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Abstract The antiestrogenic drug tamoxifen is widely
used in the treatment of estrogen receptor-o-positive breast
cancer and substantially decreases recurrence and mortality
rates. However, high interindividual variability in response
is observed, calling for a personalized approach to tamoxifen
treatment. Tamoxifen is bioactivated by cytochrome P450
(CYP) enzymes such as CYP2B6, CYP2C9, CYP2C19,
CYP2D6 and CYP3A4/5, resulting in the formation of active
metabolites, including 4-hydroxy-tamoxifen and endoxifen.
Therefore, polymorphisms in the genes encoding these en-
zymes are proposed to influence tamoxifen and active ta-
moxifen metabolites in the serum and consequently affect
patient response rates. To tailor tamoxifen treatment, mul-
tiple studies have been performed to clarify the influence of
polymorphisms on its pharmacokinetics and pharmacody-
namics. Nevertheless, personalized treatment of tamoxifen
based on genotyping has not yet met consensus. This article
critically reviews the published data on the effect of various
genetic polymorphisms on the pharmacokinetics and phar-
macodynamics of tamoxifen, and reviews the clinical im-
plications of its findings. For each CYP enzyme, the
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influence of polymorphisms on pharmacokinetic and phar-
macodynamic outcome measures is described throughout
this review. No clear effects on pharmacokinetics and
pharmacodynamics were seen for various polymorphisms in
the CYP encoding genes CYP2B6, CYP2C9, CYP2C19 and
CYP3A4/5. For CYP2D6, there was a clear gene-exposure
effect that was able to partially explain the interindividual
variability in plasma concentrations of the pharmaco-
logically most active metabolite endoxifen; however, a clear
exposure-response effect remained controversial. These
controversial findings and the partial contribution of geno-
type in explaining interindividual variability in plasma
concentrations of, in particular, endoxifen, imply that tai-
lored tamoxifen treatment may not be fully realized through
pharmacogenetics of metabolizing enzymes alone.

Key Points

High interindividual variability in response to
tamoxifen treatment of breast-cancer patients calls for
apersonalized approach to tailor tamoxifen treatment.

Various cytochrome P450 (CYP) enzymes have been
proposed, and investigated, to affect the
pharmacokinetics and pharmacodynamics of
tamoxifen, since tamoxifen is bioactivated to more
active metabolites (e.g. endoxifen) by these enzymes.

CYP2D6 genotype showed a clear gene-exposure
effect, but can only partially explain interindividual
variability. An exposure-response effect remains
controversial.

Tailored tamoxifen treatment may not be fully
realized through the pharmacogenetics of
metabolizing enzymes alone.
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1 Introduction

Tamoxifen is an antiestrogenic drug, widely used for the
treatment of estrogen receptor-o. (ERo)-positive breast
cancer. Adjuvant tamoxifen treatment substantially reduces
breast cancer relapse and mortality rates [1]. Recently, the
Adjuvant Tamoxifen: Longer Against Shorter (ATLAS)
and adjuvant Tamoxifen-To offer more? (aTTom) trials
have suggested the extension of tamoxifen treatment du-
ration from 5 years to 10 years for a subpopulation of
premenopausal patients, to further lower recurrence rates
[2, 3]. Both pre- and postmenopausal patients are treated
with tamoxifen; however, in postmenopausal patients or
patients who underwent ovarian ablation, treatment with
aromatase inhibitors is effective, either in a sequence, be-
fore or after tamoxifen, or for 5 years [4]. Aromatase in-
hibition does not work in women with active ovarian
function, like in premenopausal women [5]. Inhibition of
aromatase reduces feedback of estrogens to the hypotha-
lamus-pituitary-ovary axis, leading to an increased
stimulation of the ovaries via gonadotropin secretion [6].
This stimulation overrules the effect of aromatase in-
hibitors. Therefore, tamoxifen is currently the only drug of
choice in this subpopulation. Even though a differentiation
between ERo-positive and ERa-negative tumors is made
prior to treatment, a high interindividual variability in re-
sponse to adjuvant treatment with tamoxifen is observed
[7]. Tailoring tamoxifen therapy was the main focus of an
extensive number of studies with emphasis on germline
genotyping as a tool to guide treatment. Bioactivation of
tamoxifen is mediated by polymorphic cytochrome P450
(CYP) enzymes and may therefore be an important process
causally involved in response variability [8]. Bioactivation
of tamoxifen results in the formation of metabolites that
have different affinity and potency towards ERo [9, 10].
The ERa receptor is known to be the main target in anti-
estrogen therapy, while the role of ER is still under in-
vestigation [11]. The formation of the two major primary
metabolites of tamoxifen, N-desmethyl-tamoxifen and
4-hydroxy-tamoxifen, is predominantly catalyzed by
CYP3A4/5 and CYP2D6, respectively. The formation of
the secondary metabolite 4-hydroxy-N-desmethyltamox-
ifen (endoxifen) is generated from N-desmethyl-tamoxifen
by CYP2D6, and less substantially from 4-hydroxy-ta-
moxifen by CYP3A4/5 [8]. Endoxifen and 4-hydroxy-ta-
moxifen are potent antiestrogenic metabolites, with a
100-fold higher affinity for ER and a 30- to 100-fold higher
potency in suppressing cell proliferation compared with
tamoxifen, pointing towards key roles for CYP2D6 and
CYP3A4/5 in the bioactivation of tamoxifen [9, 10]. Since
plasma concentrations of endoxifen exceed plasma con-
centrations of 4-hydroxy-tamoxifen, endoxifen is proposed
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to be the most important metabolite of tamoxifen [9].
Nevertheless, tamoxifen metabolism has shown to be more
complex than solely transformation to endoxifen via
CYP2D6, depending on other factors such as serum
abundance and the activity of other CYP enzymes such as
CYP2B6, CYP2C9, CYP2C19 and CYP3A4/5, as depicted
in Fig. 1 [8].

Currently, only CYP2D6 genotyping is proposed to
guide tamoxifen treatment, and an AmpliChip® CYP450
test for determination of the genotype has been approved
by the US Food and Drug Administration (FDA). The FDA
Advisory Committee recommended including pre-treat-
ment genotyping in the drug label of tamoxifen [12];
however, such a recommendation is not included in the
current label. Determination of the genotype is suggested to
make treatment decisions for both postmenopausal and
premenopausal women. Postmenopausal women with low
metabolic activity are expected to have lower exposure to
an active tamoxifen metabolite and could therefore derive
more benefit from either aromatase inhibitors or a higher
dose of tamoxifen, as opposed to the standard dose of
20 mg/day. Likewise, premenopausal patients can benefit
from a higher dose of tamoxifen when experiencing low
metabolic activity since tamoxifen is currently the only
drug of choice in the premenopausal setting.

However, controversial findings of various studies, to be
discussed in this review, have led to conflicting views on
pharmacogenotyping as a tool to guide tamoxifen treat-
ment. Therefore, this article critically reviews the pub-
lished data regarding the effect of various genetic
polymorphisms on the pharmacokinetics and pharmaco-
dynamics of tamoxifen, and aims to review the clinical
implications of these findings.

2 Literature Search

A literature search was performed using the PubMed/
MEDLINE database. The following terms were searched in
October and November 2014: [(Tamoxifen AND CYP2B6)
OR (Tamoxifen AND CYP2C9) OR (Tamoxifen AND
CYP2C19) OR (Tamoxifen AND CYP3A4) OR (Tamox-
ifen AND CYP3A5) OR (Tamoxifen AND CYP2D6)].
Studies including patients with ERa-positive breast cancer
undergoing adjuvant treatment with tamoxifen for early-
stage breast cancer and investigating an effect of poly-
morphisms in genes encoding the metabolizing enzymes
CYP2B6, CYP2C9, CYP2C19, CYP3A4, CYP3AS, and/or
CYP2D6 on pharmacokinetic and/or pharmacodynamic
outcome measures were selected. Pharmacokinetic out-
come measures included steady-state plasma concentra-
tions of tamoxifen and its metabolites and/or associated
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Fig. 1 Part of the tamoxifen
metabolic pathway. Bold
enzymes illustrate a higher
extent of contribution to the
formation of the metabolite [8].
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metabolic ratios. Pharmacodynamic outcome measures
included survival outcomes such as overall survival (OS),
(distant or invasive) disease-free survival (DFS), (distant)
recurrence-free survival (RFS), (distant) recurrence-free
interval (RFI), breast cancer-free interval (BCFI), or any
other measurement of breast cancer recurrence risk. Search
results were limited to studies conducted in humans and
full-text articles available in the English language. Various
characteristics of studies and study populations were
identified, such as number of patients, dose, concomitant
use of CYP2D6 inhibitors and if this was accounted for,
deviation from Hardy—Weinberg equilibrium, DNA
derived tissue, and menopausal status.

3 Results of the Literature Search

The described search terms identified 451 papers, 36 of
which were found to be eligible for inclusion. Of 451 pa-
pers, 102 were reviews, 10 investigated effects in animals,
60 studies were in vitro studies or investigated the meta-
bolism of tamoxifen, 104 studies did not investigate pre-
viously described pharmacokinetic or pharmacodynamic
outcome measurements, 6 studies were on bioanalytic
methods, 23 studies investigated genotyping methods or

CYP2D6

Endoxifen

OH

tumorgenetics, 30 studies investigated drugs other than
tamoxifen, and 52 hits consisted of author replies, com-
ments, errata, or editorials. The remaining 64 studies ana-
lyzed an effect of polymorphisms on pharmacokinetics
and/or pharmacokinetics. Eleven studies investigated ef-
fects in non-adjuvant-treated patients, in three studies it
was unclear if receptor status was accounted for, and 13
studies did not investigate previously described pharma-
cokinetic or pharmacodynamic outcome measurements
after reading full texts, were of poor methodological
quality, or provided an insufficient amount of information;
these studies were excluded from the review. Survival
outcomes included mainly DFS, RFS and RFI, which were
specified as time from surgery or randomization to recur-
rence. Event-free survival (EFS) was defined as the time
from surgery or randomization to occurrence of a defined
event; events were specified differently among studies.
Characteristics of the 36 included studies are depicted in
Table 1.

3.1 Study Designs
As depicted in Table 1, a variety of study designs were

used to determine the effects of polymorphisms in
metabolic enzymes on  pharmacokinetic and
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Table 1 Characteristics of included studies

References Year PK/PD Study type n Menopausal Dose (mg/day) CYP2D6 inhibitors® HWQ DNAP
status

[13] 2013 PD RCT 535 Post 30 - ++ T
[14] 2006 PK Cohort 158 Both 20 ++ - G
[15] 2013 PD Ca—Co 57 Both 20 ++ ++ G
[16] 2013 PK Cohort 135 Both 20 ++ ++ G
[17] 2005 PD Cohort 223 Post 20 —— — G+T
[18] 2013 PD Ca—Co 319 Post 20 —— ++ G+T
[19] 2005 PK Cohort 80 Both 20 ++ + G
[20] 2008 PD Cohort 67 Both 20 ++ — G
[21] 2010 PK/PD Cohort 282 Both 20 ++ ++ G
[22] 2011 PD Ca—Co 494 Post - ++ ++ G
[23] 2011 PK Cohort 165 Both 20 ++ ++ G
[24] 2011 PK Cohort 1370 Both - ++ ++ G
[25] 2011 PD Cohort 190 Post 20 ++ ++ T
[26] 2011 PK Cohort 236 Post 20 ++ + G
[27] 2014 PD Cohort 99 Both - — ++ G
[28] 2005 PD Cohort 162 Both - —— - T
[29] 2009 PD Cohort 173 Both 20 ++ — G
[30] 2012 PD Cohort 588 Post 20 ++ + T
[31] 2012 PD Cohort 1243 Post 20 —— — T
[32] 2014 PK/PD Cohort 548 Pre 20 — ++ G
[33] 2007 PD Cohort 206 Both - —— + T
[34] 2009 PD Cohort 1325 Both 20 —— — T
[35] 2013 PD Cohort 30 Both - ++ ++ G
[36] 2013 PK/PD Cohort 132 Both - ++ ++ G
[37] 2005 PK/PD Cohort 98 Post 20 e ++ G
[38] 2005 PD RCT 50 Post 40 — — T
[39] 2007 PD Cohort 119 Post 20/40 ++ - T
[40] 2008 PK/PD Ca—Co 152 Both 20 ++ - G
[41] 2013 PK Cohort 90 Both 20 ++ ++ G
[42] 2008 PK Cohort 151 Both 20 ++ ++ -
[43] 2009 PD Cohort 156 Both 20 —— ++ T
[44] 2010 PD Cohort 493 Both 20 —— ++ G
[45] 2010 PD Cohort 3155 Both 20 ++ + G
[46] 2012 PK/PD Cohort 716 Both 20 — — G
[47] 2011 PD Cohort 110 Both 20 ++ — G
[48] 2011 PK Cohort 117 Both 20 ++ ++ G

PK pharmacokinetic outcomes, PD pharmacodynamic outcomes, RCT randomized controlled trial, Ca—Co case—control study, Post post-
menopausal, Pre premenopausal, Both postmenopausal and premenopausal, CYP cytochrome P450, HW(Q Hardy—Weinberg equilibrium,
G germline DNA, T tumor tissue extracted DNA, ++ indicates yes, + indicates in part, — indicates unknown, —— indicates not

? Accounted for CYP2D6 inhibitors
® Source of DNA

pharmacodynamic outcomes. Studies investigating the ef-
fect of polymorphisms on plasma concentrations were
mostly well-designed, prospective cohort studies, while
studies investigating the effect of polymorphisms on sur-
vival outcome were predominantly designed as
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retrospective cohort studies and, to a lesser extent, as case—
control studies. Cohort studies solely included patients
treated with tamoxifen and analyzed whether polymor-
phisms had an impact on survival in this patient group.
Case—control studies compared incidences of recurrences
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in patients carrying variant alleles (cases) and patients
carrying the wild-type genotype (controls) or compared
hazard ratios (HRs) of both groups. Cases and controls
were both treated with tamoxifen. Since prognosis can
differ between patients, most analyses were multivariate
analyses correcting for nodal status and tumor grade and
stage because these factors are known to influence survival
outcome. What is not known is whether CYP variant alleles
can also influence prognosis. In most studies described
throughout this review, only tamoxifen-treated patients
have been studied. This precludes any definitive conclusion
regarding either prognostic or predictive value of the CYP
variant because outcome after tamoxifen is a combination
of prognosis and treatment effect (prediction). In studies
where the CYP variant group had a multivariate corrected,
poorer outcome than the CYP wild-type group after ta-
moxifen treatment, any conclusion that this CYP variant
was causal in lower endoxifen concentrations and therefore
reduced efficacy of tamoxifen is premature. To discern the
predictive effect from the prognostic effect of polymor-
phisms in CYP enzymes on survival outcome, a random-
ized controlled trial (RCT) or case—control design should
be used, with four patient subgroups [49]: patients with and
without the CYP polymorphism of interest, and patients
with and without the treatment of interest. Studies by
Beelen et al. and Wegman et al. [13, 38] investigated the
prognostic value of the CYP2C19%*2 and CYP2D6%*4 vari-
ant alleles, respectively. Interestingly, the CYP2C19%2
variant conferred an adverse prognosis in the absence of
treatment, while patients with this variant allele derived
significantly more benefit from adjuvant tamoxifen than
patients without this variant [13]. While reading this re-
view, it is crucial to keep in mind that if the four subgroups
are not included in the study design, conclusions regarding
prognosis and/or prediction will not have any influence on
patient care.

3.2 Effect of Polymorphisms on Pharmacokinetic
and Pharmacodynamic Outcome Measures

For each CYP enzyme, the effect of various polymor-
phisms on pharmacokinetic and pharmacodynamic out-
come measures will be described.

3.2.1 CYP2B6

CYP2B6 plays a role in the formation of the primary
metabolites 4-hydroxy-tamoxifen. CYP2B6 enzymes can
show different metabolic activities based on their poly-
morphic state [8]. Over 50 allelic variations of CYP2B6 are
described, but not all associated metabolic activities are
known. CYP2B6*4 shows an increased in vivo metabolic

activity, and CYP2B6*6, *16 and *26 allelic variations
show a decreased metabolic activity [50].

Regarding pharmacokinetic outcome measures, no as-
sociation between the CYP2B6%6 genotype and endoxifen
concentrations, 4-hydroxy-tamoxifen concentrations, or the
metabolic ratio of tamoxifen concentration over 4-hy-
droxy-tamoxifen concentration (MRtamusont) Was found
[26, 36]. Additionally, CYP2B6*6 polymorphism was not
associated with significantly different relapse-free time
(RFT) [27]. The definition of RFT was in line with the
definition of RFI, as described by Hudis et al. [51]. In
addition, no association was found between the CYP2B6
genotype and EFS or OS [11].

3.2.2 CYP2CY

CYP2C9 contributes to the formation of the primary ta-
moxifen metabolites N-desmethyl-tamoxifen and 4-hy-
droxy-tamoxifen, albeit to a lesser extent than CYP2D6
and CYP3AS5 isoforms. [52] The metabolic activity of
CYP2C9 can be normal (*1A), decreased (*3, *5, *8,
*11A, *13), or absent (¥6) [50].

Regarding pharmacokinetics, in the studies by Teft et al.
(no p-values reported) and Jin et al. (p-values >0.05) no
significant difference was found in mean plasma concen-
trations of tamoxifen or its metabolites between patients
carrying two wild-type alleles or carriers of either
heterozygous or homozygous variant alleles of CYP2C9*2
and CYP2C9%3 [19, 36]. Lim et al. [23] found similar re-
sults regarding CYP2C9*3 and the influence on tamoxifen
and metabolite concentrations. In contrast, a significant
difference in the formation of 4-hydroxy-tamoxifen from
tamoxifen (p = 0.007) between homozygous wild-type
carriers and carriers of CYP2C9*2 and/or *3 alleles and
significant lower plasma concentrations of 4-hydroxy-ta-
moxifen (p = 0.0006) and endoxifen (p = 0.0024) were
found [26, 32].

Regardless of the significant difference in formation of
4-hydroxy-tamoxifen and endoxifen and 4-hydroxy-ta-
moxifen concentration, no association between genotypes
and treatment outcome, survival, or RFT has been reported
[27, 33]. The definition of RFT was in line with the
definition of RFI, as described by Hudis et al. [51].

3.2.3 CYP2CI9

CYP2CI19 activity could alter tamoxifen metabolism and
exposure to its metabolites via catalyzation of the conversion
of tamoxifen into 4-hydroxy-tamoxifen [8]. CYP2C19%*2 and
*3 variant alleles showed no metabolic activity, whereas
CYP2CI19%17 showed increased metabolic activity due to
increased transcriptional activity [50].
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No significant correlation between CYP2C19 genotypes
and concentrations of tamoxifen or its metabolites
(p > 0.05) were found by Lim et al. [23]. Miirdter et al.
[26] underlined these results, finding no correlation be-
tween CYP2CI19%*3 or CYP2CI19*17 and plasma concen-
trations of endoxifen and 4-hydroxy-tamoxifen or
associated metabolic ratios.

Regarding survival outcome measures, Okishiro et al.
[29] found no significant difference between genotypes of
CYP2C1I9 and RFS in Japanese patients with breast cancer
treated with adjuvant tamoxifen [HR 0.37, 95 % confi-
dence interval (CI) 0.08-176; p = 0.19]. In addition, no
significant impact on RFT was found for CYP2C19 variant
allele carriers [27], and heterozygous carriers of a
CYP2CI9 variant allele did not significantly impact DFS
(HR 0.93 95 % CI 0.47-1.84; p = 0.829) [14]. In addition,
Moyer et al. [25] did not find a significant difference be-
tween the CYP2C19%17 genotype and DFS.

The study by Schroth et al. [33] investigated the impact
of single nucleotide polymorphisms (SNPs) on RFT, EFS,
and OS, but found no significant correlations between
CYP2C19%*2 and/or *3 carriers and these survival out-
comes. However, in carriers of CYP2CI19*17, improve-
ment in RFT was found (HR 0.45, 95 % CI 0.21-0.92;
p = 0.03) but this was not significant for EFS (HR 0.58,
95 % CI 0.32-1.01; p = 0.05) and OS (HR 0.61, 95 % CI
0.29-1.26; p = 0.18).

Beelen et al. [13] investigated the prognostic value of
the CYP2C19*2 variant allele, comparing patients using
tamoxifen with patients not using tamoxifen for both
CYP2C19%2 carriers and patients with wild-type genotype.
Patients carrying at least one CYP2C[9*2 variant allele
showed an improved RFI (HR 0.26; p = 0.001), while
patients without this allele derived less benefit (HR 0.68;
p = 0.18). Interestingly, breast-cancer patients carrying the
CYP2C19%*2 variant allele had a poor prognosis in the
absence of adjuvant tamoxifen (HR 2.5) compared with
patients without a variant allele. As explained by the au-
thors, CYP2C19 exposure affects the metabolism of ta-
moxifen as well as estrogen catabolism. The non-functional
CYP2C19%2 causes higher exposure to estrogens, leading
to a possible higher susceptibility to tumors that are de-
pendent on estrogen signaling. Therefore, these patients
could be more sensitive to estrogen-inhibiting therapy,
explaining the more beneficial HR in the CYP2CI19*2
subgroup.

3.2.4 CYP3A4/5
CYP3A4/5 enzymes catalyze the formation of tamoxifen
into different active metabolites, of which transformation

into N-desmethyl-tamoxifen from tamoxifen and endoxifen
from 4-hydroxy-tamoxifen are the most important [8]. The
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CYP3A4%22 polymorphism shows decreased metabolic
activity, and CYP3A5*3 and CYP3A5*6 polymorphisms
show no metabolic activity; therefore, lower endoxifen and
N-desmethyl-tamoxifen concentrations leading to de-
creased response are expected to be associated with these
polymorphisms [50].

Regarding the influence of CYP3A4/5 polymorphisms
on the pharmacokinetics of tamoxifen, various studies have
been conducted. Teft et al. unexpectedly found higher en-
doxifen (p < 0.05) concentrations for CYP3A4*22 carriers,
as well as higher concentrations of tamoxifen (p < 0.0001),
N-desmethyl-tamoxifen, 4-hydroxy-tamoxifen and other,
less relevant, metabolites. Since CYP3A4*22 polymor-
phism shows a decreased metabolic activity, higher
metabolite concentrations are not expected; however, ta-
moxifen concentrations were also elevated. Therefore, it is
suggested that intestinal CYP3A4 activity was decreased,
leading to reduced first-pass metabolism, increasing the
concentration of tamoxifen and subsequently its metabo-
lites. The study also investigated the combination of
CYP2D6 and CYP3A4 polymorphisms. In patients with low
CYP2D6 metabolic activity, the CYP3A4*22 allele carriers
had endoxifen concentrations above a set threshold of
6.72 ng/ml compared with subtherapeutic concentrations in
patients with low CYP2D6 metabolic activity and CYP3A4
wild-type. These findings indicate that CYP3A4*22 poly-
morphism is more important in CYP2D6 poor metabolizers
[36]. This threshold was based on the 20th percentile of
endoxifen concentrations in the enrolled patients because,
in the study by Madlensky et al., patients with endoxifen
concentrations in the lowest quintile were at the highest
risk of recurrence [24, 36].

In the study by Tucker et al. [37] no significant differ-
ences were seen for tamoxifen, N-desmethyl-tamoxifen, or
4-hydroxy-tamoxifen concentrations in patients carrying at
least one variant CYP3A5*3 or CYP3A5%6 allele. The in-
fluence of CYP3A5 polymorphisms on endoxifen concen-
trations was not investigated and possible other
polymorphisms were not taken into account. Although the
study by Jin et al. [19] found higher steady-state mean
plasma concentrations of endoxifen in patients with at least
one functional allele (82.0 nM; range 56.2-107.8) com-
pared with patients with no functional alleles (58.1 nM;
range 49.3-66.9), no significant associations were found
between CYP3A5*3 homozygous carriers and any of the
metabolite concentrations (tamoxifen, p = 0.98; 4-hy-
droxy-tamoxifen, p = 0.57,; N-desmethyl-tamoxifen,
p = 0.99). Additional studies did not find a correlation
between carriers of CYP3A5*3 alleles and tamoxifen or
tamoxifen metabolite steady-state concentrations or their
metabolic ratios [8, 22, 29].

Considering pharmacodynamic survival outcomes, the
study by Goetz et al. [17] found that the CYP3AS5*3 variant
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was not associated with RFS, DFS, or OS. Furthermore, no
associations between the CYP3A5*3 variant allele and
treatment outcome or survival were found in the study by
Schroth et al. [33].

Both multivariate and univariate analyses by Wegman
et al. [39] showed unexpected improved RFS (multivariate:
HR 0.13, 95 % CI 0.02-0.86; p = 0.03) in homozygous
carriers of CYP3A5*3 treated with tamoxifen for 5 years.

The gene-exposure effect for CYP3A4/5 polymorphisms
and tamoxifen is less clear than that for CYP2D6. The
study by Teft et al. [36] investigated the relevance of the
CYP3A4#22 polymorphism in different CYP2D6 genotype
groups, indicating that the CYP3A pathway becomes more
relevant if CYP2D6 metabolic activity is decreased.

3.2.5 CYP2D6

Two of the most potent metabolites of tamoxifen, 4-hydroxy-
tamoxifen and endoxifen, are predominantly generated by
CYP2D6 [8]. More than 100 allelic variants of CYP2D6 with
different metabolic activities are currently known.
Metabolic activity can either be normal (*1, *2, *33, *35),
decreased (*9, *10, *17, *29, *41, *69), absent (*3, *4, *6,
*7, *8, ¥11-*15, *18—*21, *31, *38, *40, *42, *44) or in-
creased (*2XN, *35X2) [50]. To facilitate comparison, the
predicted phenotype is derived from the genotype, enabling
classification of metabolizers into four different groups: poor
metabolizer (PM), intermediate metabolizer (IM), extensive
metabolizer (EM), or ultrarapid metabolizer (UM).

Study results regarding the effect of CYP2D6 poly-
morphisms on pharmacokinetic and pharmacodynamic
parameters are depicted in Tables 2 and 3, respectively.

All 13 reports investigating the associations between
CYP2D6 polymorphisms and pharmacokinetics found a
significant effect of genotype on endoxifen concentrations
and/or the formation of endoxifen from N-desmethyl-ta-
moxifen [14, 16, 19, 21, 23, 24, 26, 32, 36, 41, 42, 46, 48].
For N-desmethyl-tamoxifen and 4-hydroxy-tamoxifen a
significant effect of CYP2D6 variant alleles was indicated
by four and three studies, respectively [21, 23, 24, 41, 42,
46]. None of the studies indicated a correlation between
genotype and tamoxifen concentrations.

Four studies [21, 23, 24, 41, 42, 46] estimated to what
extend CYP2D6 polymorphisms could explain the vari-
ability in endoxifen concentrations by testing CYP2D6
activity as a covariate using linear models. Miirdter et al.
[26] found that CYP2D6 polymorphisms explained 39 % of
variability in endoxifen concentrations. Teft et al. [36]
found a similar contribution of 30 %, Saladores et al. [32]
found a contribution of 53 %, and Madlensky et al. [24]
indicated that the CYP2D6 genotype, together with age and
body mass index (BMI), explained 46 % of the variability
in endoxifen concentrations.

Madlensky et al. indicated a threshold of 5.97 ng/ml for
endoxifen. Patients with endoxifen concentrations above
5.97 ng/ml had lower recurrence rates (HR 0.74, 95 % CI
0.55-1.00) based on patient plasma concentrations of en-
doxifen and associated DFS times. Even though the majority
of PMs had low endoxifen concentrations, 24 % were still
able to generate endoxifen concentrations above the
threshold of 5.97 ng/ml [24]. The study by Teft et al. [36]
used a comparable threshold of 6.72 ng/ml. This threshold
was based on the 20th percentile of endoxifen concentrations
in enrolled patients, since patients with endoxifen concen-
trations in the lowest quintile were at highest risk of recur-
rence in the study conducted by Madlensky et al. The
majority of PMs failed to generate an endoxifen concentra-
tion above a threshold of approximately 6.72 ng/ml.

With regard to pharmacodynamic outcomes, findings are
more controversial. Various studies were conducted to
clarify the influence of different polymorphisms of
CYP2D6 on the pharmacodynamics of tamoxifen. The re-
sults of these studies are categorized and presented in
Table 2. The first 11 studies showed no significant asso-
ciation between CYP2D6 polymorphisms and different
types of survival outcome [17, 22, 27-29, 39, 43-47]. In
contrast, seven studies indicated a significant association
between CYP2D6 polymorphisms and different survival
outcomes [15, 20, 21, 32, 33, 38, 40].

Only six studies investigated an effect of CYP2D6
polymorphisms on OS; however, none of these studies
showed significant results [17, 28, 33, 43, 45, 47].

Four trials and a meta-analysis were of great importance
in settling the controversy between positive and negative
findings for an effect of CYP2D6 polymorphisms on clin-
ical outcome: the Breast International Group (BIG) 1-98
trial [31], the Armidex, Tamoxifen, Alone or in combina-
tion (ATAC) trial [30], the Austrian Breast and Colorectal
cancer Study Group (ABCSG) 8 trial [18], and the Inter-
national Tamoxifen Pharmacogenomics Consortium
(ITPC) meta-analysis [53]. The BIG 1-98 trial [31] and the
ATAC trial [30] demonstrated no evidence for an asso-
ciation between CYP2D6 genotype and recurrence. How-
ever, both studies have been criticized: the BIG1-98 trial
showed strong deviation from Hardy—Weinberg equilibri-
um, and the ATAC trial had a lack of statistical power
since less than 19 % of patients randomized to tamoxifen
were analyzed. However, the relevance of meeting Hardy—
Weinberg equilibrium in a study reflecting clinical practice
is questioned in an editorial by Berry [54]. In contrast, the
ABCSG 8 trial showed that CYP2D6 PMs had a sig-
nificantly higher rate of recurrence and death in patients
treated with tamoxifen monotherapy for 5 years. For pa-
tients carrying two PM alleles this effect was significant
(odds ratio [OR] 2.45, 95 % CI 1.05-5.73; p = 0.04), and
for patients carrying one PM allele (OR 1.67, 95 % CI
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Table 2 Results for CYP2D6 polymorphisms and their effect on pharmacokinetic parameters

Variant alleles References  Outcome Comparison Significance
3-8,11,14A,15,19,20,40,4x  [24] Css THM,; 3 EM/EM vs. Various comb T (NS); M;_; (p < 0.001)
M3 45 % explained by genotype
3,4,5,6 [19] Css T+M; 3 wt/wt vs. wt/* or */* M; (p = 0.003)
3,4,6,7,8,9,10,41 [26] Css TH+M 5 EM/EM vs. Various comb Ms;: 39 % explained by genotype
MRomram/enn M;: 9 % explained by genotype
3-6,9,10,41,14,15,17 [32] MRpmramenn  CYP2D6 activity score p <1077
3,4,8,10,41 [36] Css THM; 3 EM/EM vs. Various comb Mj; significant
5,10,41 [23] Css TH+M,; 3 wt/wt vs. wt/*5, wt/*10: M; (p = 0.077) and (p = 0.006)
*10/10,%5/*10 M; (p < 0.001); M;(*10) (p = 0.011)

wt/* vs. *5/%10 M; (p = 0.001)
2-6,10,41 [41] Cys THM,; 3 EM vs. PM M, ; (p < 0.001)
3-6,9,10,17,41 [16] Cys THM,; 5 EM/EM vs. PM/PM M; (p < 0.001)
33 Alleles [14] MREgND/DMTAM Wt/wt vs. wt/* vs */* p < 0.001
4,5,10,36,41,21 [21] Ces TH+M; 5 wt/wt vs. wt/* or */* M, ;5 (p < 0.01) both
2-6 [42] Ces THM,; 3 EM/EM vs. EM/* vs. PM vs. UM M, (p = 0.001); M3 (p = 0.001)
5,10,41 [46] Css THM,; 3 wt/wt, wt/* vs. */* M, ; (p < 0.001)
2,2A,2AxN,4-6,9,10,17,41  [48] M3 CYP2D6 activity score M; (p = 0.0009), Z-endoxifen

(p < 0.0001)

CYP cytochrome P450, C, steady-state concentration, comb combinations, T tamoxifen, M tamoxifen metabolite; M; N-desmethyl-tamoxifen,
M, 4-hydroxy-tamoxifen, M; endoxifen, MR metabolic ratio, EM extensive metabolizer, PM poor metabolizer, UM ultrarapid metabolizer, NS
not significant, MR pyrap/enp metabolic ratio of N-desmethyl-tamoxifen concentration over endoxifen concentration, MR gyp/pyran metabolic
ratio of endoxifen concentration over N-desmethyl-tamoxifen concentration, wt/wt two wildtype alleles, wt/* one wildtype allele and one

polymorphic allele, */* two polymorphic alleles

0.95-2.93; p = 0.07) a trend was observed [18]. Schroth
et al. found similar results; patients with reduced CYP2D6
activity, carrying either one or two PM alleles, had sig-
nificantly shorter time to recurrence (HR 1.40, 95 % CI
1.04-1.90, and HR 1.90, 95 % CI 1.10-3.28, respectively).
In addition, the effects on EFS (HR 1.33, 95 % CI
1.06-1.68) and DFS (HR 1.29, 95 % CI 1.03-1.61) showed
significance, but the effect on OS was not significant (HR
1.15, 95 % CI 0.88-1.51), comparing EMs with heterozy-
gous and homozygous carries of PM alleles together [34].
The ITPC meta-analysis by Provence et al. defined three
groups of inclusion criteria, of which criteria 1 was the
most restrictive (including ER-positive breast-cancer pa-
tients receiving tamoxifen 20 mg daily for 5 years). In this
subgroup, CYP2D6 PM status was associated with shorter
DFS (HR 1.25, 95 % CI 1.06-1.47; p = 0.009). However,
when tamoxifen duration, menopausal status, and annual
follow-up were not specified, no significant association was
seen (HR 1.17, 95 % CI 0.90-1.52; p = 0.25) [criteria 2]
and non-significance remained when no exclusions were
applied (HR 1.07, 95 % CI 0.92-1.26; p = 0.38) [criteria
3]. The meta-analysis concluded that high restrictiveness of
patient groups validates CYP2D6 genotyping [53]; how-
ever, the credibility of this study has been questioned, in
part due to the lack of prospectively defining the endpoint,
selection bias, and omitting OS [55].
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The study by Wegman et al. [38] investigated whether or not
the CYP2D6*4 variant allele was of prognostic value. Patients
carrying at least one CYP2D6*4 allele had significantly im-
proved benefit from tamoxifen treatment (p = 0.0089); for the
wild-type CYP2D6, this benefit was not significant.

Thus, based on these studies it can be concluded that
CYP2D6 activity has a clear effect on endoxifen concentra-
tions, advocating a gene-exposure effect. However, interindi-
vidual variability in endoxifen concentrations can only, in part,
be explained by CYP2D6 genotypes or predicted phenotypes.
Whether this also translates into less efficacy of tamoxifen in
CYP2D6 PMs remains controversial. As depicted in Tables 1
and 3, included studies investigating the effect of polymor-
phisms on survival outcome had various weaknesses and dif-
ferences regarding characteristics, statistical power,
methodological quality, and study design. Therefore, com-
bining results of different studies and drawing a clear conclu-
sion is challenging. Potential biases in a subset of studies are
more extensively described in a previous review [56].

4 Discussion
Review of the published data on the effect of various genetic

polymorphisms shows that interindividual variability in re-
sponse to tamoxifen treatment cannot sufficiently be
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explained by genotype variability. A conclusive answer to
whether genotyping is of clinical value for patients to be
treated with tamoxifen is currently not available, which is
mainly caused by the controversial outcomes of multiple
studies, partially explained by high interstudy heterogeneity
and methodological flaws in different studies. Different
factors contribute to interstudy heterogeneity, such as dif-
ferences in quantification of tamoxifen and metabolites,
registration of co-medication, administered dose, time on
tamoxifen treatment, compliance, genotype comparison,
tissue used for genotyping, deviation from Hardy—Weinberg
equilibrium, specification of survival outcome, statistical
power, methodology, and study design. Additionally, studies
are selective on what polymorphisms are taken into account,
leading to potential misclassification of phenotypes.

Regardless of the extensive heterogeneity between
studies, none of the conducted trials reported consistent
evidence for an effect of polymorphisms in CYP2B6,
CYP2C9, and CYP2CI19 encoding genes on the pharma-
cokinetics and/or pharmacodynamics of tamoxifen. For
CYP3A5 polymorphisms, there was no clear gene-exposure
effect, but CYP3A4*22 showed significantly higher con-
centrations of endoxifen, probably attributed to higher ta-
moxifen concentrations. In addition, CYP2D6 PMs
benefited from CYP3A4*22, resulting in higher endoxifen
concentrations compared with CYP2D6 PMs lacking this
genomic variation. No studies linked CYP3A4 polymor-
phisms to outcome. No association between CYP3AS5
polymorphisms and survival outcome was found, except
for the unexpected association between CYP3A5*3 ho-
mozygous carriers and improved RFS [39]. Nevertheless,
further investigation is needed to determine if the
CYP3A4/5 pathway in tamoxifen metabolism, and there-
fore its polymorphic state, becomes more important with
decreasing CYP2D6 activity.

For CYP2D6, all indicated studies clearly show a sig-
nificant gene-exposure effect. However, interindividual
variability in endoxifen concentrations can only, in part, be
attributed to the CYP2D6 genotype. This partial contribu-
tion might be a reason for the controversy seen in trials
aimed at finding an association between variant allele
carriers of CYP2D6 and survival outcomes. In addition,
CYP enzymes are also known to play a role in estrogen
metabolism. CYP3A4, for example, catalyzes the conver-
sion of estradiol to 2-hydroxyestradiol (E2). E2 inhibits
cellular proliferation, therefore SNP-induced alterations in
CYP3A4 activity can affect tumor development itself, apart
from its effect on tamoxifen metabolism and outcome [57,
58]. CYP2C19 polymorphisms are also known to affect
estrone (E1) and E2 catabolism. High concentrations of E1
were seen in patients carrying either one or two
CYP2C19%*2 variant alleles, and low E2 concentrations
were associated with the CYP2CI9*I7 genotype [59].

A\ Adis

CYP2C19%2 variant allele carriers have been shown to be
at a higher risk of developing breast cancer, and the
prognosis in these patients in the absence of treatment is
poor. However, these tumors are more sensitive to anti-
estrogen treatment, rendering their prognosis after adjuvant
tamoxifen treatment similar to breast-cancer patients with
wild-type CYP2C19 [13].

While the debate continues on whether or not geno-
typing of CYP2D6 prior to adjuvant treatment with ta-
moxifen should be implemented, further validation for
genotyping and other approaches to personalize treatment
with tamoxifen should be explored.

To truly settle controversy on whether or not to use
genotyping, previously described factors contributing to
interstudy heterogeneity should be addressed in future at-
tempts. Some selected points to consider are discussed
shortly. For pharmacokinetic-oriented studies, discrepan-
cies in quantitative analysis of tamoxifen and metabolite
concentrations should be addressed. Lack of bioanalytical
method selectivity can result in misinterpreting plasma
concentrations. A selective liquid chromatography—tandem
mass spectrometry (LC-MS/MS) method for the quantifi-
cation of tamoxifen and metabolites is preferred [60].
Coadministration of CYP2D6 inhibitors, such as antide-
pressants, can alter exposure to active metabolites of ta-
moxifen and subsequently alter survival outcomes [61].
Therefore, patients using medication that interferes with
CYP2D6 metabolism should be excluded, or co-medication
should be registered. In addition, it is not preferable to use
tumor tissue as a source for germline DNA since loss of
heterozygosity at the CYP2D6 locus in breast tumors has
been described [62]. Using an insensitive technique to
analyse tumor tissue-derived DNA can cause misclassifi-
cation of genotypes [62]. In order to prevent misclassifi-
cation through incomprehensive allele coverage, validated
tests should be used to ensure accurate CYP2D6 geno-
typing [63]. A major drawback for all studies testing an
effect of polymorphisms on clinical outcome is the retro-
spective study design. Prospective studies, with prospec-
tively defined endpoints and sufficient sample size, are
needed to validate further recommendations [55, 64]. Post
hoc analyses of prospective RCTs and case—control studies
including four subgroups can be a valuable alternative for
prospective studies. Since polymorphisms in metabolic
enzymes can also be of prognostic value, a distinction
between the prognostic and predictive value of a poly-
morphism in a metabolic enzyme should be made. A post
hoc analysis of an RCT including an untreated control
group can identify such a distinction. Once a prognostic
biomarker is identified, it can be corrected for in a multi-
variate analysis [49].

In addition to optimization of future trials, two effects
should be validated to decide upon the clinical value of
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genotyping: (1) a clear gene-exposure effect, and (2) a
clear exposure-response effect. For CYP2D6, a clear gene-
exposure effect is reported for endoxifen, as described in
this review. However, the variability in plasma concen-
trations of endoxifen can be partially attributed to the
CYP2D6 genotype, and the residual variability remains
unexplained. Therefore, genotyping of CYP2D6 might not
sufficiently predict exposure and, consequently, might not
be applicable as a biomarker for tamoxifen treatment re-
sponse. Other factors, contributing to metabolite concen-
tration variability, should be identified and quantified.
Subsequently, these factors, and the genotype, could be of
clinical value to tailor tamoxifen treatment. In addition,
tamoxifen and other active metabolites have different
pharmacological activities and could contribute, in other
extents, to treatment outcomes [48].

An exposure-response effect can be validated by studies
linking tamoxifen or metabolite concentrations to clinical
outcome. This has been investigated retrospectively by
Madlensky et al. [24] where endoxifen concentrations be-
low 5.97 ng/ml correlated with more recurrences, while
Saladores et al. [32] indicated that patients with endoxifen
concentrations below a threshold of approximately
5.30 ng/ml were at higher risk for distant relapse or death.
Additional prospective research is preferred to further
validate an exposure-response relationship; however, con-
ducting a prospective trial in the adjuvant setting is nearly
impossible. Therefore, evidence from different trial set-
tings, such as post hoc analyses of RCTs, prospectively
collected cohort data in the metastatic setting, and case—
control studies, should be combined in order to support an
exposure-response effect.

Since there is, as yet, no conclusive predictor for ex-
posure, measurement of plasma concentrations of tamox-
ifen and active metabolites could be suggested to establish
exposure, ensuring the true phenotype of patients.
Therapeutic drug monitoring (TDM) has advantages over
the measurement of factors contributing to endoxifen ex-
posure, such as genotype. TDM can identify EMs, or even
UMs, with endoxifen concentrations below the threshold,
which would have stayed unexposed using genotyping. On
the other hand, not all PMs have endoxifen concentrations
under the proposed threshold. This is supported by
Madlensky et al. [24] who indicated that 24 % of the PMs
were still able to generate therapeutic concentrations of
endoxifen, and Teft et al. [36] who indicated that PMs were
able to generate endoxifen, despite the lack of metabolic
activity of CYP2D6. Therefore, a risk of unnecessarily high
dosing might exist if treatment is only based on genotyp-
ing. In addition, TDM could identify non-compliance.
However, endoxifen steady-state concentrations are only
met after 1-4 months of treatment. Since steady-state en-
doxifen plasma concentrations are used to tailor tamoxifen

treatment, a risk-period of suboptimal treatment exists
between the start of treatment and the time of steady state.
This short timeframe of risk will not be of clinical rele-
vance since tamoxifen is indicated to reduce recurrence and
mortality rates after years of treatment. Nevertheless, this
problem could potentially be addressed by using a
population pharmacokinetic model to predict steady-state
plasma concentrations of endoxifen in an early stage of
tamoxifen treatment [65]. Moreover, a population phar-
macokinetic model could guide tamoxifen dosing from an
early stage.

Both genotyping and TDM rely on the assumption that
exposure is correlated with survival outcome. To anticipate
either low concentrations or low metabolic activities of
CYP2D6, a dose-exposure effect needs to be validated.
Previous studies provide evidence for such a dose-exposure
effect. An increase of tamoxifen dose from 20 mg daily to
30 or 40 mg daily, increases endoxifen concentrations [48,
66, 67]. In addition, endoxifen concentrations in CYP2D6
PMs and IMs treated with 40 mg of tamoxifen were
comparable to CYP2D6 EMs treated with 20 mg, outlining
the feasibility of dose adjustment based on TDM mea-
surements [68]. Regardless of its feasibility, safety of dose
adjustments should also be investigated. Several studies
have investigated the toxicity of a dose increase of ta-
moxifen, but no data on long-term toxicity were included
[69, 70].

5 Conclusions

No clear effects on pharmacokinetics and pharmacody-
namics were seen for various polymorphisms in the CYP
encoding genes CYP2B6, CYP2C9, CYP2CIl9, and
CYP3A4/5, based on the reviewed data. For CYP2D6, there
was a clear gene-exposure effect that was able to partially
explain the interindividual variability in endoxifen plasma
concentration; however, a clear exposure-response effect
remained controversial. Even though the effects of poly-
morphisms on the pharmacokinetics and pharmacody-
namics of tamoxifen are rationalized by its well-understood
metabolism, the genotype remains a surrogate parameter
for the plasma concentration of tamoxifen and its
metabolites, hampering the clinical applicability of geno-
typing. Based on existing evidence for a link between ex-
posure and response to tamoxifen, TDM seems to be the
best approach for tailored tamoxifen treatment at the mo-
ment. However, to truly validate genotyping or any other
tailored treatment of tamoxifen, additional studies linking
metabolite concentrations to clinical outcome, as well as
studies on toxicity, are needed, in addition to studies in-
vestigating to what extent tamoxifen and other metabolites
contribute to the antiestrogenic effect of tamoxifen.
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