich uterus, as we demonstrated in a previous
study.

Some tissues, such as ovary, prostate, lung, and certain brain regions, are considered to be
“rich in ERβ”. Measurements of the ERs, however, are now typically done at the mRNA
level or by Western blot immunoassay of the protein, without absolute quantification of the
ligand binding capacity of the ERβ. Thus, in practice, “rich” means “much more ERβ than
ERα”, rather than a high absolute level of ERβ. By contrast, target tissue concentrations of
ERα were established before the ERs were sequenced, and of necessity, receptor levels were
determined by radioligand binding assays from which high absolute levels of ERα could be
established directly .
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Because ERβ is rich only in the granulosa cell component of ovarian follicles, which
constitutes just a small percent by weight of the ovaries of immature rats, we attempted to
enrich the granulosa cell complement of the ovaries by inducing folliculogenesis with a 2-
day treatment with PMSG. This was done after suppression of ovarian steroidogenesis with
Letrozole, to lower possible endogenous production of estradiol ; it is known that the
expansion of the granulosa cell complement of the ovary by PMSG is not blocked by
Letrozole treatment. In the one case where we examined it, this hormonal treatment failed to
improve the level or selectivity of the uptake of 8BFEE2 by the ovary. Notably, we
subsequently found (M. Jeyakumar, unpublished) and learned through further analysis of the
literature that while PMSG treatment greatly expands the granulosa cell content of the
ovary, it does not increase the level of ERβ and can actually decrease it ! Thus, other
approaches to the development of ERβ-positive control target tissues for characterizing the
potential of ERβ-selective ligands for PET imaging of this ER subtype are needed.

An intriguing and potentially powerful approach that is just emerging is the development of
ER-negative human breast cancer cell lines that are engineered to express either ERα or
ERβ under the control of a tetracycline-regulated promoter. The expression of the ERs in a
regulated manner is important, because expression of ERα and particularly ERβ in ER-
negative cells is known to suppress their growth. If these human breast cancer cells
engineered for the regulated expression of ERα or ERβ could be grown as robust xenografts
in athymic or other immunocompromised mice, then the biodistribution of both radiolabeled
ERα and ERβ-selective ligands could be studied directly. Mediation of this uptake by the
ER subtypes could be verified by comparing uptake before and after induction of ER
expression by tetracycline, and any selective uptake by a xenograft could be challenged with
blockage by estradiol (for both ERs), PPT (for ERα only) or DPN (for ERβ only). As good
versions of these new, genetically engineered xenograft systems become available, we
intend to use them to further examine the development of PET imaging agents for ERβ.

Conclusion
We have prepared in fluorine-18 labeled form 8BFEE26, an analog of an ERβ-selective
steroidal estrogen, and we have examined the biodistribution in immature female rodents of
this compound, as well as Br-041, an analog of a non-steroidal ERβ-selective ligand
(ERB-041), labeled with bromine-76. Little evidence of ERβ-mediated uptake was observed
with either radiopharmaceutical, and our attempts to increase the ERβ content of target
tissues by hormonal manipulation did not result in improved biodistribution. These studies
have highlighted the need for improved in vivo models for developing ERβ-selective
radiopharmaceuticals for use as PET imaging agents to measure ERβ levels in breast
tumors. Genetically engineered breast cancer cells that are being developed to express either
ERα or ERβ in a regulated manner, grown as xenografts in immune-compromised mice,
could prove useful in future efforts to develop ER subtype-selective radiopharmaceuticals.

Experimental Section
General Methods and Materials

All chemical was commercially purchased from Sigma-Aldrich Chemical Company. Flash
column chromatography was performed with silica gel (Merck, 230-400 mesh ASTM).
Analytical thin layer chromatography (TLC) was performed with Merck silica gel F-254
glass-backed plates. Visualization on TLC was monitored by UV light. 1H and 13C NMR
spectra were obtained on Varian Unity 500 (500 MHz) and are reported in parts per million
downfield from internal tetramethylsilane. Mass spectra were obtained on 70 eV using the
micro-mass 70-VSE mass spectrometer.High performance liquid chromatography (HPLC)
was carried out on a Thermo Co. system with a semi-preparative column. H2

18O was
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purchased from Rotem Industries. The screw cap test tubes used for fluoride incorporation
were purchased from Fisher Scientific (Pyrex no. 9825). [18F]Fluoride ion was produced at
Washington University by 18O(p,n)18F reaction through irradiation of 95% enriched
[18O]water, using either the JSW BC16/8 cyclotron (The Japan Steel Works Ltd.) or the
CS15 cyclotron (The Cyclotron Corp.). Radiochemical purification of [18F]6 utilized a
reversed-phase semi-preparative HPLC column (Altima silica Semi-Prep 250 mm × 10 mm,
10 μm (5% IPA/CH2CI2) = 40%:60% Hexane 5.0 mL/min 254 nm). For quality control, the
radiochemical purity of [18F]6 was determined by analytical HPLC (Econosil, C18, 10 μm,
250 × 4.6 mm, CH3CN/water = 50:50, 1.0 mL/min, 275 nm). TLC plates were analyzed
using a Bioscan, Inc., System 200 imaging scanner. Radioactivity was determined with a
dose calibrator. Radiochemical yields are decay-corrected to the beginning of synthesis time.

3,17β-Bis(benzyloxy)-8β-vinyl-estra-1,3,5(10)-triene (2)
8β-Vinyl-estra-1,3,5(10)-triene-3,17β-diol (1) (1.00 g, 3.4 mmol) and (1.85 g,13.4 mmol)
potassium carbonate in acetone (20 mL) were stirred at 55 °C for 1 h. After cooling to room
temperature acetone (20 ml), benzylbromide(4.0 mL, 33.5 mmol) and
tetrabutylammoniumiodide (0.05 g, 0.1 mmol)were added, and the resulting mixture then
refluxed for 2 h. The solution was filtered, the filtrate evaporated and the crude material
purified by column chromatography on silica gel (n-hexane/ethyl acetate,1:1) to obtain 3-
benzyloxy-8β-vinyl-estra-1,3,5(10)-trien-17β-ol(0.89 g, 68%). 1H NMR (300 MHz, CDCl3)
δ 0.80 (s, 3 H) 1.20-1.85 (m, 7 H) 1.97 (dt, 1 H) 2.04-2.20 (m, 2 H) 2.23-2.32 (m, 1 H)
2.37-2.46 (m, 1 H) 2.69-2.93 (m, 2 H) 3.62-3.69 (m, 1 H) 4.88 (dd, 1 H) 5.02 (s, 2 H) 5.05
(dd, 1 H) 5.57 (dd, 1 H) 6.68 (d, 1 H) 6.77 (dd, 1 H) 7.18 (d, 1 H) 7.29-7.45 (m, 5 H).

At −10 °C, a solution of 0.88 g (2.3 mmol) 3-benzyloxy-8β-vinyl-estra-1,3,5(10)-trien-17β-
ol in dimethylformamide (DMF,10 mL) was added dropwise to sodium hydride (mineral oil
dispersion, 60%. 0.91 g, 2.3 mmol)) in DMF (10 mL)and stirred for 1 h. At the same
temperature tetrabutylammonium iodide (0.35 g, 1.0 mmol) and benzylbromide (2.7 mL,
22.6 mol) were added, and the mixture then warmed up to room temperature. A sodium
hydroxide solution (0.1 N, 20 mL) and water (80 mL)were added before repeated extraction
with dichloromethane. The combined organic layers were washed with brine and dried with
sodium sulphate. The crude was filtered over a short column of silica gel (ethyl acetate/n-
hexane, 1:1) to obtain 3,17β-bis(benzyloxy)-8β-vinyl-estra-1,3,5(10)-triene(2)as raw
material (1.60 g, >100%).1H NMR (300 MHz, CDCl3) δ 0.89 (s, 3 H) 1.24-1.87 (m, 7 H)
1.98-2.26 (m, 4 H) 2.40 (dd, 1 H) 2.66-2.75 (m, 1 H) 2.80-2.89 (m, 1 H) 3.39-3.45 (m, 1 H)
4.57 (s, 2 H) 4.87 (dd, 1 H) 5.01 (s, 2 H) 5.05 (dd, 1 H) 5.57 (dd, 1 H) 6.67 (d, 1 H) 6.76 (dd,
1 H) 7.16-7.45 (m, 11 H).

2-[3,17β-Bis(benzyloxy)-estra-1,3,5(10)-trien-8β-yl]-ethanol (3)
To a solution of unpurified 3,17β-bis(benzyloxy)-8β-vinyl-estra-1,3,5(10)-triene (2) (0.76 g,
1.1 mmol, calculated on pure material) in THF (10 mL)was added slowly) of borane-
dimethyl sulfide complex (2 M in THF, 3.0 ml, 6.0 mmol) and heated to 55 °C for 1 h. After
16 h at room temperature the solution was cooled to 0 °C, then sodium hydroxide solution (2
N, 20 mL)was added, followed by the addition of hydrogen peroxide (30%, 20 mL). The
mixture was extracted several times with ethyl acetate, and the combined organic layers
were washed with saturated aqueous sodium thiosulfate solution and dried with sodium
sulphate. The crude material was purified by column chromatography on silica gel (n-
hexane/ethyl acetate, 3:2) to obtain 0.24 g (44%, calculated on pure material) of colorless 2-
[3,17β-bis(benzyloxy)-estra-1,3,5(10)-trien-8β-yl]-ethanol (3). 1H NMR (500 MHz, CDCl3)
δ1.11 (s, 3H), 1.23-1.30 (m, 1H), 1.30-1.46 (m, 3H), 1.53-1.60 (m, 2H), 1.64-1.74 (m, 2H),
1.84 (ddd, J= 14.0, 11.2, 5.9 Hz, 1H), 1.96-2.05 (m, 2H), 2.11-2.18 (m, 2H), 2.31 (dd, J=
12.4, 2.8 Hz, 1H), 2.77-2.83 (m, 2H), 3.39 (t, J= 8.4 Hz, 1H), 3.44 (td, J= 10.5, 4.7 Hz, 1H),
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3.76 (td, J= 10.6, 5.9 Hz, 1H), 4.51-4.61 (m, 2 H), 5.03 (s, 2H), 6.73 (d, J= 2.6 Hz, 1H), 6.76
(dd, J= 8.4, 2.8 Hz, 1H), 7.11 (d, J= 8.4 Hz, 1H), 7.27-7.40 (m, 8H), 7.41-7.45 (m, 2 H).

2-[3,17β-Bis(benzyloxy)-estra-1,3,5(10)-trien-8β-yl]-ethyl methanesulfonate (4)
To a solution of 2-hydroxyethylestradiol (3) (50 mg, 100.7 μmol) in CH2Cl2 (10 mL) was
added triethylamine (42.1 μL, 302 μmol) at room temperature with subsequent cooling to 0
°C. Methanesulfonyl chloride (11.7 μL, 151 μmol) was added slowly to the reaction mixture
at 0 °C and stirring continued for 2 h. Water (10mL) was added to the reaction mixture,
which was then extracted with CH2Cl2 (5 mL × 3). The combined organic layer was dried
over Na2SO4 and concentrated under reduced pressure. The residue was purified by flash
column chromatography, 30% EtOAc/hexane, to give mesylated compound 4 (53 mg, 91%)
as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 1.08 (s, 3H), 1.24-1.43 (m, 2H), 1.44-1.61
(m, 2H), 1.62-1.75 (m, 2H), 1.91-2.08 (m, 3H), 2.11-2.20 (m, 2H), 2.34 (dd, J= 12.2, 2.6 Hz,
1H), 2.73-2.88 (m, 5H), 3.10 (qd, J= 7.3, 4.8 Hz, 2H), 3.39 (t, J= 8.4 Hz, 1H), 3.92 (ddd, J=
11.3, 9.5, 4.7 Hz, 1H), 4.28 (ddd, J= 11.1, 9.6, 6.1 Hz, 1H), 4.52-4.59 (m, 2H), 5.03 (s, 2H),
6.75 (d, J= 2.6 Hz, 1H), 6.78 (dd, J= 8.6, 2.8 Hz, 1H), 7.11 (d, J= 8.2 Hz, 1H), 7.27-7.36 (m,
6H), 7.36-7.41 (m, 2H), 7.41-7.45 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 208.7, 157.0,
139.0, 137.4, 137.2, 131.4, 128.5, 128.3, 127.9, 127.45, 127.35, 127.26, 125.5, 114.8, 112,1,
88.4, 71.5, 69.9, 68.4, 65.4, 55.5, 48.8, 45.8, 43.0, 38.8, 38.3, 37.3, 32.6, 31.4, 28.7, 27.4,
25.7, 21.5, 21.0, 17.7, 13.1, 8.6; MS (FAB) m/z 574.2 (M)+, 479.2, 389.2, 249.2, 165.2,
104.7 (100). HRMS (FAB) calcd for C35H42O5S 574.2753, found 574.2753.

3,17β-Bis(benzyloxy)-8β-(2-fluoroethyl)-estra-1,3,5(10)-triene (5)
The mixture of mesylated compound 4 (9 mg, 15.7 μmol) and tetrabutylaminium fluoride
trihydrate (500 mg) was heated at 150 °C (using oil bath) for 30 min. The reaction mixture
was cooled to room temperature, diluted with water (5 mL) and extracted with EtOAc (2 mL
× 3). The combined organic layer was dried over Na2SO4 and evaporated under reduced
pressure. The residue was purified by flash column chromatography, 20% EtOAc/hexane to
furnish fluorinated compound 5 (6 mg, 77%) as a colorless oil. 1H NMR (500 MHz, CDCl3)
δ 1.08 (s, 3H), 1.24-1.35 (m, 2H), 1.37-1.47 (m, 2H), 1.49-1.61 (m, 2H), 1.62-1.73 (m, 2H),
1.87-1.97 (m, 1H), 1.98-2.04 (m, 2H), 2.10-2.19 (m, 2H), 2.32 (d, J= 12.2 Hz, 1H),
2.72-2.86 (m, 2H), 3.39 (t, J= 8.2 Hz, 1H), 4.17-4.33 (m, 1H), 4.40-4.61 (m, 3H), 5.03 (s,
2H), 6.73 (d, J= 2.6 Hz, 1H), 6.77 (dd, J= 8.5, 2.7 Hz, 1H), 7.11 (d, J= 8.4 Hz, 1H),
7.27-7.36 (m, 6H), 7.36-7.41 (m, 2H), 7.41-7.45 (m, 2H);13C NMR (125 MHz, CDCl3) δ
208.8, 139.1, 137.6, 131.6, 128.6, 128.3, 127.9, 127.5, 127.4, 127.3, 125.5, 114.8, 112.0,
88.6, 82.6 (d, J = 161 Hz, 1C), 71.6, 70.0, 55.7, 53.9, 49.0, 39.0, 33.0, 29.5 (d, J = 19.2 Hz,
1C), 29.2, 27.5, 25.8, 21.2, 21.0, 20.8, 14.1, 13.3; MS (CI) m/z 499 (M+H)+, 479, 451, 391,
287, 181, 119, 91 (100). HRMS calcd for C34H39FO2 499.3006, found 499.3012.

8β-(2-Fluoroethyl)estra-1,3,5(10)-trien-3,17β-diol (6)
The suspension of fluorinated compound 5 (5 mg, 10.027 μmol) and Pd/C (10 mg) in
MeOH(10 mL) were stirred under H2 atmosphere at room temperature for 16 h. The reaction
mixture was filtrated through Celite, and the filtrate was concentrated by rotary evaporation.
The residue was purified by flash column chromatography, 40% EtOAc/hexane to obtain
debenzylated compound 6 (3.7 mg, 90%). 1H NMR (500 MHz, CDCl3) δ 0.92 (s, 3H),
1.12-1.25 (m, 2H), 1.31-1.55 (m, 5H), 1.58 (d, J= 17.0 Hz, 1H) 1.61-1.68 (m, 1H), 1.76-1.97
(m, 3H), 1.99-2.06 (m, 1H), 2.07-2.13 (m, 1H), 2.25 (d, J= 12.4 Hz, 1H), 2.63-2.79 (m, 2H),
3.51-3.70 (m, 1H), 4.10-4.26 (m, 1H), 4.31-4.47 (m, 1H), 4.49 (br. s., 1H), 6.51 (d, J= 2.8
Hz, 1H), 6.55 (dd, J= 8.4, 2.8 Hz, 1H), 7.00 (d, J= 8.4 Hz, 1H); MS (CI) m/z 319 (M+H)+,
299, 281, 73, 59. HRMS calcd for C20H27 FO2319.2073, found 319.2073.
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General Radiochemical Synthesis of 8β-(2-[18F]Fluoroethyl)estradiol(6)
Fluorine-18 radionuclide was produced by the 18O(p,n)18F reaction on an enriched water
target. Oxygen-18 water containing the F-18 anion was transferred to a reaction vessel
containing tetrabutylammonium bicarbonate TBAHCO3 (40% in water, 2μL), and CH3CN
was added. The water in reaction vessel was removed by azeotropic distillation with CH3CN
at 110 °C under a gentle stream of N2. The reaction vessel was cooled to room temperature,
and the 8β-(2-methanesulfonyloxyethyl)estradiolsubstrate (4) (2 mg, 3.480 μmol) was
added to reaction vessel, followed by addition of n-Bu4NOMs (500 mg). The capped
reaction vessel was heated at 160 °C for 30 min and cooled down to room temperature.
TMSI (50μL, 351μmol) was added, followed by heating 130 °C for 5 min. The reaction
mixture was completely dried at 110 °C under a gentle stream of N2, and the residue was
dissolved with 45% of (5% IPA/ CH2Cl2) and 55%of hexane. This resulting solution was
purified by normal phase semi-preparative HPLC (5%, IPA/CH2Cl2):hexane = 45:55, 4 mL/
min) to obtain the desired product [18F]6, which eluted at 18-21 min (47% decay-corrected
radiochemical yield from end of synthesis, in a total synthesis time of approximately 90
min). The identity of the collected material was confirmed by co-injection with authentic
compound 6 by reversed phase analytical HPLC (CH3CN:water = 50:50, 1 mL/min). The
eluted fractions containing [18F]6 were concentrated under a gentle stream of N2, and the
was residue dissolved with 10% EtOH/saline or 10% EtOH/saline (containing 5% β-
cyclodextrin) (1.5 mL) for biodistribution studies. The radiochemical purity as determined
reverse phase HPLC was greater than 99% in all cases, and effective specific activitywas
5.29 GBq/μmol (143 mCi/μmol, n = 4) .

Estrogen Receptor Binding Affinity Assay
Relative binding affinities were determined by a competitive radiometric binding assay, as
previously described, with purified full-length human ERα and ERβ (PanVera/InVitrogen,
Carlsbad, CA). Incubations were for 18–24 h at 0 °C, the receptor–ligand complexes were
then adsorbed onto hydroxyapatite (BioRad, Hercules, CA), and unbound ligand was
washed away. The binding affinities are expressed as relative binding affinity (RBA) values,
with the RBA of estradiol set to 100. The values given are the average ±range or SD of two
or more independent determinations. Estradiol binds to ERα with a Kd of 0.2 nM and to
ERβ with a Kd of 0.5 nM.

Tissue Distribution Studies
In the following experiments, animals were handled in accordance with the Guidelines for
the Care and Use of Research Animals established by the Animal Studies Committee at the
Washington University School of Medicine. A complete description of the animal handling
procedure, including animal care, anesthesia and monitoring,can be found in Sharp et al. .
After tracer administration, the animals were allowed to wake up and maintain normal
husbandry until euthanasia by cervical dislocation.

For the biodistribution studies of [18F]6 (Table 2, Figure 4), immature female Sprague-
Dawley rats (21 days, n = 5 per each blocking agent point) were used. [18F]6 was
concentrated under N2 gas, reconstituted in ethanol, and diluted with isotonic saline-5% β-
cyclodextrin to obtain 10% ethanol/saline solution. Anesthetized rats under 1.5-2%
isoflurane/O2 were injected via tail vein with 13 μCi (100 μL of 10%EtOH/saline) of F-18
labeled radio tracer. One set of rats was also coinjected with 20 μg of estradiol (E2) to block
uptake mediated by the estrogen receptor, and two other sets of animals were coinjected
with 200 μg (100 μL of 15% EtOH/saline) of DPN or PPT for blocking ERβ or ERα,
respectively. At 1 h post-injection, each set of rats was sacrificed. Blood, lung, liver, spleen,
left kidney, abdominal muscle, fat from flank area, heart, bone (tibia/fibula), uterus, ovaries,
and thymus were removed and placed in a vial for weighing and counted on the Beckmann
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Gamma counter along with a standard dilution of the injectate. Uptake was calculated as
percent injected dose (%ID) per gram.

For the biodistribution study of [18F]6 in Letrozole- and PMSG-treated animals (Table 3,
Figure 5), immature female Sprague-Dawley rats (21 days, n = 5 per each blocking agent
point) were treated with 10 μg Letrozole in 200 μL saline IV daily for 3 days, with an
injection of 5 IU PMSG in 200 μL saline IV on the second day; the biodistribution study
was done 48 hours after the PMSG dose, using the same protocol as described above with a
dose of 18 μCi of [18F]6.

Biodistribution studies with [76Br]Br-041 used material prepared as described previously,
and followed the same protocol used for the biodistribution of [18F]6 but was conducted in
female C57BL/6 mice (18-22 g, 6.5 weeks old, n= 4-5 per each of blocking agent point).
The injectate (0.5 or 3-4 μCi/animal) was prepared in 10% ethanol/saline without β-
cyclodextrin.
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Abbreviations

8BFEE2 8β-(2-fluoroethyl)estradiol, an ERβ-selective ligand

8BVE2 8β-vinylestradiol, an ERβ-selective ligand

Br-041 an analog of ERB-041, an ER β-selective ligand

ERβ-selective ligand DPN diarylpropionitrile, an ERβ-selective ligand: E2, estradiol

ER estrogen receptor

ERB-041 an ERβ-selective ligand

FES 16α-[18F]fluoroestradiol

PMSG pregnant mare serum gonadotropin

PPT propylpyrazoletriol, an ERα-selective ligand
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Figure 1.
Structure of estradiol, and steroidal and non-steroidal ligands for the estrogen receptors ERα
and ERβ.
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Figure 2.
Optimization of conditions for radiofluorination
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Figure 3.
UV and Radiometric HPLC Profiles of [18F]6. HPLC conditions: (A) Radioactive [18F]6
alone: Altima silica Semi-Prep 250 mm × 10 mm, 10 μm (5% IPA/CH2CI2)/Hexane 40%:
60%, 5.0 mL/min 275 nm, Rt = 14-15 min; (B) Radioactive [18F]6 co-injected with standard
6: Econosil, C18, 10 μm, 250 × 4.6 mm, CH3CN/water 50:50, 1.0 mL/min, 275 nm. Upper
traces are UV, lower traces are radioactivity.
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Figure 4.
Biodistribution of 8β-(2-[18F]Fluoroethyl)estradiol [18F]6in Immature Female Sprague
Dawley Rats. The organ most rich in ERα is the uterus, and the organs most rich in ERβ are
the ovaries. Uptake of [18F]6 in these organs was low and was not effectively blocked by
estradiol (would block uptake by both ERα and ERβ), by DPN (an ERβ-selective ligand that
would block uptake by ERβ) and PPT (an ERα-selective ligand that would block uptake by
ERα).
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Figure 5.
Biodistribution of 8β-(2-[18F]Fluoroethyl)estradiol [18F]6in Immature Female Sprague
Dawley Rats with Letrozole and PMSG treatments.The organ most rich in ERα is the
uterus, and the organs most rich in ERβ are the ovaries. Uptake of [18F]6 in these organs
was low and was not effectively blocked by estradiol (would block uptake by both ERα and
ERβ), by DPN (an ERβ-selective ligand that would block uptake by ERβ) and PPT (an
ERα-selective ligand that would block uptake by ERα).
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Figure 6.
Biodistribution of [76Br]Br-ERB-041in Immature Female Mice.The organ most rich in ERα
is the uterus, and the organs most rich in ERβ are the ovaries. Uptake of [76Br]Br-
ERB-041in these organs was low and was not at all blocked by estradiol (would block
uptake by both ERα and ERβ).
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Scheme 1.
aReaction conditions and reagents: (a) K2CO3, BnBr, TBAI, acetone, refl., 68%; (b) NaH,
BnBr, TBAI, DMF, −10 °C – RT; (c) BH3•SMe2 in THF, 55 °C, then NaOH/H2O2, 0 °C,
44%; (d) MsCl, TEA, CH2Cl2, 0 °C-RT, 2 h, 91%; (e) n-Bu4NF•3H2O, 150 °C, 30 min,
77%; (f) Pd/C, H2, rt, 16 h, 90%. Radiolabeling conditions: (e) n-Bu4N[18F]F, TBAOMs,
180 °C, 30 min; (f) TMSI, CH3CN, 130 °C, 5 min.
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Table 1

Relative Binding Affinity (RBA) of 8β-Fluroroethyl Estradiol for ERα and ERβ.
a

ERα ERβ β/α ratio

1 (8BVE2) 
b  0.30 105 350

6 (8BFEE2) 0.046 ± 0.005 8.27 ± 0.98 179

DPN 0.25 ± 0.15 18.0 ± 2.0 72

FEDPN 0.43 ± 0.09 8.74 ± 1.87 20

ERB-041 0.007 ± 0.001 3.22 ± 0.91 460

Br-041 0.101 ± 0.02 50.3 ± 3.4 498

estradiol [100] [100] [1]

a
Relative binding affinity (RBA) values of ERα and ERβ in this study were determined in a competitive radiometric binding assay, Estradiol =

100%. Values are expressed as percentages relative to the affinity of the indicated tritium-labeled estradiol as a radio tracer.

b
The binding affinity values for 1(8BVE2) are comparable to those reported previously for this compound .
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Table 2

Biodistribution of 8β-(2-[18F]Fluoroethyl)estradiol [18F]6in Immature Female Sprague Dawley Rats

percentage injected dose/gram ±SD
a
 (n = 5)

1 h
1 h

(E2 blocked)
b

1 h

(DPN blocked)
c

1 h

(PPT blocked)
d

blood 0.22 ± 0.05 0.25 ± 0.07 0.22 ± 0.03 0.24 ± 0.06

lung 0.39 ± 0.09 0.39 ± 0.06 0.33 ± 0.05 0.45 ± 0.12

liver 1.52 ± 0.23 1.63 ± 0.26 1.50 ± 0.20 1.54 ± 0.39

spleen 0.15 ± 0.03 0.16 ± 0.03 0.15 ± 0.02 0.16 ± 0.05

kidney 0.64 ± 0.14 0.78 ± 0.15 0.70 ± 0.10 0.78 ± 0.19

muscle 0.15 ± 0.03 0.19 ± 0.05 0.15 ± 0.01 0.19 ± 0.05

fat 0.55 ± 0.09 0.58 ± 0.10 0.58 ± 0.08 0.68 ± 0.19

heart 0.18 ± 0.04 0.21 ± 0.04 0.18 ± 0.03 0.19 ± 0.04

bone 0.36 ± 0.04 0.37 ± 0.04 0.40 ± 0.04 0.43 ± 0.12

uterus 0.33 ± 0.14 0.38 ± 0.25 0.23 ± 0.05 0.35 ± 0.15

ovaries 0.30 ± 0.11 0.44 ± 0.15 0.33 ± 0.04 0.37 ± 0.13

thymus 0.12 ± 0.03 0.13 ± 0.03 0.12 ± 0.02 0.12 ± 0.02

a
SD is standard deviation. Rats were injected via the tail vein with 13 μCi of [18F]6.

b
Dose includes estradiol (20 μg).

c
Dose includes DPN (200 μg).

d
Dose includes PPT (200 μg).
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Table 3

Biodistribution of 8β-(2-[18F]Fluoroethyl)estradiol [18F]6in Immature Female Sprague Dawley Rats with
Letrozole and PMSG treatments.

percentage injected dose/gram ±SD
a
 (n = 5)

1 h
1 h

(E2 blocked)
b

1 h

(DPN blocked)
c

1 h

(PPT blocked)
d

blood 0.23 ± 0.07 0.19 ± 0.02 0.17 ± 0.03 0.16 ± 0.03

lung 0.41 ± 0.02 0.38 ± 0.04 0.36 ± 0.05 0.36 ± 0.06

liver 1.67 ± 0.31 1.51 ± 0.13 1.41 ± 0.22 1.40 ± 0.12

spleen 0.13 ± 0.16 0.12 ± 0.07 0.12 ± 0.01 0.12 ± 0.02

kidney 0.66 ± 0.12 0.55 ± 0.08 0.59 ± 0.11 0.51 ± 0.09

muscle 0.14 ± 0.03 0.12 ± 0.01 0.13 ± 0.02 0.12 ± 0.02

fat 0.49 ± 0.12 0.50 ± 0.11 0.53 ± 0.18 0.53 ± 0.16

heart 0.17 ± 0.03 0.14 ± 0.01 0.15 ± 0.02 0.14 ± 0.02

bone 0.40 ± 0.10 0.33 ± 0.02 0.37 ± 0.07 0.34 ± 0.05

uterus 0.26 ± 0.07 0.20 ± 0.04 0.22 ± 0.03 0.19 ± 0.02

ovaries 0.34 ± 0.04 0.30 ± 0.06 0.32 ± 0.10 0.30 ± 0.05

thymus 0.10 ± 0.01 0.10 ± 0.01 0.09 ± 0.02 0.08 ± 0.01

a
SD is standard deviation. Rats were injected via the tail vein with 18 μCi of [18F]6.

b
Dose includes estradiol (20 μg).

c
Dose includes DPN (200 μg).

d
Dose includes PPT (200 μg).
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