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Abstract

Background—In tamoxifen-treated patients, breast cancer recurrence differs according to 

CYP2D6 genotype and endoxifen steady state concentrations (Endx Css). The 

13Cdextromethorphan breath test (DM-BT), labeled with 13C at the O-CH3 moiety, measures 

CYP2D6 enzyme activity. We sought to examine the ability of the DM-BT to identify known 

CYP2D6 genotypic poor metabolizers and examine the correlation between DMBT and Endx Css.

Methods—DM-BT and tamoxifen pharmacokinetics were obtained at baseline (b), 3 month (3m) 

and 6 months (6m) following tamoxifen initiation. Potent CYP2D6 inhibitors were prohibited. The 

correlation between bDM-BT with CYP2D6 genotype and Endx Css was determined. The 

association between bDM-BT (where values ≤0.9 is an indicator of poor in vivo CYP2D6 

metabolism) and Endx Css (using values ≤ 11.2 known to be associated with poorer recurrence 

free survival) was explored.

Results—91 patients were enrolled and 77 were eligible. CYP2D6 genotype was positively 

correlated with b, 3m and 6m DMBT (r ranging from 0.457-0. 60 p < 0.001). Both CYP2D6 

genotype (r = 0.47; 0.56, p <.0001), and bDM-BT (r=0.60; 0.54; p<.001) were associated with 3m 

and 6m Endx Css respectively. Seven of 9 patients (78%) with low (≤11.2 nM) 3m Endx Css also 
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had low DM-BT (≤0.9) including 2/2 CYP2D6 PM/PM and 5/5 IM/PM. In contrast, 1 of 48 pts 

(2%) with a low DM-BT had Endx Css > 11.2 nM.

Conclusions—In patients not taking potent CYP2D6 inhibitors, DM-BT was associated with 

CYP2D6 genotype and 3m and 6 m Endx Css but did not provide better discrimination of Endx 

Css compared to CYP2D6 genotype alone. Further studies are needed to identify additional factors 

which alter Endx Css.
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Introduction

Tamoxifen, a selective estrogen receptor modulator (SERM) has been studied and utilized in 

breast cancer for the last forty years. When administered to women with ER-positive breast 

cancer for 5 years after surgery, tamoxifen almost halves the annual recurrence rate and 

reduces the breast cancer mortality rate by one-third in both pre- and post-menopausal 

women [1]. Tamoxifen is also effective as a preventive treatment for women at high risk for 

development of breast cancer [2].

Tamoxifen is a prodrug metabolized by the liver cytochrome P450 enzymes CYP3A and 

CYP2D6 to N-desmethyltamoxifen (NDMT), 4-hydroxytamoxifen (4HT) and endoxifen 

(Endx). Both 4HT and Endx have substantially greater anti-estrogen and anti-proliferative 

effects compared to tamoxifen and its primary metabolite, NDMT [3–5]. Endx results from 

the CYP2D6 mediated oxidation of NDMT and its steady-state plasma concentrations are 5 

to 10 fold higher than 4HT [3, 6]. While Endx is similar to 4HT in its ER binding affinity 

and ability to suppress estradiol (E2)-stimulated cell proliferation [3], studies have 

demonstrated that these two SERMs result in different gene regulation [7]. In humans, the 

most important factor contributing to the variability in Endx Css is genetic variation in 

CYP2D6, the rate limiting enzyme responsible for the formation of this metabolite. 

Tamoxifen-treated women with CY2D6 genetic variants associated with reduced or absent 

CYP2D6 activity or who concomitantly take medications which inhibit CYP2D6 activity 

have significantly lower concentrations of Endx [3, 6].

While the published data demonstrate a consistent relationship between CYP2D6 enzyme 

activity and Endx concentrations, there has been controversy with regard to the association 

between CYP2D6 genotype and/or Endx Css and breast cancer recurrence (reviewed in [8]). 

Given CYP2D6 genotype accounts for only a portion of the variability in Endx 

concentrations, non-genetic factors that alter CYP2D6 enzyme activity and thus Endx 

concentrations may impact the pharmacokinetics of tamoxifen and potentially, tamoxifen 

efficacy.

Dextromethorphan (DM) is an antitussive commonly found in over-the-counter cough and 

cold medicines that is metabolized in part by CYP2D6 and CYP3A and has been described 

extensively as a CYP2D6 phenotyping probe [9]. A small study evaluating DM 

demonstrated a strong correlation between DM AUC and Endx AUC, with the suggestion 
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that DM exposure may be a better predictor of Endx AUC than CYP2D6 alone [10]. 

However, the standard DM test is cumbersome, requiring blood sampling hours after DM 

ingestion. A breath test, based on the ingestion of 13C labeled dextromethorphan 

hydrobromide (13C-DM breath test) (DMBT), has been developed to determine CYP2D6 

activity [11] and the13C-DM-BT was significantly associated with both CYP2D6 genotype 

as well as Endx concentrations in tamoxifen treated patients [12]. However, it is unclear 

whether the DM-BT test is a better predictor of Endx Css than CYP2D6 genotype alone.

We conducted a prospective study in individuals who were recommended to receive 

tamoxifen therapy for at least 6 months to examine the ability of the 13C DM-BT to identify 

known CYP2D6 genotypic poor metabolizers; to assess changes in CYP2D6 enzyme activity 

during treatment; and to examine the correlation between CYP2D6 enzyme activity and 

plasma Endx levels.

Methods

Subjects

This study enrolled individuals 18 years of age and older, who were about to begin 

tamoxifen therapy (20 mg daily by mouth) for either the prevention or treatment of non-

invasive or invasive breast cancer with the intent of continuing treatment for at least 6 

months. Additional inclusion criteria were: ECOG performance status 0–2 and known 

CYP2D6 genotype results (determined clinically in a CLIA certified laboratory). Patients 

who were known CYP2D6 poor metabolizers were eligible if their physician recommended 

tamoxifen.

Exclusion criteria included: prior exposure to tamoxifen, use of potent CYP2D6 inhibitor or 

monoamine oxidase inhibitors within 4 weeks of study registration, pulmonary disease, 

uncontrolled metabolic disease, impaired hepatic activity; history of chronic liver disease; 

previous adverse reaction to dextromethorphan; inability or unwillingness to fast for 4 hours. 

Informed consent was obtained prior to study entry. This study was approved by Mayo 

Clinic institutional review board and is registered at ClincalTrials.gov as NCT00873366.

Patients provided blood samples and underwent a 13C-DM-BT on day 1; once during week 

8–10 following initiation of tamoxifen, and once during either month 5–6 post tamoxifen 

initiation. Patient visits that did not occur within a range of 50–110 days and 160–210 days 

following tamoxifen initiation, respectively, were not analyzed for that time point. In 

preparation for the 13C-DM-BT, patients were to fast at least 8 hours prior to scheduled test, 

abstain from alcohol for at least 24 hours prior to testing, and not take tamoxifen the 

morning of testing. The 13C-DM-BT began with the collection of a breath sample in a 1.3 

liter breath bag. The patient then ingested one Alka Seltzer Gold (ASG) tablet dissolved in 

50 mL of water as a means to increase gastrointestinal motility and the absorption of DM. A 

second ASG solution was prepared containing 13C-DM (0.5mg/kg with a maximum of 60 

mg) was ingested 15 minutes after the first ASG solution. The patient rested for 50 minutes 

and a 2nd breath bag sample was obtained.
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Genotyping

CYP2D6 genotype was derived from a peripheral blood specimen. Genotyping was 

performed in the CLIA certified Mayo Clinic Genotyping facility using the Luminex 

platform. The specific alleles and their associated activity score (AS) assessed were as 

follows: UM or AS = 2.0 (*1XN or *2 XN), EM or AS=1.0 (*1, *2, and *2A), IM or AS= 

0.5 (*9, *10, *17 and *41), and PM or AS 0.0 (3, *4, *5, *6, *7, *8, *11, and *12). When 

needed, TaqMan assay and Sanger sequencing were additionally performed. The CYP2D6 

activity score was determined for each patient according to the method introduced by 

Gaedigk et al [13].

Tam and Metabolite Assay

Tam and its metabolites were measured in plasma using a modification of the sensitive, 

specific HPLC assay with fluorescence detection published by Lee et al [13]. In brief, 

analytes were extracted in a hexane, isopropanol solution and the supernatant dried under a 

stream of nitrogen before reconstitution in mobile phase for HPLC analysis. E-Endx, Z-

Endx, 4HT, NDMT, tamoxifen and toremifene (the internal standard) were separated with a 

validated assay using a C18 reverse phase column with a high pressure concave gradient 

starting at 20% A (35% acetonitrile and 65% 20 mM KH2PO4 buffer pH 3.0) and ending at 

100% B (75% acetonitrile and 25% 20 mM KH2PO4 buffer pH 3.0) after 30 minutes. Post 

column photo activation of tamoxifen and its metabolites was done with a PHRED system 

(Aura Industries, New York, NY) followed by fluorescent detection (Ex 250 nm, Em 

370nm).

DM-BT

Clinical trial material grade 13C-DM (API) was synthesized by Cambridge Isotope 

Laboratories (Andover, Massachusetts, USA) as a powder meeting USP standards. 

Production of the drug substance meets good manufacturing practice (GMP) guidelines. The 

oral liquid formulation (2.08 mg/mL) was manufactured under GMP conditions in the GMP 

facility of Confab Laboratories Inc. in Montreal, Canada.

13CO2 and 12CO2 in exhaled breath samples was measured by IR spectrometry using the 

POCone™ spectrophotometer manufactured by Photal Electronics, Japan. The amount 

of 13CO2 present in breath samples is expressed as a delta over baseline ratio that represents 

a change in the 13CO2/12CO2 ratio of breath samples collected before and after 13C-DM 

ingestion.

Statistical Methods

Spearman rank order correlation coefficients, ρ, were used to assess the strength of the 

association between two continuous variables. The probability values for ρ were computed 

transforming r and using a t-distribution with n-2 degrees of freedom.
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Results

Patient Characteristics

Ninety one women and one man were enrolled between May 2009 and September 2011. Six 

women withdrew consent prior to the start of testing. Another 8 patients were excluded from 

the analysis cohort for the following reasons: non-adherence to tamoxifen (n=2), use of a 

CYP2D6 inhibitor (n=1), and lack of sufficient samples for DM analysis (n=5). The 

characteristics for the evaluable patients (n=77) are listed in Table 1.

Genotyping

The CYP2D6 genotypes were within Hardy-Weinberg equilibrium. The allele frequencies of 

CYP2D6 *4, *41, *9 and *10 in this cohort were as follows 16.2%, 11.0%, 2.6% and 2.6%, 

respectively. The *3, *5 and *6 alleles occurred less than 2%. The genotypes, activity scores 

(AS) and corresponding phenotypes for entire cohort are provided in Table 2.

CYP2D6 Genotype and Tamoxifen pharmacokinetics

Of the 77 eligible patients who provided baseline blood and DM-BT samples, DM-BT 

values and pharmacokinetic data were available for 60 and 57 patients, respectively, at the 3 

month visit and 55 and 54 patients, respectively at the 6 month visit. Neither tamoxifen, 

NDMT, or 4HT pharmacokinetics were found to differ by CYP2D6 genotype. The median 

and range for each of these metabolites are included in the supplementary Table.

CYP2D6 Genotype and Endoxifen Pharmacokinetics

CYP2D6 genotype was positively correlated with the 3m Endx steady state concentrations 

(Endx Css) (r = 0.47, p < 0.0001), n=57) (Figure 1a); 6 month Endx Css (r= 0.56, p<0.0001, 

n=54); 3m Endx/NDMT ratio (r = 0.60, p < 0.0001, n=57)(Figure 1b); and the 6m Endx/

NDMT ratio (r=0.61, p < 0.0001, n=54)

CYP2D6 Genotype and DM-BT

DM-BT values obtained at baseline, 3m and 6m were positively correlated with CYP2D6 

genotype as follows: b (r = 0.55, p < 0.0001, n=77) (Figure 2); 3m (r = 0.58, p< 0.0001, 

n=60); and 6m (r = 0.55, p < 0.001, n=55).

DM-BT and Endoxifen Pharmacokinetics

bDM-BT values were significantly associated with both 3m (r = 0.60; p < 0.01, n=57) 

(Figure 3) and 6m (r = 0.54, p<0.01, n=54) Endx Css. The strength of the association 

between 3m DMBT and 3m endoxifen Css (r = 0.51, n = 56) was similar to that of the 6m 

DMBT correlation with 6 m endoxifen Css (r = 0.54, n = 53). For patients with at least one 

EM allele, there was some evidence for an increase in the DOB over time; however, there 

was no evidence for a change in DOB values for patients with the following activity scores: 

0, 0.5, or 1 (Table 3). bDM-BT values were also found to be correlated with the 3 m End/

NDMT ratio (r = 0.56, n = 57) (Figure 3b).
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DM-BT DOB Threshold

Seven of the 9 patients (78%) who had low (≤11.2 nM) 3m endoxifen concentrations also 

had low DM-BT values (≤0.9) including 2/2 patients with AS of 0 and 5/5 with AS of 0.5. In 

contrast, only 1 of 48 patients (2%) who had a low bDM-BT had a high 3m endoxifen 

concentration (Table 3).

Association between age and tamoxifen metabolism

Previous studies have demonstrated a correlation between tamoxifen and its metabolites 

with age [14]. In this study, we found no evidence that either 3m or 6m steady state 

concentrations of tamoxifen, NDMT, 4HT, or Endx were correlated with age (p-values > 

0.11).

Discussion

This is the first prospective study to evaluate the association between bDM-BT obtained 

prior to starting tamoxifen with 3 and 6 month steady state Endx concentrations. These data 

provide further evidence that a dextromethorphan based metabolism assay may be of value 

as a phenotyping probe to predict tamoxifen pharmacokinetics.

In this study, CYP2D6 genotype was moderately correlated with both 3 and 6m Endx Css as 

well as the metabolic ratio of Endx/NDMT. Having demonstrated this, we sought to assess 

the correlation between the DM-BT with CYP2D6 genotype as well as steady state Endx 

pharmacokinetics. Our findings demonstrate that the DM-BT performed remarkably similar 

to CYP2D6 genotype in terms of its correlation with 3 and 6m End Css (Figure 3).

Because patients with a reduced Z-Endx Css have been identified to exhibit a higher risk of 

recurrence when treated with Tam in the adjuvant setting [15], we used a predefined DM-BT 

cut point of 0.9 (low ≤ 0.9; high > 0.9), previously associated with low Endx concentrations 

[12]. 78% (7/9) of patients with a low (≤11.2 nM) 3-month endoxifen concentrations had a 

low DM-BT, including 2/2 patients with AS of 0 and 5/5 with AS of 0.5. In contrast, only 2 

% (1/48) with an endoxifen concentration > 11.2nM had a low DM-BT.

While CYP2D6 metabolism is the most important enzyme for the catalysis of NDMT to 

Endx, CYP3A is important both for the formation of NDMT, but also for the potential 

conversion of 4HT to Endx [16]. Therefore, it has been hypothesized that dextromethorphan, 

which shares similar routes of metabolism, might be a better phenotyping tool that CYP2D6 

genotype alone for prediction of Endx Css [10]. However, the DMBT is labeled with 13C at 

the -O-CH3 group, making it a probe for CYP2D6 enzyme activity. In this study, patients 

who were taking CYP2D6 inhibitors were not eligible and both CYP2D6 genotype and the 

DM-BT performed similarly in terms of predicting Endx Css. These findingssuggest that the 

DM-BT, as a CYP2D6 phenotyping tool, may not necessarily provide a better prediction of 

Endx Css compared to CYP2D6 genotype alone. However, the DM-BT is likely to provide a 

more accurate estimate of CYP2D6 enzyme activity (and Endx Css) in patients taking 

CYP2D6 inhibitors, as has been demonstrated anecdotally [12]. Notably, in our study, one 

patient enrolled in the study took paroxetine prior to the baseline visit and had significantly 

lower baseline DOB30 values (>50% lower) than at 3 and 6 month visits after paroxetine 
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was discontinued, indicating that the DM-BT is capable of identifying CYP2D6 inhibition. 

Further studies in much larger cohorts would be necessary to determine whether the DM-BT 

could replace CYP2D6 genotyping as a tool for predicting Endx and ultimately, whether a 

pre-defined DM-BT cut-point could be established to identify tamoxifen treated patients at 

higher risk of recurrence.

In this study, only 2 CYP2D6 PM (activity score 0) were identified (2.5%), and upwards of 

6–8% of patients would be expected to carry this phenotype in a predominantly Caucasian 

population. The overall low number of poor metabolizers is related to the fact that at the 

Mayo Clinic, CYP2D6 genotype is offered as a clinical test to postmenopausal women with 

invasive, estrogen receptor positive breast cancer who are considering tamoxifen as adjuvant 

treatment. Therefore, patients known to be CYP2D6 poor metabolizers may have opted for 

an aromatase inhibitor, instead of tamoxifen, thus leading to a smaller than expected number 

of CYP2D6 PM.

Recent studies have evaluated whether other non-genetic factors are associated with the 

steady state concentrations of tamoxifen and its metabolites. Lien et al reported that age was 

positive correlated with serum concentrations of tamoxifen and its metabolites. In our study, 

we found no evidence that steady state concentrations of tamoxifen and its metabolites are 

associated with age. However, it should be noted that the concentrations of endoxifen in our 

study (range 4.6–74 nM) were nearly 8 fold lower than that of Lien et al [14] and mirror 

those as reported by Murdter et al [6]. The most likely reason for these differences is that 

like Murdter et al, we individually measured the concentrations of (Z)-endoxifen versus the 

pharmacologically inactive 4-hydroxy-desmethyltamoxifen.

In summary, in patients about to initiate tamoxifen not taking concurrent CYP2D6 

inhibitors, the DM-BT is associated with CYP2D6 genotype and Endx Css, however, the 

DM-BT did not provide better discrimination of Endx Css compared to CYP2D6 genotype. 

Further studies are needed to determine whether DM-BT can substitute for CYP2D6 

genotype in identifying patients with reduced CYP2D6 enzyme activity and thus Endx 

concentrations, especially in those patients on concomitant CYP2D6 inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a): Correlation between CYP2D6 activity score with a) 3 month Endoxifen Css (r = 0.47, p< 

0.0001, n = 57) and b) 3 month Endx/NDMT ratio (r = 0.59, p <0.0001, n = 57). Median 

Endoxifen concentrations are indicated by a solid line

Safgren et al. Page 9

Pharmacogenet Genomics. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Correlation of Baseline DMBT with Activity score with CYP2D6 Activity Score (r = 0.6, p 

= <0.0001, n = 77).
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Figure 3. 
a) Correlation between baseline DMBT values and 3 month Endx Css (r = 0.6, n = 57) and 

b) baseline DMBT values and 3 month End/NDMT ratio Css (r = 0.56, n = 57).
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Table 1

Patient characteristics

Age

 N 77

 Median 52.0

 Range (28.0–86.0)

Race

 White 74 (96.1%)

 Black or African American 1 (1.3%)

 American Indian or Alaska Native 2 (2.6%)

Ethnicity

 Hispanic or Latino 2 (2.6%)

 Not Hispanic or Latino 75 (97.4%)

ECOG Performance Score

 0 73 (94.8%)

 1 4 (5.2%)

BMI

 N 77

 Median 26.8

 Range (18.9–47.8)

Disease Status

 Noninvasive Breast Cancer (DCIS) 4 (5.2%)

 Invasive Breast Cancer in Adjuvant 72 (93.5%)

 Invasive Breast Cancer in Metastatic 1 (1.3%)
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Table 2

Distribution of CYP2D6 genotypes grouped by CYP2D6 metabolism phenotype and activity scores (n=77)

CYP2D6 Phenotype Group Genotype Activity score n Total for Phenotype group

EM/UM *1/*2AXN 3 1 2

*1/*1XN 3 1

IM/UM *41/*2AXN 2.5 1 1

EM/EM *1/*1 2 12 30

*1/*2A 2 13

*1/*2 2 2

*2/*2 2 1

*2A/*2A 2 2

EM/IM *1/*9 1.5 2 15

*1/*10 1.5 3

*1/*41 1.5 7

*2A/*9 1.5 1

*2A/*41 1.5 2

EM/PM *1/*3 1 1 19

*1/*4 1 8

*2/*4 1 1

*2/*4XN 1 1

*2A/*4 1 6

*2A/*5 1 1

*2A/*6 1 1

IM/IM *41/*41 1 1 1

IM/PM *3/*41 0.5 1 7

*4/*9 0.5 1

*4/*10 0.5 1

*4/*41 0.5 4

PM/PM *3/*4 0 1 2

*4/*4 0 1
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