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Aims

 

Two studies were conduced to assess the effects of ketoconazole, a CYP3A4/5
inhibitor; fluconazole, a CYP2C9 inhibitor; and paroxetine, a CYP2D6 inhibitor, on
lasofoxifene pharmacokinetics.

 

Methods

 

The first parallel group study was conducted in 45 healthy postmenopausal women
(15 per group) to compare the pharmacokinetics of a single dose of lasofoxifene
(0.25 mg) administered alone and in combination with ketoconazole (400 mg
daily 

 

×

 

 20 days) or fluconazole (400 mg daily 

 

×

 

 20 days). Lasofoxifene was admin-
istered on day 2 and blood samples were collected serially for up to 456 h postdose
(20 days). The second study enrolled 20 healthy postmenopausal women (10 per
group) to compare the pharmacokinetics of a single dose of lasofoxifene (0.25 mg)
alone and in combination with paroxetine (30 mg qd 

 

×

 

 21 days). Lasofoxifene was
given on day 8 of paroxetine treatment and blood samples were collected serially
for up to 336 h postdose.

 

Results

 

All subjects completed the study and the treatments were well tolerated. Lasofoxifene

 

C

 

max

 

 and AUC ratios [90% confidence interval (CI)] with/without ketoconazole were
111% (98.4, 127) and 120% (105, 136), respectively, and were 91.3% (80.3, 104)
and 104% (91.4, 118), respectively, with/without fluconazole. Lasofoxifene 

 

C

 

max

 

 and
AUC ratios (90% CI) with/without paroxetine were 118% (95.4, 146) and 135%
(120, 152), respectively.

 

Conclusions

 

Coadministration of potent inhibitors of CYP3A4/5 and CYP2D6, but not CYP2C9,
resulted in a moderate increase in lasofoxifene exposure. No dosage adjustment
should be required when lasofoxifene is coadministered with ketoconazole, flucona-
zole, paroxetine or other agents that inhibit these CYP enzymes.

 

Introduction

 

Postmenopausal women have an increased risk of devel-
oping osteoporosis as their levels of endogenous oestro-
gens decline [1, 2]. In the past, osteoporosis has been
effectively treated with oestrogen-based hormone ther-

apy, but recent findings from the Women’s Health Ini-
tiative study have shown that the risks of long-term
oestrogen therapy may outweigh the benefits [3]. The
bisphosphonates are effective antiosteoporosis agents
but they do not possess any of the other beneficial effects
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associated with oestrogen, such as those on vaginal
atrophy. The selective oestrogen receptor modulators
(SERMs) are being investigated for the treatment of
several menopause-associated conditions, including
osteoporosis, and have both oestrogen-receptor agonist
and antagonist activity depending on the tissue type.
These agents have the potential to affect multiple organ
systems beneficially without the negative activities that
oestrogen has demonstrated on breast and uterine tissue.
Lasofoxifene is a next-generation SERM which is
being developed for the prevention and treatment of
osteoporosis, as well as other menopause-related condi-
tions, such as vaginal atrophy. In preclinical studies,
lasofoxifene significantly increased bone mineral den-
sity in ovariectomized rats [4, 5]. In this study, lasofox-
ifene was shown not to have detrimental effects on the
endometrium, which is a significant advantage over
oestrogen [5]. Multiple doses ranging from 0.01 to 1 mg
daily were administered in postmenopausal women [6].
Lasofoxifene pharmacokinetics were linear and the
treatments were well tolerated [6]. The effects on bone
have been studied in Phase 2 clinical trials in humans
[7–10] and lasofoxifene is currently undergoing evalu-
ation in Phase 3 clinical trials.

Lasofoxifene is subject to extensive metabolism with

 

<

 

2% of the dose recovered unchanged in the urine [11].
It has a long 

 

t

 

1/2

 

 in humans (6–7 days) [6], which may
be partly due to enterohepatic recirculation of its glucu-
ronide/sulphate conjugates. Five main pathways of laso-
foxifene metabolism have been identified in humans,
involving both oxidation and conjugation (Figure 1).

Due to its long 

 

t

 

1/2

 

 and low hepatic extraction, studies
to identify the CYP isoforms responsible for lasofox-
ifene oxidative metabolism have been complicated by

low turnover rates. More recently, the results from 

 

in
vitro

 

 experiments with recombinant CYP isoforms and
inhibition studies with isoform-selective inhibitors have
suggested that lasofoxifene is primarily metabolized by
CYP3A4, CYP3A5 and CYP2D6. Because CYP3A,
CYP2C9 and CYP2D6 are the CYP enzymes most fre-
quently involved in oxidative drug metabolism [12], the
effects of coadministration of inhibitors of these three
CYPs with lasofoxifene were examined 

 

in vivo

 

. The
change in exposure with these CYP inhibitors would
give insight into which pathways are clinically relevant
to lasofoxifene metabolism.

An ideal inhibitory probe needs to show adequate
selectivity for the enzyme, potency and safety in healthy
volunteers. Although each probe has its limitations,
ketoconazole, fluconazole and paroxetine were selected
as inhibitors of CYP3A, CYP2C9 and CYP2D6, respec-
tively. 

 

In vitro

 

 studies have shown that these drugs may
also be inhibitors of other CYPs [13–16].

In the first study, lasofoxifene was coadministered
with either ketoconazole or fluconazole, while the sec-
ond study investigated coadministration of lasofoxifene
with paroxetine. Ketoconazole and fluconazole, two
antifungal  agents,  are  potent  inhibitors  of  CYP3A
and CYP2C9 enzyme subtypes, respectively [17–20].
Administration of ketoconazole results in significant
interaction with drugs metabolized by CYP3A such as
midazolam and is generally recommended as an inhib-
itory probe for that enzyme [17, 21, 22]. Fluconazole is
a potent CYP2C9 inhibitor and has been shown to
increase exposure to warfarin [20, 23]; however, high
doses of fluconazole also inhibit CYP3A but to a lesser
extent than ketoconazole [20]. Paroxetine, a selective
serotonin reuptake inhibitor, was selected because of
its potency and specificity for CYP2D6 [22, 24, 25].
Although not as potent as quinidine, it is safer in healthy
volunteers and has also been shown to convert CYP2D6
extensive metabolizers (EMs) into poor metabolizers
(PMs) [26]. Approximately 7–10% of White people are
PMs of drugs metabolized by CYP2D6 [27]. Poor
CYP2D6 metabolizers have increased concentrations of
drugs metabolized via this pathway relative to subjects
with normal CYP2D6 activity (referred to as EMs).
Only EMs were enrolled to maximize the magnitude of
the change, if any.

 

Methods and materials

 

Two Phase 1, open-label, randomized, parallel-group,
clinical studies were conducted to determine the effects
of different CYP inhibitors on single-dose lasofoxifene
pharmacokinetics. The first study investigated coadmin-
istration of lasofoxifene with either ketoconazole or flu-

 

Figure 1 

 

Lasofoxifene chemical structure and sites of metabolism
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conazole (Study 1) and the second study tested
coadministration of lasofoxifene with paroxetine (Study
2). For both studies, a parallel design was used to
account for the long 

 

t

 

1/2

 

 of lasofoxifene.

 

Subjects

 

Healthy postmenopausal women were eligible if they
were aged 

 

≥

 

40 years (Study 1) or 40–70 years (Study
2) and weighed 

 

≥

 

50 kg, with a normal electrocardio-
gram (ECG), including corrected QT interval 

 

≤

 

470 ms
and an estimated creatinine clearance value at screening
of 

 

≥

 

50 ml min

 

−

 

1

 

 as determined by the Cockcroft–Gault
equation. Women were excluded if they had a history or
clinical evidence of significant respiratory, cardio-
vascular (including thromboembolic disorders), gas-
trointestinal, hepatic, renal, endocrine, haematological,
neurological, psychiatric or other chronic disease, alco-
holism or drug abuse. In both studies, administration of
any medication, including herbal supplements and over-
the-counter medications without the approval of a
clinical investigator, was prohibited from screening to
closeout. In Study 2, subjects had to possess the geno-
type for extensive CYP2D6 metabolism.

These studies were conducted in accordance with the
International Conference on Harmonization Guidelines
for Good Clinical Practice, the Declaration of Helsinki,
and in compliance with United States Food and Drug
Administration (FDA) regulations. Written informed
consent was required from each subject who partici-
pated, or her authorized representative, prior to the sub-
ject’s enrolment. The Ethics Committees were MDS
Pharma Services Inc. Institutional Review Board, Lin-
coln, NE and Pfizer Research Clinic Institutional
Review Board, Ann Arbor, MI for Studies 1 and 2,
respectively.

 

Study design: Study 1

 

Subjects were randomly assigned to one of three treat-
ment groups, with 15 subjects per group. Group 1 (laso-
foxifene alone control) received a single 0.25-mg oral
dose of lasofoxifene on day 2 with no other medication
for the remainder of the study. This dose was selected
because it is the anticipated therapeutic dose for the
prevention and treatment of osteoporosis. Group 2 was
administered ketoconazole (400 mg day

 

−

 

1

 

) on days 1–20
plus a single 0.25-mg oral dose of lasofoxifene on day
2. Group 3 received fluconazole (400 mg day

 

−

 

1

 

) on days
1–20 along with a single 0.25-mg oral dose of lasofox-
ifene on day 2. All medications were administered at
approximately the same time of day and the day 2 laso-
foxifene dose was coadministered with the ketoconazole
or fluconazole dose. Subjects remained at the clinic for

the first 2 days of the study. Before the subjects left the
clinic on day 3, they were given the remainder of the
medication for self-administration on days 4–20. To
assess compliance, subjects recorded dosing times for
ketoconazole and fluconazole in a daily medication
diary.

The women were required to fast overnight for 8 h
before each clinical laboratory assessment and before
lasofoxifene administration on day 2. Subjects remained
fasting for 4 h after the lasofoxifene dose. They were
also required to fast for 2 h prior to and 2 h after keto-
conazole or fluconazole administration on day 1. Iden-
tical lunches and identical dinners were served 4 and
10 h, respectively, following the ketoconazole or flucon-
azole dose on day 1 and following the lasofoxifene dose
on day 2. Ketoconazole or fluconazole could be admin-
istered without regard to meals on all days other than
day 1. Grapefruit juice or food products containing
grapefruit were prohibited for 7 days before day 1 until
closeout.

 

Study design: Study 2

 

Women who fulfilled the entry criteria received a single
0.25-mg lasofoxifene dose on day 8. From days 1 to 21,
half of the subjects were randomly assigned to receive
an additional 30 mg paroxetine daily. The paroxetine
dose was taken at approximately the same time each
day, without regard to meals. Doses of paroxetine on
days 1, 4, 6 to 12, 15 and 18 were also administered
while subjects were in the clinic. To assess compliance,
subjects recorded dosing times for paroxetine in a daily
medication diary.

The subjects were required to fast overnight for 8 h
before clinical laboratory measurements and before the
lasofoxifene dose on day 8 and to remain fasted for 4 h
after receiving the lasofoxifene dose on day 8. Lunches
and dinners were served in the clinic 4 and 10 h, respec-
tively, after drug administration on day 8.

 

Pharmacokinetic assessments

 

Pharmacokinetic sampling was performed by collecting
10 ml of venous blood in glass vacuum blood collection
tubes containing sodium heparin. Blood samples were
withdrawn before lasofoxifene dosing and at 1, 2, 4, 8,
12, 24, 48, 72, 120, 168, 216, 264, 336 and 456 h after
the dose on day 2 (Study 1) or at 1, 2, 4, 6, 8, 10, 12,
24, 48, 72, 96, 168, 240 and 336 h after dose adminis-
tration on day 8 (Study 2). Following each collection,
blood samples were centrifuged as soon as possible and
the separated plasma was stored frozen at 

 

≤−

 

20 

 

°

 

C until
assayed. Plasma concentrations of lasofoxifene were
measured using a validated liquid chromatography/mass
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spectrometry/mass spectrometry (LC/MS/MS) method
at CEDRA Corporation (Austin, TX, USA) [6]. The
analytical range was 0.025–6 ng ml

 

−

 

1

 

, with a lower limit
of quantification of 0.025 ng ml

 

−

 

1

 

. Precision (expressed
as percent coefficient of variation) was determined
between days using quality control samples of low,
medium and high concentrations and was within 3.5%.
Accuracy of these quality controls ranged from 85.3 to
102%.

Lasofoxifene pharmacokinetic parameters including
maximum plasma concentration (

 

C

 

max

 

), time to maxi-
mum plasma concentration (

 

T

 

max

 

), terminal half-life (

 

t

 

1/2

 

)
and area under the curve (AUC) values were determined
using standard noncompartmental methods. Analysis of
variance (

 

ANOVA

 

) of log-transformed 

 

C

 

max

 

 and AUC was
used to construct 90% confidence intervals (CIs) for the
ratio of least squares mean values of lasofoxifene coad-
ministered with ketoconazole, fluconazole or paroxetine
to those of lasofoxifene alone. Mean values for all other
pharmacokinetic parameters were least squares means
obtained from 

 

ANOVA

 

. Ratios and CIs for these param-
eters were based on untransformed values. Pharmacok-
inetic and statistical analyses were conducted using
WinNonlin Pro (Pharsight Corp., Mountain View, CA,
USA). Absence of an interaction was concluded if the
90% CIs for 

 

C

 

max

 

 and AUC were within the 80–125%
range.

 

Genotyping procedure (CYP2D6)

 

Blood collection for genotyping of CYP2D6 was done
within 30 days of day 1 in Study 2. Venous blood (3 ml)
was withdrawn into a plastic vacuum blood tube con-
taining ethylenediamine tetraaceticacid. Genomic DNA
was isolated using the QIAamp 96 DNA Blood Kit
(Qiagen, Valencia, CA, USA). Genotyping was per-
formed using TaqMan allelic discrimination assays
(Applied Biosystems Inc., Foster City, CA, USA) for
CYP2D6 (*3, *4, *6, *7, *8).

 

Safety evaluations

 

All symptoms or adverse events (AEs) following drug
administration were recorded. In Study 2, AEs may have
been counted twice: during the paroxetine-only phase
(days 1–7) and during administration of the lasofox-
ifene–paroxetine combination.

In both studies, physical examinations, vital signs and
ECG measurements were performed at screening and at
closeout. In Study 1, vital signs and ECGs were also
measured predose and 1–2 h postdose on day 1, and
predose and 6–8 h postdose on day 2. Fasting blood and/
or urine samples for clinical laboratory measurements
were collected during screening, on days 9 and 16 (hae-
matology and clinical chemistry only in Study 1) and at
closeout.

 

Results

 

The number of subjects participating in Study 1 and
Study 2 is summarized in Table 1 along with demo-
graphic characteristics. There were no premature study
discontinuations.

 

Pharmacokinetics

 

Study 1

 

Mean lasofoxifene plasma concentration–time
profiles following administration of 0.25 mg lasofox-
ifene alone and during daily dosing with 400 mg
ketoconazole or 400 mg fluconazole are shown in
Figure 2. A summary of pharmacokinetic parameters is
provided in Table 2. Lasofoxifene exposure, as mea-
sured by AUC

 

0–

 

∞

 

, was 20% higher when coadministered
with ketoconazole (Table 3). The 90% CI for the treat-
ment ratio of AUC

 

0–

 

∞

 

 values was outside of the 80–
125% range. The effect on 

 

C

 

max

 

 was smaller with an
11% increase with concomitant ketoconazole. Lasofox-
ifene pharmacokinetic parameters following coadminis-
tration with fluconazole were equivalent to those with
lasofoxifene alone. The 90% CI for both 

 

C

 

max

 

 and AUC

 

Table 1

 

Demographic characteristics of the participants for both studies

 

Study 1 Study 2
Lasofoxifene
alone

Lasofoxifene 

 

+

 

ketoconazole
Lasofoxifene 

 

+

 

fluconazole
Lasofoxifene
alone

Lasofoxifene 

 

+

 

paroxetine

 

No. of subjects 15 15 15 10 10
Age, years, mean (range) 60 (50–75) 62 (43–81) 58 (45–69) 54 (48–67) 58 (50–69)
Weight, kg, mean (range) 70 (50–99) 71 (58–87) 77 (63–124) 71 (57–88) 71 (59–88)
Height, cm, mean (range) 166 (157–174) 165 (157–175) 165 (157–174) 164 (157–174) 166 (160–172)
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were within the 80–125% range (Table 3), indicating the
absence of an interaction between fluconazole and laso-
foxifene. Given the slow absorption and the limited
sampling scheme, mean lasofoxifene 

 

T

 

max

 

 varied for the
different treatment groups, ranging from approximately
10 h to 21 h. Lasofoxifene 

 

t

 

1/2

 

-values were similar across
each treatment group.

 

Study 2

 

Figure 3 shows the mean lasofoxifene plasma
concentration–time profiles following administration of
0.25 mg lasofoxifene alone and during daily dosing with

30 mg paroxetine. The lasofoxifene AUC

 

0–

 

∞

 

 was 35%
greater during daily dosing with 30 mg paroxetine
(Table 3), outside the 80–125% range. Consistent with
these results, the lasofoxifene 

 

C

 

max

 

 was increased by
18% during coadministration with paroxetine. Lasofox-
ifene 

 

t

 

1/2

 

 was 34 h greater when coadministered with
paroxetine (168 

 

vs.

 

 202 h).

 

Adverse events

 

Administration of lasofoxifene alone and in combina-
tion with ketoconazole, fluconazole or paroxetine was
generally well tolerated. Table 4 summarizes the num-

 

Table 2

 

Summary of pharmacokinetic parameters (mean 

 

±

 

 SD) for lasofoxifene alone or when coadministered with ketoconazole, 
fluconazole (Study 1) or alone or with paroxetine (Study 2)

 

Parameter

Study 1 Study 2
Lasofoxifene
alone

Lasofoxifene 

 

+

 

ketoconazole
Lasofoxifene 

 

+

 

fluconazole
Lasofoxifene
alone

Lasofoxifene 

 

+

 

paroxetine

 

N

 

15 15 15 10 10

 

T

 

max

 

, h 15.4 

 

± 

 

7.4 9.6 

 

± 

 

4.5 21.3 

 

± 

 

12.4 13.0 

 

± 

 

6.0 11.8 

 

± 

 

6.6

 

C

 

max

 

, ng ml

 

−

 

1

 

0.218 

 

± 

 

0.033 0.249 

 

± 

 

0.074 0.200 

 

± 

 

0.037 0.203 

 

± 

 

0.050 0.243 

 

± 

 

0.083
AUC0–∞, ng h ml−1 52.7 ± 9.5 63.6 ± 14.0 55.3 ± 12.7 41.4 ± 4.5 56.4 ± 10.2
t1/2, h 196 ± 45.3 190 ± 40.0 204 ± 30.6 168 ± 31.7 202 ± 37.2

Cmax, Maximum plasma concentration; AUC0–∞ , area under plasma concentration–time profile from time zero extrapolated to
infinite time; Tmax, time to reach Cmax; t1/2, terminal half-life.

Figure 2 
Mean ± SD lasofoxifene plasma concentration–time profiles following 

administration of a single 0.25-mg lasofoxifene dose alone and during 

daily dosing with 400 mg ketoconazole or with 400 mg fluconazole. 
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Figure 3 
Mean ± SD lasofoxifene plasma concentration–time profiles following 

administration of a single 0.25-mg lasofoxifene dose alone and during 

daily dosing with 30 mg paroxetine. Lasofoxifene (alone) (�), 

lasofoxifene + paroxetine (�)
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ber of AEs reported in Study 1 and Study 2. For Study
1, all AEs were mild in intensity and generally short in
duration, resolving within 1 day. For Study 2, the major-
ity of AEs were mild or moderate; one AE (nausea) was
rated as severe and occurred during paroxetine-only
dosing. There were no clinically relevant laboratory
abnormalities.

Discussion
Lasofoxifene, a next-generation SERM developed for
the prevention and treatment of osteoporosis, is cur-
rently undergoing Phase 3 clinical trials. As stated in the

FDA Guidance for Industry on Drug Metabolism [21],
it  is necessary to determine the metabolic pathways
and routes of elimination of new drugs to ensure their
safety and to understand the potential for drug–drug
interactions.

Lasofoxifene elimination is slow, with a t1/2 of 5–
6 days [6]. Renal excretion of unchanged lasofoxifene
accounts for only 2% of the dose, whereas metabolism,
including oxidation and conjugation pathways, appears
to play a more important role. In vitro metabolic studies
to elucidate the potential routes of lasofoxifene metabo-
lism have been complicated by low rates of metabolism,
consistent with the low hepatic extraction of lasofoxifene
in vivo. We therefore used an in vivo approach to examine
the clinical effects of various CYP inhibitors on the
pharmacokinetic profile of lasofoxifene.

In vitro study results suggest that CYP3A4/5 and
CYP2D6 may be involved in lasofoxifene metabolism.
Consistent with these results, lasofoxifene exposure was
increased following coadministration with ketoconazole
(20%) and paroxetine (35%), but not fluconazole.
Although the changes in lasofoxifene Cmax and AUC0–∞

observed during the coadministration of lasofoxifene and
ketoconazole were statistically significant, the differ-
ences were relatively small, suggesting a minor role for
CYP3A. Coadministration of ketoconazole with mida-
zolam, a compound metabolized by CYP3A, results in
an 7.7-fold increase in AUC [28]. A 67% increase is
AUC is noted with zolpidem, a compound with a pre-
dicted CYP3A-mediated clearance of 61% [29].

The effect with paroxetine was larger than that with
ketoconazole, suggesting CYP2D6 may play a role in

Table 3
Least square mean ratio (90% confidence interval) Cmax 
and AUC of lasofoxifene administered with ketoconazole, 
fluconazole or paroxetine using lasofoxifene alone as 
reference

Treatment Parameter Ratio (%) 90% CI

Ketoconazole Cmax 111 98.4, 127
AUC0–∞ 120 105, 136

Fluconazole Cmax 91.3 80.3, 104
AUC0–∞ 104 91.4, 118

Paroxetine Cmax 118 95.6, 146
AUC0–∞ 135 120, 152

Cmax, Maximum plasma concentration; AUC0–∞, area under
plasma concentration–time profile from time zero extrap-
olated to infinite time.

Table 4
Overview of adverse events (AEs)

Study 1
Study 2

Lasofoxifene
alone

Lasofoxifene +
ketoconazole

Lasofoxifene +
fluconazole

Lasofoxifene
alone

Lasofoxifene + paroxetine
Paroxetine only
days 1–7

Combination
days 8–21

Number of AEs
All AEs 8 29 28 8 34 30
Associated AEs 1 2 1 4 31 27

Number of subjects reporting AEs
All AEs 6 12 8 5 10 10
Associated AEs 1 1 1 2 10 10

All AEs are defined as all observed or volunteered AEs regardless of treatment group or suspected causal relationship to study
drug. Associated AEs are defined as AEs that were evaluated by the investigator as being definitely, probably or possibly related
to study drug.
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lasofoxifene metabolism greater than CYP3A in this
extensive CYP2D6-metabolizer population. Drugs such
as desipramine, imipramine and metoprolol (R- and S-
combined), which are metabolized by CYP2D6, have
shown an increase in AUC ratios of 7.4, 1.74 and 6.1,
respectively, when coadministered with paroxetine.
These values are considerably greater than those
observed with lasofoxifene [30–32], thus no clinically
significant interactions are expected to occur between
lasofoxifene and CYP2D6 inhibitors such as paroxetine.
In addition, lasofoxifene pharmacokinetic data show
that lasofoxifene exposure does not exhibit a bimodal
distribution in the general population as would be
expected if CYP2D6 were the predominant enzyme
involved in lasofoxifene metabolism.

Lasofoxifene is generally safe and well tolerated
when given to postmenopausal women at doses as high
as 10 mg daily for up to 1 year [8]. The interactions
observed when coadministered with either ketoconazole
or paroxetine are not considered clinically significant.
Thus, no dosage adjustment should be required when
lasofoxifene is coadministered with ketoconazole, par-
oxetine or other CYP3A and CYP2D6 inhibitors. The
impact of the administration of multiple inhibitors on
lasofoxifene has not been studied and an additive inhib-
itory effect cannot be excluded. Lasofoxifene was gen-
erally well tolerated when administered alone or with
any of the enzyme inhibitors.

In conclusion, coadministration of potent inhibitors
of CYP3A and CYP2D6, but not CYP2C9, resulted in
a moderate increase in lasofoxifene exposure. No dos-
age adjustment should be required when lasofoxifene is
coadministered with ketoconazole, paroxetine or other
agents that inhibit these CYP enzymes.
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