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Introduction
Tamoxifen is a selective estrogen receptor mod-
ulator, frequently used in the adjuvant treatment 
of estrogen receptor–positive breast cancer.1 It is 
a prodrug that undergoes metabolization to its 
most active metabolite endoxifen by cytochrome 
P450 (CYP) 2D6 and 3A4 enzymes.2 Despite 5 
years of adjuvant treatment with tamoxifen, one-
third of patients develop disease recurrence 
within 15 years.3 Importantly, systemic endox-
ifen concentrations are correlated with breast 
cancer relapse. Patients with endoxifen concen-
trations above the therapeutic threshold were 

found to have a 26% lower chance of disease 
recurrence.4

The therapeutic threshold value for endoxifen has 
been defined at 14–16 nM, which is achieved by 
75–80% of tamoxifen users.4,5 This large variance in 
endoxifen concentrations is mainly the result of 
interpatient variability in CYP2D6 activity, due to a 
high prevalence of functional polymorphisms in the 
CYP2D6 gene.6,7 Enzyme activity is based on the 
presence of functional alleles. Patients with an exten-
sive metabolizer phenotype have normal CYP2D6 
activity, whereas intermediate metabolizers (IMs) 
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and poor metabolizers (PMs) have reduced and 
little or no enzyme function, respectively. Hence, 
the biotransformation of tamoxifen to endoxifen 
is compromised in patients with an IM and—to a 
greater extent—a PM CYP2D6 phenotype. It 
results in lower endoxifen plasma concentrations 
compared with CYP2D6-extensive metaboliz-
ers.8 While patients with an IM CYP2D6 pheno-
type usually reach therapeutic endoxifen 
concentrations after tamoxifen dose escalation, 
this is rarely the case for patients with a PM 
CYP2D6 phenotype. This subgroup is conse-
quently more prone to disease recurrence.5

Therefore, we sought a solution to increase sys-
temic endoxifen exposure in this population by 
interfering with tamoxifen metabolism. After 
endoxifen formation by CYP2D6 and 3A4 
(phase-1 metabolism), endoxifen undergoes glu-
curonidation to the inactive endoxifen-glucuro-
nide by UDP-glucuronosyltransferases (UGTs) 
in order to be excretable.9,10 Aside from the 
impact of CYP activity on endoxifen concentra-
tions, it has been demonstrated that its concen-
tration is also influenced by functional UGT 
variants.9

We hypothesized that administration of the 
CYP3A4 inducer and pan-UGT inhibitor probene-
cid would result in increased endoxifen concentra-
tions by a mechanism of a two-fold nature, namely 
by means of induction of tamoxifen to endoxifen 
transformation and inhibition of endoxifen glucu-
ronidation (Figure 1). Probenecid is a uricosuric 
agent, nowadays seldom used in the treatment of 
gout.11 It has a mild and predictable toxicity profile 
(i.e. gastrointestinal complaints, headache, and 
rash), which does not overlap with that of tamox-
ifen.12 Probenecid has already been demonstrated 
to alter drug exposure by both CYP3A4 induction 
and UGT inhibition in several in vitro and clinical 
studies.13–17 Here, we report the results of a pro-
spective crossover study on the influence of 
probenecid on endoxifen concentrations in breast 
cancer patients treated with adjuvant tamoxifen 
with an impaired CYP2D6 phenotype.

Materials and methods

Study design
The primary objective of this trial was to compare 
the area under the plasma concentration–time 

Figure 1. Tamoxifen metabolism and hypothesized mechanism of CYP3A4 induction and UGT inhibition 
by probenecid. After administration, tamoxifen is metabolized to N-desmethyl-tamoxifen and 4-hydroxy-
tamoxifen, mainly by CYP3A4 and CYP2D6, respectively. Next, N-desmethyl-tamoxifen and 4-hydroxy-
tamoxifen are metabolized to endoxifen, mainly by CYP2D6 and CYP3A4, respectively. Endoxifen gets 
glucuronidated by UGTs to the inactive endoxifen-glucuronide.
CYP, cytochrome P450; UGT, UDP-glucuronosyltransferase.
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curve from 0 to 24 h (AUC0–24h) of endoxifen 
with and without concomitant use of probenecid. 
A relative difference in AUC0–24h of endoxifen of 
at least 25% was considered clinically relevant.18 
Assuming a standard deviation of the difference 
of 25%, a total of 11 evaluable patients were 
required to detect a difference, given 90% power 
and a two-sided alpha of 0.05.19

Secondary objectives were to compare the AUC0–

24h of tamoxifen, the maximum observed plasma 
concentration (Cmax) of endoxifen and tamoxifen 
and the AUC0–24h-based metabolic ratios endox-
ifen to tamoxifen, N-desmethyl-tamoxifen 
(NDM) to tamoxifen, endoxifen to 
4-OH-tamoxifen (4-OH), 4-OH to tamoxifen, 
endoxifen to NDM, and 4beta-hydroxycholes-
terol (4β-OHC) to cholesterol with and without 
concomitant use of probenecid. Adverse events 
were graded using the Common Terminology 
Criteria for Adverse Events, version 5.0 (CTCAE, 
version 5, National Cancer Institute, Bethesda, 
MD).

We conducted a one-way crossover study consist-
ing of two phases. All patients entered the study 
on tamoxifen monotherapy and crossed over to 
combination treatment with probenecid after 7 
days, which lasted for 14 days. Probenecid 
(Biokanol Pharma GmbH, Rastatt, Germany) 
was administered at a dose of 1000 mg twice 
daily. Tamoxifen was administered once daily at 
a fixed dose of 20 mg according to standard of 
care or 40 mg because of prior dose escalation 
due to endoxifen concentrations below the thresh-
old. In order to ensure steady-state concentra-
tions, medication adherence was assessed from 3 
months before start until end of study. At the end 
of each phase, patients were hospitalized for 24 h 
after drug administration to obtain 14 blood sam-
ples at predefined time points for pharmacoki-
netic analysis. Blood samples were processed to 
plasma and stored at −80°C until analysis.

Patients
Eligible patients had a confirmed diagnosis of 
breast cancer and were on adjuvant tamoxifen 
treatment for at least 3 months to guarantee 
steady-state concentrations. Patients had to have 
a PM or IM CYP2D6 phenotype based on 
CYP2D6 genotype screening.6 For complete 
inclusion and exclusion criteria, see the 
Supplementary Materials and Methods.

The study protocol (MEC 20-0188) was approved 
by the institutional review board (METC Erasmus 
MC) and was registered on March 9, 2020, in the 
Netherlands Trial Register (NL8444). All 
patients provided written informed consent 
before study entry.

Pharmacogenetic and pharmacokinetic analysis
CYP2D6 genotype was assessed by the Infiniti 
test (Autogenomics, Carlsbad, CA) and the 
Quantstudio test (Thermo Fisher Scientific, 
Waltham, MA). Plasma samples were analyzed 
for tamoxifen, NDM, 4-OH and endoxifen con-
centrations by a validated liquid chromatogra-
phy–tandem mass spectrometry (UPLC–MS/
MS) method in accordance with U.S. Food and 
Drug Administration (FDA) bioanalytical 
method validation guidelines.20,21 A non-com-
partmental pharmacokinetic analysis of concen-
trations was performed using Phoenix WinNonlin, 
version 8.1 (Certara, Princeton, NJ). 4β-OHC to 
cholesterol ratios were determined as described 
previously.22

Statistical analysis
Analyses of AUC0–24h, metabolic ratios and Cmax 
observations were performed on log-transformed 
data because these are assumed to follow a log-
normal distribution. Estimates for the mean dif-
ferences were obtained using a paired t-test and 
are shown as ratios of the geometric means with 
corresponding 95% confidence intervals (CIs) by 
taking the exponent of the results from the paired 
t-test. The relation between the ratio 4β-OHC to 
cholesterol and the ratio NDM to tamoxifen was 
analyzed using the Pearson’s correlation coeffi-
cient. Analysis of treatment-related adverse events 
was of descriptive nature.

Results

Patients
A total of 11 evaluable patients taking tamoxifen 
on steady state, with a median age of 54 years 
(range: 34–77 years) were enrolled between May 
2020 and October 2020. Four patients had a PM 
phenotype and seven patients an IM phenotype 
for CYP2D6. Six patients, including all patients 
with a PM phenotype, used tamoxifen at a dose of 
40 mg daily at the time of inclusion. Patient char-
acteristics at baseline are listed in Table 1.

https://journals.sagepub.com/home/tam


Therapeutic Advances in Medical Oncology 14

4 journals.sagepub.com/home/tam

Endoxifen concentrations
We measured endoxifen concentrations in all 
patients, treated with tamoxifen at steady state 
and compared these concentrations to endoxifen 
concentrations after 14 days of concomitant use 
of probenecid (1000 mg twice daily). Treatment 
with tamoxifen and probenecid resulted in a 26% 
increase of endoxifen AUC0–24h compared to 
tamoxifen monotherapy (95% CI: 8–46%; 
p < 0.01; geometric mean 505 vs 402 nmol·h/L; 
Figure 2(a)). The Cmax of endoxifen was 24% 
higher when patients used concomitant probene-
cid (95% CI: 7–44%; p < 0.01; geometric mean 
27.4 vs 22.0 nM; Table 2).

In patients with a CYP2D6 PM phenotype, 
endoxifen AUC0–24h increased with 41% (95% 
CI: 2–95%; p = 0.04; geometric mean 404 vs 287 

nmol·h/L) during combined treatment with 
probenecid. While in patients with a CYP2D6 
IM phenotype, endoxifen AUC0–24h increased 
with 18% (95% CI: −4% to 44%; p = 0.09; geo-
metric mean 573 vs 487 nmol·h/L).

Tamoxifen and other metabolite concentrations
Tamoxifen AUC0–24h during concomitant use of 
probenecid decreased with 40% (95% CI: −47 to 
−33%; p < 0.001; geometric mean 5286 vs 8844 
nmol·h/L) compared to tamoxifen monotherapy 
(Figure 2b). Tamoxifen Cmax decreased with 33% 
(95% CI: −42 to −22%; p < 0.001; geometric 
mean 357 vs 532 nM) due to the addition of 
probenecid. The ratio endoxifen to tamoxifen 
during combination therapy increased with 110% 
(95% CI: 82–143%; p < 0.001; geometric mean 
0.10 vs 0.05) compared to tamoxifen monother-
apy (Table 2).

The ratio NDM to tamoxifen and the ratio endox-
ifen to 4-OH (as a measure for CYP3A4 activity; 
Figure 1) increased with 36% (95% CI: 23–50%; 
p < 0.001; geometric mean 3.26 vs 2.39) and 43% 
(95% CI: 27–63%; p < 0.001; geometric mean 
5.69 vs 3.97), respectively (Table 2).

The ratio endoxifen to NDM and the ratio 4-OH 
to tamoxifen (as a measure for CYP2D6 activity; 
Figure 1) increased with 55% (95% CI: 41–70%; 
p < 0.001; geometric mean 0.03 vs 0.02) and 47% 
(95% CI: 33–61%; p < 0.001; geometric mean 
0.02 vs 0.01), respectively (Table 2).

CYP3A4 activity
To determine CYP3A4 metabolic activity with 
and without concomitant probenecid, we deter-
mined the ratio 4β-OHC to cholesterol, an estab-
lished endogenous marker of CYP3A4 activity.23 
The ratio 4β-OHC to cholesterol did not change 
(2%; 95% CI: −46 to 77%; p = 0.94; 13.66 vs 
13.93). The fold change of the ratio 4β-OHC to 
cholesterol was correlated with the fold change of 
the ratio NDM to tamoxifen (Pearson’s correla-
tion coefficient r = 0.67; p = 0.02; Supplemental 
Figure S1).

Treatment-related adverse events
Observed adverse events during combination 
treatment were relatively mild. Probenecid treat-
ment–related adverse effects included hypoka-
lemia, neutropenia, nausea, headache, dizziness, 

Table 1. Patient characteristics at baseline.

Characteristic n (%) or median [range]

Female 11 (100)

Age, years 54 [34–77]

Body mass index, kg/m2 24.0 [20.8–32.8]

WHO Performance status

 0 11 (100)

Tamoxifen dose

 20 mg 5 (45)

 40 mg 6 (55)

Time on adjuvant tamoxifen, months 6.7 [3.7–17.7]

Time since dose escalation, months 3.1 [3.0–6.7]

CYP2D6 phenotype

 Intermediate metabolizer 7 (64)

 Poor metabolizer 4 (36)

Previous treatment

 Surgery 10 (91)

 Radiotherapy 8 (73)

 Chemotherapy 4 (36)

Ethnic origin

 Caucasian 11 (100)

WHO, World Health Organization.
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increased creatinine, and leukopenia, and were all 
grade 1 or 2 (Supplemental Table S1). Except for 
muscle cramps, which occurred two times more, 
tamoxifen-related adverse events did not increase 
during combination therapy, compared to mono-
therapy. There were no severe or serious adverse 
events (CTCAE grade ⩾ 3) observed.

Discussion
In this study, we demonstrated that probenecid 
causes a clinically relevant increase in endoxifen 
plasma concentrations in breast cancer patients 
treated with tamoxifen. This finding was accom-
panied by a decrease of tamoxifen concentrations 
during concomitant administration of probene-
cid. We determined concentrations of other 
tamoxifen metabolites in order to elucidate the 
mechanisms involved in these changes. Analysis 
of the tamoxifen metabolites NDM and 4-OH 
showed an increase of all CYP-mediated tamox-
ifen-to-metabolite or metabolite-to-endoxifen 
conversions occurring in the phase-1 metabolism 
of tamoxifen. These findings implicated at least 
an induction of CYP3A4 and/or CYP2D6, caus-
ing the reported shifts in endoxifen and tamoxifen 
plasma concentrations. Therefore, we subse-
quently determined 4β-OHC to cholesterol ratios 
with and without probenecid. The 4β-OHC to 

cholesterol ratio is an endogenous marker of 
CYP3A4/5 activity, which has previously proven 
utility in confirming CYP3A4 induction by 
rifampicin, administered in combination with 
tamoxifen.24 However, in this study, no signifi-
cant alterations could be detected in CYP3A4 
functionality with or without probenecid admin-
istration. Yet, the fold change of the 4β-OHC-to-
cholesterol ratio was correlated with the fold 
change of the NDM to tamoxifen ratio; both a 
CYP3A4-mediated conversion. This confirms 
the value of the 4β-OHC to cholesterol ratio as a 
genuine marker for CYP3A4 functional activity. 
Potential upregulation of CYP2D6 could not be 
investigated due to lack of an endogenous plasma 
marker for CYP2D6. The observed alterations in 
tamoxifen and endoxifen concentrations indicate 
a major effect of probenecid on the phase-1 
metabolism of tamoxifen but cannot assess an 
effect on endoxifen glucuronidation.

To our knowledge, this is the first study to show 
the feasibility of increasing endoxifen concentra-
tions by a pharmacological intervention, which 
could be especially important for patients with a 
PM phenotype for CYP2D6. A meta-analysis of 
29 studies, including 13,000 tamoxifen users, 
demonstrated that PM patients on average had 
endoxifen concentrations of 8.8 ± 7.2 nM.25 

Figure 2. Plasma concentrations of endoxifen and tamoxifen with and without probenecid. Geometric mean 
plasma concentration vs time profiles of endoxifen (a) and dose-corrected tamoxifen (b) are shown for 
tamoxifen monotherapy (blue) and tamoxifen with probenecid combination therapy (red). Confidence bands 
indicate the 95% CI (n = 11).

https://journals.sagepub.com/home/tam


Therapeutic Advances in Medical Oncology 14

6 journals.sagepub.com/home/tam

Furthermore, patients with a PM phenotype on 
average benefit the least of tamoxifen dose escala-
tion, due to a lower increase of endoxifen concen-
trations per fixed increase of tamoxifen dose. It 
was found that on average for each 10 mg increase 
in tamoxifen dosage, patients with a PM pheno-
type only had a 1.2 nM increase of endoxifen, 
compared to a population average increase of 7.8 
nM.26 In a population of 145 tamoxifen users, 
100% of PM patients and 34% of IM patients 
had endoxifen concentrations below the thresh-
old of 16 nM. Despite tamoxifen dose escalation, 
only 36% and 79% of these patients reached the 
threshold, respectively.27 Moreover, another 
study in 353 tamoxifen users demonstrated that 
dose escalation is not feasible for patients with a 
PM phenotype.28 These observations stress the 
need for a solution, other than a dose escalation, 
to increase endoxifen concentrations in these 
patients to therapeutic concentrations.

Here, we demonstrated that in patients with a PM 
phenotype for CYP2D6, endoxifen concentrations 

increased to a greater extent compared to patients 
with an IM phenotype. Therefore, the currently 
proposed intervention is of greatest interest for this 
subgroup of patients. Although patients in this 
study were not selected on sub-therapeutic endox-
ifen concentrations, all patients with a PM pheno-
type had endoxifen trough concentrations below 
the therapeutic threshold at baseline. These con-
centrations increased to borderline therapeutic 
concentrations after co-treatment with probene-
cid, demonstrating the effectiveness of this inter-
vention. In addition, as no serious side-effects 
occurred after 14 days of combination treat-
ment, the feasibility of the intervention was also 
shown. In clinical practice, probenecid is admin-
istered as a uricosuric drug up to 1000 mg twice 
daily for several years.29 Absolute contraindica-
tions for probenecid are scarce, and despite 
long-term administration, toxicity is generally 
mild.12 This reflects our own observations on 
low drug toxicity and warrants further investiga-
tion of this likely tolerable combination in long-
term treatment.

Table 2. Pharmacokinetic parameters of endoxifen and tamoxifen (n = 11).

Pharmacokinetic parameter Tamoxifen monotherapy 
(CV%)

Tamoxifen with 
probenecid (CV%)

Relative difference (%) 
(95% CI)

p

Endoxifen

 AUC0–24h (nmol·h/L) 402 (43) 505 (41) 26 (8 to 46) <0.01

 Cmax (nM) 22.0 (46) 27.4 (41) 24 (7 to 44) <0.01

Tamoxifen

 AUC0–24h (nmol·h/L) 8844 (45) 5286 (46) −40 (−47 to −33) <0.001

 Cmax (nM) 532 (48) 357 (47) −33 (−42 to −22) <0.001

Metabolic ratios

 Endoxifen/tamoxifen 0.05 (72) 0.10 (58) 110 (82 to 143) <0.001

 NDM/tamoxifen 2.39 (16) 3.26 (12) 36 (23 to 50) <0.001

 Endoxifen/4-OH 3.97 (41) 5.69 (36) 43 (27 to 63) <0.001

 4-OH/tamoxifen 0.01 (32) 0.02 (32) 47 (33 to 61) <0.001

 Endoxifen/NDM 0.02 (80) 0.03 (64) 55 (41 to 70) <0.001

 4β-OHC/cholesterol 13.94 (60) 13.66 (84) −2 (−46 to 77) 0.94

4β-OHC, 4β-hydroxy-cholesterol; 4-OH, 4-hydroxy-tamoxifen; AUC0–24h, area under the plasma concentration–time curve from 0 to 24 h; CI, 
confidence interval; Cmax, maximum observed plasma concentration; CV%, coefficient of variation; NDM, N-desmethyl-tamoxifen. AUC0–24h and Cmax 
are displayed as geometric mean. Metabolic ratios are ratios of the geometric mean.
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Our study is limited by the short duration of the 
treatment intervention. However, the main goal of 
this study was assessment of pharmacokinetics for 
proof of concept, for which the parameters used 
were sufficient. Validation of our findings in a 
larger group of patients is required prior to imple-
mentation of this intervention in clinical practice. 
A second limitation is the quantification of rele-
vant metabolites. Although we determined several 
metabolites of tamoxifen and performed a pheno-
typical analysis of drug metabolism, we could not 
analyze all concentrations of relevant metabolites 
and activity of all conversions involved in the com-
plex metabolism of tamoxifen. A third limitation is 
the purely systemic measurement of endoxifen 
concentrations performed in this study, contrarily 
to measurements in the target cancer cell. 
However, the study was performed according to 
current guidelines in the pharmacological field 
because such targeted measurements are practi-
cally impossible in this population, which is being 
treated in the adjuvant setting. Nonetheless, dif-
ferences between systemic and intra-tumoral drug 
exposure is a relevant topic.

This study shows that probenecid can be used to 
increase endoxifen concentrations in breast can-
cer patients treated with tamoxifen. This combi-
nation therapy could provide a solution for 
patients with endoxifen concentrations below the 
threshold despite earlier tamoxifen dose escala-
tion or in case of tamoxifen-related toxicity at 
lower doses.
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