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Abstract Tamoxifen is a prodrug, and most of the thera-
peutic effect in treating breast cancer stems from its
metabolite, endoxifen. Since cytochrome P450 (CYP) 2D6
is the most important enzyme in the production of endox-
ifen, drugs that inhibit CYP2D6 would be expected to
reduce tamoxifen efficacy. In addition to drug—drug inter-
actions (DDI) involving CYP2D6, there is growing evi-
dence that enzyme inducers can substantially alter the
disposition of endoxifen, reducing tamoxifen efficacy.
Although the clinical evidence on the impact of CYP2D6
inhibitors on tamoxifen efficacy is mixed, there were
serious flaws in many of the studies. Thus, there is a rea-
sonable chance that CYP2D6 inhibitors do in fact inhibit
tamoxifen efficacy. Tamoxifen has extraordinarily complex
pharmacokinetics, with more than a dozen drug-metabo-
lizing enzymes and transporters involved in its disposition.
Enzyme inducers may increase the activity of several of
these pathways, including phase II enzymes, ABC trans-
porters, and various CYP enzymes other than CYP2D6.
Based on current clinical evidence, one could argue that
enzyme inducers are potentially more dangerous than
CYP2D6 inhibitors in patients taking tamoxifen. Moreover,
early evidence suggests that the combination of CYP2D6
inhibitors plus enzyme inducers may produce catastrophic
inhibition of tamoxifen efficacy. One could argue that,
given the available evidence, an agnostic “wait and see”
position on tamoxifen DDI is ethically untenable, and that
many women with breast cancer are currently being sub-
jected to an unnecessary risk of cancer recurrence. Specific
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recommendations to reduce the risk of adverse tamoxifen
DDI are offered for consideration.

Key Points

Tamoxifen drug—drug interactions (DDI) are
controversial, but a careful evaluation of the clinical
evidence suggests that CYP2D6 inhibitors and
enzyme inducers may reduce tamoxifen efficacy.

The consequences of falsely assuming tamoxifen
DDI are important (type I error) are minor, but the
consequences of falsely assuming they are not
important (type II error) are potentially catastrophic.

Given the ease with which many tamoxifen DDI can
be avoided, reason dictates that we act to reduce the
risk of tamoxifen DDI.

Knowledge and wisdom, far from being one,
Have ofttimes no connection. Knowledge dwells
In heads replete with the thoughts of other men;
Wisdom in minds attentive to their own.
Knowledge, a rude unprofitable mass,

The mere materials with which wisdom builds,
Till smoothed and squared and fitted to its place
Does but encumber whom it seems to enrich.
William Cowper, The Task [1]
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1 Background

No one knew about tamoxifen or cytochrome P450 (CYP)
2D6 when William Cowper (1731-1800) wrote his wonderful
long poem, The Task, but for those of us who feel “encum-
bered” by the “rude unprofitable mass” of conflicting data
regarding the effect of CYP2D6 activity on tamoxifen effi-
cacy, Cowper’s words resonate across the centuries.

When it became clear over a decade ago that tamoxifen
is a prodrug and is converted to the major active metabolite
(endoxifen) primarily by the enzyme CYP2DG6, papers
began to appear describing reduced tamoxifen efficacy in
breast cancer patients with reduced CYP2D6 activity due
either to genotype or drugs that inhibit CYP2D6. But the
plot thickened quickly as papers began to appear suggest-
ing that reduced CYP2D6 activity did not increase the risk
of recurrence and death due to breast cancer. We now have
a substantial body of evidence on both sides of the issue.

Although much of the debate has centered on CYP2D6
activity and tamoxifen, it has become clear that the story
involves much more than just CYP2D6. Tamoxifen efficacy
may also be affected by ABC transporters (e.g., ABCBI,
ABCC?2), phase II metabolism such as glucuronidation, and
possibly other CYP isoforms (e.g., CYP2B6, CYP2C9,
CYP2C19, and CYP3A4) [2, 3]. Like CYP2D6, the activity
of these enzymes and transporters can be affected by drugs
and genotype, a fact that markedly increases the complexity
of sorting out tamoxifen drug—drug interactions (DDI).

The tamoxifen controversy is fueled by the involvement
of so many different disciplines: epidemiology, oncology,
pathology, statistics, pharmacogenomics, pharmacology,
and DDI. Although efforts to orchestrate this diverse group
to achieve consensus have failed so far, untangling some of
the errors and misconceptions about DDI is a necessary
step if we are to succeed.

Moreover, despite the complexity and the many unan-
swered questions, I will argue in this commentary that
although we do not have enough evidence to establish the
importance of tamoxifen DDI with certainty, we clearly
have enough data to act. Moreover, it appears that our
failure to do so is putting patients on tamoxifen at unnec-
essary risk of therapeutic failure. In other words, the
ambient presumption that we need not worry about
CYP2D6 inhibitors or enzyme inducers in patients
receiving tamoxifen has become ethically untenable.

2 Studies of CYP2D6 Genotype and Tamoxifen
Efficacy

The interest in studying the possible effect of CYP2D6

inhibitors on tamoxifen efficacy came not only from the
recognition that endoxifen was the active metabolite, but

A\ Adis

also from clinical studies suggesting that genetic difference
in CYP2D6 activity may affect tamoxifen efficacy. For
example, in 1325 patients receiving tamoxifen for breast
cancer, those with the lowest CYP2D6 activity had the
highest rate of cancer recurrence. The 609 patients who were
CYP2D6 extensive metabolizers (EMs) had a cancer recur-
rence rate of 14.9%, the intermediate metabolizers
(IMs) 20.9% and the poor metabolizers 29% [4]. The median
follow-up was 6.3 years, but the authors did not collect data
on the use of medications that affect CYP2D6 activity.

More recent studies have found similar relationship
between CYP2D6 genotype and breast cancer recurrence.
For example, in 95 breast cancer patients on tamoxifen, the
odds ratio for recurrence and metastasis was 13-fold higher
in CYP2D6 IMs compared to EMs [5].

Other studies have also found a relationship between
CYP2D6 genotype and tamoxifen efficacy, but these
results must be juxtaposed against several studies that
failed to find such an association. Fortunately, since our
focus is on tamoxifen drug interactions, there is no need to
weigh in on the contentious CYP2D6 genotype debate.
Moreover, there is general agreement on both sides of the
debate that the CYP2D6 genotype studies published to date
have one or more limitations, such as:

inadequate genotyping,

lack of adherence data,

inadequate duration of study,

retrospective, rather than prospective review,

lack of tamoxifen dose information,

failure to differentiate between premenopausal and
postmenopausal patients,

methodological errors,

e errors and omissions in dealing with concomitant drug
therapy.

To study the effect of CYP2D6 genotype on tamoxifen
efficacy one would want to adjust in some manner in the
patients under study for the presence of concurrent therapy
with all CYP2D6 inhibitors and other drugs that may affect
tamoxifen efficacy. For some studies, the concurrent use of
CYP2D6 inhibitors was not considered at all in the analysis
[6]. Even when genotype studies tried to adjust their results
for the use of CYP2D6 inhibitors, many of the studies used
deeply flawed lists of inhibitors. There were two primary
errors in these studies: (1) using lists of CYP2D6 inhibitors
contaminated with non-CYP2D6 inhibitors (sometimes
outnumbering the real CYP2D6 inhibitors), and (2) the
failure to include many other CYP2D6 inhibitors available
at the time the study was done. These problems will be
discussed in detail below, so there is no need to cover them
here.

It is not possible to precisely determine the degree to
which using these flawed lists of CYP2D6 inhibitors
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affected the results of the genotype studies, but one can
assume that it made it more difficult to ascertain whether
CYP2D6 genotype affects tamoxifen efficacy.

3 CYP2D6 Inhibitors and Tamoxifen Efficacy

Let us briefly review the current status of the effect CYP2D6
inhibitors on tamoxifen pharmacokinetics and tamoxifen
efficacy in breast cancer patients. First, there is general
agreement that endoxifen is the primary active metabolite of
tamoxifen, and that the formation of endoxifen is primarily
via CYP2D6. Accordingly, the concurrent use of CYP2D6
inhibitors and tamoxifen would be expected to substantially
reduce endoxifen concentrations, and there is clinical evi-
dence to support this expectation [7-9]. For example in 80
patients with breast cancer started on tamoxifen 20 mg/day,
the EMs who were also taking CYP2D6 inhibitors had
endoxifen plasma concentrations that were 58% lower than
EMs not on CYP2D6 inhibitors [7]. IMs on CYP2D6 inhi-
bitors had endoxifen concentrations that were 38% lower
than IMs not on CYP2D6 inhibitors.

In another study of 140 patients on tamoxifen for breast
cancer, 46 patients were taking CYP2D6 inhibtors. In
patients taking “weak” CYP2D6 inhibitors, endoxifen
plasma concentrations were 24% lower than those not taking
CYP2D6 inhibitors, but in those taking “potent” CYP2D6
inhibitors, endoxifen concentrations were 72% lower [8].

Moreover, switching patients from potent CYP2D6-in-
hibiting selective serotonin reuptake inhibitors (SSRIs;
paroxetine or fluoxetine) to a different SSRI with little or
no effect on CYP2D6 (escitalopram) results in substantial
increases in endoxifen concentrations [10]. One would
expect, therefore, that CYP2D6 inhibitors would inhibit the
efficacy of tamoxifen in the treatment of breast cancer, but
it turns out that some studies suggest such an association
[11-15], while other studies do not [16-19].

In one study of 2430 women with breast cancer on
tamoxifen and SSRIs, paroxetine (a potent CYP2D6 inhi-
bitor) was associated with an increase in breast cancer
mortality, and the greater the overlap of the two drugs, the
higher was the breast cancer mortality [12]. Unexpectedly,
another potent CYP2D6 inhibitor (fluoxetine) was not
associated with increased breast cancer mortality. There
are two ways to explain this anomaly. One explanation is
that the study suggests that CYP2D6 activity is not
important for tamoxifen efficacy. Another explanation is
that there is some difference between paroxetine and flu-
oxetine that accounts for the anomaly. We know that
paroxetine and fluoxetine differ regarding which CYP
enzymes they inhibit, and their effect on transporters could
vary as well. Given what we know from the 50-year history
of DDI, the second explanation is as plausible as the first.

All of the studies of the effect of CYP2D6 inhibitors on
tamoxifen efficacy—pro and con—have had one or more
limitations, and many of these limitations were acknowl-
edged by the authors. But in some studies, the limitations
raise serious questions regarding the validity of the results.
For example, as Juurlink [20] has pointed out, one recent
study cited above [17] failed to find an association between
the use of CYP2D6-inhibiting SSRIs and tamoxifen effi-
cacy, but looked at total mortality instead of breast cancer
deaths, and the study also had a median follow-up of only
about 2 years. As with most studies of CYP2D6 activity
and tamoxifen efficacy, the authors also did not differen-
tiate between premenopausal and postmenopausal patients,
although they did concede that CYP2D6 inhibitors may be
more likely to affect tamoxifen efficacy in premenopausal
patients. Although the study had a very large sample size,
their attempt to adjust for other drugs taken by the patients
that may affect CYP2D6 was seriously flawed. Of the 18
drugs on the list entitled “CYP2D6 enzyme inhibitors and
inducers” less than half are likely to affect CYP2D6
activity. Moreover, as discussed below, CYP2D6 is resis-
tant to enzyme induction, so the two enzyme inducers on
the list probably have little or no effect on CYP2D6
activity. Presumably, they included enzyme inducers with
the idea that they would offset any CYP2D6 inhibitors, but
instead it is likely that the combination of CYP2D6 inhi-
bitors with enzyme inducers would have an additive effect
in reducing tamoxifen efficacy. We will discuss later the
potential “double whammy” effect of patients on tamox-
ifen receiving CYP2D6 inhibitors and enzyme inducers
simultaneously, a potentially disastrous combination.

One enzyme inducer, St. John’s wort, merits particular
attention at this point. I am not aware of any study of
CYP2D6 inhibitors on tamoxifen efficacy that corrected for
use of St. John’s wort. Since this herbal product is used for
some of the same reasons as the SSRIs paroxetine and
fluoxetine, and could easily affect the results. Of course, St.
John’s wort would not appear on computerized drug
records and it would thus be difficult to determine which
patients took it. This adds another confounding factor to
the study of CYP2D6 inhibitors on tamoxifen efficacy.

Another recent study failing to find an effect of CYP2D6
inhibitors on tamoxifen efficacy had similar flaws [16].
Although the authors “adjusted for other CYP2D6 inhibi-
tors”, the six drugs they listed do not make one optimistic
that this part of the study was handled properly. For
example, they included propranolol as a CYP2D6 inhibitor,
presumably because it is a substrate for CYP2D6, but
actually there is no evidence that it inhibits CYP2D6. They
also included cimetidine, which is at best a modest
CYP2D6 inhibitor, and they misspelled two of the six
CYP2D6 inhibitor drugs as “amniodarone” and “chloro-
quinone”. This may sound like a minor point, but it
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suggests that the adjustments for CYP2D6 inhibitors may
not have been optimal. Perhaps even more important, the
median duration of tamoxifen administration was
2.7 years, which, as the authors acknowledged, may have
been too short to find an association between CYP2D6
inhibitors and tamoxifen efficacy.

For some published reports of the effect of CYP2D6
inhibitors on tamoxifen efficacy, the lack of rigor in
selecting CYP2D6 inhibitors was so egregious that it sheds
serious doubts on the validity of the conclusions. For
example, in two frequently cited tamoxifen studies that
failed to find an effect of CYP2D6-inhibiting antidepres-
sants on breast cancer recurrence, the researchers presented
a drug list used to adjust the data for other medications that
might affect CYP2D6 activity [18, 19]. Before even
looking at the individual drugs in their list, it was clear
from the title of the table “CYP2D6 inhibitors, substrates,
and inducers” that trouble was afoot.

The authors repeatedly stated that CYP2D6 substrates
can be considered CYP2D6 inhibitors. Actually, substrates
for a given CYP isozyme are not necessarily inhibitors of
that same enzyme. In fact, they often are not. This is a
widely held fallacy, and not just in tamoxifen studies; one
still sees this mistake regularly in the biomedical literature.
One might call it the “Highway Fallacy” because people
apparently assume that drug metabolism is like a highway,
and when there are many cars on the highway, the traffic
slows down. The theory appears to be that when two or
more drugs use the same metabolic pathway, there must be
inhibition of metabolism. Fortunately, and for a variety of
reasons beyond the scope of this commentary, competition
for metabolism between drugs using the same pathway is
often clinically unimportant. The evidence is unequivocal:
just because a drug is metabolized by a particular CYP
isozyme in no way guarantees that it inhibits that enzyme.
One despairs that we will ever see a stake driven into the
heart of this fallacy—it has been with us for decades and
shows no sign of dying.

The second problem with the table was that they included
CYP2D6 “inducers”. CYP enzymes vary in the degree to
which they can be induced, however, and it turns out that
CYP2D6 is relatively resistant to enzyme induction [21]. A
list of clinically important CYP2D6 inducers would be a
tabula rasa. Hence, if one analyzes all 30 drugs on the list
used in the two studies [18, 19], fewer than ten are actually
known to be CYP2D6 inhibitors, about half are substrates
for CYP2D6, but have not been shown to be inhibitors, and
probably are not. There were also a couple of relatively
modest CYP2D6 inhibitors, one drug (ranitidine) that does
not inhibit CYP2D6 at all, one CYP3A4 inducer, and two
unknown drugs. A charitable assessment, therefore, is that
one-third of the drugs on the list could be considered
legitimate CYP2D6 inhibitors. To make matters worse,
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there were also many CYP2D6 inhibitors that were not
included in the list (see Table 1 for a current list of CYP2D6
inhibitors). Of course, some of the drugs in Table 1 were
not on the market when these studies were done, but many
were and should have been added to their list.

Note that Table 1 includes what are often considered
both “strong” and “moderate” inhibitors of CYP2D6.
Weak CYP2D6 inhibitors are not included. While it is true
that some inhibitors of drug-metabolizing enzymes tend to
be stronger than others, the extensive variability in magni-
tude of effect means that in one particular patient, a
“moderate” inhibitor of a particular CYP enzyme may
produce a greater interaction than a “strong” inhibitor in
another patient. One of the striking and universal charac-
teristics of DDI is the high intersubject variability in mag-
nitude, regardless of whether the study is done in patients or
healthy subjects, and regardless of whether the mechanism
is pharmacokinetic, pharmacodynamic, or a mixture of the
two. Making decisions about the clinical importance of a
drug interaction based solely on the mean values from
published studies is problematic. It is safest to assume,
therefore, that any one of the drugs in Table 1 is capable of
reducing tamoxifen efficacy in any given patient.

Finally, the study of potential DDI with tamoxifen and
CYP2D6 inhibitors is made more difficult by the nature of
the outcome of the interaction. As Juurlink has observed, it
is not easy to assess drug interactions for agents like
tamoxifen where the outcome is therapeutic failure, par-
ticularly when the failure may not be obvious for years
[20]. For any given drug, there will always be patients who
do not respond for a variety of reasons, so determining that
a drug interaction was responsible for therapeutic failure is
often difficult. The tamoxifen—-CYP2D6 controversy is
reminiscent of the decades-long debate on whether antibi-
otics are capable of reducing the efficacy of hormonal
contraceptives, resulting in an increased risk of unintended
pregnancy. Individual case reports (although there were
many) were not very useful since contraceptive failure can

Table 1 CYP2D6 Inhibitors, from Ref. [22]

Abiraterone Diphenhydramine Paroxetine
Amiodarone Dronedarone Perphenazine
Berberine (Goldenseal) Eliglustat Promethazine
Bupropion Fluoxetine Propafenone
Celecoxib Halofantrine Propoxyphene
Chloroquine Haloperidol Quinacrine
Chlorpheniramine Hydroxychloroquine Quinidine
Chlorpromazine Lorcaserin Quinine
Cinacalcet Lumefantrine Ritonavir
Clobazam Mirabegron Rolapitant
Cobicistat Moclobemide Terbinafine

Darifenacin Panobinostat Thioridazine
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occur with or without concurrent antibiotics. Epidemio-
logic studies of the interaction suffered from some of the
same problems as the tamoxifen—-CYP2D6 studies, where
the lists of antibiotics were contaminated with antibiotics
that would be expected to increase rather than decrease the
levels of contraceptive hormones due to inhibition of
CYP3A4. Yet authors of such flawed studies often declared
that they had debunked the myth that antibiotics inhibit
hormonal contraceptive efficacy. We still do not know with
certainty if antibiotics impair oral contraceptive efficacy,
and there is good reason to be skeptical. There is far more
evidence supporting an interaction between tamoxifen and
CYP2D6 inhibitors. In both cases, however, there are many
potential causes of therapeutic failure; for tamoxifen,
reduced CYP2D6 activity is only one such reason.
Accordingly, we will now turn to other DDI that may affect
tamoxifen efficacy.

4 Inducers of Enzymes/Transporters
and Tamoxifen Efficacy

As if the lack of adequate handling of CYP2D6 inhibitors
in many of the tamoxifen studies were not bad enough, as
already mentioned, it turns out that other pathways for
tamoxifen metabolism or transport are also likely to be
important. These pathways were mostly ignored in the
published studies, but the omission is understandable given
that little was known at the time about how inhibition or
induction of such alternate pathways would affect tamox-
ifen metabolism. Nonetheless, the failure to account for the
effect of genotype or drug therapy on these other drug-
metabolizing enzymes and transporters almost certainly
complicated our ability to determine the effect of CYP2D6
activity (from genotype or drugs) on tamoxifen efficacy. It
may turn out that CYP2D6 activity affects tamoxifen
efficacy, but only in the presence of certain genotypes or
drug therapy that affects the activity of transporters or other
drug-metabolizing enzymes (including Phase II metabo-
lism). This is a critical point, because it makes the con-
flicting data on CYP2D6 activity and tamoxifen efficacy
more understandable, perhaps even inevitable.

Awareness of the possible impact of enzyme inducers on
tamoxifen was advanced by a prospective study in which
breast cancer patients on tamoxifen were given rifampin
600 mg/day for 15 days [23]. An interim analysis in four
patients showed that endoxifen area under the concentra-
tion-time curve (AUC) decreased by about 70% after
rifampin administration, leading the researchers to termi-
nate the study prematurely to avoid harming patients.
Tamoxifen AUC decreased by 84% following rifampin,
which is consistent with an 86% decrease in tamoxifen
AUC found previously when tamoxifen was given with

rifampin to healthy subjects [24]. The previous study,
however, did not measure endoxifen plasma concentrations.

A case report has also appeared showing a dramatic
reduction in endoxifen plasma concentrations in a 39-year-
old woman following rifampin therapy [25]. Her baseline
endoxifen was in the therapeutic range (46 nM), but
2 weeks after completing 10 days of rifampin therapy
(600 mg/day) endoxifen had declined to a subtherapeutic
level of 15.75 nM. Ten weeks after the rifampin was
stopped, her endoxifen concentrations had doubled, a
positive dechallenge that supports the claim that rifampin
was responsible. The case was well documented and the
causal relationship between the rifampin therapy and the
low endoxifen levels would be rated “Probable” by the
Drug Interaction Probability Scale (DIPS) [26].

Tamoxifen, endoxifen, and tamoxifen metabolites are
substrates for enzymes and transporters that are susceptible
to induction, such as uridine diphosphate-glucuronosyl-
transferases (UGTs), a family of enzymes that catalyse the
covalent addition of glucuronyltransferases, CYP3A4,
CYP2C9/CYP2C19, CYP2B6, and efflux transporters such
as P-glycoprotein (ABCB1) and multidrug resistance-as-
sociated protein 2 (ABCC2) [2, 27, 28]. Rifampin probably
induces all of these enzymes and transporters [22, 29-31].

It seems likely, therefore, that the ability of rifampin
(and other enzyme inducers, as described below) to reduce
endoxifen AUC is via more than one pathway. Moreover,
the effect of rifampin may have involved reduced tamox-
ifen bioavailability (due to induced ABCB1), or increased
tamoxifen metabolism via induction of CYP2B6 or UGTs,
thus shunting tamoxifen metabolism away from pathways
that lead to the formation of endoxifen (see Fig. 1). There
is some clinical evidence that patients on tamoxifen with
genotypes that result in higher UGT2B15 activity have an
increased risk of breast cancer recurrence and death [32].
Also, endoxifen appears to undergo glucuronide conjuga-
tion via UGT enzymes, so it is possible that rifampin can
increase the phase II metabolism of endoxifen itself.

As can be seen in Fig. 1, almost all of the pathways that
are susceptible to enzyme induction would ultimately result
in decreased plasma endoxifen concentrations. The prob-
lem could be compounded if the patient had reduced
CYP2D6 activity due to genotype or therapy with CYP2D6
inhibitors, which would further depress endoxifen plasma
concentrations (the “double whammy” effect mentioned
earlier). Then, if, as the available evidence suggests, it
turns out that increased activity of ABCB1 and/or ABCC2
increases the efflux of endoxifen out of the cancer cell as
shown in Fig. 1, the reduction in tamoxifen efficacy by
enzyme inducers could be devastating—a perfect storm of
factors conspiring to negate tamoxifen’s anticancer effects.

What about enzyme inducers other than rifampin? Early
evidence that enzyme inducers can reduce serum
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Fig. 1 Potential effects of enzyme inducers on endoxifen. CYP
cytochrome P450

concentrations of tamoxifen and endoxifen appeared dec-
ades ago. In 1990, Lien et al. published a report of six
postmenopausal patients in whom tamoxifen pharmacoki-
netics were studied before and after addition of aminog-
lutethimide for 6 weeks [33]. Like rifampin,
aminoglutethimide substantially reduced tamoxifen AUC
(by 73%), and the effect of aminoglutethimide on endox-
ifen AUC (93% decrease) was even greater than found for
rifampin in the study cited above. When aminog-
lutethimide was added to tamoxifen, three of the six
patients had endoxifen AUCs of zero (undetectable), and
the authors observed that endoxifen “nearly disappeared in
serum during aminoglutethimide treatment”. The study
was small, but it is consistent with the rifampin data and
the phenytoin data described below.

Aminoglutethimide is known to induce drug metabolism
by various CYP enzymes and probably also induces glu-
curonidation [34, 35], but there is little clinically useful
information regarding its effect on transporters. At this
point, it is not possible to determine with certainty which
enzymes or transporters are involved in the dramatic
reductions in endoxifen AUC with aminoglutethimide.
Note that aminoglutethimide is an aromatase inhibitor and
has been used in the past to treat breast cancer. It is seldom
used for any purpose today, so the importance of these
findings is primarily by inference to other enzyme inducers.

Another enzyme inducer, phenytoin, may also markedly
reduce endoxifen plasma concentrations. A 49-year-old
woman who was an EM for CYP2D6 and on chronic
phenytoin was started on tamoxifen 20 mg/day [36]. Two
months later, her endoxifen level was 4.72 nmol/l, which
was about sevenfold lower than the mean endoxifen for
EMs in their clinic (33.0 nmol/l). The endoxifen levels in
this patient were even lower than most CYP2D6 poor
metabolizers in the clinic, and was about sixfold lower than
eight matched controls. The AUC of the parent drug,
tamoxifen, was only moderately decreased, suggesting that
the dramatically reduced endoxifen concentrations were
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not due to lack of adherence. The case was well docu-
mented and the causal relationship between the phenytoin
therapy and the low endoxifen levels would be rated
“Probable” by the DIPS [26]. In a previous report of 23
male and female patients with glioma on high-dose
tamoxifen, phenytoin was associated with a 60% reduction
in tamoxifen AUC, but the decrease was not statistically
significant [37]. The authors did not measure endoxifen
concentrations, however, and some patients were receiving
another enzyme inducer (dexamethasone) that could have
confounded the results.

Taken together, the evidence on the effect of enzyme
inducers (rifampin, aminoglutethimide, phenytoin) on
tamoxifen pharmacokinetics suggests that these inducers
may have a greater effect in reducing endoxifen concen-
trations than CYP2D6 inhibitors. The possibility that
enzyme inducers can enhance transporter-induced efflux of
endoxifen from breast cancer cells could compound the
effect of reduced serum endoxifen concentrations (see
Fig. 1). All in all, it may turn out that enzyme/transporter
inducers are more dangerous than CYP2D6 inhibitors in
patients taking tamoxifen. We will now turn to the trans-
porters, which provide even more cause for concern about
enzyme/transporter inducers.

4.1 P-glycoprotein (ABCB1)

Available evidence suggests that the transporter ABCB1 is
involved in tamoxifen and endoxifen disposition [38].
There is growing evidence that altered ABCBI1 activity
may affect tamoxifen pharmacokinetics and possibly
tamoxifen efficacy in breast cancer patients. In 71 pre-
menopausal patients receiving tamoxifen for breast cancer,
those with the ABCB1 polymorphism wild-type homozy-
gous 151045642 (CC) had worse outcomes than those with
reduced ABCBI1 activity due to a heterozygous (CT) or
homozygous (TT) variant allele [14].

Another study of 95 breast cancer patients on tamoxifen
found increased breast cancer recurrence and metastasis in
patients with higher ABCBI1 activity [39]. Using the
homozygous wild type (CC) as a reference category with
an odds ratio (OR) of 1.0, the OR of heterozygous patients
(CT) was 0.58, and for homozygous mutant (TT) the OR
was 0.21. Perhaps in those patients with higher ABCB1
activity, the efflux of endoxifen from the cancer cells was
higher, thus reducing tamoxifen efficacy. It is also possible
that those with higher ABCBI1 activity have lower
bioavailability of tamoxifen and/or increased tamoxifen
elimination, although this may be less important than the
effect on breast cancer cells.

There is also evidence of reduced tamoxifen efficacy
with a combination of reduced CYP2D6 activity and higher
ABCBI activity. For example, in tamoxifen-treated breast
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cancer patients with decreased CYP2D6 activity (IMs) plus
high ABCBI1 activity, Teh et al. found the median time to
develop recurrence and metastasis was only 12 months,
compared to 48 months in patients with either intermediate
CYP2D6 or higher ABCBI1 activity alone [39]. The num-
ber of patients was, however, small and so more study is
needed to determine if the reduced tamoxifen efficacy is as
dramatic as noted in this report.

4.2 Multidrug Resistance-Associated Protein 2
(ABCC2)

Another transporter that may turn out to be important in the
efficacy of tamoxifen is ABCC2. In a study of 282 patients
receiving tamoxifen 20 mg/day for breast cancer, variant
alleles of rs3740065 in ABCC2 that result in increased
ABCC2 activity had a higher rate of cancer recurrence
[40]. ABCC2 genotype GG (lowest ABCC2 activity) was
used as a reference and was assigned an adjusted hazard
ratio (HR) for cancer recurrence of 1.0. Patients with one
ABCC2 “risk allele” (AG) and thus increased ABCC2
activity had an adjusted HR of 3.52, and those with two
risk alleles (AA) resulting in the highest ABCC2 activity
had an adjusted HR of 10.64. They also found that
decreased CYP2D6 activity by itself increased the rate of
cancer recurrence. When they designated EM patients as
the reference with an adjusted HR of 1.0, heterozygous
(IMs) had an adjusted HR of 4.44 and PMs an adjusted HR
of 9.52.

The most astonishing (and alarming) results, however,
were seen when they looked at patients with various
combinations of reduced CYP2D6 activity and higher
ABCC?2 activity. They assigned the following points to the
four “risk alleles” found in the patients: CYP2D6 IMs (1
point), CYP2D6 PMs (2 points), ABCC2-AG (1 point),
ABCC2-AA (2 points). With the various combinations,
they had patients with 0, 1, 2, 3 and 4 risk allele points.
Designating the presence of 1 risk allele point as the ref-
erence with an adjusted HR of 1.0 for cancer recurrence,
they found the following adjusted HRs: 2 risk allele
points = 4.93; 3 risk allele points = 19.98; 4 risk allele
points = 45.25. These results suggest that patients with
both low CYP2D6 activity (PMs) and high ABCC2 activity
may have a dramatic reduction in tamoxifen efficacy. More
study of this potentially devastating effect is urgently
needed, especially since the combination of reduced
CYP2D6 activity and increased ABCC2 activity may be
produced by concurrent therapy with CYP2D6 inhibitors
and enzyme inducers.

Another study of 73 breast cancer patients also found
reduced tamoxifen efficacy associated with a wild-type
allele ABCC2 as compared to variant alleles with reduced
ABCC2 activity [41]. Further, they found that the

combination of higher ABCC2 activity (ABCC2 CC) with
higher ABCBI1 activity (ABCB1 CT 4 TT) was associated
with reduced disease-free survival compared to any other
combination of genotypes for ABCC2 and ABCBI.
Taken together, the evidence suggests that the activity of
the transporters ABCB1 and ABCC2 may have a large
influence on the efficacy of tamoxifen for breast cancer.
Although it may not yet be practical to routinely genotype
patients for ABCC1 or ABCC2, we could at least attempt
to keep tamoxifen-treated patients from taking drugs that
can potentially induce these transporters (see Table 2).

4.3 Enzyme Inducers of Concern

As already mentioned, there is specific and credible evi-
dence that rifampin, aminoglutethimide and phenytoin
interact with tamoxifen. A number of other drugs are also
known inducers as shown in Table 2. For example, St
John’s wort is a well-established inducer of CYP enzymes
and ABC transporters [42—44]. In addition to a well-doc-
umented induction of ABCBI, there is some evidence that
it may also induce ABCC2 [45, 46]. St John’s wort may
also induce phase II metabolism, which is likely to reduce
endoxifen concentrations. Since St John’s wort may be
used to treat depression or hot flashes in place of SSRIs in
patients on tamoxifen [47], this may be a critical issue. Is it
possible that in studies of the effect of SSRIs on tamoxifen
efficacy, patients who did not take SSRIs for their hot
flashes or depression were more likely to take St John’s
wort, thus leading to the false conclusion that SSRIs had no
effect on tamoxifen? It does not appear that this possibility
was considered in the studies of SSRIs effect on tamoxifen,
and it could have reduced the likelihood of finding a real
effect of CYP2D6 inhibition on tamoxifen efficacy.

Other inducers also increase the activity of many
enzymes and transporters such as CYP enzymes (other than
CYP2D6), UGTs, ABCB1 (P-glycoprotein) and ABCC2,
so it is likely that many of the drugs in Table 2 will be able
to reduce endoxifen plasma concentrations. Some of the

Table 2 Enzyme/transporter inducers, from Ref. [22]

Aminoglutethimide® Etravirine Phenytoin®
Armodafinil Fosphenytoin® Primidone®
Bexarotene Griseofulvin Rifabutin®
Bosentan Lesinurad Rifampin®
Carbamazepine® Lumacaftor Rifapentine®
Dabrafenib Mitotane St John’s wort®
Dexamethasone Modafinil Troglitazone
Efavirenz Nevirapine Vemurafenib
Enzalutamide Oxcarbazepine® Vinblastine
Eslicarbazepine Phenobarbital®

*Well documented as “broad-spectrum” enzyme/transporter inducers
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drugs in Table 2 are better documented to be “broad-
spectrum” inducers affecting multiple enzymes and trans-
porters (e.g., carbamazepine, fosphenytoin, oxcarbazepine,
phenobarbital, phenytoin, primidone rifabutin, rifampin,
rifapentine, and St John’s wort). The extent to which the
other inducers in Table 2 would affect tamoxifen and
endoxifen pharmacokinetics is more speculative. Weak
enzyme inducers are not included in Table 2.

Given that enzyme inducers have been shown to dras-
tically reduce endoxifen serum concentrations and may
also increase endoxifen efflux from breast cancer cells, as
already mentioned, it may well turn out that enzyme
inducers are more problematic than CYP2D6 inhibitors in
patients on tamoxifen. It is possible that a catastrophic
reduction in tamoxifen efficacy could occur in a patient on
a potent CYP2D6 inhibitor and also taking a strong enzyme
inducer at the same time. As mentioned previously,
CYP2D6 is resistant to induction, so the inducer would not
be able to counteract the effect of the CYP2D6 inhibitor.
Pending additional study, one could argue that simultane-
ous administration of CYP2D6 inhibitors and enzyme
inducers should be considered contraindicated in patients
taking tamoxifen.

Note that endoxifen itself is being studied in patients
with breast cancer, and the early results are promising [48].
Using endoxifen instead of the parent drug, tamoxifen,
would avoid CYP2D6 interactions and also reduce the
number of possible sites of interaction with enzyme
inducers. There would still be the possibility, however, that
inducers would increase the glucuronidation of endoxifen
and increase the efflux of endoxifen from breast cancer
cells; so, we need more study of these possibilities.

S Other Cytochrome P450 Enzymes

In addition to CYP2D6, CYP3A4 and transporters, it is also
possible that the activity of other CYP enzymes such as
CYP2B6, CYP2C9, CYP2C19, and others may contribute
to altered tamoxifen efficacy, although the evidence is
limited. As with CYP2D6, the activity of these CYP
enzymes can be altered by both polymorphisms and drug
therapy, and, unlike CYP2D6 (which is resistant to enzyme
induction) for CYP2C9 and CYP2C19, one must consider
both enzyme inhibitors and enzyme inducers. But the point
is that even if CYP2D6 activity ultimately proves to be
important to tamoxifen efficacy (which may well turn out
to be the case), it is likely that the CYP2D6 effect will be
amplified or diminished by the activity of the various other
drug-metabolizing enzymes and transporters that affect
tamoxifen pharmacokinetics. Much more study is needed
to establish the effect of the interplay of these various other
enzymes and transporters on tamoxifen efficacy.
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Many drugs inhibit CYP3A4, so if they affected
tamoxifen efficacy it would be a serious concern. Almost
all CYP3A4 inhibitors also inhibit ABCB1, so this
increases the complexity of any potential interaction with
tamoxifen. The concurrent use of tamoxifen with drugs that
are combined CYP3A4/ABCBI1 inhibitors, therefore, could
theoretically either inhibit or enhance tamoxifen efficacy,
because they might, (1) reduce endoxifen levels, since
CYP3A4 is involved along with CYP2D6 in the formation
of endoxifen, (2) reduce endoxifen efflux from breast
cancer cells through inhibition of ABCB1 (and perhaps
ABCC2), (3) counteract the detrimental effect of any
CYP3A4/ABCBI inducers the patient might be taking.

In one study of 80 patients with breast cancer, endoxifen
concentrations did not appear to be affected by CYP3A4-
inhibiting calcium channel blockers, although endoxifen
plasma concentrations were 58% lower in the 24 patients
who were taking CYP2D6 inhibitors [7]. More data are
needed on the effect of CYP3A4 inhibitors on endoxifen,
however, since only five patients took the CYP3A4 inhi-
bitors, and calcium channel blockers generally produce
only moderate inhibition of CYP3A4. Overall, however,
there is not much evidence to suggest that CYP3A4 inhi-
bitors affect tamoxifen efficacy.

6 Should We Take Action on Tamoxifen Drug
Interactions?

I would argue that there is a disconnect between the
available evidence on potentially serious tamoxifen DDI on
the one hand, and the general degree of concern about them
on the other. This is perhaps more of a problem in the USA
than other countries, but considering just the drugs in
Tables 1 and 2, we have well over 50 drugs that are
probably capable of affecting endoxifen concentrations and
tamoxifen efficacy in patients with breast cancer. We will
now address what has been recommended in published
studies and discuss whether we should listen to those who
would dismiss the danger of tamoxifen DDI.

6.1 CYP2D6 Inhibitors

Based at least partly on the deeply flawed studies described
above, a number of authors have suggested that there is no
need to avoid the use of CYP2D6 inhibitors in patients on
tamoxifen. Recommendations to ignore CYP2D6 inhibitors
in patients on tamoxifen have come from several sources.
One group of researchers claimed a “high level of evi-
dence” that “there is no need to avoid CYP2D6 inhibitors
in postmenopausal patients taking tamoxifen” [49].
Another group said in a callout under the title of their

paper, “...available (studies) do not appear to support... a
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negative impact of CYP2D6 inhibitor use on breast cancer
recurrence and mortality in women using tamoxifen” [50].
A study published in 2016 concluded, “In clinical practice,
SSRI inhibition of CYP2D6 does not seem to reduce the
effectiveness of tamoxifen” [17].

Another study from 2016 that found no effect of
paroxetine on tamoxifen efficacy stated that the freedom
from worry about CYP2D6-inhibiting SSRIs “will help
improve the quality of life of breast cancer survivors given
that thousands of survivors struggle with depression, sleep
disturbance, and vasomotor symptoms while on tamoxifen
treatment” [16]. That is a fine sentiment, but the argument
ignores the fact that several other studies have found
reduced tamoxifen efficacy with CYP2D6-inhibiting
SSRIs. Given the potentially grave consequences of
reduced tamoxifen efficacy, to assume that this study is
correct and the others are wrong is, in my view, not rea-
sonable or in the best interests of patients. Moreover, given
that several SSRIs have little or no effect on CYP2D6
(citalopram, escitalopram, venlafaxine, desvenlafaxine),
using potent CYP2D6 inhibitors when there are easily
available alternatives is difficult to justify based on a
rational assessment of the evidence.

Some authors, perhaps lacking imagination, conclude
that although CYP2D6 inhibitors may interact with
tamoxifen, in essence that it is “no big deal”. One group,
while stating that the evidence is mixed, admitted that
CYP2D6 inhibitors may “influence tamoxifen effective-
ness” [51]. They then point out, however, that since
citalopram and venlafaxine [non-interacting SSRIs] are
“perhaps more widely accepted” in people on tamoxifen,
“tamoxifen efficacy may not be greatly affected”. One
could hardly take issue with the scientific accuracy of these
statements. I do not think, however, it would be unfair to
paraphrase their comments in this way: “It is possible that
CYP2D6 inhibitors reduce tamoxifen efficacy, but since
these days more women on tamoxifen receive citalopram
and venlafaxine than potent CYP2D6 inhibitors, we aren’t
killing as many women now as we used to”. I’'m not trying
to be harsh here, but I do not see any other way to interpret
their comments. The “maybe the interactions occur but it is
no big deal” approach to giving CYP2D6 inhibitors to
women on tamoxifen is in essence saying that as long as
reduced tamoxifen efficacy from drug interactions is not
common, it can be ignored.

In another review of the effect of CYP2D6 genotype and
CYP2D6 inhibitors on tamoxifen, the authors acknowledge
that CYP2D6 inhibitors may be “most likely to affect
recurrence risk in premenopausal women, where the full
production of tamoxifen metabolites is necessary to com-
pete with the abundant estrogen” [52]. They go on to state
that the research findings “strongly suggest that the effect
of CYP2D6 inhibition and tamoxifen effectiveness may be

limited to premenopausal women”. They then state in their
conclusion: “The evidence indicates that the effect of both
drug-induced and/or gene-induced inhibition of CYP2D6
activity is probably null or small, or at most moderate in
subjects carrying two reduced function alleles”. (italics
added) So the authors clearly present the possibility that
decreased CYP2D6 activity may reduce tamoxifen efficacy
in some patients, but end with platitudes about the need for
more research. Again, a fair paraphrase would be “The use
of CYP2D6 inhibitors may be killing women on tamoxifen,
but we don’t know how many, so we need to do additional
research before we make any recommendations”. I would
propose the following alternative wording: “There is evi-
dence to suggest that CYP2D6 inhibitors may inhibit
tamoxifen efficacy, so until the degree of risk is estab-
lished, patients on tamoxifen should avoid all CYP2D6
inhibitors, whether SSRIs or other drugs”. Again, the intent
is not to be polemical, but the stakes are so high that we
need more than carefully couched scientific wording to
help ensure that patients are not harmed by tamoxifen DDI.

6.2 Enzyme Inducers

As described above, enzyme/transporter inducers have
been shown to markedly reduce endoxifen serum concen-
trations and may also increase endoxifen efflux from can-
cer cells. Although there is not as much data on enzyme
inducers as for CYP2D6 inhibitors and the interactions are
more theoretical, the available evidence suggests that
enzyme/transporter inducers may produce catastrophic
reductions in tamoxifen efficacy. The clinical evidence in
patients with breast cancer, although limited, is consistent
with the known effects of inducers on endoxifen levels as
well as the biologically plausible effects on endoxifen
efflux from breast cancer cells.

The question we are faced with, therefore, is whether we
should wait for more definitive information before taking
any decisive action on tamoxifen DDI. To help us answer
this question, let us consider the consequences of making a
type I error (assuming that tamoxifen DDI are clinically
important but they are not) versus a type II error (assuming
that tamoxifen DDI are not clinically important but they
are). This decision not unlike the famous “Wager” of
Blaise Pascal (1623-1662) in which he advises assuming
that God exists because a type I error (falsely assuming
God exists) is a minor inconvenience, while a type II error
(falsely assuming God does not exist) meant (in the
thinking of Pascal’s day) eternal damnation [53]. Few
people today think Pascal’s Wager is good theology, but as
a general model for making decisions when a type I error
has only minor downsides, and a type II error can be
catastrophic, it is exactly what we need.
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Tamoxifen drug interactions also have a potentially
catastrophic type II error, combined with a minimal
downside of a type I error. For some reason, we seem
obsessed with avoiding the type I error in which we believe
that tamoxifen DDI are important, but it turns out in the
long run that they are not. But as with Pascal’s example of
believing in a non-existent God, a false belief in tamoxifen
DDI means only that we have taken a few unnecessary
precautions. This is not a big deal. What is a big deal is if
we make a type II error, where we take no precautions to
avoid DDI and in the long run they turn out to be real.
Here, we have a type II error with a bite... some breast
cancer patients will have an earlier recurrence and die as a
result of our inaction.

Given the amount of evidence suggesting that DDI can
reduce tamoxifen efficacy, even the most skeptical obser-
ver would have to admit that there is a non-trivial chance
that the interactions are clinically important in some
patients. This is an issue of probability. Even if one were to
take a wildly conservative stance, and assume there is only
a 30% chance that the tamoxifen DDI are real, Pascal
would advise that it makes no logical sense to ignore the
issue given the potentially tragic outcome (death). In his
Wager, Pascal argued that nobody could know with cer-
tainty that God exists, or even know that God’s existence
was probable. Even a low probability of God, however,
gave the same result in his Wager, because a low proba-
bility multiplied by catastrophic consequences means that
every effort should be made to avoid it. Thus, Pascal would
urge us to act on tamoxifen DDI for the same reasons.

Accordingly, although many people apparently feel that
we have insufficient evidence to act on tamoxifen DDI, 1
would argue that—given the potentially grave conse-
quences of a type II error—the threshold for action was
reached several years ago. In Fig. 2, bar A represents an
issue where we have achieved scientific “certainty”—a
situation where there is general agreement that we have
enough scientific evidence to act on a particular scientific
question (the word “certainty” is in quotes, of course,
because every non-trivial scientific statement is in principle
replaceable by something nearer to the truth). A drug
interaction example of “certainty” (bar A) would be giving
clarithromycin to a chronic renal failure patient on col-
chicine. The outcome is stochastic in that we do not know
what will happen in any given patient, but we know mean
colchicine concentrations substantially increase in groups
given the combination. We also know that colchicine
toxicity can be deadly, and that scores of fatalities have
been reported from this drug interaction [54-57].

Unfortunately, if one reads the voluminous literature on
tamoxifen DDI, it appears that many people are waiting for
the issue to achieve the status of scientific “certainty”
(Fig. 2, bar A). This sentiment is certainly
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Fig. 2 The threshold for action. Bar A is scientific “certainty” where
there is general agreement on a scientific question. Bar B represents a
lack of scientific certainty, but enough evidence so that action is
necessary. Bar C represents a scientific issue where there is
inadequate evidence for action

understandable—we are reluctant to come to scientific
conclusions with so many loose ends. Nevertheless,
although I would agree that the tamoxifen drug interaction
issue is not nearly at that level of certainty (bar A), I
believe we have clearly reached the threshold for action
(bar B). Admittedly, for many DDI the threshold for action
is not easy to determine. The colchicine—clarithromycin
interaction is an exception, and for most DDI we are
dealing with evidence that is well below the level of sci-
entific certainty. As Reinhold Niebuhr observed, however,
most human endeavor consists in finding “proximate
solutions for insoluble problems”. Given the grave conse-
quences of the type II error for tamoxifen DDI, I do not
think it is tenable to claim we are below the threshold for
action (bar C in Fig. 2.)

To conclude the discussion let us consult with another
brilliant mathematician who ventured into philosophy,
William Kingdon Clifford (1845-1879). In his 1877 essay
“Ethics of Belief”, Clifford describes the ethics of making
decisions. He argues that if you have been diligent in your
deliberations and have made a rational decision based on
the best available evidence, your action is “right” no
matter how things turn out. On the other hand, if you have
not considered the best evidence, or have let your sloth or
self-interest decide, you are “wrong” even if it turns out
that you made the right choice by accident. Clifford
observes, “When an action [or inaction] is once done, it is
right or wrong for ever; no accidental failure of its good or
evil fruits can possibly alter that”.

If we accept Clifford’s argument, it means that if it turns
out in the long run that tamoxifen DDI with CYP2D6
inhibitors and enzyme/transporter inducers are not clini-
cally important, we cannot look back and conclude that the
naysayers were “right”. Failure to take measures to avoid
potentially lethal DDI in patients on tamoxifen in the face
of current evidence, I would argue, is “wrong forever” no
matter how it turns out in the long run.
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Before concluding, I must acknowledge the many
researchers and clinicians who have spent so many hours
studying the factors that may affect tamoxifen efficacy, on
both sides of the controversial issues. Errors were probably
inevitable, given that the topic of tamoxifen efficacy requires
knowledge of so many different disciplines. Nevertheless,
when one considers the empirical evidence on tamoxifen
DDI as a whole, and applies a philosophical perspective to
the data, it is hard to escape the conclusion that we can do
much better in reducing the risk of tamoxifen therapeutic
failure due to DDI. We must, of course, expect our scientific
studies to be rigorous, and we need to avoid jumping to
conclusions; in other words, we need to avoid “premature
factulation” [58]. But for tamoxifen DDI, demanding an
excessive degree of scientific certainty before acting is not in
the best interests of patients. As John Locke famously said,
“It is not possible to achieve certainty in our knowledge of
the empirical world, but we can devise workable approxi-
mations and act on them”.

7 Conclusion

The papers suggesting that tamoxifen efficacy can be
affected by reduced CYP2D6 activity notwithstanding, there
is certainly contrary evidence suggesting that CYP2D6
activity is not important. Given the substantial limitations in
all of the studies on both sides, it would be inappropriate for
either side to claim certainty. For example, the fact that more

Factors potentially affecting tamoxifen efficacy

than one study found a stepwise impairment of tamoxifen
efficacy as CYP2D6 activity progressively decreased (due to
drugs or genotype) cannot simply be dismissed out of hand,
particularly given the significant limitations of the studies
that did not find an effect of CYP2D6 inhibitors on tamoxifen
efficacy. Also, it is possible that reduced CYP2D6 activity
becomes a problem primarily in patients with one or more
risk factors such as increased activity of ABCBI1 and/or
ABCC2 (from drugs or genotype), enzyme inducers, or
premenopausal status.

With enzyme inducers and transporter activity the problem
is not conflicting results, but rather the fact that we need more
evidence for firm conclusions. Nonetheless, the evidence we
do have on enzyme inducers and transporters is troubling. In
the 504 year history of DDI I cannot recall a single situation
where compelling evidence coming from several different
researchers involving a drug interacting with several different
enzyme inducers has proven to be false.

As with DDI in general, assessing whether tamoxifen
DDI are clinically important and worthy of concern can be
considered from the standpoint of probability. In the
chart below, I have summarized the various factors that
potentially affect tamoxifen efficacy with an estimate of the
probability. For the sake of discussion let us define a
probability of 0-0.25 as “Unestablished”, 0.25-0.5 as
“Possible”, 0.5-0.75 as “Probable” and 0.75-1.0 as
“Established”. Given the controversial nature of the impact
on tamoxifen efficacy from CYP2D6 inhibitors, it seems
appropriate to put them in the “Possible” category.

Factor Potential effect Probability Comments
estimate
CYP2D6 inhibitors Reduced production of endoxifen Possible Conflicting results; significant limitations in all studies
Genotype for reduced Reduced production of endoxifen Possible Conflicting results; significant limitations in all studies
CYP2D6 function
Genotype for higher ABCB1  Increased efflux of endoxifen from  Possible Two studies suggesting increased breast cancer
activity cancer cells recurrence with higher ABCBI1 activity
Genotype for higher ABCC2  Increased efflux of endoxifen from  Possible Two studies suggesting increased breast cancer
activity cancer cells recurrence with higher ABCC2 activity
Enzyme inducers Decreased production and/or Probable Dramatic reduction in endoxifen concentrations.
increased elimination of endoxifen Evidence from rifampin, aminoglutethimide, and
phenytoin.
Enzyme inducers Increased activity of ABCBI1 and Unestablished Theoretical, based on transport genotype studies and
ABCC?2 with increased efflux of known inducer effects on transporters.
endoxifen from cancer cells
Lower CYP2D activity Reduced production of endoxifen Unestablished Preliminary results suggest a dramatic reduction in the
combined with higher AND increased efflux of endoxifen time of breast cancer recurrence and metastasis [39]
ABCBI activity (both from cancer cells
genotypes)
Lower CYP2D activity Reduced production of endoxifen Unestablished Preliminary results suggest a catastrophic increase in

AND increased efflux of endoxifen
from cancer cells

combined with higher
ABCC?2 activity (both

genotype)

breast cancer recurrence (hazard ratio of over 45)
with lowest CYP2D6 activity and highest ABCC2
activity [40]
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continued
Factor Potential effect Probability Comments

estimate

CYP2D6 inhibitors AND
enzyme inducers

endoxifen

(3) Increased efflux of endoxifen
from cancer cells

(2) Possible increased elimination of

(1) Reduced production of endoxifen Unestablished Although the possibility of an additive effect is

primarily theoretical, it seems likely that it would
occur and is likely to be more problematic than either
CYP2D6 inhibitors or enzyme inducers alone

When deciding on a course of action on a given drug
interaction, one must consider (1) the empirical evidence
supporting the DDI, (2) the severity of the outcome, and (3)
the ease with which the potentially interacting combina-
tions can be avoided. Given the simplicity of treating a
patient on tamoxifen with venlafaxine or citalopram
instead of paroxetine, it is placing a very high value on
one’s (fallible) opinions to give them paroxetine. Similarly,
given the likelihood that enzyme inducers can reduce
tamoxifen efficacy, not bothering to warn patients on
tamoxifen to avoid St. John’s wort is inexcusable. It is not,
therefore, that the tamoxifen DDI are an established fact; it
is that we have reached the threshold for action.

We started this discussion with a distinction between
knowledge and wisdom from William Cowper’s poem, The
Task. For tamoxifen, “knowledge” tells us that the scien-
tific evidence on tamoxifen DDI is not conclusive and there
is still debate about the significance of these DDI to
patients with breast cancer. On the other hand, “wis-
dom”—such as that acquired from Blaise Pascal and
William K. Clifford—tells us that we have reached a
threshold where failure to act represents a failure of judg-
ment that may well lead to patient harm.

Anyone making such a call to action is obligated, of
course, to state what action should be taken. I would like to
submit the following recommendations for debate. It may be
that these DDI are most important in premenopausal patients
[52, 59], but pending more information I would propose that
the recommendations apply to all patients on tamoxifen.

Recommendations

Avoid CYP2D6 Inhibitors. 1 argue that we have reached a point
where agnosticism on avoiding CYP2D6 inhibitors in patients on
tamoxifen is not an ethically justifiable position. In patients on
tamoxifen, avoid adding or continuing CYP2D6 inhibitors
(Table 1) unless there is no alternative therapy and the risk of
avoiding the CYP2D6 inhibitor is greater than the increased risk
of breast cancer recurrence. There should be very few situations
where that is the case. When starting an antidepressant in a
patient on tamoxifen, avoid CYP2D6 inhibitors and use agents
with little or no effect on CYP2D6 such as venlafaxine,
desvenlafaxine, escitalopram, or citalopram. If a patient on
tamoxifen is already taking an antidepressant that is a moderate
to strong CYP2D6 inhibitor, carefully switch her/him to another
antidepressant or other therapy if at all possible.
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2. Avoid Enzyme/Transporter Inducers. In patients on tamoxifen,
avoid adding or continuing enzyme/transporter inducers
(Table 2) unless there is no alternative therapy and the risk of
avoiding the inducer is greater than the increased risk of breast
cancer recurrence. There should be very few situations where
that is the case. The inducers that are well documented to be
“broad-spectrum” inducers (those with an asterisk in Table 2)
clearly should be avoided, because they are theoretically even
more dangerous than CYP2D6 inhibitors in patients on
tamoxifen. Whether the other drugs in Table 2 should be
avoided is not as clear, and the issue should be debated before
any firm recommendations are made.

3. Advise Patients to Avoid Interacting Drugs Including OTCs and
Herbal Products. Given that people often have more than one
prescriber, every patient on tamoxifen should be given a list of
CYP2D6 inhibitors and enzyme/transporter inducers (such as
Tables 1, 2) to take with them. They should be advised to show
the list to any other health professional who is prescribing a drug
for them. Patients on tamoxifen should be specifically advised to
avoid St John’s wort due to its ability to induce enzymes and
transporters (there are currently no OTC drugs in the USA that
are known to induce enzymes/transporters). They should also be
advised to avoid herbals and OTCs that inhibit CYP2D6 such as
berberine (goldenseal), diphenhydramine, and chlorpheniramine.
(Note that berberine has been studied as an agent to suppress
breast cancer cell proliferation, but it is too early to tell if this
will have any clinical utility in patients with breast cancer) [60]

Also, it may turn out that the use of dextromethorphan
as a phenotyping probe will prove useful in selected
patients, as shown in a study of 40 women on tamoxifen
where the dextromethorphan AUC was significantly cor-
related with endoxifen AUC [61]. As the authors observe,
however, additional validation and a more simplified
methodology are needed before this can be recommended
on a routine basis.

Most scientific debates eventually reach a denouement,
but the interminable tamoxifen drama sometimes seems
like the scientific equivalent of Wagner’s Ring Cycle. Our
current failure to take decisive action to minimize the risk
of tamoxifen DDI is, in this author’s view, a tragic abro-
gation of our duty to those whose lives depend on our
judgment. Again, in William K. Clifford’s words: “When
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an action [or inaction] is once done, it is right or wrong
forever; no accidental failure of its good or evil fruits can
possibly alter that”. Patients receiving tamoxifen for breast
cancer should not have to count on an “accidental failure of
the evil fruits” of these DDI.
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