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ARTICLE

Examination of Metoprolol Pharmacokinetics and 
Pharmacodynamics Across CYP2D6 Genotype-Derived 
Activity Scores

Cameron D. Thomas1, Scott A. Mosley1, Sarah Kim2, Karthik Lingineni2, Nihal El Rouby1, Taimour Y. Langaee1, Yan Gong1,  
Danxin Wang1, Siegfried O. Schmidt3, Philip F. Binkley4, David S. Estores5, Kairui Feng6, Hyewon Kim6, Minori Kinjo6,  
Zhichuan Li6, Lanyan Fang6, Arlene B. Chapman7, Rhonda M. Cooper-DeHoff1,8, John G. Gums1, Issam S. Hamadeh1, Liang Zhao6, 
Stephan Schmidt2, Reginald F. Frye1, Julie A. Johnson1,† and Larisa H. Cavallari1,*,†

Recent CYP2D6 phenotype standardization efforts by CYP2D6 activity score (AS) are based on limited pharmacokinetic (PK) 
and pharmacodynamic (PD) data. Using data from two independent clinical trials of metoprolol, we compared metoprolol PK 
and PD across CYP2D6 AS with the goal of determining whether the PK and PD data support the new phenotype classifica-
tion. S-metoprolol apparent oral clearance (CLo), adjusted for clinical factors, was correlated with CYP2D6 AS (P < 0.001). The 
natural log of CLo was lower with an AS of 1 (7.6 ± 0.4 mL/minute) vs. 2–2.25 (8.3 ± 0.6 mL/minute; P = 0.012), similar between 
an AS of 1 and 1.25–1.5 (7.8 ± 0.5 mL/minute; P = 0.702), and lower with an AS of 1.25–1.5 vs. 2–2.25 (P = 0.03). There was also 
a greater reduction in heart rate with metoprolol among study participants with AS of 1 (−10.8 ± 5.5) vs. 2–2.25 (−7.1 ± 5.6; 
P < 0.001) and no significant difference between those with an AS of 1 and 1.25–1.5 (−9.2 ± 4.7; P = 0.095). These data highlight 
linear trends among CYP2D6 AS and metoprolol PK and PD, but inconsistencies with the phenotypes assigned by AS based on 
the current standards. Overall, this case study with metoprolol suggests that utilizing CYP2D6 AS, instead of collapsing AS into 
phenotype categories, may be the most precise approach for utilizing CYP2D6 pharmacogenomics in clinical practice.

Cytochrome P450 2D6 (CYP2D6) plays an important role in 
biotransformation of ~ 25% of drugs, including metoprolol.1 
CYP2D6 is highly polymorphic, with > 140 alleles described 

(https://www.pharm var.org/gene/CYP2D6). The highly poly-
morphic properties of CYP2D6 contribute to wide interpatient 
variation in CYP2D6 catabolic activity and drug response.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  CYP2D6 genotype-derived activity score (AS) is used to 
assign CYP2D6 phenotype. However, recent approaches 
to standardize CYP2D6 genotype-to-phenotype transla-
tion are based on limited pharmacokinetic (PK) or phar-
macodynamic (PD) data.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  This study compared metoprolol apparent oral clear-
ance and change in heart rate across CYP2D6 geno-
type-derived AS and evaluated the performance of an 
AS-exclusive method compared with consensus CYP2D6 
genotype-to-phenotype translation.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔  This study characterized PK and PD variability for meto-
prolol across the AS continuum. Metoprolol PK and PD dif-
fered between AS of 1 and 2–2.25, supporting initiatives to 
separate these scores into different phenotypes. However, 
metoprolol PK also differed between AS of 1.25–1.5 and 2, 
suggesting they should not share phenotype assignment.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DE-
VELOPMENT, AND/OR THERAPEUTICS?
✔  These data overall suggest an AS-exclusive approach for 
CYP2D6 genotype translation may provide better granularity 
for clinical implementation of CYP2D6 pharmacogenomics.

mailto:
https://www.pharmvar.org/gene/CYP2D6
mailto:lcavallari@cop.ufl.edu
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The CYP2D6 Activity Score (AS), determined based on 
genotype and drug interactions (i.e., use of CYP2D6 inhib-
itors), is used to assign CYP2D6 phenotype as referenced 
in Clinical Pharmacogenetic Implementation Consortium 
(CPIC) guidelines.2–9 The CYP2D6 AS system assigns each 
gene allele an activity value, and the sum of the individual 
allele values forms the AS.3 Then, if applicable, the AS is 
multiplied by a factor of 0.5 or 0 to account for phenocon-
version with use of a moderate or strong CYP2D6 inhibitor, 
respectively.2,3 The CYP2D6 AS system is used clinically to 
predict CYP2D6 metabolizer phenotype.2,5–9 For example, 
an individual with an AS of 0 is classified as a poor me-
tabolizer (PM) with no expected enzyme activity, whereas 
an individual with CYP2D6 copy number variation leading to 
an AS > 2.25 would be assigned the ultra-rapid metabolizer 
(UM) phenotype. As clinical pharmacogenetic test results 
become more readily available, appropriate assignment of 
phenotype based on the CYP2D6 AS is critical to optimally 
predict drug response and tailor therapy accordingly.

Based on pharmacokinetic (PK) data specific for 
sparteine, debrisoquine, and dextromethorphan, a CYP2D6 
genotype-derived AS of 1 to 2, reflecting the equivalent 
of 1 to 2 fully functional CYP2D6 alleles, was originally 
considered by CPIC as the normal metabolizer (NM) phe-
notype. This contrasted with phenotype assignment by the 
Dutch Pharmacogenetics Working Group (DPWG), which 
classified an AS of 1 as the intermediate metabolizer (IM) 
phenotype. Inconsistencies in CYP2D6 phenotype classifi-
cation between CPIC and DPWG created confusion in the 
pharmacogenetic community and manifested clinically as 
patients with the same CYP2D6 genotype receiving differ-
ent genotype-guided pharmacotherapy recommendations 
depending on whether the CPIC or DPWG guideline was 
followed.10,11

Recently, CPIC and DPWG collaboratively engaged a 
panel of CYP2D6 experts who were administered a series 
of surveys using a modified Delphi approach in an effort to 
reach consensus on CYP2D6 phenotype assignment. This 
resulted in revision of the CYP2D6 genotype to phenotype 
translation so that an AS of 0.25 to < 1.25 denotes the IM 
phenotype, and an AS of 1.25–2.25 denotes the NM phe-
notype, which was recommended for universal adoption for 
both research and clinical practice.12 However, these con-
sensus revisions were based on expert opinion,12 not on 
PK and pharmacodynamic (PD) data by CYP2D6 AS. Thus, 
whether the new genotype to phenotype translation more 
accurately predicts the PK and PD of CYP2D6 substrates 
compared with the historical nomenclature remains unclear.

Metoprolol, a beta-blocker commonly prescribed for 
treating hypertension, heart failure, myocardial infarction, 
and other cardiovascular diseases, serves as a model 
CYP2D6 substrate by which to compare PK by CYP2D6 
AS because 70–80% of metoprolol metabolism is me-
diated via CYP2D6.13 Several studies have shown that 
metoprolol PK is influenced by CYP2D6 genotype-inferred 
metabolizer phenotype, consistently demonstrating a gene-
dose effect between CYP2D6 phenotype and metoprolol 
disposition.13–16 These studies specifically show that me-
toprolol oral clearance increases as the number of partially 
or fully functional alleles increases. Compared with the 

CYP2D6 NM phenotype, this translates to increased me-
toprolol oral clearance in UMs and decreased clearance in 
PMs and IMs. However, none of these studies examined 
metoprolol PK or PD by CYP2D6 AS, and phenotype trans-
lations for AS of 1 were variable. Variability in metoprolol 
plasma concentrations by CYP2D6 phenotype translates to 
PD differences in heart rate (HR) response, with greater HR 
reductions observed in PMs and IMs compared with NMs; 
however, no differences in blood pressure (BP) response or 
risk for adverse effects with metoprolol were shown.14,16–21

The objective of this study was to evaluate the PK and PD 
of metoprolol, as a case drug, across CYP2D6 genotype-de-
rived activity scores with the goal of determining whether 
the PK and PD data support the new phenotype classifi-
cation. We were especially interested in whether metoprolol 
PK and PD differed across AS of 1 to 2 given the recent 
reclassification of an AS of 1 from NM to an IM. Additionally, 
we explored whether consideration of the rs5758850 sin-
gle nucleotide polymorphism (SNP), located in the CYP2D6 
enhancer region and shown to increase gene expression, 
improved the association between AS and metoprolol PK 
and PD parameters.22–24

METHODS
Study cohorts
The data for analyses were generated from two clinical 
trials. The PK cohort was from an open-label study that 
compared the PK and cardiovascular effects of the brand 
metoprolol succinate product and two generic formula-
tions in adults with hypertension (clinicaltrials.gov identifier: 
NCT02417246). Trial exclusion criteria are available as 
Supplementary Information. The trial population was in-
tentionally enriched for CYP2D6 PMs and IMs. As part of 
the trial, all participants underwent a 24-hour PK study after 
at least 5 days of treatment with the brand name formula-
tion. On the day of PK study, 10-mL blood samples were 
collected in heparinized tubes immediately before and 0.5, 
1, 2, 3, 4, 6, 8, 12, 16, 20, and 24 hours after the metop-
rolol dose. Data from 37 hypertensive study participants 
who were treated with the reference formulation of metop-
rolol succinate at doses of 50 mg/day (n = 30), 100 mg/day 
(n = 5), or 150 mg/day (n = 2) were included in the current 
PK analysis.

The PD cohort came from the Pharmacogenomic 
Evaluation of Antihypertensive Responses 2 (PEAR-2) trial 
(clinicaltrials.gov identifier: NCT01203852), which has been 
previously described.16 Briefly, PEAR-2 was a prospective, 
multicenter, clinical trial conducted to assess the genomic 
variability attributed to BP and adverse metabolic effects 
following sequential monotherapy treatment with metopro-
lol tartrate and chlorthalidone.16 Participants were started on 
metoprolol tartrate at an initial dose of 50 mg twice daily, with 
up-titration after 2 weeks to 100 mg twice daily unless BP 
was < 120/70 mmHg or HR < 55 beats/minute. For the current 
analysis, change in HR (beats/minute (bpm)), as assessed 
after 2 weeks of metoprolol tartrate 50 mg twice daily, was se-
lected as the PD end point because of its previously observed 
association with CYP2D6 genotype-derived phenotype.16

The PK study protocol was approved by the University 
of Florida institutional review board. The PEAR-2 study 
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protocol was approved by the institutional review board of 
each participating location (University of Florida, Gainesville, 
FL; Emory University, Atlanta, GA; and the Mayo Clinic, 
Rochester, MN). Patients in both studies provided voluntary, 
written informed consent.

CYP2D6 genotyping and AS assignment
In both the PK and PD studies, genomic DNA from study 
participants was isolated from lymphocytes using the 
FlexiGene DNA kit (Qiagen, Valencia, CA) according to the 
manufacturer’s protocol. Genotyping for CYP2D6*2, *3, 
*4, *5, *6, *10, *17, *29, *40, and *41 variant alleles was per-
formed by polymerase chain reaction and Pyrosequencing 
or Sanger sequencing. If no sequence variation was de-
tected, then the allele was, by default, assigned as *1. The 
genotyping for rs5758550 (CYP2D6 enhancer SNP) was 
done by Pyrosequencing and TaqMan genotyping meth-
ods. The CYP2D6 copy number variations were estimated 
by the TaqMan Copy Number Assay (Life Technologies, 
Foster City, CA) and quantification-based pyrosequencing 
genotyping method.25

The AS method was used to assign CYP2D6 metabo-
lizer phenotype from genotype data and use of CYP2D6 
inhibitors.2,3,26 Without considering the enhancer SNP, a 
value of 1 was assigned for each normal function allele 
(i.e., *1 and *2), 0.5 for each decreased function allele (i.e., 
*17, *29, and *41), 0.25 for each *10 allele, and 0 for each 
no function allele (i.e., *3, *4, *5, *6, and *40).2,3,10 To test 
the associations between CYP2D6 AS and metoprolol 
PK and PD parameters after including the enhancer SNP 
(rs5758550), CYP2D6 alleles containing rs16947 T plus 
rs5758550 A were considered to have an activity value of 
0.5, whereas alleles containing rs16947 T plus rs5758550 
G were considered to have an activity value of 1.22–24 
Phenotypes were assigned based on the sum of allele 
values (i.e., AS) and were concordant with CPIC/DPWG 
recommendations: 0, PM; 0.25–1, IM; 1.25–2.25, NM; and 
> 2.25, UM.12

Metoprolol analytical assay
A detailed explanation is available as Supplementary 
Information.

Data analyses
Data are presented as mean  ±  SD, median (interquartile 
range) for continuous data, or count (%) for categorical 
data. S-metoprolol apparent oral clearance (CLo (mL/min-
ute)) was calculated for each CYP2D6 AS group by dividing 
metoprolol dose (mg) by S-metoprolol area under the curve 
(AUC0–24; min*mg/mL). S-metoprolol CLo data were not 
normally distributed, and the variable was natural log 
transformed (ln(CLo) (mL/minute)) prior to analysis. A mul-
tiple linear regression analysis with contrast and estimate 
procedures for multiple comparisons was performed to 
compare ln(CLo) by CYP2D6 AS after controlling for the 
clinical factors: age, race, sex, and body mass index (BMI). 
Two multiple regression models were constructed; one 
model contained the conventional CYP2D6 AS without 
considering rs5758550, whereas the other included an AS 
that considered the functional effects of the enhancer SNP. 

Both multiple regressions were performed using CYP2D6 
AS, age, race, sex, and BMI as explanatory variables, and 
ln(CLo) as the outcome. A sensitivity power analysis was 
conducted for the PK study. With a sample size of 37 and 
an alpha of 0.05, this study had 80% power to detect an 
effect size of 1.37 between activity scores of 1 vs. 2–2.25 
and an effect size of 1.63 between activity scores of 1 vs. 
1.25–1.5.27

For the PD end point, the analysis of variance test was 
used to compare mean change in HR from baseline to 
2-weeks after metoprolol tartrate 50  mg twice daily was 
started between CYP2D6 AS groups. Given the sample size 
and an alpha of 0.05, the PD study had 80% power to de-
tect an effect size of 0.46 and 0.57 between AS of 1 vs. 
2–2.25 and AS of 1.25–1.5, respectively.27 Similar to the PK 
analysis, to control for the effects of baseline characteristics 
(age, race, sex, and BMI) on metoprolol response, multiple 
regression was performed to evaluate the differences in 
HR changes across CYP2D6 AS groups. This method was 
used for both the conventional and enhancer SNP-derived 
CYP2D6 AS.

Changes in CYP2D6 AS after considering the en-
hancer SNP were further compared between participants 
of African (hereafter referred to as black) and European 
(hereafter referred to as white) ancestry because of dif-
fering linkage disequilibrium between the *2 allele and 
enhancer SNP by race, with the continuity adjusted χ2 
test or Fisher’s exact test as appropriate. To assess model 
fit for PK and PD outcomes, Akaike information criterion 
(AIC)28 and adjusted R2 values were generated from mul-
tiple linear regression models of CYP2D6 phenotype, as 
assigned by CPIC/DPWG consensus recommendations, 
and CYP2D6 AS on a continuous scale after adjusting for 
clinical factors (age, race, sex, and BMI). P values < 0.05 
were considered statistically significant. The data analy-
sis for this paper was generated using SAS software (SAS 
Institute, Cary, NC).

RESULTS
Study participant characteristics and CYP2D6 activity 
score
Clinical characteristics and AS for study participants in-
cluded in the PK and PD analyses are summarized in 
Table 1. Blacks comprised 32% of the PK and 37% of the 
PD cohorts; most of the remaining participants were white. 
Clinical characteristics were similar across CYP2D6 AS in 
both studies (data not shown). CYP2D6 and rs5758550 al-
lele frequencies are shown in Supplementary Table S1. 
One participant in the PK study with the CYP2D6 *1/*1 
diplotype was taking bupropion, a strong CYP2D6 inhibitor 
that phenoconverts the CYP2D6 AS to 0.29

Metoprolol pharmacokinetics
S-metoprolol ln(CLo), adjusted for clinical covariates, in-
creased with increasing CYP2D6 AS (Figure 1; adjusted 
P < 0.001). The ln(CLo) was higher among those with an AS 
of 2–2.25 (8.3 ± 0.6 mL/minute) vs. an AS of 1 (7.6 ± 0.4 mL/
minute; P  =  0.012) or 1.25–1.5 (7.8  ±  0.5  mL/minute; 
P = 0.030). The ln(CLo) was significantly higher with an AS 
of 1 vs. an AS of 0 (6.6 ± 0.6 mL/minute; P = 0.010) and 
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numerically higher with an AS of 0.25–0.75 vs. an AS of 0 
(7.3  ±  0.2 vs. 6.6  ±  0.6  mL/minute), although small sam-
ple sizes made this comparison underpowered to show a 
statistical difference. The ln(CLo) was similar between AS 

of 1.25–1.5 (7.8 ± 0.5) and 1 (7.6 ± 0.4), and between AS 
of 1 (7.6 ± 0.4) and 0.25–0.75 (7.3 ± 0.2). The adjusted R2 
value for ln(CLo) in the CYP2D6 phenotype model was 
48.1% and the AIC was −36.1. When evaluating CYP2D6 
AS as a continuous variable vs. grouping scores into dis-
crete phenotype categories, the AS remained associated 
with ln(CLo) (adjusted P < 0.001), and model performance 
improved, with an increase in the adjusted R2 value and de-
crease in the AIC (Table 2).

After considering the CYP2D6 enhancer SNP (rs5758550), 
8 of the 37 study participants (22%), including 4 of 12 (33%) 
blacks and 4 of 24 (17%) whites, had a change in their AS. 
This led to phenotype reclassification in three (8%) partic-
ipants; two changed from the NM to IM phenotype, and 
one shifted from the UM to a NM-UM ranged phenotype 
(Table 3). CYP2D6 AS remained associated with ln(CLo) 
in the regression model, including the enhancer SNP AS 
(Figure 2; adjusted P  <  0.001), with a higher adjusted R2 
value (51.9%) and lower AIC (−38.88) compared with the 
conventional CYP2D6 phenotype model. The greatest 
model fit was observed when the AS was evaluated as a 
continuous variable in the enhancer SNP model (adjusted 
P < 0.001; Table 2).

Metoprolol pharmacodynamics
Change in HR with metoprolol tartrate 50  mg twice daily 
was associated with CYP2D6 AS across the AS contin-
uum (Figure 3; adjusted P  <  0.001). There was a greater 
reduction in HR among those with AS of 1 (−10.8 ± 5.5 bpm) 
compared to an AS of 2–2.25 (−7.1 ± 5.6 bpm; P < 0.001). 
Compared with AS of 1, there was a greater reduction in 
HR with an AS of 0.25–0.75 (−15.9 ± 4.5 bpm; P < 0.001) 
and tended to be a greater reduction with an AS of 0 
(−13.7 ± 4.7 bpm; P = 0.063). There were no significant dif-
ferences in HR changes with metoprolol between those with 
an AS of 1.25–1.5 (−9.2 ± 4.7 bpm) and 2–2.25 (P = 0.102), 
between those with an AS of 1.25–1.5 and 1 (P = 0.095) or 
between those with an AS of 0 and 0.25–0.75 (P = 0.363). 
The adjusted R2 value for change in HR with the CYP2D6 
phenotype multiple regression model was 16.1%, and the 
AIC was 770.81. When evaluating AS as a continuous vari-
able vs. grouping into phenotype categories, it remained 
associated with change in HR (adjusted P < 0.001), and the 
model improved as indicated by the increased adjusted R2 
and decreased AIC (Table 2).

After considering the CYP2D6 enhancer SNP, 24 of the 
227 study participants (10.6%) had a change in their AS 
(Table 3). Changes occurred more often in blacks (20.5%) 
compared with whites (5.4%, P  =  0.002); 17 of the 24 
participants (70.8%) with a change in AS were black. In 
eight (4%) cases, consideration of the enhancer SNP led 
to CYP2D6 phenotype reclassification. CYP2D6 AS re-
mained associated with change in HR in the enhancer 
SNP AS models whether considered in phenotype cat-
egories (Figure 4; adjusted P < 0.001) or as a continuous 
variable (adjusted P  <  0.001). The adjusted R2 and AIC 
indicated better model fit for the continuous AS variable, 
regardless of whether the enhancer SNP was considered 
(Table 2).

Table 1 Characteristics of study participants from two clinical trials

Pharmacokinetic 
(n = 37)

Pharmacodynamic 
(n = 227)

Age, years 53.3 ± 11.7 50.4 ± 9.4

Males 19 (51.4) 104 (45.8)

Race

Black/African American 12 (32.4) 84 (37.0)

Asian 1 (2.7) 1 (0.4)

White/European 
American

24 (64.9) 139 (61.2)

Other 0 3 (1.3)

BMI, kg/m2 30.4 ± 4.7 30.6 ± 5.3

CYP2D6 ASa

0 4 (10.8) 12 (5.3)

0.25–0.75 3 (8.1) 17 (7.5)

1 7 (18.9) 69 (30.4)

1.25–1.5 7 (18.9) 38 (16.7)

2–2.25 14 (37.8) 82 (36.1)

> 2.25 2 (5.4) 9 (4.0)

CYP2D6 AS + rs5758550b

0 4 (10.8) 12 (5.3)

0.25–0.75 5 (13.5) 25 (11.0)

1 8 (21.6) 66 (29.1)

1.25–1.5 7 (18.9) 43 (18.9)

2–2.25 12 (32.4) 68 (30.0)

> 2.25 1 (2.7) 8 (3.5)

Unknown 0 5 (2.2)

Data are presented as mean ± SD or n (%).
AS, activity score; BMI, body mass index.
aAS derived from CYP2D6 genotype and phenoconversion.
bAS derived from CYP2D6 genotype, phenoconversion, and rs5758550.

Figure 1 S-metoprolol succinate apparent oral clearance by 
CYP2D6 activity score. Pharmacokinetic data are shown for the 
natural log of S-metoprolol apparent oral clearance (ln(CLo)) by 
CYP2D6 AS. After adjusting for other clinical predictors (sex, 
race, age, and body mass index) CYP2D6 AS was significantly 
associated with S-metoprolol ln(CLo) (adjusted P < 0.001).
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DISCUSSION

This study demonstrated that CYP2D6 AS is significantly 
associated with S-metoprolol succinate oral clearance and 
change in HR after initiating metoprolol tartrate. There were 
apparent differences in metoprolol PK and PD parame-
ters in those with an AS of 1 vs. an AS of 2–2.25. However, 

metoprolol PK and PD did not significantly differ across the 
CYP2D6 AS range of 1 to 1.25–1.5. Expected differences 
in PK and PD were observed between an AS of 0 and 1. 
Although S-metoprolol ln(CLo) was similar between AS of 
0.25–0.75 and 1, likely secondary to the small size of the PK 
cohort, there were greater reductions in HR with an AS of 
0.25–0.75 compared with 1. PK, but not PD, was different 

Table 2 CYP2D6 activity score model performance across pharmacokinetic and pharmacodynamic parameters

Pharmacokinetic study outcome: S-metoprolol 
ln(CLo)

Pharmacodynamic study outcome: change in heart 
rate

Adjusted R2 AIC Adjusted R2 AIC

CYP2D6 Phenotype 48.1% -36.1 16.1% 770.81

Black 
9.4%

White 
55.2%

Black 
−8.11

White 
−22.66

Black 
19.1%

White 
15.9%

Black 
297.07

White 
464.27

Continuous AS 53.8% −41.83 18.1% 763.33

Black 
29.8%

White 
59.3%

Black 
−11.17

White 
−26.27

Black 
26.4%

White 
14.8%

Black 
287.35

White 
464.18

CYP2D6 
Phenotype + rs5758550

51.9% −38.88 14.0% 759.62

Black 
26.5%

White 
57.1%

Black 
−10.63

White 
−23.67

Black 
16.5%

White 
15.0%

Black 
296.95

White 
451.98

Continuous AS + rs5758550 63.0% −47.49 16.5% 751.23

Black 
43.5%

White 
71.0%

Black 
−13.78

White 
−31.84

Black 
23.0%

White 
14.7%

Black 
288.37

White 
450.5

AIC, Akaike information criterion; AS, CYP2D6 activity score; ln(CLo), natural log of apparent oral clearance.
CYP2D6 phenotype definitions: 0, poor metabolizer; 0.25–1, intermediate metabolizer; 1.25–2.25, normal metabolizer; and > 2.25, ultra-rapid metabolizer. All 
models were adjusted for participant: age, race, sex, and body mass index.

Table 3 Diplotypes with CYP2D6 activity score change after including enhancer SNP

Diplotype Race Conventional ASa

rs5758550: 
Genotype at 

Enhancer SNP locus AS with Enhancerb
Phenotype 

Reclassification

Pharmacokinetic study (n = 8)

*1/*2 Black 2 T/T 1.5 No

*2/*17 Black 1.5 C/T 1 No

*2/*2 Black 2 T/T 1 No

*2/*2 Black 2 C/T 1.5 No

*2/*2x2 White 3 C/T 2–2.5 Yes

*2/*4 White 1 T/T 0.5 Yes

2*/*4x2 White 1 T/T 0.5 Yes

*2/*41 White 1.5 T/T 1 No

Pharmacodynamic study (n = 24)

*1/*2 (n = 3) Black 2 T/T 1.5 No

*1/*2 (n = 4) White 2 T/T 1.5 No

*2/*10 Black 1.25 T/T 0.75 Yes

*2/*17 (n = 2) Black 1.5 C/T 1 No

*2/*2 (n = 3) Black 2 T/T 1 No

*2/*2 Black 2 C/T 1.5 No

*2/*2 White 2 C/T 1.5 No

*2/*4 (n = 3) Black 1 T/T 0.5 Yes

*2/*41 White 1.5 T/T 1 No

*2/*5 (n = 3) Black 1 T/T 0.5 Yes

*2/*5 White 1 T/T 0.5 Yes

*2x2/*10 Black 2.25 T/T 1.25 No

AS, activity score; SNP, single nucleotide polymorphism.
aConventional CYP2D6 AS does not consider effects of the enhancer SNP (rs5758550).
bCYP2D6 AS after considering functional effects of enhancer SNP (rs5758550).
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between AS of 1.25–1.5 compared with AS of 2–2.25, which 
might be explained by the sigmoidal concentration-re-
sponse relationship with beta-blockers. Overall, these data 
suggest a CYP2D6 paradigm shift from considering metab-
olizer status nomenclature (e.g., PM, IM, NM, and UM) to 
using an AS-based system may improve CYP2D6-guided 
pharmacotherapy.

The new CPIC/DPWG consensus CYP2D6 genotype to 
phenotype translation method expands the definition of IM to 
include those with an AS of 1; this is in contrast to the prior 
nomenclature where NMs encompassed the AS range of 
1–2.12 Although some aspects of our data are consistent with 
the standardized CYP2D6 genotype to phenotype translation, 

there are other results that are not. Our data showing apparent 
differences in metoprolol PK and PD parameters in those with 
an AS of 1 vs. an AS of 2–2.25 support different phenotype 
categories for CYP2D6 AS of 1 and 2, consistent with the 
new CYP2D6 phenotype classification system.12 However, 
S-metoprolol ln(CLo) and HR changes were similar between 
AS of 1 and 1.25–1.5, suggesting these CYP2D6 AS should 
share the same CYP2D6 phenotype designation, which is not 
the case with the current classification system. The current 
data highlight the complexities of clinical CYP2D6 phenotype 
translation based on CYP2D6 AS and provide insight on the 
PK and PD differences between AS of 1 and 2.

When CYP2D6 AS was considered for metoprolol oral 
clearance and change in HR, the AS-exclusive model out-
performed CYP2D6 genotype to phenotype translation, 
and a linear relationship between metoprolol clearance 
and AS was observed. An AS-exclusive method may be 
preferred to collapsing AS into predicted phenotypes, par-
ticularly because for some drugs with CPIC guidance, an 
AS of 1 may translate to an IM, whereas for others it is 
closer to an NM.2,7,11 An AS-exclusive paradigm dissolves 
the debate regarding phenotype status for an AS of 1 and 
permits substrate-specific pharmacotherapy recommen-
dations across the AS continuum. Potential benefits of 
removing the translation of AS into metabolizer phenotype 
for CYP2D6 include increased flexibility of CPIC prescrib-
ing recommendations for CYP2D6 substrates, improved 
precision for associations between PK/PD, and improved 
ability to characterize differences in drug response be-
tween the AS range from 0.25 to 2.25. From a pragmatic 
standpoint, an AS-exclusive approach could occupy a dis-
crete field within the electronic health record and support 
the current landscape of pharmacogenomic implemen-
tation that utilizes clinical decision support to facilitate 
prescribing decisions.

Figure 2 S-metoprolol succinate apparent oral clearance by 
CYP2D6 activity score after considering the functional effects 
of rs5758550. Pharmacokinetic data are shown for the natural 
log of S-metoprolol apparent oral clearance (ln(CLo)) by CYP2D6 
AS after accounting for rs5758550, a CYP2D6 enhancer single 
nucleotide polymorphism. After adjusting for other clinical 
predictors (sex, race, age, and body mass index) CYP2D6 AS 
was significantly associated with metoprolol ln(CLo) (adjusted 
P < 0.001).

Figure 3 Change in heart rate with metoprolol tartrate by 
CYP2D6 activity score. Pharmacodynamic data are shown for 
change in heart rate (HR) after 2  weeks of metoprolol tartrate 
by CYP2D6 AS. After adjusting for other clinical predictors (sex, 
race, age, and body mass index) CYP2D6 AS was significantly 
associated with change in HR (adjusted P < 0.001).

Figure 4 Change in heart rate with metoprolol tartrate by 
CYP2D6 activity score (AS) after considering the functional 
effects of rs5758550. Pharmacodynamic data are shown for 
change in heart rate (HR) after 2 weeks of metoprolol tartrate by 
CYP2D6 AS after accounting for rs5758550, a CYP2D6 enhancer 
single nucleotide polymorphism. After adjusting for other clinical 
predictors (sex, race, age, and body mass index) CYP2D6 AS was 
significantly associated with change in HR (adjusted P < 0.001).
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We focused on metoprolol as the case CYP2D6 sub-
strate for which to examine PK and PD by genotype-derived 
activity score based on the significant role of CYP2D6 in 
metoprolol metabolism and evidence from multiple studies 
that its disposition is altered across the CYP2D6 pheno-
type spectrum; as the number of active alleles increases, 
so does metoprolol metabolism.14,15,21,30–33 Although, 
up to sixfold higher apparent oral clearance of metopr-
olol has been observed in PMs vs. NMs, PD responses 
are less predictable given the drug’s wide therapeutic 
index and sigmoidal response curve. This translates to 
PD consequences (e.g., HR response) of variable metop-
rolol plasma concentrations being less evident at higher 
doses.33 CYP2D6 has not been associated with BP lower-
ing or adverse effects with metoprolol,14,16,21 and as such, 
CYP2D6 is not recommended to guide metoprolol use in 
hypertension management.16,33 However, multiple studies 
have demonstrated variable HR response to metopro-
lol therapy across CYP2D6 phenotypes, with greater HR 
reductions in PM/IMs compared with NMs.16–20,33 Thus, 
notwithstanding the limitations of clinical pharmacoge-
netic implementation, metoprolol is an ideal substrate for 
examining PK effects and their potential translation to PD 
end points (e.g., HR response). Given CYP2D6 is subject 
to substrate-dependent effects,34 whether the findings 
herein are generalizable to other substrates remains to be 
determined.

The uncertainties surrounding CYP2D6 AS and pheno-
type assignment may be partially explained by additional 
CYP2D6 variants that influence CYP2D6 activity but are not 
included on most genotyping platforms. The CYP2D6*2 hap-
lotype is generally considered to display similar activity to the 
CYP2D6*1 allele. However, Wang et al. reported rs16947, the 
CYP2D6*2 allele defining SNP, alters exon splicing and is as-
sociated with reduced expression and CYP2D6 activity.23,24 
The rs5758550 SNP is a CYP2D6 regulatory SNP located 
in a distant downstream enhancer region (>  100  kb) and 
interacts with the CYP2D6 promoter to increase CYP2D6 
mRNA expression.24 Increased gene expression conferred 
by the rs5758850 SNP overcomes the reduced expression 
of rs16947 resulting in overall “normal” CYP2D6 mRNA ex-
pression.22–24 The rs16947 and rs5758850 SNPs are in high 
linkage disequilibrium (D′  =  0.9507) in whites.35 However, 
there is lower linkage disequilibrium between the two SNPs 
in blacks (D′ = 0.4645).35 This presents a potential obstacle 
for interpreting several rs16947 containing alleles because 
characterization of functional status in the absence of in-
terrogating the enhancer SNP may lead to overestimation 
of CYP2D6 activity, particularly in blacks who are less likely 
to have the enhancer SNP in conjunction with the rs16947 
SNP.

As reported herein, consideration of the CYP2D6 en-
hancer SNP decreases allele AS relative to conventional 
AS assignment that does not take the enhancer into ac-
count, especially in blacks. Current proposals to incorporate 
rs5758550 into CYP2D6 genotyping panels are limited by the 
absence of PK and PD data with CYP2D6 substrates.22,23,36 
In the current study, taking the CYP2D6 enhancer SNP into 
account when assigning AS with the *2 allele led to more 
variability being explained in metoprolol CLo, but not PD, 

across AS compared with conventional CYP2D6 AS assign-
ment methods. Regarding metoprolol PK, superior model 
fit was observed when CYP2D6 AS, either collapsed into 
phenotype categories or used as a continuous variable, was 
considered in the context of the enhancer SNP. Further as-
sessment of the enhancer SNP effects may be warranted, 
particularly in those of African ancestry, given the potential 
for overestimating substrate clearance in the absence of its 
consideration.

The current investigation utilized metoprolol PK and PD 
data from two prospective clinical trials with similar enroll-
ment criteria among participants with essential hypertension 
to better elucidate phenotype classifications across the 
CYP2D6 AS continuum. Notably, a limitation of the study 
is that PK and PD data were not available within the same 
study population, and thus, we cannot definitively con-
clude that the association between reduced CYP2D6 AS 
and greater HR response to metoprolol was secondary to 
higher metoprolol concentrations. Another limitation is that 
while there were no significant differences in ln(CLo) and HR 
changes between AS of 1 and 1.25–1.5 and no difference 
in HR between an AS of 1.25–1.5 and 2–2.25, we recog-
nize that these observations may be subject to type 2 error, 
which cannot be ruled out given the small sample sizes in 
the individual AS groups. Additionally, the metoprolol total 
daily dose was inconsistent between studies. Most partic-
ipants in the PK study received 50 mg total daily dose of 
metoprolol compared with all PEAR-2 participants receiv-
ing 100 mg total daily dose. To account for this difference, 
S-metoprolol apparent oral clearance was selected as the 
primary PK outcome given its determination is a function of 
metoprolol dose and AUC.

In conclusion, this study highlights differences in me-
toprolol PK and PD between an AS of 1 and 2, thereby 
supporting standardization efforts to dissolve the NM phe-
notype consisting of AS in the 1–2 range. However, PK and 
PD parameters for metoprolol were similar between an AS of 
1 and 1.25–1.5 and differed between an AS of 1.25–1.5 and 
2, suggesting that the AS of 1.25–1.5 results in CYP2D6 met-
abolic activity toward metoprolol that is more similar to AS of 
1 than an AS of 2. Treating CYP2D6 AS as a continuous vari-
able, as opposed to collapsing into metabolizer phenotypes, 
resulted in a better model fit and explained more interpa-
tient variability in metoprolol oral clearance and change in 
HR. Additionally, including the enhancer SNP as part of AS 
determination explained greater variability in metoprolol ln(-
CLo) compared with conventional-based AS methods. The 
data from these two prospective clinical trials reiterates the 
complex nature of inferring clinical CYP2D6 phenotype from 
genotype and supports initiatives to implement a CYP2D6 
AS-exclusive method of phenotype determination.

Supporting Information. Supplementary information accompa-
nies this paper on the CPT: Pharmacometrics & Systems Pharmacology 
website (www.psp-journal.com).
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