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Abstract: 2-Methoxyestradiol (2MeO-E2) is an endogenous metabolite of estrogen which was
initially considered to be inactive. During the last few decades it has been shown that 2MeO-E2
is a promising anticancer drug. In vitro experiments have demonstrated that it has several
anticancer activities, and potential to alleviate hypertension, glomerulosclerosis, hypercholes-
terolemia, and other disorders. However, due to its low solubility and extensive glucuronidation,
to achieve effective concentrations large doses of 2MeO-E2 would be required. Clinical studies
reflected very high inter- and intrapatient variability and oral bioavailability of 1 to 2%. Thus, this
review paper highlights the origin of this compound, its therapeutic promises, and possible
mechanisms of action. It also discusses the pharmacokinetic properties of 2MeO-E2 as well as
current developments to overcome low drug solubility and its extensive first pass metabolism.
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netics; dosage form; structural modifications; sulfamates

Introduction

2-Methoxyestradiol (2MeO-E2) is endogenously formed
from estradiol, and was previously thought to be inactive.
However, 2MeO-E2 may have potential as an anticancer
drug; thus interest in this molecule has been renewed. As a
result, herein we review the endogenous formation and
metabolism of 2MeO-E2, its pharmacology and toxicity, and
its pharmacokinetics in rodents and humans, as well as the
associated biopharmaceutical challenges. Furthermore, we
discuss attempts to overcome these challenges, including new
formulations and synthesis of analogues or prodrugs of
2MeO-E2.

Endogenous Origin of 2MeO-E2

2-Methoxyestradiol (2MeO-E2) is an endogenous com-
pound and a nonpolar metabolite of estradiol (E2). Generally,
formation and metabolism of estrogens are rather complex;
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thus, Scheme 1 illustrates only 2MeO-E2 formation and its
possible pathways of elimination.' * Estrone (E1) and E2
are substrates for the phase I enzymes, CYP1A1 and 3A4.
Oxidative metabolism by these enzymes leads mainly to the
formation of 2-hydroxyestrogens with 4-hydroxyestrogens
being minor products of CYP-mediated metabolism.” Cat-
echol-O-methyltransferase or (COMT) subsequently O-meth-
ylates the 2-hydroxyl group to produce 2MeO-E2 or 2-meth-
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Scheme 1. Pathways of 2MeO-E2 Formation and Elimination®
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« Compounds and enzymes are previously defined. Estrogen metabolism is notoriously complex; readers should note that other phase 1 metabolites, glucuronides,
and sulfates can be formed from any of these. However, the emphasis of this scheme is to highlight the endogenous formation and metabolism of 2MeO-E2.

oxyestrone (2MeO-E1). In the presence of CYP enzymes®
methoxyestrogens can be transformed back to the catechol.
It is believed that glucuronidation is a major pathway of
2MeO-E2 elimination. The presence of hydroxylated and
dimethylated metabolites of 2MeO-E2 was also detected in
vitro, but as a minor fraction.’

Many tissues can actively produce 2MeO-E2, since COMT
is a ubiquitous enzyme found in different organs such as
liver, kidney, intestine, stomach, spleen, brain, pancreas, lung,
etc.® The exact endogenous 2MeO-E2 concentrations in
tissues are not known, and even the serum concentrations
of 2MeO-E2 were frequently reported in combination with
2—meth0xyestr0ne.9 Recently, Xu et al. (2007) have devel-
oped an analytical method to detect different methoxyestro-
gens and reported total concentration of 2MeO-E2 in the

(6) Paul, S. M.; Purdy, R. H.; Hoffman, A. K.; Axelrod, J. Radioen-
zymatic Assays for Catechol Estrogens. In Catechol Estrogens;
Merriam, G. R., Lipsett, M. B., Eds.; Raven Press: New York,
1983; pp 83—90.

(7) Lakhani, N. J.; Sparreboom, A.; Xu, X.; Veenstra, T. D.; Venitz,
J.; Dahut, W. L.; Figg, W. D. Characterization of in Vitro and in
Vivo Metabolic Pathways of the Investigational Anticancer Agent,
2-Methoxyestradiol. J. Pharm. Sci. 2007, 96, 1821-1831.

(8) Minnisto, P. K.; Kaakkola, S. Catechol-O-methyltransferase
(COMT): Biochemistry, Molecular Biology, Pharmacology, and
Clinical Efficacy of the New Selective COMT Inhibitors. Phar-
macol. Rev. 1999, 51, 593-628.

(9) Berg, D.; Sonsalla, R.; Kuss, E. Concentration of 2-Methoxyestro-
gens in Human Serum measured by a Heterologous Immunoassay
with 125I-labled Ligand. Acta Endocrinol. 1983, 103, 282-288.

blood serum to be about 9.4 4+ 1.34, 10.6 & 7.91, and 2.5 +
0.57 pg/mL in luteal, follicular and postmenopausal women,
respectively.'® The concentrations of unconjugated form of
2MeO-E2 were about half of the above values. 2MeO-E2
concentrations, however, might increase by 1000-fold during
the last months of pregnancy.’

Historically 2MeO-E2 was considered an inert metabolite
and the action of COMT was believed to be a secondary
pathway of E2 inactivation. However, the activity of COMT
was found to be greater in tumor tissues.® Thus, the amount
of 2MeO-E2 formed in benign breast tumor was up to 2.9
times higher than in normal tissues and up to 5.4 times higher
in malignant tumor tissues. Furthermore, lower levels of
2MeO-E?2 as the consequence of low activity of COMT were
found in pregnant women with preeclampsia in comparison
with normotensive controls.'""'? This suggests an important
role of COMT and 2MeO-E2 in preventing preeclampsia.

(10) Xu, X.; Roman, J. M.; Issaq, H. J.; Keefer, L. K.; Veenstra, T. D.;
Ziegler, R. G. Quantitative Measurement of Endogenous Estrogens
and Estrogen Metabolites in Human Serum by Liquid Chroma-
tography-Tandem Mass Spectrometry. Anal. Chem. 2007, 79,
7813-7821.

(11) Arendt, K. W.; Garovic, V. D. Association of Deficiencies of
Catechol-O-methyltransferase and 2-Methoxyestradiol with Preec-
lampsia. Expert Rev. Obstet. Gynecol. 2009, 4, 379-381.

(12) Kanasaki, K.; Palmisten, K.; Sugimoto, H.; Ahmad, S.; Hamano,
Y.; Xie, L.; Parry, S.; Augustin, H. G.; Gattone, V. H., Jr.;
Folkman, J.; Strauss, J. F.; Kalluri, R. Deficiency in Catechol-
O-methyltransferase and 2-Methoxyestradiol is Associated with
Pre-eclampsia. Nature 2008, 453, 1117-1121.
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Pharmacologic Activities of 2MeO-E2

During the past decade 2MeO-E2 has received attention
due to its anticancer activities. Phase I and II clinical trials
revealed that orally administered 2MeO-E2 is well tolerated
by patients with only grade 2 and 3 toxicities observed.'> '
No maximum tolerated dose, however, was determined. It
was also observed that during the treatment 2MeO-E2
concentrations in plasma remained in the nanogram per
milliliter range, partially due to its extensive presystemic
metabolism. As for in vitro antiproliferative properties, the
majority of 60 cell lines from NCI are found to be sensitive
to 2MeO-E2 with inhibitory concentrations between 0.08 and
5.0 uM."7'8 The list of tumor cells that respond to treatment
with 2MeO-E2 continues to increase. For instance, recent
studies on esophageal (WHCO3), nasopharyngeal (CNE2)
carcinoma cells, and tumor-derived uterine leiomyoma cell
lines (ELT3 and huLM) revealed 2MeO-E2 to be an effective
antiproliferative agent with inhibitory concentrations between
1 and 20 uM."7!

(13) Dahut, W. L.; Lakhani, N. J.; Gulley, J. L.; Arlen, P. M.; Kohn,
E. C.; Kotz, H.; McNally, D.; Parr, A.; Nguyen, D.; Yang, S. X.;
Steinberg, S. M.; Venitz, J.; Sparreboom, A.; Figg, W. D. Phase
I Clinical Trial of Oral 2-Methoxyestradiol, an Antiangiogenic
and Apoptotic Agent, in Patients with Solid Tumors. Cancer Biol.
Ther. 2006, 5, 22-27.

(14) Sweeney, C.; Liu, G.; Yiannoutsos, C.; Kolesar, J.; Horvath, D.;
Staab, M. J.; Fife, K.; Armstrong, V.; Treston, A.; Sidor, C.;
Wilding, G. A Phase II Multicenter, Randomized, Double-Blind,
Safety Trial Assessing the Pharmacokinetics, Pharmacodynamics,
and Efficacy of Oral 2-Methoxyestradiol Capsules in Hormone-
Refractory Prostate Cancer. Clin. Cancer Res. 2005, 11, 6625—
6633.

(15) James, J.; Murry, D. J.; Treston, A. M.; Storniolo, A. M.; Sledge,
G. W.; Sidor, C.; Miller, K. D. Phase I Safety, Pharmacokinetic
and Pharmacodynamic Studies of 2-Methoxyestradiol Alone or
in Combination with Docetaxel in Patients with Locally Recurrent
or Metastatic Breast Cancer. Invest. New Drugs 2006, 25, 41—
48.

(16) Rajkumar, S. V.; Richardson, P. G.; Lacy, M. Q.; Dispenzieri,
A.; Greipp, P. R.; Witzig, T. E.; Schlossman, R.; Sidor, C. F.;
Anderson, K. C.; Gertz, M. A. Novel Therapy with 2-Methox-
yestradiol for the Treatment of Relapsed and Plateau Phase
Multiple Myeloma. Clin. Cancer Res. 2007, 13, 6162-6167.

(17) Pribluda, V. S.; Gubish, E. R.; LaVallee, T. M.; Treston, A.;
Swartz, G. M.; Green, S. J. 2-Methoxyestradiol: an Endogenous
Antiangiogenic and Antiproliferative Drug Candidate. Cancer
Metastasis Rev. 2000, 19 (1/2), 173-179.

(18) Papathanassiu, A. E.; Green, S. J.; Grella, D. K.; Sim, B. K. L.
Methoxyestradiol. In Cytokine Reference: a Compendium of
Cytokines and Other Mediators of Host Defense; Feldmann, M.,
Oppenheim, J. J., Durum, S. K., Eds.; Academic Press: San Diego,
2001; pp 835—839.

(19) Thaver, V.; Lottering, M.-L.; van Papendorp, D.; Joubert, A. in
Vitro Effects of 2-Methoxyestradiol on Cell Numbers, Morphol-
ogy, Cell Cycle Progression, and Apoptosis Induction in Oesoph-
ageal Carcinoma Cells. Cell Biochem. Funct. 2009, 27, 205-210.

(20) Zhou, N.-N.; Zhu, X.-F.; Zhou, J.-M.; Li, M.-Z.; Zhang, X.-S.;
Huang, P.; Jiang, W.-Q. 2-Methoxyestradiol Induces Cell Cycle
Arrest and Apoptosis of Nasopharyngeal Carcinoma Cells. Acta
Pharmacol. Sin. 2004, 25, 1515-1520.
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It is believed that 2MeO-E2 acts on tumor growth directly
by reducing cell proliferation or by inducing apoptosis, and
also by inhibiting angiogenesis.'” Apoptosis induced by
2MeO-E2 occurs by upregulating death receptor 5 (DR 5),
increasing expression of STAT1 protein, and activating p53
and caspases 9, 8, and 3.2272%17 The increase in STAT1
expression and activation of caspase are required as apoptosis
is often blocked by caspase inhibitor Z-VAD-FMK. The
interference in tumor microtubule formation takes place via
inhibiting the tubulin polymerization rate by competitively
inhibiting colchicine-binding sites. In comparison with other
competitive inhibitors of colchicine-binding sites, 2MeO-
E2 is atypical since its ICs, was found to be one or two orders
of magnitude lower than other inhibitors.!” The K; value for
2MeO-E2 inhibition of tubulin polymerization is 22 uM.'®
Thus, by binding to the colchicine-binding site, 2MeO-E2
inhibits the tubule formation or alters its stability. Generally,
apoptosis requires much lower 2MeO-E2 concentrations than
those to attain interference in tubulin polymerization.>?

The antiproliferative activity of 2MeO-E2 is apparently
time- and concentration-dependent, whereas it is estrogen
receptor (ER) independent. The affinity of 2MeO-E2 for
binding to ER o and 3 was established to be about 0.5%
and 0.008% of estradiol, respectively.'”'®* However, Lui
and Zhu (2004) observed that 2MeO-E2 affinity to both ER
might be much higher than what was estimated earlier, about
1 to 2% of estradiol.>® Moreover, they detected both mito-
genic and antiproliferative properties of 2MeO-E2. In agree-
ment with previous findings antiproliferative properties were
ER independent, whereas mitogenic ones were ER depend-
ent. The latter were attributed to the residual 2MeO-E2
estrogenic activity which was observed only at very low
2MeO-E2 concentrations, up to 750 nM, and when 2MeO-
E2 antiproliferative activity was not yet observed.

(21) Salama, S. A.; Nasr, A. B.; Dubey, R. K.; Al-Hendy, A. Estrogen
Metabolite 2-Methoxyestradiol Induces Apoptosis and Inhibits
Cell Proliferation and Collagen Production in Rat and Human
Leiomyoma Cells: A Potential Medicinal Treatment for Uterine
Fibroids. J. Soc. Gynecol. Investig. 2006, 13, 542-549.

(22) Chamaon, K.; Stojek, J.; Kanakis, D.; Braeuninger, S.; Kirches,
E.; Krause, G.; Mawrin, C.; Dietzmann, K. Micromolar Concen-
trations of 2-Methoxyestradiol Kill Glioma Cells by an Apoptotic
Mechanism, without Destroying Their Microtubule Cytoskeleton.
J. Neuro. Oncol. 2005, 72, 11-16.

(23) Abou El Naga, R. N.; El-Demerdash, E.; Youssef, S. S.; Abdel-
Naim, A. B.; El-Merzabani, M. Cytotoxic Effects of 2-Methox-
yestradiol in the Hepatocellular Carcinoma Cell Line HepG2.
Pharmacology 2009, 84, 9-16.

(24) Li, L.; Heldin, N.-E.; Grawé, J.; Ulmsten, U.; Fu, X. Induction
of Apoptosis or Necrosis in Human Endometrial Carcinoma Cells
by 2-Methoxyestradiol. Anticancer Res. 2004, 24, 3983-3990.

(25) LaVallee, T. M.; Zhan, X. H.; Herbstritt, C. J.; Kough, E. C;
Green, S. J.; Pribluda, V. S. 2-Methoxyestradiol Inhibits Prolifera-
tion and Induces Apoptosis Independently of Estrogen Receptors
o and f3. Cancer Res. 2002, 62, 3691-3697.

(26) Liu, Z.-J.; Zhu, B. T. Concentration-dependent Mitogenic and
Antiproliferative Actions of 2-Methoxyestradiol in Estrogen
Receptor-positive Human Breast Cancer Cells. J. Steroid Biochem.
Mol. Biol. 2004, 88, 265-275.
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Besides antitumor properties, 2MeO-E2 possesses other
biological activities. As such, it was reported that 2MeO-E2
induces the expression of endothelial nitric oxide synthase
and production of nitric oxide.?’*® Besides being a vasodi-
lator, nitric oxide is also known to have antithrombogenic
properties, thereby preventing platelet aggregation and adhe-
sion, and it also enhances endothelial barrier properties via
decreasing infiltration of monocytes and macrophages.
Therefore, 2MeO-E2 may alleviate the symptoms of ath-
erosclerosis via decreasing plaque formation.>® In addition
to barrier-improving properties, 2MeO-E2’s ability to de-
crease proliferating cells and inhibit collagen synthesis may
attenuate hypertension, pulmonary hypertension, glomeru-
losclerosis, brain injury, and possibly other conditions.*>°

Toxicology of 2MeO-E2

Several studies with oral administration of 2MeO-E2 to
humans have been reported, and the typical toxicities
associated with anticancer drugs such as myelosuppression
appear to be absent. Dahut et al. reported that, upon oral
dosing of 3 g twice daily, no dose-limiting toxicities were
observed, and a maximum tolerated dose was not reached.'?
They reported some evidence of estrogenic effects including
hot flashes, thrombosis, and fluid retention. More recently,
Tevaarwerk et al. reported that the maximum tolerated dose
of a nanocrystalline dispersion of 2MeO-E2 with a higher
bioavailability was 1 g orally every 6 h.*®* Dose limiting
toxicities in this study were fatigue, muscle weakness,
hypophosphatemia, hyponatremia, increased alanine ami-
notransferase and y-glutamyltransferase, and anorexia. Over-
all, 2MeO-E2 appears to have minimal toxicities even upon
administration of high doses, especially in the context of
cancer treatment.

2MeO-E2 Pharmacokinetics

2MeO-E2 PK in Rodents. Tests in mice revealed that a
large portion of orally administered 2MeO-E2 (100 mg/kg)
was absorbed by both male (85%) and female (76%) mice.
Low plasma concentrations of 2MeO-E2 and, therefore, low
bioavailability (1.5%) were observed and attributed to
extensive metabolic transformations rather than its poor

(27) Tsukamoto, A.; Kaneko, Y.; Yoshida, T. 2-Methoxyestradiol, an
Endogenous Metabolite of Estrogen, Enhances Apoptosis and
[-Galactosidase Expression in Vascular Endothelial Cells. Bio-
chem. Biophys. Res. Commun. 1998, 248, 9—12.

(28) Xiao, S.; Gillespie, D. G.; Baylis, C.; Jackson, E. K.; Dubey, R. K.
Effects of Estradiol and Its Metabolites on Glomerular Endothelial
Nitric Oxide Synthesis and Mesangial Cell Growth. Hypertension
2001, 37, 645-650.

(29) Kurokawa, A.; Azuma, K.; Mita, T.; Toyofuko, Y.; Fujitani, Y.;
Hirose, T.; Iwabuchi, K.; Ogawa, H.; Takeda, S.; Kawamori, R.;
Watada, H. 2-Methoxyestradiol Reduces Monocyte Adhesion to
Aortic Endothelial Cells in Ovariectomized Rats. Endocr. J. 2007,
54, 1027-1031.

(30) Dubey, R. K.; Imthurn, B.; Jackson, E. K. 2-Methoxyestradiol: a
Potential Treatment for Multiple Proliferative Disorders. Endo-
crinology 2007, 148, 4125-4127.

absorption.*! From tissue analysis 60 min after intravenous
(iv) bolus injection of 11C-2MeO-E2, this compound was
highly accumulated in the liver, followed by lung and kidneys
of the mice, consistent with hepatic uptake and elimination.*>
However, no determinations of 2MeO-E2 distribution in
mouse intestine were performed, although this organ could
be vital in 2MeO-E2 metabolism. PK analysis has shown
that 2MeO-E2 elimination followed a biexponential pattern
with a terminal half-life (¢;5) of 19 min, which was in
agreement with the findings of other investigators, #,, of 14
and 20.2 min.>*** 2MeO-E2 clearance (CL) and volume
distribution (V) were estimated to be 0.36 or 14.3 mL/min
and volume of distribution of 52.9 or 427.5 mL for mice
and rats, respectively. Lee et al. (2007) also have indicated
that AUC and 2MeO-E2 plasma concentration were dose
proportional between intravenous doses of 0.18 to 8.5 ug,
corresponding to 0.025—0.3 mg/kg body weight.*?

2MeO-E2 PK in Humans. To achieve limited positive
response on tumor treatment with 2MeO-E2, large orally
administered doses were required, up to 3000 mg bid."*~'?
Even at these doses, the plasma concentration of 2MeO-E2
remained in the lower nanogram per milliliter range, and
unphysiologically high apparent CL and V4 were estimated
with median #,, of about 1 to 2 days. Such a long half-life
in comparison to #;, obtained in rodents may be attributed
to a much higher extent of binding of 2MeO-E2 to plasma
proteins. However, the plasma protein binding in rats has
not been reported in the literature. Additionally, it has been
suggested that the long half-life may be due to extensive
enterohepatic recycling in humans, but this remains to be
established.

Consequently, the drug binding to plasma proteins in
humans was 97.4 + 0.22%, which was also concentration
independent at 2MeO-E2 concentrations of 3.3 to 100 nM.>>
In this study, the binding association constant for 2MeO-E2
was highest for albumin (4.29 (£0.420) x 10*mol/L), then
o-acid glycoprotein (4.41 (£0.139) x 10*%mol/L) and sex-
hormone-binding globulin (1.5 (£0.26) x 10° /mol/L).
Taking their reciprocals provides dissociation constants of

(31) Squillace, D. P.; Reid, J. M.; Kuffel, M. J.; Ames, M. M.
Bioavailability and in vivo Metabolism of 2-Methoxyestradiol in
Mice. Proc. Am. Assoc. Cancer Res. 1998, 39, 523.

(32) Lee, L; Choe, Y. S.; Jung, K.-H.; Lee, K.-H.; Choi, J. Y.; Choi,
Y.; Kim, B.-T. 2-[methyl-''C] Methoxyestradiol: Synthesis,
Evaluation and Pharmacokinetics for in Vivo Studies on Angio-
genesis. Nucl. Med. Biol. 2007, 34, 625-631.

(33) Ireson, C. R.; Chander, S. K.; Purohit, A.; Perera, S.; Newman,
S. P.; Parish, D.; Leese, M. P.; Smith, A. C.; Potter, B. V. L.;
Reed, M. J. Pharmacokinetics and Efficacy of 2-Methoxyoestradiol
and 2-Methoxyoestradiol-bis-sulphamate in Vivo in Rodents. Br. J.
Cancer 2004, 90, 932-937.

(34) Zacharia, L. C.; Piché, C. A.; Fielding, R. M.; Holland, K. M.;
Allison, S. D.; Dubey, R. K.; Jackson, E. K. 2-Hydroxyestradiol
is a Prodrug of 2-Methoxyestradiol. J. Pharmacol. Exp. Ther.
2004, 309, 1093-1097.

(35) Lakhani, N.; Sparreboom, A.; Venitz, J.; Dahut, W. L.; Figg, W. D.
Plasma Protein Binding of the Investigational Anticancer Agent
2-Methoxyestradiol. Anti-Cancer Drugs 2006, 17, 977-983.
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approximately 23.3 uM, 22.7 uM, and 0.67 uM for albumin,
al-acid glycoprotein, and sex-hormone binding globulin,
respectively. Furthermore, at clinically relevant protein
concentrations, the fraction unbound for albumin (4 g/dL),
al-acid glycoprotein (0.25 g/dL), and sex-hormone binding
globulin (20 wug/mL) was 3.75%, 27.6%, and 73.3%,
respectively, indicating that, despite its low apparent affinity,
albumin is the greatest contributor to plasma protein binding
of 2MeO-E2.

In addition, clinical trials revealed that a linear relationship
was not found between Cy,.x or AUC and the 2MeO-E2 dose
in doses ranging from 400 mg to 3000 mg administered twice
daily, or 400 mg to 1200 mg administered once daily.'>!*
The doses administered in these studies (approximately 6—40
mg/kg) were much larger and given by a different route;
thus they cannot be readily compared to the results of Lee
et al.*? in which linear kinetics were reported in mice upon
a much smaller intravenous dose.

Lakhani et al. (2003) found less than 0.01% of the
unchanged 2MeO-E2 in urine and about 1% as glucuronides
after oral administration of 800 or 2200 mg bid.? The latter
indicates that glucuronidation might be a major pathway of
2MeO-E2 metabolism. The estimated hepatic clearance of
2MeO-E2 could be as high as 712 mL/min, about half
of hepatic blood flow.” This value includes known phase I
and II metabolism of 2MeO-E2 but not biliary excretion.
Hence, 2MeO-E2 clearance could be as high as hepatic blood
flow, which makes 2MeO-E2 a high extraction ratio drug.
This leads to the conclusion that first pass metabolism is
also major player in 2MeO-E2 disposition.'”” Lakhani (2005)
also reported that 2MeO-E2 solubility in phosphate buffer
(pH 6—7) is only about 2.3 to 3.3 ug/mL, whereas its high
apparent permeability (P,,,) of 28.8 &+ 4.9 x 107° cm/s
allows the drug to easily penetrate gastrointestinal wall.*
This makes 2MeO-E2 fall into class 2 of the Biopharma-
ceutical Classification System (BCS): a drug with high
permeability but poor GI solubility.

2MeO-E2 Metabolism. 2MeO-E2 contains two hydroxyl
groups at the positions C-3 and C-17 and thus, it is a potential
substrate for UDP-glucuronosyltransferases (UGTs). Using
transfected cell lines, Basu et al. (2004) and Lépine et al.
(2004) have reported that several UGT 1A and some 2B
isoforms extensively transformed 2MeO-E2 to the glucu-
ronidated forms, as summarized in Table 1.373® The relative
contribution to the metabolism of 2MeO-E2 by some UGTs
is somewhat controversial. The exact reason is unclear;
however, the assay methods they used differed in terms of

(36) Lakhani, N. J. Evaluation of the Pharmacokinetic-Pharmacody-
namic Relationship, Metabolism and Plasma Protein Binding of
the Novel Antitumor Agent, 2-Methoxyestradiol (2ME?2) Follow-
ing Oral Administration in the Patients with Solid Tumors. PhD
Diss., Virginia Commonwealth University, 2005.

(37) Basu, N. K.; Kubota, S.; Meselhy, M. R.; Ciotti, M.; Chowdhury,
B.; Hartori, M.; Owens, 1. S. Gastrointestinally Distributed UDP-
glucuronosyltransferase 1A10, Which Metabolizes Estrogens and
Nonsteroidal Anti-inflammatory Drugs, Depends upon Phospho-
rylation. J. Biol. Chem. 2004, 279, 28320-28329.
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Table 1. Rates of 2-Methoxyestradiol (2MeO-E2)
Glucuronidation by Human UGT Isoforms

pmol/h/mg protein

UGTs Basu et al., 20043 Lépine et al., 2004%8
1A1 160 + 30 1306—2612
1A3 621 + 21 261—-1305

1A7 2504 + 95

1A8 2045 £ 77 1306—2612

1A9 ~52.5 261—1305
1A10 7933 + 267 261—1305

2B4 131—-260

2B7

2B17 26—130

the expression system, buffer and cofactor concentrations,
detergents, as well as substrate concentrations and incubation
times. For example, Basu et al. expressed the enzymes in
COS-1 cells, using 200 uM substrate concentrations and a
4 h incubation, whereas Lepine et al. used HEK293 cells,
25 uM substrate, and 16 h incubation. These different assay
methods may have led to differing results. Basu et al. (2004)
implied that UGT1A10 is the main isozyme contributing to
2MeO-E2 glucuronidation. However, Lépine et al. (2004)
reported catalytic efficiencies for 2MeO-E2 3-glucuronidation
for UGT1AS, 1Al and 1A3 of 15.9,4.5, and 3.1 uL./min*mg
protein, respectively. Although K,, (12 uM) for UGT1A10
implies that this isozyme has a high affinity for 2MeO-E2,
its intrinsic clearance was estimated to be quite low.*8
Glucuronidation of 2MeO-E2 took place at higher rates than
methoxylated or hydroxylated estrones.>’*® Both groups
agreed that UGT2B7 was significantly not involved in the
formation of 2MeO-E2 glucuronides, and there was no
detectable glucuronidation occurring at the C-17 position.
Even for primary estrogens like E2, the involvement of
UGT2B7 or other isozymes in the formation of estradiol-
17B-glucuronide is not quite clear.>®*° On the other hand,
incubation with pooled human liver microsomal proteins
resulted in formation of two types of glucuronides, presum-
ably 2MeO-E2-17- and -3-glucuronides.” Therefore, the
mechanism of formation, conditions, and type of enzymes
participating in the formation of 17-glucuronide still need
to be clarified.

(38) Lépine, J.; Bernard, O.; Plante, M.; Tétu, B.; Pelletier, G.; Labrie,
F.; Bélanger, A.; Guillemette, C. Specificity and Regioselectivity
of the Conjugation of Estradiol, Estrone, and Their Catecholestro-
gen and Methoxyestrogen Metabolites by Human Uridine Diphos-
pho-glucuronosyltransferases Expresses in Endometrium. J. Clin.
Endocrin. Metab. 2004, 89, 5222-5232.

(39) Ritter, J. K.; Sheen, Y. Y.; Lubet, R. A.; Owens, I. S. Cloning
and Expression of Human Liver UDP-Glucuronosyltransferase in
COS-1 Cells. 3,4-Catechol Estrogens and Estriol as Primary
Substrates. J. Biol. Chem. 1990, 265, 7900-7906.

(40) Gall, W. E.; Zawada, G.; Mojarrabi, B.; Tephly, T. R.; Green,
M. D.; Coffman, B. L.; Mackenzie, P. I.; Radominska-Pandya,
A. Differential Glucuronidation of Bile Acids, Androgen and
Estrogen by Human UGT1A3 and 2B7. J. Steroid Biochem. Mol.
Biol. 1999, 70, 101-108.
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In vitro experiments have shown that glucuronidation of
2MeO-E2 might not be limited to the liver. Hence, UGT1A1
mRNA is expressed (mMRNA) in duodenum:ileum:stomach
at relative levels of approximately 10:4:1.>” UGT1A7 is also
present in nearly every tissue with high levels in esophagus,
thyroid and adrenal glands, with the highest being in
esophagus.*! UGT1A8 was found at moderate to high
expression levels in esophagus, duodenum ileum, colon, and
stomach. UGT1A9 appeared to be highly expressed in distal
parts of the GI tract such as jejunum, ileum, colon and
rectum. The highest amounts, however, were found in kidney
and liver.*! UGT1A10 appeared to be present in duodenum:
ileum:colon:stomach:esophagus at relative levels of 9:8:3:
2:1.>7 Therefore, orally administered 2MeO-E2 can theo-
retically undergo extensive metabolism starting in esophagus
by UGT1A7, followed by UGT1AS in stomach (empty), then
in duodenum by UGT1Al, 1A7, 1A9, and 1A10, in ileum
by UGT1A1, 1A9 and 1A10, colon by UGT1A7, 1A9, and
1A10, and of course, in liver by UGT1A1, 1A3, 1A9. Of
course, the actual contribution of these enzymes to 2MeO-
E2 metabolism would be strongly influenced by tissue surface
area, residence time of the drug in the organ, enzyme
expression level, and drug concentration, all of which
determine the exposure of the drug to the enzyme(s). Lakhani
et al. (2007) have also emphasized that phase I metabolism
can play an important role in metabolism of 2MeO-E2, but
not as extensively as glucuronidation.” Although no oxidative
metabolites were found in urine samples of patients taking
2MeO-E2, in vitro experiments showed the presence of five
phase I metabolites such as 2MeO-E1, 2-hydroxyestradiol,
2-hydroxyestrone, 2,3-dimethoxyestrone, and 2,3-dimethox-
yestradiol. The incubation of 2MeO-E2 with different
recombinant CYP450 enzymes demonstrated that the fol-
lowing isoforms are responsible for hepatic oxidation of the
drug: CYPIAL, 1A2, 3A4, 3A5 and 2E1.%® Neither the urine
samples nor in vitro studies showed the presence of sulfated
metabolites of 2MeO-E2 indicating that 2MeO-E2 metabo-
lism by sulfotransferase is limited or does not take place.
However, it was reported that 2MeO-E2 can undergo
sulfonation catalyzed by SULT1A1.** Being a low-capacity
and high-affinity enzyme, SULT1A1 may be effective in
2MeO-E2 biotransformation in nanomolar range; at very high
concentrations UGTs become the major route of 2MeO-E2
biotransformation. The additional bulk of the C-2 methoxy
group may also inhibit SULT activity.’

2MeO-E2 Transport. To our knowledge, no studies have
been published so far to reveal the role of transporters,
especially ATP-binding cassette (ABC) transporters, on the
disposition of 2MeO-E2. Some research, however, was done
to identify an ABC transporter that might be responsible for
the movement of E2 through the lipid bilayer. Considering

(41) Basu, N. K.; Ciotti, M.; Hwang, M. S.; Kole, L.; Mitra, P. S;
Cho, J. W.; Owens, I. S. Differential and Special Properties of
the Major Human UGT1-encoded Gastrointestinal UDP-glucu-
ronosyltrasferases Enhance Potential to Control Chemical Uptake.
J. Biol. Chem. 2004, 279, 1429-1441.

the fact that E2 and 2MeO-E2 are structurally similar, one
might also apply the results obtained with E2 to 2MeO-E2.
Because E2 is a very hydrophobic compound, it would be
reasonable to assume that E2 is a substrate for Pgp (ABCB1),
known to transport a variety of hydrophobic compounds.*?
However, Fujise et al. (2002) have shown via in vitro
experiments that estradiol is not a P-glycoprotein substrate,
whereas uptake experiments with inside-out membrane
vesicles and BCRP-transduced cells showed that E2 is a
competing substrate for breast cancer resistance protein
(BCRP), known also as ABCG2.**"*° In any case, diffu-
sional permeabilities for these compounds would likely
overwhelm any contribution of ABC efflux transporters to
overall transport of E2 or 2MeO-E2. However, they may
result in inhibition of certain transporters if sufficiently high
local concentrations of the parent compounds or their
metabolites are achieved.

Pharmacokinetic—Pharmacodynamic
Relationships

The pharmacokinetic—pharmacodynamic relationships for
2MeO-E2 have not been clearly established in humans, since
phase three clinical trials have not yet been published.
However, as clinical trials proceed, one may expect more
data to be published to elucidate this issue. In phase 1 clinical
trials of 2MeO-E2, one ovarian cancer patient showed a
partial response despite low circulating 2MeO-E2 concentra-
tions, leading Lakhani et al. to suspect an active metabolite
of 2MeO-E2.%¢ This possibility remains to be investigated.
However, an alternative explanation could be reversible
metabolism. In such a case, 2MeO-E2-3-glucuronide could
enter a tissue and be cleaved by cellular glucuronidases,
releasing “free” 2MeO-E2. Glucuronidase activity in breast
cancer tissue was demonstrated long ago by Fishman and
Anlyan.*” More recently the presence of such glucuronidases

(42) Spink, B. C.; Katz, B. H.; Hussain, M. M.; Pang, S.; Connor,
S. P.; Aldous, K. M.; Gierthy, J. F.; Spink, D. C. SULTIALI
Catalyzes 2-Methoxyestradiol Sulfonation in MCF-7 Breast
Cancer Cells. Carcinogenesis 2000, 21, 1946-1957.

(43) Schinkel, A. H.; Jonker, J. W. Mammalian Drug Efflux Transport-
ers of the ATP Binding Cassette (ABC) Family: an Overview.
Adv. Drug Delivery Rev. 2003, 55, 3-29.

(44) Fujise, H.; Annoura, T.; Sasawatari, S.; lkeda, T.; Ueda, K.
Transepithelial Transport and Cellular Accumulation of Steroid
Hormones and Polychlorobiphenyl in Porcine Kidney Cells
Expressed with Human P-glycoprotein. Chemosphere 2002, 46,
1505-1511.

(45) Janvilisri, T.; Venter, H.; Shahi, S.; Reuter, G.; Balakrishnan, L.;
van Veen, H. W. Sterol Transport by the Human Breast Cancer
Resistance Protein (ABCG2) Expressed in Lactococcus lactis.
J. Biol. Chem. 2003, 278, 20645-20651.

(46) Imai, Y.; Tsukahara, S.; Ishikawa, E.; Tsuruo, T.; Sugimoto, Y.
Estrone and 17f(-Estradiol Reverse Breast Cancer Resistance
Protein-Mediated Multidrug Resistance. Jpn. J. Cancer Res. 2002,
93, 231-235.

(47) Fishman, W. H.; Anlyan, A. J. The presence of high beta-
glucuronidase activity in cancer tissue. J. Biol. Chem. 1947, 169,
449-50.
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in lung cancer tissue inspired the design of a glucuronidase-
activated prodrug of doxorubicin which would attempt to
selectively target cancer tissues in which this enzyme was
highly expressed.*® Thus the release of 2MeO-E2 from its
glucuronide within the tumor, if it occurs, could explain the
observation by Lakhani et al. Further research is needed to
fully relate the pharmacokinetics of 2MeO-E2 (and its
metabolites) to their pharmacodynamics in humans.

Attempts To Conquer Challenges

New Formulations. There are several approaches to solve
the problem of low solubility of 2MeO-E2, including
improved formulations. For instance, encapsulation of 2MeO-
E2 within biodegradable and biocompatible layers of poly-
electrolyte led to an increase in the drug solubility and
stability for up to 9 months in aqueous solution.** This
multilayered matrix easily released the active ingredient and
was shown to produce a slightly better or similar effect as
free 2MeO-E2 in in vitro experiments. These microcrystals,
however, need to be further tested in vivo to determine their
efficacy.

Generally, particles of smaller diameter allow a drug to
dissolve at higher rates. Thus, Tevaarwerk et al. (2009) have
conducted phase I clinical trials for the purpose of evaluating
the efficacy of nanocrystal dispersion of 2MeO-E2.%" It was
observed that there was a dose dependent increase in the
systemic exposure within the dose range of 250—1000 mg,
and minimal increase at higher doses. The maximally
tolerated dose was found to be 1000 mg every 6 or 8 h.
Based on the published data, this nanocrystal drug formula-
tion led to an increase in 2MeO-E2 bioavailability to
approximately 3—4%, which is 3- to 4-fold higher than those
observed with “typical” formulations, but the bioavailability
remains very low.

Coadministration with Inhibitors. It may be possible to
formulate 2MeO-E2 with other agents in an attempt to
decrease its extensive presystemic elimination, thus enabling
more of the drug to reach systemic circulation. Such
inhibitors would need to be effective at inhibiting the major
enzymes metabolizing 2MeO-E2 including several UGT
isoforms, CYP1A1, and SULT1A1 as discussed above, but
without significant toxicities of their own. Such an approach,
if effective, may increase the toxicity of 2MeO-E2 and may
have problems with drug—drug interactions. We are currently
investigating a novel, proprietary combination approach.

(48) Murdter, T. E.; Sperker, B.; Kivisto, K. T.; McClellan, M.; Fritz,
P.; Friedel, G.; Linder, A.; Bosslet, K.; Toomes, H.; Dierkesmann,
R.; Kroemer, H. K. Enhanced uptake of doxorubicin into bronchial
carcinoma: beta-glucuronidase mediates release of doxorubicin
from a glucuronide prodrug (HMR 1826) at the tumor site. Cancer
Res. 1997, 57, 2440-2445.

(49) Wang, S. H.; Shi, Z.; Chen, X.; Baker, J. R., Jr. Therapeutic
Efficacy of 2-Methoxyestradiol Microcrystal Encapsulated within
Polyelectrolyte Multilayers. Macromol. Biosci. 2009, 9, 429-436.

(50) Tevaarwerk, A. J.; Holen, K. D.; Alberti, D. B.; Sidor, C.; Arnott,
J.; Quon, C.; Wilding, G.; Liu, G. Phase I Trial of 2-Methox-
yestradiol NanoCrystal Dispersion in Advanced Solid Malignan-
cies. Clin. Cancer Res. 2009, 15, 1460-1465.
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Alternative Routes of Administration. In addition to oral
formulations, parenteral formulations may be explored. These
nonoral routes of administration would diminish problems
with the extensive presystemic metabolism of 2MeO-E2,
although solubility remains problematic. For example, in-
travenous dosing would almost certainly require a nonaque-
ous solvent such as propylene glycol or polyethylene glycol,
or pharmaceutical surfactants such as Cremophor EL. Also,
long-term intravenous dosing would be difficult to maintain.
Nonaqueous depot injection of 2MeO-E2 directly into the
area of the tumor is a possibility. For transdermal administra-
tion, which is commonly used for many contraceptives
containing estrogens and progestins, it may be difficult to
achieve desired plasma concentrations of 2MeO-E2.

Synthesis of Active Analogues or Prodrugs. Syntheses
of 2MeO-E2 analogues with similar or better anticancer
activities and lower rates of metabolism or prodrugs with
improved solubility are another way to resolve low bioavail-
ability of 2MeO-E2. An introduction of various functional
groups at different locations on the structure of 2MeO-E2
structure yielded a variety of compounds.’’>*> However, it
is of interest to synthesize a compound with other than
hydroxyl and amine (NH,) groups at C-3 and C-17 which
would still possess similar or improved antitumor properties.

The anticancer activity of 2MeO-E2 is primarily associated
with the methoxy moiety at C-2. Therefore, any changes at
this location resulted in the reduction in efficacy to inhibition
of tubulin polymerization.>® The compounds with different
functional groups at C-2 are listed in Table 2, compounds 2
through 10. These drugs were tested in several cancer cell
lines, but for the sake of comparison between analogues only
a few cell lines were selected, and the results are listed in
Table 2. Antiproliferative properties (ICsq) or growth inhibi-
tion (Glsp) were reported as ICsy (or Glsp) ratio of 2MeO-
E2 to 2MeO-E2 analogues. Values larger than 1 are
indicative of higher potency of 2MeO-E2 analogue than
2MeO-E2. The analogues with bulky side groups or elec-
tronegative atoms at C-2 lost their anticancer activities;
therefore only drugs with small and nonpolar moieties such
as propynyl (compound 9) and 3-hydroxy-1-propenyl (com-
pound 2) possessed comparable properties to 2MeO-E2.
Hence, modifications at C-3 or C-17 would be more
desirable.

(51) Cushman, M.; He, H.-M.; Katzenellenbogen, J. A.; Varma, R. K.;
Hamel, E.; Lin, C. M.; Ram, S.; Sachdeva, Y. P. Synthesis of
Analogs of 2-Methoxyestradiol with Enhanced Inhibitory Effects
on Tubulin Polymerization and Cancer Cell Growth. J. Med.
Chem. 1997, 40, 2323-2334.

(52) Agoston, G. E.; Shah, J. H.; LaVallee, T. M.; Zhan, X.; Pribluda,
V. S.; Treston, A. M. Synthesis and Structure-Activity Relation-
ships of 16-modified analogs of 2-Methoxyestradiol. Bioorg. Med.
Chem. 2007, 15, 7524-7537.

(53) Cushman, M.; Mohanakrishnan, A. K.; Hollingshead, M.; Hamel,
E. The Effect of Exchanging Various Substituents at the 2-Position
of 2-Methoxyestradiol on Cytotoxicity in Human Cancer Cell
Cultures and Inhibition of Tubulin Polymerization. J. Med. Chem.
2002, 45, 4748-4654.
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Table 2. 2MeO-E2 Analogues and Their Relative Anticancer Activities

Position

Comp Effect/Cell Line Relative Potency Reference
C-2 C-3 C-17
2MeO-E2 CH;O OH OH 1

2 C;H,OH OH OH 1.53

3 EtO-OH OH OH 0.01

4 CHNC,H,N(Me), OH OH <0.01

5 CHNC,H,0H OH OH <0.01 3Cushman et al.,

6 (Me0);Ph-C;H, OH OH MDA-MB-435 0.02 2002

7 Ph-C, OH OH Cytotoxicity 0.01

8 CH OH OH 0.04

9 CH;C, OH OH 0.62

10 CN OH OH <<0.01

11 CH;0 PO;H, OH 0.73

12 CH;0 OH PO;H, <0.01 Edsall et al., 2007
13 CH;0O PO;H, PO;H, <<0.01

14 CH;0 NHCN OH 1.44 “ )

Suwandi et al.,

15 CH;O NHCONH, OH 1.15 2009

16 CH;0 NHCOH OH 9.7

17 CH;O OH H 0.64 53Shah et al., 2009
18 CH;O C,H; H 1.17

19 CH;0 CONHEt H HUVEC Antiproliferation 0.02

20 CH;O CONH, H 0.57 *Agoston et al.,

21 CH;O NH, H 0.14 2009

22 CH;O NHCOH H 0.12

23 CH;0 NHCOMe H 0.4

24 CH;O OH CH, 442 53Shah et al., 2009
25 CH;O CONH, CH, 2.72

26 CH;0 NH, CH; 0.68 Agoston et al., 2009
27 CH;0  NHCOH CH, 3.09

28 CH;0 OH CHCH;, 3.23 >>Shah et al., 2009
29 CH;0 NH, CHCH; 0.94 *6Agoston et al., 2009
30 CH;0  NHCOH CHCH; 1.17
31 CH;0 OH CHCH,CH, 0.26
32 CH;0 OH CHCH,CH,CH; 0.24 **Shah et al., 2009
33 CH;0 OH CH; 0.35
34 CH:;0 NH; CH, 026 56Agoston et al., 2009
35 CH;0  NHCOH CH; 1.17
36 CH;0 OH CH,CH, 0.23
37 CH;0 OH CH,CH,CH; 0.02 Shah et al., 2009
38 CH:0 oH CH,CH,CILCH; HUVEC Antiproliferation 0.07
39 CH;O OH N,HSO,Ph-CHj 0.011

40 CH;0 OH NH, 0.06

41 CH;0 OH NH-Pr 0.04

4 CH;0 OH NOH 0.2 **Shah, et al., 2009
43 CH;0 OH COOH 0.02

44 CH;0 OH CONH, 0.18

45 CH;0 OH 16,17-Olefin 1.18

46 CH;0 CONH, 16,17-Olefin 5.23 *5Agoston et al., 2009
47 CH;O0  NH,S0; OH 10 **Newman et al., 2004
48 CH;O0  NH,SO; NH,S0; 60

49 CH;CH, OH OH <03 **Newman et al., 2004
50 CH;CH,  NH,SOs OH >300

47 CH;O0  NH,SO; OH 6.3

48 CH;0 NH,S0; NH,SO; MCF7 Antiproliferation 6.3 **Newman et al., 2004
48 CH;0 NH,SO; NH,SO; 6.25 *"Raobaikady et al., 2003

Table 2 also contains a list of compounds and their
antiproliferative properties where a new group was intro-
duced to C-17, C-3 or at both locations simultaneously. Only
3 out of 25 compounds (compounds 14, 15 and 16) with

substituted group at C-3 were added to the table because
they seemed to be more potent than 2MeO-E2 itself.>* All
three compounds are H-donors, not bulky and contained &
electrons as a part of nitrile or carbonyl. When the hydroxyl
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Table 3. Pharmacokinetic Summary of Selected 2MeO-E2
Analogues

compd Cpax (NM) AUC (nM h) BA (%)

reference

1 BLOQ? BLOQ Shah et al., 2009°°
24 40 572 32.8

25 62 467 22.8 Agoston et al., 2009°¢
27 127 1703 39.5

28 80 1163 84.2  Shah et al., 2009%°
30 83 659 24.7  Agoston et al., 2009%°
35 73 673.2 20.6

46 42 320 14.3

2 BLOQ: below the limit of quantification.

group at C-17 was substituted by other moieties such as
methylene and ethylene (compounds 24 and 28), the potency
of the drug increased in comparison with 2MeO-E2. How-
ever, as previously discussed, the substitution with groups
of longer chains caused antiproliferative properties to decline
(e.g., compounds 33 vs 36—38). An introduction of amine
(40), carboxamide (44), and hydroxyl amide (42) decreased
the potency of the 2MeO-E2 analogues.>”

Double modification at C-3 and C-17 tended to decrease
the potency not only in comparison to 2MeO-E2°° but, in
some cases, also in comparison to the compounds with only
one modified group at C-17 (Table 2), despite the fact that
each group substituted at a single location showed improve-
ment in antiproliferative properties (e.g., compounds 16, 24,
and 27). The only exception is compound 46, the potency
of which is actually increased 5-fold in comparison to 2MeO-
E2.

The drugs with improved therapeutic properties should
also have better pharmacokinetic properties to be more
advantageous than 2MeO-E2. Some PK parameters of the
selected 2MeO-E2 analogues measured via cassette dosing
in rats are listed in Table 3.°>° Bioavailabilities of all
compounds were estimated to be between 14 and 84%.
Chax and AUC values were possible to estimate unlike
for 2MeO-E2. Compound 27 had the highest Cux.
However, this drug and also 30 and 35 have formamides
at C-3 which might have aniline-like toxicity if they are
cleaved® and thus might be not suitable as anticancer
drugs. The addition of ethylene or methylene groups to
C-17 affected the compound solubility and glucuronidation
rate by reducing them both. Instead of a single first order

reaction, in vitro glucuronidation of 2MeO-E2 analogues
occurred via a slow initial phase and a faster second
phase.>® Perhaps due to the slow initial metabolic phase
the AUC for compounds 24 and 28 was larger than that
for 2MeO-E2; however their metabolic rate during the
second phase was much faster than for 2MeO-E2. Thus,
compounds 46 and 25 could be potential anticancer drugs.
Compound 46 is currently in phase I clinical trials.”®

The introduction of other groups to C-17 or C-3 had
variable success. For instance, the addition of sulfamate to
C-17 (compound 47) or to both C-17 and C-3 (compound
48) resulted in drastic improvement of the antiproliferative
properties of the compound, and it was attributed to the
compound itself rather than its actions as a prodrug.”’® On
the other hand, the addition of phosphates to the 2MeO-E2
structure (compounds 11—13, Table 2) diminished the
therapeutic properties in most of the tested cancer cell lines,
and it was concluded to be inefficient as prodrugs.”® The
most effective phosphate prodrug, however, was determined
to be 3-phosphate-2-MeO-E2, but it possessed high toxicity
in comparison to 2MeO-E2 itself. Sulfamoylation at either
C-3 alone or C-3 and C-17 (compounds 47 and 48,
respectively) substantially improved the antiproliferation
potency.’”>® Finally, although replacing the 2-methoxy group
with an ethyl group (compound 49) had decreased potency
as discussed earlier, sulfamoylation (compound 50) had
drastically improved potency.”’-®

Conclusions

2MeO-E2 is an active metabolite of estrogen which is found
to possess anticancer activities on several cancer cell lines. In
vivo studies have revealed that 2MeO-E2 is well tolerated, but
due to its extensive first pass metabolism and low solubility,
subtherapeutic plasma concentrations of 2MeO-E2 were ob-
served despite large orally administered doses. Pharmacokinetic
analysis revealed nonlinear dose proportionality in addition to
the low oral bioavailability of 2MeO-E2. 2MeO-E2 is exten-
sively metabolized not only in the liver but also in the GI tract.
Although glucuronidation is considered to be a major route of
2MeO-E2 inactivation, 2MeO-E2 is also largely converted into
2MeO-El and is also metabolized by several CYPs. The
attempts to tackle the problems related to 2MeO-E2 low
solubility and/or extensive metabolism did not always result in

(54) Suwandi, L. S.; Agoston, G. E.; Shah, J. H.; Hanson, A. D.; Zhan,
X. H.; LaVallee, T. M.; Treston, A. M. Synthesis and Antitumor
Activities of 3-Modified 2-Methoxyestradiol Analogs. Bioorg.
Med. Chem. Lett. 2009, 19, 6459-6462.

(55) Shah, J. H.; Agoston, G. E.; Suwandi, L.; Hunsucker, K.; Pribluda,
V.; Zhan, X. H.; Swartz, G. M.; LaVallee, T. M.; Treston, A. M.
Synthesis of 2- and 17-Substituted Estrone Analogs and Their
Antiproliferative Structure-Activity Relationships Compared to
2-Methoxyestradiol. Bioorg. Med. Chem. 2009, 17, 7344-7352.
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the desired improvement. Thus, new formulations only modestly
improved the oral bioavailability. Several different 2MeO-E2
analogues have been synthesized that would be more metaboli-
cally stable than the parent drug, but only a few of them have
shown some promise. Although 2MeO-E2 is a promising
anticancer drug, the resolution of its current problems associated
with solubility and metabolism are far from being completed
for a successful launch of 2MeO-E2 into the market. Further
studies will be required to identify the receptors targeted by
2MeO-E2 and mediating its therapeutic effects. Additional
compounds can be designed to bind these receptors.

Abbreviations Used

2MeO-El, 2-methoxyestrone; 2MeO-E2, 2-methoxyestra-
diol; ABCB1, ATP-binding cassette transporter isoform B1;
ABCG2, ATP-binding cassette transporter isoform G2; AUC,

area under the plasma drug concentration—time curve; Cp.x,
maximum drug concentration; BCRP, breast cancer resistance
protein; CL, clearance; COMT, catechol-O-methyltrans-
ferase; CYP or CYP450, cytochrome P450; E1, estrone; E2,
estradiol; ER, estrogen receptor; Pgp, P-glycoprotein; SULT,
sulfotransferase; t#,,,, half-time; Vy, volume of distribution;
UGT, UDP-glucuronosyltransferase.
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