
Characterization of 17-dihydroexemestane glucuronidation:
potential role of the UGT2B17 deletion in exemestane
pharmacogenetics

Dongxiao Suna,c, Gang Chena,d, Ryan W. Dellingera,c, Arun K. Sharmab,c, and Philip
Lazarusa,c,d
a Molecular Epidemiology and Cancer Control, Penn State Cancer Institute, Penn State University
College of Medicine, Hershey, Pennsylvania, USA
b Chemical Carcinogenesis and Chemoprevention Programs, Penn State Cancer Institute, Penn
State University College of Medicine, Hershey, Pennsylvania, USA
c Department of Pharmacology, Penn State University College of Medicine, Hershey,
Pennsylvania, USA
d Department of Public Health Sciences, Penn State University College of Medicine, Hershey,
Pennsylvania, USA

Abstract
Objective—Exemestane is a third-generation aromatase inhibitor used in the treatment of breast
cancer in postmenopausal women. Reduction to form 17-dihydroexemestane and subsequent
glucuronidation to exemestane-17-O-glucuronide is a major pathway for exemestane metabolism.
The goal of this study was to analyze 17-dihydroexemestane anti-aromatase activity, characterize
the 17-dihydroexemestane glucuronidation pathway, and determine whether the functional
polymorphisms in active UGTs could play a role in altered 17-dihydroexemestane
glucuronidation.

Methods—Homogenates from a HEK293 aromatase-overexpressing cell line (HEK293-aro)
were used to examine exemestane versus 17-dihydroexemestane anti-aromatase activities. UGT-
overexpressing cell lines and a panel (n = 110) of human liver microsome (HLM) were screened
for glucuronidation activity against 17-dihydroexemestane. UGT2B17 genotyping and liver
mRNA expression were performed by real-time PCR.

Results—The inhibition of estrone formation from androst-4-ene-3,17-dione in HEK293-aro cell
homogenates was similar for 17-dihydroexemestane (IC50 = 2.3 ± 0.83 μmol/l) and exemestane
(IC50 = 1.4 ± 0.42 μmol/l). UGTs 2B17 and 1A4 were high-expression hepatic UGTs that
exhibited activity against 17-dihydroexemestane, with UGT2B17 exhibiting a 17-fold higher
Vmax/KM than UGT1A4. The rate of exemestane-17-O-glucuronide formation was shown to be
significantly (P < 0.001) decreased (14-fold) in HLMs exhibiting the UGT2B17(*2/*2) deletion
genotype versus wild-type UGT2B17(*1/*1) HLMs; a 36-fold lower Vmax/KM (P = 0.023) was
observed in UGT2B17(*2/*2) versus UGT2B17(*1/*1) HLMs. A significant (P < 0.0001, R2 =
0.72) correlation was observed between HLM exemestane-17-O-glucuronide formation and liver
UGT2B17 expression.
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Conclusion—These data suggest that 17-dihydroexemestane is an active metabolite of
exemestane and that the UGT2B17 deletion polymorphism could play an important role in
determining levels of excretion of 17-dihydroexemestane and overall exemestane metabolism.

Keywords
aromatase inhibitor; breast cancer; exemestane 17-dihydroexemestane; glucuronidation;
metabolism; pharmacogenetics; UDP glucuronosyltransferase

Introduction
Breast cancer is the most common malignancy among women, with a lifetime risk for breast
cancer in women of 10%. US National Cancer Institute estimated 192 370 new cases and 40
170 death from breast cancer in females in 2009 in the United States [1]. In the past 4
decades, treatment with tamoxifen for 5 years has been a standard of care for estrogen-
dependent breast cancer [2–5]. However, limitations of tamoxifen therapy include
significant adverse effects like increased risk for endocrine cancer [6,7], have prompted the
search for alternative endocrine therapies with increased efficacy and fewer long-term
complications.

Aromatase inhibitors (AIs) work by blocking the aromatase enzyme in the final step of
estrogen synthesis, thus lowering circulating estrogen levels. Exemestane is a
noncompetitive third-generation AI that is structurally related to the natural aromatase
substrate, androstene-dione. Evidence from several clinical trials indicates that exemestane
may be superior to tamoxifen as first-line therapy for postmenopausal women with
metastatic breast cancer [8]. Results from at least eight major clinical trials indicate that AIs
are associated with longer disease-free survival than therapy with tamoxifen alone [9].
Exemestane is effective for the treatment of postmenopausal women with early-stage or
advanced breast cancer [10]. The major toxicity associated with AIs including exemestane is
joint pain and bone loss, the propensity for bone fractures, and increased risk for
osteoporosis [11–13], a pattern consistent with the lower hip and lumbar spine bone mineral
density observed in patients on AIs [14]. Although not as severe as tamoxifen, other
toxicities reported for AIs include a variety of gynecological events including vaginal
bleeding or discharge and hot flashes [15,16]. Variability in changes to lipid profiles,
manifestation of osteoporosis, and time of recurrence, were observed in patients in many AI
clinical trials [9] and the mechanism underlying this variability in response to AIs and to
their toxicities remains unclear.

Limited studies have been performed examining exemestane metabolism. Reduction of the
17-keto group by aldoketoreductase to form 17-dihydroexemestane is a major pathway for
exemestane metabolism (Fig. 1; [17–21]). Urinary and fecal excretion of exemestane was
similar, both around 42%, with the glucuronide of 17-dihydroexemestane (at the 17-O-
position) a major metabolite found in urine [19,22]. The glucuronidation pathway of
excretion for exemestane is important because 17-dihydroexemestane was reported to
exhibit significant anti-aromatase and androgenic activities in vitro [23,24]. The goal of this
study was three-fold: (i) to confirm the relative anti-aromatase activity of the major
exemestane metabolite, 17-dihydroexemestane; (ii) to identify the UGT enzymes involved in
the metabolism of 17-dihydroexemestane; and (iii) to determine whether potentially
functional genetic variations in active UGTs play a role in altered 17-dihydroexemestane
glucuronidation and overall exemestane metabolism.
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Materials and methods
Chemicals and materials

Exemestane was purchased from Hangzhou HETD Industry Co. Ltd. (Zhejiang, China).
UDPGA, alamethicin, and β-glucuronidase were purchased from Sigma-Aldrich (St Louis,
Missouri, USA) and [14C] UDPGA (200 mCi/mmol) was purchased from American
Radiolabeled Chemicals (St Louis, Missouri, USA). The NADPH regenerating system
including solutions A (26.1 mmol/l NADP, 66 mmol/l glucose-6-phosphate, and 66 mmol/l
MgCl2) and B (40 U/ml glucose-6-phosphate dehydrogenenase, 5 mmol/l sodium citrate)
was purchased from BD Biosciences (Woburn, Massachusetts, USA). Androst-[4-14C]-
ene-3,17-dione was purchased from Perkin Elmer (Boston, Massachusetts, USA). The high-
performance liquid chromatography (HPLC) scintillation solution, Ecoscint Flow, was
purchased from National Diagnostics (Atlanta, Georgia, USA) whereas Dulbecco’s
phosphate-buffered saline (minus calcium-chloride and magnesium-chloride), fetal bovine
serum, penicillin-streptomycin and geneticin (G418) were all purchased from Gibco (Grand
Island, New York, USA). The Platinum Pfx DNA polymerase and the pcDNA3.1/V5-His-
TOPO mammalian expression vector were obtained from Invitrogen (Carlsbad, California,
USA) whereas the QIAEX II gel extraction kit was purchased from Qiagen (Valencia,
California, USA). The BCA protein assay kit was purchased from Pierce (Rockford, Illinois,
USA). Aromatase transfection-ready cDNA was purchased from Origene (Rockville,
Maryland, USA) and the anti-aromatase antibody was purchased from Abcam (Cambridge,
Massachusetts, USA). The human UGT1A western blotting kit that includes an anti-UGT1A
polyclonal antibody and UGT2B7 protein standard, were purchased from Gentest (Woburn,
Massachusetts, USA). The anti-β-actin monoclonal antibody was purchased from Sigma-
Aldrich. All other chemicals used in these studies were purchased from Fisher Scientific
(Pittsburgh, Pennsylvania, USA) unless otherwise specified.

Tissues and cell lines
A description of the normal human liver tissue specimens used for these studies was
described earlier [25]. In brief, tissues were quick-frozen at −70°C within 2 h postsurgery.
Liver microsomes were prepared through differential centrifugation as described earlier [26]
and were stored (10–20 mg protein/ml) at −80°C. Genomic DNA was extracted from each
of the same liver specimens from nuclei isolated during the microsome purification process.
Microsomal protein concentrations were measured using the BCA assay. All protocols
involving the analysis of tissue specimens were approved by the institutional review board at
the Penn State College of Medicine and in accordance with assurances filed with and
approved by the United States Department of Health and Human Services. UGT2B17
genotyping for all liver genomic DNA specimens and UGT2B17 mRNA expression in the
same human liver were performed by real-time PCR as described earlier [27,28].

An aromatase-overexpressing HEK293 cell line (termed HEK293-aro) was generated for the
aromatase activity experiments outlined in this study. Using the aromatase cDNA-containing
pCMV6-XL4 vector from Origene as template (100 ng), aromatase cDNA was PCR-
amplified using Pfx DNA polymerase (1.25 units; Invitrogen), 0.3 mmol/l of each dNTPs,
and 20 pmol each of sense (5′-CCAGACGTCGCGACTCTAAATTG-3′) and antisense (5′-
CTGTGAGGATGACACTATTGGC-3′) primers, corresponding to nucleotides from −49 to
−26 and +1580 to +1601, respectively, relative to the aromatase translation start site. PCR
amplification of aromatase cDNA was performed in a GeneAmp 9700 thermocycler
(Applied Biosystems, Foster City, California, USA) using as follows: 1 cycle of 94°C for
2min, 35 cycles of 94°C for 15s, 58°C for 30 s, and 68°C for 2min, followed by a final cycle
of 68°C for 10min. After a subsequent post-amplification step using Taq DNA polymerase
(10min at 72°C; Denville Scientific, South Plainfield, New Jersey, USA) to ensure the
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addition of 3′-overhanging adenines, the PCR product (1793 bp) was purified after
electrophoresis in 1.5% agarose using the QIAEX II gel extraction kit (Qiagen) and
sequenced in full using the same aromatase PCR primers. The PCR product was
subsequently sub-cloned into the pcDNA3.1/V5-His-TOPO mammalian expression vector
using standard methodologies. The cloned vector was sequenced in full (using the same
PCR primers described above) and transfected into HEK293 cells (purchased from ATCC;
Rockville, Maryland, USA) by electroporation (200 V and 1000 μF) using 10 μg of
pcDNA3.1/V5-His-TOPO/aromatase plasmid DNA with 5×106 HEK293 cells in 0.5 ml
serum-free media in a GenePulser Xcell (Bio-Rad, Hercules, California, USA). Cells stably
overexpressing the individual aromatase were selected with G418 (Invitrogen). Aromatase
expression in HEK293 cells was monitored by western blot analysis, by loading 40 μg of
total protein lysate of HEK293 (negative control) and HEK293-aro cells, and using the anti-
aromatase antibody (#ab18995; Abcam; used in a 1: 200 dilution). Beta-actin was used as a
loading control and was monitored using a 1: 5000 dilution of the monoclonal anti-β-actin
antibody (Sigma-Aldrich).

Cells over-expressing individual UGT or aromatase were harvested to prepare homogenates
as described previously [29]. Total homogenate protein concentrations were measured using
the BCA protein assay.

Western blot analysis of UGT proteins
Levels of UGT1A and 2B proteins were determined by western blot analysis as described
previously using a 1: 5000 dilution of antibody [29,30]. UGT1A4 protein was detected using
the UGT1A antibody from Gentest whereas UGT2B17 expression was measured using a
newly-synthesized affinity-purified chicken anti-UGT2B antibody generated against the
peptide CKWDQFYSEVLGRPTTL, which is common to all human UGT2B family
members (Pocono Rabbit Farm, Canadensis, Pennsylvania, USA). Proteins were detected by
chemiluminescence using the SuperSignal West Dura Extended Duration Substrate (Pierce
Biotechnology, Inc., Rockford, Illinois, USA). Secondary antibodies supplied with the Dura
ECL kit (anti-rabbit and anti-mouse) were used at 1: 3000. UGTs 1A4 and 2B17 were
quantified against 100–250 ng of human UGT1A and UGT2B7 protein (Gentest),
respectively, by densitometric analysis of X-ray film exposures (1 s–2min) of western blots
using a GS-800 densitometer with Quantity One software (Bio-Rad). All cell homogenate
protein levels were normalized to the levels of calnexin or β-actin observed in each lane
(quantified by densitometric analysis of western blots as described above). Determinations
of exemestane-17-O-glucuronide formation in UGT1A4 and UGT2B17-over-expressing cell
lines were calculated relative to the levels of UGT expression in the respective cell lines. X-
ray film bands were always below densitometer saturation levels as indicated by the
densitometer software. Densitometric results were always consistent irrespective of the
exposure time. Western blot and subsequent densitometric analysis was performed in
triplicate on three separate occasions, using the same UGT-containing cell homogenates
used for activity assays, with relative UGT protein levels expressed as the mean of these
experiments.

Synthesis of 17-dihydroexemestane
17-dihydroexemestane was prepared from exemestane as described previously [19] with
minor modifications. Briefly, exemestane and NaBH4 were individually dissolved in
methanol/water (4:1, v/v). For reduction of the 17-keto functional group of exemestane,
NaBH4 was slowly added to the suspended exemestane in a 1: 2 molar ratio. The mixture
was left at ambient temperature for at least 1 h and then assayed by thin layer
chromatography to ensure reaction completeness before solvent removal by vacuum. After
dissolving the dry residue in 1.5 mol/l HCl, 1 mol/l KOH (500 μl) was added. The mixture
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was extracted by ethyl ether, dried by vacuum, and re-dissolved in 30 ml ethyl ether:hexane
(1: 1) at 50°C. After 3 days, the formed crystals were washed with hexane and dried by
vacuum. The synthesized 17-dihydroexemestane structure was characterized by a Bruker
500MHz nuclear magnetic resonance (NMR) spectrometer and HPLC/MS/MS, with the MS
spectrum resulting in a clear peak at m/z 299 [M]+ and a daughter product at m/z 135.

Both exemestane and 17-dihydroexemestane were dissolved in 100% ethanol and the stock
solutions were kept at −20°C.

Aromatase-inhibiting activity assays
Aromatase activity was determined by measuring the levels of estrone formation using
androst-[4-14C]-ene-3,17-dione (5 μmol/l) as substrate and HEK293-aro cell homogenates
as the source of aromatase. Exemestane and 17-dihydroexemestane (3.3 nmol/l–10μmol/l)
were used for the determination of their aromatase inhibiting activities. Incubations were
performed in 10mmol/l potassium phosphate (pH 7.4) buffer containing 100mmol/l KCl,
1mmol/l EDTA, 1mmol/l DTT, a NADPH generating system (with final concentrations of
0.26mmol/l NADP+, 0.66mmol/l G6P, 0.66mmol/l MgCl2 and 0.4 μ/ml G6P
dehydrogenenase), 125 μg HEK293-aro cell homogenate, 5 μmol/l androst-[4-14C]-
ene-3,17-dione and various concentrations of exemestane or 17-dihydroexemestane, in a
final reaction volume of 50 μl at 37°C for 2h. Reactions were terminated by the addition of
50 μl cold acetonitrile on ice. Mixtures were centrifuged for 10 min at 4°C at 16 100 g and
the supernatants were collected.

Estrone formation was analyzed by radioflow-HPLC using a Gold 126 Solvent Module
HPLC system (Beckman Coulter, Fullerton, California, USA) equipped with an automatic
sampler (Model 508), a UV detector (Model 166) and a radioactive flow detector with a
1000-μl flow cell (INUS System, Tampa, Florida, USA). HPLC was performed using a 5 μ
Luna C18 analytical column (4.6mm×250 mm, Phenomenex, Torrance, California, USA)
combined with a 5 μ Gemini C18 analytical column (4.6mm×250 mm, Phenomenex) in
series with a Luna C18 guard column (4mm L×3.0mm ID, Phenomenex). The gradient
elution conditions consisted of a flow rate of 0.5 ml/min as follows: starting with 55%
acetonitrile and 45% buffer A (5 mmol/l ammonium acetate, pH 5.0) for 5 min, a subsequent
linear gradient to 75% acetonitrile/25% buffer A over 15 min was performed and then
maintained at 75% acetonitrile for 10 min. The formed [14C] estrone peak was determined
by HPLC-radioactive flow detection and was confirmed by retention time comparisons with
an estrone standard (Sigma-Aldrich) detected by UV. Total aromatase activity of HEK293-
aro cell homogenates was determined as the ratio of the levels of estrone versus androst-
[4-14C]-ene-3,17-dione. The concentration of each compound required to reduce the total
aromatase activity by 50% (IC50) was calculated using GraphPad Prism 5 software (Graph-
Pad Software, San Diego, California, USA). HEK293 cell homogenate without
overexpressed aromatase was used as a negative control. All experiments were performed in
triplicate in independent assays.

Glucuronidation assays
For all glucuronidation assays, cell line homogenate (100 μg–1mg protein) or human liver
microsomes (HLM; 2.5–10 μg protein) were pre-incubated with alamethicin (50 μg/mg
protein) for 15min in an ice bath. Glucuronidation reactions were performed in a final
reaction volume of 50 μl at 37°C for 60min in 50mmol/l Tris–HCl buffer (pH 7.4), 10mmol/
l MgCl2, and 4mmol/l UDPGA with 1 μl (2% ethanol: v/v) 17-dihydroexemestane or
exemestane. For screening of UGT-over-expressing cell lines for glucuronidating activity
against exemestane and 17-dihydroexemestane, incubations contained up to 3.5mmol/l of
exemestane or up to 600 μmol/l 17-dihydroexemestane. For kinetic assays, 4–300 μmol/l 17-
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dihydroexemestane was utilized. Reactions were terminated by the addition of 50 μl cold
acetonitrile on ice. Mixtures were centrifuged for 10 min at 4°C at 16 100 g and the
supernatants were collected. Experiments were always performed in triplicate in
independent assays.

17-dihydroexemestane glucuronidation was analyzed using a Waters ACQUITY ultra-
pressure liquid chromatography (UPLC) System (Milford, Massachusetts, USA) with a 1.7 μ
ACQUITY UPLC BEH C18 analytical column (2.1mm×50 mm, Waters, Ireland) in series
with a 0.2 μm Waters assay frit filter (2.1 mm, Waters, USA). The gradient elution
conditions, using a flow rate of 0.3 ml/min, were as follows: starting with 19% acetonitrile
and 81% buffer A (5 mmol/l ammonium acetate, pH 5.0) for 1min, a subsequent linear
gradient to 75% acetonitrile/25% buffer over 2 min was performed and then maintained at
75% acetonitrile for 2 min.

Exemestane-17-O-glucuronide was confirmed by its stability in 1mol/l NaOH but sensitivity
to the treatment of β-glucuronidase. In addition, incubation products (up to 5 μl) were
loaded onto an UPLC/MS/MS for confirmation of exemestane-17-O-glucuronide formation.
An UPLC identical to that described above was used in tandem with a Waters TQD triple
quadrupole MS system. By using a positive mode, the parent compound [M+H]+ peak and
their glucuronide [M-Gluc.+H]+ peak were characterized.

Ten HLMs were randomly chosen from the 110 HLM panel for kinetic analysis – five from
UGT2B17 (*1/*1) homozygous wild-type individuals and five from UGT2B17 (*2/*2)
homozygous deletion individuals. As controls, glucuronidation assays were regularly
performed using HLM (as a positive control for glucuronidation activity) and untransfected
HEK293 cell homogenate protein (as a negative control for glucuronidation activity) as
described previously [30,31].

Statistical analysis
The Student’s t-test (2-sided) was used for comparing rates and kinetic values of
glucuronide formation for individual UGT1A and UGT2B enzymes and variants against 17-
dihydroexemestane. Kinetic data were always calculated using Vmax’s that were normalized
based on UGTexpression in the different active UGT-overexpressing cell homogenates, with
UGTexpression determined by western blot analysis [29,32]. Aromatase inhibition activity
and kinetic constants were determined using Graphpad Prism 5 software. The rate of
exemestane-17-O-glucuronide formation in HLM was compared by UGT2B17 gene deletion
genotype (homozygotes, heterozygotes and wild type) by trend test and Student’s t-test
using SPSS statistical software (version 15.0, SPSS Inc., Chicago, Illinois, USA).

Results
Synthesis of 17-dihydroexemestane

As described in the Materials and methods section, the synthesis and purification of 17-
dihydroexemestane was performed using a previously published protocol with modifications
[19]. As shown in Fig. 2 (panel a), the HPLC chromatogram revealed a 99% pure product
whose retention time (35.1 min) was about 2 min shorter than the parent compound,
exemestane (Fig. 2, panel b). The product shown in panel a was characterized by UPLC/MS/
MS (Fig. 2, panel c), with the MS spectrum showing a clear [M+H]+ peak at m/z 299.2,
which is identical to the predicted molecular weight of 17-dihydroexemestane, and a second
major fragment at m/z 135.1. The structure was further confirmed to be 17-
dihydroexemestane by 1H NMR: 1H NMR (CDCl3, 500 MHz) δ 0.83 (s, 3H), 1.04–1.08 (m,
1H), 1.16 (s, 3H), 1.24–1.31 (m, 1H), 1.36–1.40 (m, 1H), 1.48–1.52 (m, 1H), 1.64–1.72 (m,
4H), 1.78–1.83 (m, 3H), 1.90–1.93 (m, 1H), 2.08–2.12 (m, 1H), 2.51 (d, 1H, J = 9.5 Hz),
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3.68 (t, 1H, J = 8.0 Hz), 4.96 (s, 1H), 5.03 (s, 1H), 6.17 (s, 1H), 6.26 (d, 1H, J = 10.0 Hz),
7.11 (d, 1H, J = 10.0 Hz).

Determination of aromatase-inhibiting activity of 17-dihydroexemestane
In order to assess the aromatase inhibition by 17-dihydroexemestane in vitro, HEK293-aro
cells were created by stable transfection of full-length human aromatase cDNA into
HEK293 cells. The expression of aromatase protein in the HEK293-aro cells was
characterized by the western blot analysis using an anti-aromatase antibody as described in
the Materials and methods section. Although a non-specific band of approximately 42KDa
was observed in both HEK293-aro and parental HEK293 cell lysates, a clear band at 58KDa
was recognized in HEK293-aro cell homogenates which matched the expected molecular
weight of aromatase; no 58KDa band was observed in lysate of untransfected HEK293 cells
(Fig. 3, panel a).

The enzymatic activity of HEK293-aro cells was determined using HPLC by measuring the
formation of estrone from androst-4-ene-3,17-dione in incubations with HEK293-aro cell
homogenate ± exemestane or 17-dihydroexemestane. As shown in Fig. 3, an obvious estrone
peak was observed when no exemestane or 17-dihydroexemestane added (panel b). The
aromatase enzymatic activity was inhibited by both 17-dihydroexemestane (panel c) and the
parent compound, exemestane (panel d). The IC50 values for exemestane (1.4 ± 0.42) μmol/l
and 17-dihydroexemestane (2.3 ± 0.83) μmol/l were comparable and not statistically
different (P = 0.15).

Characterization of 17-dihydroexemestane glucuronidation
Previous studies have reported that as little as 1% of exemestane is excreted as parent
compound [22]. After β-glucuronidase treatment, the level of 17-dihydroexemestane in the
urine from subject taking exemestane was significantly increased and was the major
exemestane metabolite observed, suggesting that the major mode of exemestane metabolism
in the urine was as a 17-dihydroexemestane glucuronide conjugate [19]. To better
characterize the glucuronide conjugate of 17-dihydroexemestane, incubations with HLM
were examined by UPLC. In addition to a peak corresponding to the parent 17-
dihydroexemestane (retention time = 3.61 min), a potential glucuronide peak at a retention
time of 2.59 min was observed (Fig. 4, panel a, top trace). This peak was not sensitive to
treatment with 1 mol/l NaOH (results not shown) but was sensitive to treatment with β-
glucuronidase (Fig. 4, panel a, middle trace), suggesting that this glucuronide peak was an
O-glucuronide conjugate. The mass spectrum of this peak as determined by UPLC/MS/MS
demonstrated a [M+] peak at m/z 475.4 for exemestane-17-O-glucuronide (the glucuronide
conjugate of 17-dihydroexemestane), a [M+H]+ peak at m/z 299.6 for 17-dihydroexemestane
after loss of the glucuronide acid moiety (molecular weight = 176 g/mol), and a m/z 281.3
fragment after loss of a H2O molecule from 17-dihydroexemestane (Fig. 4, panel b).

To identify the UGTs responsible for the glucuronidation of 17-dihydroexemestane,
homogenates from HEK293 cells individually over-expressing UGTs 1A1, 1A3, 1A4, 1A6,
1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B10, 2B11, 2B15 and 2B17 were screened for
glucuronidation activity. Four UGTs exhibited detectable activity against 17-
dihydroexemestane: the hepatic UGTs 1A4 and 2B17, and UGTs 1A8 and 1A10 whose
expression in liver is low or undetectable [33,34]. None of the other UGTs screened in our
assays exhibited any glucuronidation activity using up to 1 mg of UGT-overexpressing cell
homogenate. As exemplified for incubations with UGT2B17-overexpressing cell
homogenates (Fig. 4, panel a, bottom trace), the peak retention time by UPLC for all of the
active UGTs was identical to that observed for exemestane-17-O-glucuronide in HLM (Fig.
4, panel a, top trace). Representative plots of glucuronidarion rate versus substrate
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concentration are shown in Fig. 4 for the UGTs exhibiting the highest activity against 17-
dihydroexemestane (UGT2B17, panel c; UGT1A10, panel d). After normalizing for UGT
expression by western blot analysis [29,32], the relative glucuronidation activity against 17-
dihydroexemestane based on Vmax/KM was UGT2B17 > UGT1A10 > UGT1A8 > UGT1A4
(Table 1; reported in a recent review [35]). The hepatic UGT2B17 exhibited a similar
binding affinity (KM = 15 μmol/l) against 17-dihydroexemestane to UGT1A8 and a
significantly (P < 0.001) lower KM than that observed for UGTs 1A4 and 1A10. The relative
overall activity of UGT2B17 as determined by Vmax/KM was 1.4-fold and 6.2-fold higher
than that observed for UGTs 1A10 and 1A8, respectively, and 17-fold that observed for
UGT1A4, the other active hepatic glucuronidating enzyme. While UGT1A8 exhibited a
lower KM than UGT1A10, the overall activity of UGT1A10 was 4.5-fold that of UGT1A8
as determined by Vmax/KM.

Analysis of 17-dihydroexemestane glucuronidation by hepatic UGT variants and HLM
UGTs 1A4 and 2B17 are hepatic enzymes that exhibit prevalent polymorphisms that were
shown to be functional in earlier studies [30,36]. HEK293 cell lines over-expressing the
UGT1A424Pro/48Leu, UGT1A424Thr/48Leu, and UGT1A4 24Pro/48Val variants were described
earlier [30,37,38]. Although a significant 1.5-fold increase in Vmax was observed for the
UGT1A424Pro/48Val variant against 17-dihydroexemestane as compared to either of the other
UGT1A4 variants, no significant difference in overall 17-dihydroexemestane
glucuronidation as determined by Vmax/KM were observed for the three variant UGT1A4
isoforms (Table 1).

The prevalence of the polymorphic UGT2B17 whole-gene deletion is approximately 30% in
Caucasians [27,36,39]. To explore a possible relationship between 17-dihydroexemestane
glucuronidation and the UGT2B17 deletion, a series of 110 HLM were examined. The rate
of exemestane-17-O-glucuronide formation was determined by UPLC using 9.4 μmol/l 17-
dihydroexemestane, a concentration that lies within the linear range of kinetic analysis for
HLM against 17-dihydroexemestane. As shown in Fig. 5 (reported in a recent review [35]),
there was a significant (P<0.001) 14-fold decrease in glucuronidation activity against 17-
dihydroexemestane in HLM from individuals exhibiting the homozygous UGT2B17
deletion genotype (*2/*2) as compared with HLM from individuals wild type for UGT2B17
(*1/*1) (panel a). There was a significant (P=0.018) trend of decreasing HLM
exemestane-17-O-glucuronide formation and increasing numbers of the UGT2B17 deletion
allele in the specimens examined. A significant (P<0.0001, R2=0.72) correlation was
observed between exemestane-17-O-glucuronide formation in HLM and UGT2B17
expression in the same HLM (Fig. 5, panel b). In addition, HLM from individuals exhibiting
the UGT2B17 (*2/*2) genotype exhibited a KM that was on average 1.7-fold higher
(P=0.012), a Vmax that was on average 22-fold lower (P=0.025), and a Vmax/KM that was on
average 36-fold lower (P=0.023) than HLM from individuals with the UGT2B17 (*1/*1)
genotype (Table 2).

Discussion
Limited studies have examined the pathways involved in exemestane metabolism. Results
from previous studies suggest that reduction of the 17-keto group by aldoketoreductase to
form 17-dihydroexemestane appears to be a major pathway for exemestane metabolism [17–
21]. The importance of 17-dihydroexemestane in the exemestane metabolic pathway is
reinforced by data from preliminary studies demonstrating that 17-dihydroexemestane
comprises 48 and 83% of all exemestane metabolites in 1 h incubations containing a
NADPH-regenerating system with HLM or human liver cytosol, respectively (mean from
four liver specimens); in addition to 17-dihydroexemestane, four metabolites were observed
in HLM and one was observed in liver cytosol (Sun and Lazarus; unpublished data). A
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single study examining the relative activities of exemestane versus 17-dihydroexemestane
using placental tissue as the aromatase protein source suggested that the two compounds
exhibited similar anti-aromatase activities [23]. This similarity in anti-aromatase activity
was confirmed in experiments performed in the present study using an aromatase-over-
expressing cell line. 17-dihydroexemestane exhibited an IC50 (2.3 ± 0.83 μmol/l) that was
comparable to that observed for exemestane (1.4 ± 0.42 μmol/l). This suggests that as 17-
dihydroexemestane is an important metabolite of exemestane, it may contribute significantly
to exemestane’s anti-aromatase activity in vivo.

Clinical studies have demonstrated that the oral clearance of exemestane was reduced in
patients with significant hepatic or renal impairment, suggesting that altered CYP450 and/or
UGT enzyme function might affect exemestane metabolism [40]. As the glucuronide of 17-
dihydroexemestane (at the 17-O-position) is an important metabolite found in urine [19], its
glucuronidation likely plays a major role in eliminating exemestane-induced activity. In this
study, the UGT enzymes active against 17-dihydroexemestane were identified. Four UGTs
exhibited activity against 17-dihydroexemestane in vitro: the hepatic UGTs 1A4 and 2B17
and the extra-hepatic UGTs 1A8 and 1A10, with UGT2B17 exhibiting a 2.3-fold lower KM
and a 7.4-fold higher Vmax than the other active hepatic UGT, UGT1A4. These data suggest
that UGT2B17 is the most active hepatic UGT against 17-dihydroexemestane in vivo. In
addition, the KM observed for UGT2B17 against 17-dihydroexemestane in vitro (15 μmol/l)
closely approximates the KM observed for HLM (~7 μmol/l), further suggesting that
UGT2B17 is the major active liver enzyme responsible for the glucuronidation of 17-
dihydroexemestane. Although UGTs 1A8 and 1A10 are either undetectable or expressed at
low levels in liver [33,34], they are expressed abundantly in many extra-hepatic tissues
[41,42]. As these UGTs also exhibit high activity against 17-dihydroexemestane in vitro,
one or both enzymes could also potentially contribute to 17-dihydroexemestane
glucuronidation, particularly in target tissues like breast where both enzymes were shown to
be expressed [43,44].

The importance of the UGT2B17 enzyme in the hepatic glucuronidation of 17-
dihydroexemestane is also strongly supported by the genotype-phenotype correlation
observed between HLM exemestane-17-O-glucuronide formation and the presence of the
knock-out UGT2B17 deletion allele, with the near-elimination of exemestane-17-O-
glucuronide formation in HLM from individuals with the homozygous UGT2B17 deletion
genotype. It is likely that the 17-dihydroexemestane glucuronidation activity observed in
HLM from UGT2B17 (*2/*2) individuals are because of the presence of active UGT1A4.
This possibility is supported by the fact that the approximately 16-fold difference in overall
17-dihydroexemestane glucuronidation activity (Fig. 4) and 36-fold difference in Vmax/KM
(Table 2) for HLM from UGT2B17 (*1/*1) versus UGT2B17 (*2/*2) individuals was
similar to the decrease in overall kinetic activity observed for UGT2B17 versus UGT1A4
over-expressing cell homogenates. Interestingly, no significant alteration in the overall
activity was observed for UGT1A4 variants for 17-dihydroexemestane glucuronidation as
determined by Vmax/KM, suggesting that missense variations in UGT1A4 are unlikely to
significantly contribute to variations in 17-dihydroexemestane metabolism.

There was some variation in levels of HLM exemestane-17-O-glucuronide formation even
within UGT2B17 genotype-stratified groups. As HLM exemestane-17-O-glucuronide
formation was correlated with levels of expression of UGT2B17, this suggests that other
factors including those that affect UGT2B17 expression may also potentially play a role in
regulating exemestane-17-Oglucuronide formation. Interestingly, a similar UGT2B17
genotype-substrate glucuronidation phenotype correlation was observed for other substrates
for which UGT2B17 is highly active, including suberoylanilide hydroxamic acid [28] and
tobacco-specific nitrosamines like 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol [25,45].
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By contrast, HLM specimens that exhibited lower activity in the present study (including
sample numbers 972 and 2167 in Table 2) exhibited relatively high activity against other
substrates for which UGT2B17 is inactive, including tamoxifen metabolites and nicotine
[29,38,46]. These data further support a UGT2B17-related effect on exemestane-17-O-
glucuronide formation in human liver.

Earlier reports have indicated that 17-dihydroexemestane may mediate some of the drug
effects of exemestane and may thus have clinical importance [24]. The absolute
concentrations of 17-dihydroexemestane accounts for about 10–15% of total exemestane
dose in the plasma of a small group of individuals treated with exemestane [18,21].
Interestingly, in one of these studies, the 17-dihydroexemestane plasma level in one of three
patients was five-fold that observed in the other two patients relative to the levels of parent
compound [18]. In addition, a recent study showed that the level of 17-dihydroexemestane
was roughly 35–40% of parent exemestane in the plasma of individuals taking exemestane
[47]. These studies show that there is variability in the ratio of 17-dihydroexemestane:
exemestane in the plasma of individuals taking exemestane. Our study predicts that higher
circulating levels of 17-dihydroexemestane may be associated with the UGT2B17 gene
deletion – if an individual was deleted for the UGT2B17 gene, the results of this study
would suggest that 17-dihydroexemestane glucuronidation and elimination would
significantly decrease, increasing overall circulating levels of 17-dihydroexemestane. This
increase in circulating 17-dihydroexemestane could increase the exemestane-induced
aromatase inhibiting activity and/or exemestane androgenic properties. Owing to the high
frequency of the UGT2B17 gene deletion (~30% prevalence in Caucasians [27,36,39]) and
its potential significant importance in the metabolism of 17-dihydroexemestane, clinical
studies incorporating UGT2B17 genotype as a determinant of exemestane metabolic profiles
and overall patient response should be performed.
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Fig. 1.
Schematic of exemestane metabolism.
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Fig. 2.
Characterization of newly-synthesized 17-dihydroexemestane by HPLC/MS/MS. Panel (a),
chromatogram of 17-dihydroexemestane; panel (b), chromatogram of exemestane; panel (c),
mass spectrum of 17-dihydroexemestane.
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Fig. 3.
Aromatase expression in HEK293-aro cells and aromatase-inhibiting activity of exemestane
versus 17-dihydroexemestane in HEK293-aro cell homogenates. Panel (a), Western blot
analysis of aromatase protein expression was performed using lysates from the aromatase-
over-expressing HEK293 cell line used for the aromatase activity assays described in this
study. Lane 1, parent HEK293 cell lysate (40 μg total protein); lane 2, HEK293-aro cell
lysate (40 μg total protein). Panel (b), Estrone formation in HEK293-aro cells+5 μmol/l
androst-[4-14C]-ene-3,17-dione. Panel (c), Inhibition of estrone formation in HEK293-aro
cells+5 μmol/l androst-[4-14C]-ene-3,17-dione by 3 μmol/l 17-dihydroexemestane. Panel
(d), Inhibition of estrone formation in HEK293-aro cells+5 μmol/l androst-[4-14C]-ene-3,17-
dione by 3 μmol/l exemestane. For panels b–d, aromatase activity was determined using
HEK293-aro cell homogenates (125 μg) and quantified by radioflow-HPLC as described in
the Materials and methods section. Aromatase activity was determined by measuring the
formation of 14C-labeled estrone from androst-[4-14C]-ene-3,17-dione, the major
endogenous substrate for aromatase. Peak 1, estrone; peak 2, androst-[4-14C]-ene-3,17-
dione. No estrone formation was observed using (– minus aromatase) HEK293 cell
homogenates (data not shown).
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Fig. 4.
Characterization of exemestane-17-O-glucuronide by UPLC/MS/MS and kinetic analysis of
the glucuronidation of 17-dihydroexemestane by UGToverexpressing cells. Panel (a),
Representative UPLC trace using 250 μg human liver microsome (HLM) and 300 μmol/l
17-dihydroexemestane incubated for 2 h (top trace); representative UPLC trace using 250 μg
HLM and 300 μmol/l 17-dihydroexemestane incubated with β-glucuronidase for 16 h
(middle trace) and representative UPLC trace using 250 μg UGT2B17 cell homogenates and
300 μmol/l 17-dihydroexemestane incubated for 2 h (bottom trace). Panel (b), Mass
spectrum of peak at retention time of 2.59 min. Peak at retention time of 3.61 min is 17-
dihydroexemestane. Panel (c), Representative concentration curve for exemestane-17-O-
glucuronide formation from UGT2B17-overexpressing cell homogenates. The
concentrations of 17-dihydroexemestane used were: 4.7, 9.4, 18.8, 37.5, 75, and 150 μmol/l.
Panel (d), Representative concentration curve for exemestane-17-O-glucuronide formation
from UGT1A10-overexpressing cell homogenates. The concentrations of 17-
dihydroexemestane used were: 4.7, 9.4, 18.8, 37.5, 75, 150, and 300 μmol/l. All other
conditions are described in the Materials and methods section.
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Fig. 5.
Human liver microsome (HLM) glucuronidating activity against 17-dihydroexemestane
versus UGT2B17 genotype and UGT2B17 mRNA expression in human liver. Panel (a),
exemestane-17-O-glucuronide formation versus UGT2B17 genotype in HLM.
Glucuronidation activity assays were performed using 9.4 μmol/l 17-dihydroexemestane and
the glucuronide of 17-dihydroexemestane was separated by UPLC as described in the
Materials and methods section. Real-time PCR was performed using genomic DNA from the
same liver specimens for which HLMs were also prepared and used to determine UGT2B17
(*1/*1), (*1/*2), and (*2/*2) genotypes. Comparative analysis was performed using HLM
from individuals with the UGT2B17 (*1/*1) genotype as the reference, with the P value
shown for HLM from individuals with the UGT2B17 (*1/*2), (*2/*2) genotype. Panel (b),
exemestane-17-O-glucuronide formation versus UGT2B17 mRNA expression in human
liver. UGT2B17 mRNA expression was determined relative to PPIA as the housekeeping
gene by real-time PCR by our group previously as described in the Materials and methods
section.
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Table 1

Kinetic analysis of UGTs active against 17-dihydroexemestane

UGT Vmax (pmol/min/μg UGT protein)a KM (μmol/l) Vmax/KM (nl/min/μg UGT protein)a

UGT1A8 0.30 ± 0.06 14 ± 3.9 22 ± 2.1

UGT1A10 12 ± 1.8 124 ± 15 100 ± 7.9

UGT2B17 2.0 ± 0.25 15 ± 2.7 137 ± 17

UGT1A424Pro/48Leu 0.27 ± 0.01 34 ± 3.9 8.1 ± 0.9

UGT1A424Thr/48Leu 0.26 ± 0.04 28 ± 7.8 9.8 ± 1.9

UGT1A424Pro/48Val 0.40 ± 0.03* 36 ± 5.4 12 ± 2.4

a
All kinetic data for different UGT-overexpressing cell homogenates are normalized per μg UGT protein as determined by western blot analysis as

described earlier [29,30].

*
P < 0.005, as compared with UGT1A424Pro/48Leu.
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Table 2

Kinetic analysis of 17-dihydroexemestane glucuronidation by individual HLM specimens from individuals
stratified by UGT2B17 genotype

HLM No. UGT2B17 genotype Vmax (pmol/min/mg)a KM (μmol/l) Vmax/KM (μl/min/mg)a

972 (*1/*1) 51.6 10.6 4.9

1183 (*1/*1) 322 7.2 45.0

1392 (*1/*1) 393 7.1 55.0

2167 (*1/*1) 38.9 5.1 7.6

2412 (*1/*1) 213 6.7 32.0

mean ± SD 204 ± 158 7.3 ± 2.0 28.8 ± 22.3

383 (*2/*2) 17.0 9.3 1.8

416 (*2/*2) 5.6 17.0 0.3

2174 (*2/*2) 13.0 12.4 1.0

2175 (*2/*2) 2.3 13.0 0.2

3873 (*2/*2) 8.1 11.0 0.8

mean ± SD 9.2 ± 5.9 12.6 ± 3.0 0.8 ± 0.6

P valueb 0.025 0.012 0.023

HLM, human liver microsome.

a
Kinetic data expressed per mg HLM protein.

b
Comparing the UGT2B17 (*1/*1) versus (*2/*2) groups.
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