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Aim: To align predicted and measured CYP2C19 phenotype in a South African 
cohort. Materials & methods: Genotyping of CYP2C19*2, *3, *9, *15, *17, *27 and 
*28 was performed using PCR-RFLP, and an activity score (AS) system was used to 
predict phenotype. True phenotype was measured using plasma concentrations of 
omeprazole and its metabolite 5’-hydroxyomperazole. Results: Partial genotype-
phenotype discrepancies were reported, and an adapted AS system was developed, 
which showed a marked improvement in phenotype prediction. Results highlight the 
need for a more comprehensive CYP2C19 genotyping approach to improve prediction 
of omeprazole metabolism. Conclusion: Evidence for the utility of a CYP2C19 AS 
system is provided, for which the accuracy can be further improved by means of 
comprehensive genotyping and substrate-specific modification.

Keywords:  activity score system • CYP2C19 • genotype–phenotype correlation • omeprazole 
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Adverse drug reactions (ADRs) are debili-
tating. They are associated with significant 
morbidity and mortality and have impor-
tant financial implications [1,2]. Pharmaco-
genetics has become an important area of 
research due to the fact that ADRs, at least in 
part, stem from interindividual genetic vari-
ability [3]. Of hospitalized patients in South 
Africa, 14% have been estimated to experi-
ence ADRs, and when compared with hos-
pitals in the USA and UK, a five to tenfold 
higher fatality rate has been observed [4]. 
It has been reported that pharmacogenet-
ics may have the potential to reduce ADRs 
by 10–20% and improve drug efficacy by 
10–15% [5]. Since it is recognized that sub-
optimal therapies are prevalent in developing 
countries such as South Africa, pharmacoge-
netics could have a positive impact.

Genetic variation in CYP2C19 (OMIM 
124020) has been associated with variable 
responses to numerous drugs including 
clopidogrel (anticoagulant), citalopram (and 
many other antidepressants), proguanil (pro-
phylactic antimalarial) and omeprazole (and 

other proton pump inhibitors) [6–12]. Many 
CYP2C19 polymorphisms have been identi-
fied, which include 34 distinct alleles as listed 
by the P450 Nomenclature Committee [13]. 
From in vivo and in vitro data, many of these 
alleles have been assigned an estimated level 
of enzyme activity. This can be used to pre-
dict poor (PM), intermediate (IM), exten-
sive (EM) and ultrarapid (UM) metabolizer 
phenotypes.

The nonfunctional CYP2C19*2 and *3 
alleles are the most commonly genotyped 
and have been prioritized in many CYP2C19 
studies [14]. Responsible for increased 
CYP2C19 expression, CYP2C19*17 is impor-
tant for the prediction of UMs and has been 
found to be relatively frequent in certain pop-
ulations [15–20]. The above-mentioned alleles 
have been prioritized based on observations 
in cohorts of predominantly European and 
Asian descent. This approach may not be 
sufficiently comprehensive in the context of 
African populations, and many African-spe-
cific alleles, such as CYP2C19*9 [21,22], may 
be important in this context.

Evaluation of predictive CYP2C19 
genotyping assays relative to measured 
phenotype in a South African cohort

Tyren M Dodgen1,2,3, Britt 
I Drögemöller4, Galen EB 
Wright4, Louise Warnich4, 
Francois E Steffens5, 
A Duncan Cromarty1, Marco 
Alessandrini2,3 & Michael S 
Pepper*,2,3,6

1Department of Pharmacology, University 

of Pretoria, Pretoria, South Africa 
2Department of Immunology, Faculty of 

Health Sciences, University of Pretoria, 

PO Box 2034, Pretoria 0001, South Africa 
3Institute for Cellular & Molecular 

Medicine, Faculty of Health Sciences, 

University of Pretoria, Pretoria, 

South Africa 
4Department of Genetics, Faculty 

of Science, Stellenbosch University, 

Stellenbosch, South Africa 
5Department of Statistics, Faculty 

of Natural & Agricultural Sciences, 

University of Pretoria, Pretoria, 

South Africa 
6Department of Genetic Medicine 

& Development, Faculty of Medicine, 

University of Geneva, Switzerland 

*Author for correspondence:  

Tel.: +27 12 319 2179  

Fax: +27 12 319 2946  

michael.pepper@up.ac.za

For reprint orders, please contact: reprints@futuremedicine.com



1344 Pharmacogenomics (2015) 16(12) future science group

Research Article    Dodgen, Drögemöller, Wright et al. 

South Africa is home to some of the most diverse 
and unique African populations [23], as illustrated by 
its 11 official languages and many more distinct eth-
nic groups and cultures [24]. This diversity is paral-
leled by extensive genetic diversity, which is important 
when the goal is to establish pharmacogenetic treat-
ment plans in South Africa. To date, very few studies 
examining CYP2C19 variation in South African popu-
lations have been published, and there is no data assess-
ing the relationship between predicted and measured 
phenotype. Previously investigated cohorts include the 
Venda [25,26], Xhosa and Cape Mixed Ancestry (Cape 
Colored) populations [20,27], comprising 2.3, 17.6 and 
8.9% of the South African population, respectively 
([20] Statistics South Africa Census 2011 [24]). The 
focus of these studies was on the CYP2C19*2 and *3 
alleles. More recently, however, Drögemöller et al. [20] 
studied the Xhosa (n = 100) and Cape Colored (n = 75) 
populations, detecting CYP2C19*2, *3, *9, *15, *17, as 
well as the novel *27 and *28 alleles (the majority of 
which remain uncharacterized in vivo).

From these studies, a number of interesting obser-
vations can be made. The predominantly Asian allele, 
CYP2C19*3, was only detected in the Cape Colored 
population, reflecting the high level of admixture [20]. 
The absence of CYP2C19*10 and an alternative link-

age disequilibrium pattern found for CYP2C19*17, 
emphasized the differences in genetic composition 
between African– Americans and the Xhosa from 
South Africa. This, along with allelic frequency dif-
ferences between the Venda, Xhosa and Cape Col-
oreds, reiterates the importance of acknowledging 
diversity within Africa and those of the African 
diaspora [20]. More comprehensive African-specific 
genotyping strategies should, therefore, be considered 
when evaluating pharmacogenetic variation in South 
Africans. To this end, we investigated the predicted 
and in vivo measured metabolism for CYP2C19 in 
a demographically representative South African 
cohort, and aligned these to evaluate the utility of the 
predictive tool.

Materials & methods
Study subjects
The study was approved by Research Ethics Commit-
tee of the Faculty of Health Sciences, University of 
Pretoria (approval number 24/2007), and informed 
consent was obtained from all individuals prior to 
inclusion. This involved an explanation of the rea-
sons for the study, the potential risks involved and 
the rights of the individual. A detailed document 
was then provided and written consent was obtained 
from each participant. Unrelated adult volunteers of 
both genders (excluding pregnant or breast-feeding 
females) were recruited to approximately represent 
the demographics of the South African population. 
This included 70 Black African, ten White Cauca-
sian, ten South African Colored, and ten Indian vol-
unteers. The sample was not chosen to compare inter-
ethnic differences, but to represent that which could 
potentially be seen in South African clinical practice. 
The term ‘South African Colored’ is officially used 
to describe a complex and unique admixed group of 
people predominantly residing in the western Cape 
(where they are referred to as ‘Cape Coloreds’), who 
have descended from many different ethnic ances-
tries, including European, Asian and other Afri-
can populations [28,29]. At the time of sampling, the 
cohort had an average age of 34.4 ± 9.8 years (range 
19–58), BMI of 26.1 ± 5.8, waist circumference of 
86.9 ± 13.3 cm, and 55% were female. Each of the 
11 official languages were represented in the study 
cohort, and none of the study participants reported 
being on medication.

Sample collection
Peripheral blood was collected in ethylenediaminetet-
raacetic acid (EDTA) vacutainer tubes (Becton-Dick-
inson, NJ, USA) for baseline quantification of ana-
lytes during the phenotype assays and genomic DNA 
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(gDNA) was extracted using the Genomic DNA Puri-
fication Kit (Fermentas Life Science, Lithuania) or the 
automated Maxwell® 16 system (Promega, WI, USA).

CYP2C19 genotyping
CYP2C19 was evaluated using PCR-RFLP analysis as 
described previously [20], which entailed the amplifica-
tion of eight exonic regions and enzymatic digestion to 
identify the allele-defining SNVs for CYP2C19*2, *3, 
*9, *15, *17, *27 and *28. Identified alleles were named 
according the Human Cytochrome P450 (CYP) Allele 
Nomenclature Committee’s online database [30].

Phenotype prediction
The activity score (AS) concept, initially developed 
to predict CYP2D6 phenotype [31], was adapted for 
CYP2C19 phenotype prediction [32]. Activity scores for 
the assayed CYP2C19 alleles were based on the known 
enzyme activities reported in the Human Cytochrome 
P450 (CYP) Allele Nomenclature Committee’s online 
database for CYP2C19 alleles [13]. Table 1 illustrates 
how the AS system was adapted to predict CYP2C19 
metabolism, and how it was further modified to 
improve prediction of omeprazole metabolism.

CYP2C19 omeprazole phenotyping
CYP2C19 enzyme activity was determined in vol-
unteers using omeprazole (OME) as the probe drug 
and 5’-hydroxyomeprazole (5OH) as the CYP2C19 
specific metabolite. Volunteers were confirmed to be 
overnight-fasted or to have not eaten at least 3 h prior 
to commencement of sampling. Forty milligrams (40 
mg) of ALTOSEC (omeprazole) was administered and 

blood samples were drawn prior to dosage, and at 2, 3 
and 4 h after administration. Plasma concentrations of 
OME and 5OH were quantified simultaneously using 
an automated online solid phase extraction tandem 
mass spectrometry (LC-MS/MS) method, as described 
previously by our group [33]. A metabolic ratio for 
plasma concentration of metabolite over probe drug 
(MR

(5OH/OME)
) was used to indicate CYP2C19 enzyme 

activity. In this study, we used the 5OH/OME ratio 
as opposed to the traditional OME/5OH ratio. By 
reporting MR in this format, it is possible to present 
the predicted phenotype as a positive correlation, as 
opposed to it being inversely proportional. Therefore, 
the log

10
 transformation of the ratio would then simply 

be a change of sign and would still be easy to compare 
(i.e., log

10
(10/1) = 1 and log

10
(1/10) = -1).

Statistical analysis
Statistical analyses were performed using Statistical 
Package for the Social Sciences version 20.0 (SPSS Inc., 
IL, USA). To establish the most appropriate time point 
for phenotypic measurement, the metabolic ratios for 
each time point were correlated to one another using 
Pearson’s correlation coefficient. When comparing 
MRs of the various AS groups, the nonparametric 
Kruskal Wallis analysis of variance (ANOVA) and 
pairwise comparisons were performed. Correlation 
of MRs to AS groups was also performed with the 
Spearman’s correlation.

Optimal MR
(5OH/OME)

 antimodes/cut-offs to dis-
tinguish between PM, IM and EM were evaluated 
using receiver-operator characteristic (ROC). Anti-
mode values were assigned based on obtaining 100% 

Table 1. Allelic activity and CYP2C19 phenotype prediction.

Estimated metabolic potential of alleles 

Allele activity Allelic score Defining alleles† Modified allele designation‡

Increased 2.0 *17  

Normal 1.0 *1+,*28 *1+,*17,*27,*28

Decreased 0.5 *9,*27 *9,*15

Absent 0 *2,*3 *2,*3

Unknown 1.0 *15  

Phenotype prediction

Activity score Prediction

>2.0 Ultrarapid metabolizer 

1.5 and 2.0 Extensive metabolizer

0.5 and 1.0 Intermediate metabolizer 

0 Poor metabolizer 

The activity score was adopted from Gaedigk et al. [31] to predict CYP2C19 activity.
†Allelic activities assigned based on information provided in [30].
‡Modification based on omeprazole metabolism findings in this study.
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specificity for PMs and by comparing sensitivity and 
specificity values to find the optimum for both to 
discriminate between IMs and EMs. Baseline char-
acteristics (age, BMI and waist circumference) were 
compared with phenotype using ANOVA and gender 
was compared with phenotype using a Chi-square 
analysis.

In addition to the Kappa statistical test for confor-
mation, a custom ‘discrepancy analysis’ was used to 
calculate ‘inter-rater discrepancies’ using absolute dif-
ferences to test for conformation. With the four metab-
olizing categories being ordinal according to activity 
(UM > EM > IM > PM), the calculation measures the 
average deviation from a perfect conformation. This 
can also be explained as the closeness of the predicted 
phenotype to measured phenotype over the entire 
cohort. Perfect conformation would receive a value 
of 0, while one, two and three deviating categories 
would receive values of 1.0, 2.0 and 3.0, respectively. 
All values were added and subsequently divided by the 
number of individuals in the cohort (n). Sensitivity, 
specificity, and positive and negative predictive values 
were calculated as a second measure of predictive accu-
racy. p-values of less than 0.05 were considered to be 
statistically significant.

Results
CYP2C19 genotyping
The genotyping protocol adopted for this study revealed 
the presence of CYP2C19*2, *9, *15, *17 and *27 
(Table 2). The wildtype allele (*1) was most frequent at 
36.5%, while CYP2C19*3 and *28 were not reported 
in this cohort – which is in agreement with the either 
absent or very low frequencies reported in other popu-
lations of African descent [20,22]. Nineteen CYP2C19 
genotypes were determined to be present in the cohort 
(Table 2). The most frequently reported genotypes were 
CYP2C19*1/*17 (17%), *1/*1 (16%), and *1/*2 and 
*2/*27 which were each reported in 11% of individuals.

CYP2C19 in vivo phenotyping with omeprazole 
as probe substrate
Phenotyping data from the 2-h sampling time point 
had a 0.849 and 0.789 correlation with the 3- and 4-h 
samplings, respectively. Correlation of phenotyping 
data between the 3- and 4-h time points was 0.910, 
which indicated that these would be the most appro-
priate time points for further investigation. Given that 
a 3-h sampling would be more convenient for both 
investigator and study participant, this time point was 
selected as the phenotyping time point of choice.

Table 2. CYP2C19 genotypic data.

Allelic frequencies Genotypic frequencies 

Allele n Frequency (%) Genotype n Frequency (%)

*1 73 36.5 *1/*1 16 16.0

*2 40 20.0 *1/*15 2 2.0

*9 5 2.5 *1/*17 17 17.0

*15 10 5.0 *1/*2 11 11.0

*17 31 15.5 *1/*27 9 9.0

*27 41 20.5 *1/*9 2 2.0

   *2/*15 3 3.0

   *2/*17 2 2.0

   *2/*2 6 6.0

   *2/*27 11 11.0

   *2/*9 1 1.0

   *27/*27 7 7.0

   *9/*17 1 1.0

   *9/*27 1 1.0

   *15/*15 1 1.0

   *15/*17 1 1.0

   *15/*27 2 2.0

   *17/*17 3 3.0

   *17/*27 4 4.0

Total 200 100.0 – 100 100.0
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Figure 1. Phenotypic distribution of omeprazole metabolism by CYP2C19 in a demographically representative 
sample of the South African population. Phenotype was measured as the metabolic ratio of the concentration 
of 5OH (metabolite) over OME (probe drug) in a plasma sample taken 3 h after probe drug administration. The 
graph has been stratified into PMs, IMs and EMs. The solid x-axis division lines represent the proposed antimodes 
to discriminate PM from IM and IM from EM individuals. The superimposed QQ-plot agrees with these antimodes. 
The number in parenthesis indicates the number of individuals in each phenotypic group. 
5OH: 5’-hydroxyomeprazole; EM: Extensive metabolizer; IM: Intermediate metabolizer; MR: Metabolic ratio; 
OME: Omeprazole; PM: Poor metabolizer.
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Figure 1 illustrates the log MR 
(5OH/OME)

 distribution 
in the sampled cohort. The modified AS in combina-
tion with ROC analysis identified a trimodal distribu-
tion (distinguishing PMs, IMs and EMs), from which 
phenotypic cut-offs could be generated. MR

(5OH/OME)
 = 

-1.152 (66.7% sensitivity and 100.0% specificity) was 
established to discriminate between PM and IM pheno-
types. A second cut-off could be established at MR

(5OH/

OME)
 = -0.447 (81.8% sensitivity and 77.3% specificity) 

to discriminate between IM and EM phenotypes. The 
superimposed QQ-plot over the histogram in Figure 1 
is in agreement with the use of these antimodes as cut-
offs to differentiate metabolizer status. The slight pla-
teau (inflection point) coinciding with each antimode 
is evidence of agreement. No UMs were identified 
in this cohort. Using these cut-off points and modi-
fied AS, four individuals were identified to be PMs of 
CYP2C19, 40 IMs and 55 EMs.

Comparison between predicted & measured 
phenotype for CYP2C19
Graphic representations of the original/adopted and 
modified phenotypic predictions, relative to the mea-
sured phenotype, are illustrated in Figure 2. In general, 
there is a wide range of metabolic ratios within the dif-
ferent predicted phenotypic groups and fairly extensive 
overlapping of each of the groups. Each grouping was, 
however, visually distinct from the other, suggesting 
that the CYP2C19 genotype (based on the investigated 
alleles) is a reliable measure of OME metabolism, and 
can hence be used to aid in the prediction of CYP2C19 
metabolic activity.

Using the original/adopted AS system, the pre-
dicted UM group represented individuals that were 
phenotypically measured to have metabolic activi-
ties similar to that of the EM group (Figure 2). It was, 
therefore, apparent that the increased metabolism allele, 
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Figure 2. Comparison of predicted phenotype generated from CYP2C19 genotype (using traditional and modified 
prediction systems) to CYP2C19 measured phenotype. Phenotype prediction included an adapted AS system [31] 
and an AS system modified based on omeprazole metabolism (RFLP + AS mod.). Phenotypic groupings included 
PM, IM, EM and UM metabolism depending on the capability of the platform and system used for prediction. The 
solid line represents phenotypic cut-offs separating phenotypic PM, IM and EM from bottom to top. 
5OH: 5’-hydroxyomeprazole; AS: Activity score; EM: Extensive metabolizer; IM: Intermediate metabolizer; 
MR: Metabolic ratio; OME: Omeprazole; PM: Poor metabolizer; UM: Ultrarapid metabolizer.
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CYP2C19*17, had no influence on OME metabolism in 
this cohort. For this reason, the allele was reassigned to 
having a normal activity in the context of OME metab-
olism (Table 1). In an attempt to elucidate the in vivo 
activity of CYP2C19*15 and *27, all genotypes includ-
ing these alleles were plotted against their respective 
MRs (Figure 3). Given the pairing of these alleles with 
those of known metabolic activity, it was determined 
that CYP2C19*15 and *27 in all likelihood contrib-
ute to reduced and normal CYP2C19 activity, respec-
tively. It is, therefore, recommended that these alleles 
be assigned AS values of 0.5 and 1.0 in the context of 
OME metabolism, respectively (Table 1). Although not 
specifically illustrated here, the decreased functionality 
of CYP2C19*9 was confirmed in this study. By apply-

ing the modified AS system and aligning it with MRs, 
a 0.616 correlation coefficient (p < 0.001) was reported 
when performing the Spearman’s correlation. This was 
supported by a statistically significant Kruskal Wallis 
ANOVA (p < 0.001) when comparing the AS groups, 
and statistically significant differences when comparing 
the AS = 2.0 group to AS = 0.0 (p < 0.001), AS = 0.5 
(p = 0.022) and AS = 1.0 (p < 0.001).

Cross-correlation of the ordinal phenotypic groups 
allowed for further evaluation of the relationship 
between predicted and measured phenotype (Figure 4). 
The modified version of the AS system was the most 
accurate predictor of in vivo OME phenotype. Both 
Kappa and inter-rater discrepancy scores favored the 
modified AS. The modified AS was also superior when 
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Figure 3. In vivo elucidation of the metabolic activity of CYP2C19*15 and *27 (unknown activity) using the 
comparison of predicted phenotype (as determined by the modified activity score system) to measured 
metabolic activity. Lines represent antimodes which indicate phenotypic cut-offs from bottom to top separating 
PM, IM and EM metabolism. 
5OH: 5’-hydroxyomeprazole; EM: Extensive metabolizer; IM: Intermediate metabolizer; MR: Metabolic ratio; 
OME: Omeprazole; PM: Poor metabolizer.
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it came to sensitivity and specificity, as well as positive 
and negative predictive value testing. This data, there-
fore, confirmed that the modified AS system presented 
here was a more accurate predictor of CYP2C19 phe-
notype when examining the metabolism of OME. 
Further details of this comparison are provided in 
Supplementary Table 1 (please see online at www.future-
medicine.com/doi/full/10.2217/PGS.15.80).

Potential confounding factors for CYP2C19 
metabolism
Of the additional demographic parameters that were 
recorded for the study cohort, none were shown to 
have an influence on CYP2C19 metabolism. Using a 
one-way ANOVA, p-values of 0.694, 0.689 and 0.624 
were calculated for age, BMI and waist circumference, 

respectively, indicating no statistically significant dif-
ferences when stratifying the data accordingly. A Pear-
son’s Chi-squared test was performed to investigate the 
potential influence of gender on OME metabolism, 
which reported a p-value of 0.186 and hence indicated 
no significant influence. Lastly, since no participant 
indicated that they were on medication, drug interac-
tions are unlikely to have influence on the study results.

Discussion
Phenotyping
The use of a single plasma concentration for pheno-
typing is more convenient for the volunteer/patient 
than a 4–8-h urine accumulation. It also avoids the 
complications associated with Phase II metabolism, 
preferential urinary accumulation of the metabolite 
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Figure 4. Evaluation of the ability to predict phenotype using CYP2C19 genotype when compared to measured phenotype  
(in vivo metabolic ratios) using omeprazole as a probe drug. Phenotype was predicted from (A) an adapted activity score system [31] 
based on known CYP2C19 allele activities [13] and (B) using a modified activity score system based on omeprazole metabolism. The 
grey blocks represent a perfect correlation. A diagonal line through the metabolizer group represents the inability of the prediction 
system to predict a specific metabolizer group. The inter-rater discrepancy statistical test was calculated to measure agreement. 
Sensitivity, specificity, positive predictive value (pos. pred.) and negative predictive value (neg. pred.) were calculated to measure 
the ability to predict phenotype. ‘–’ represents the inability to calculate the measure of performance as the metabolic class was not 
predicted by the system. 
AS: Activity score; EM: Extensive metabolizer; IM: Intermediate metabolizer; PM: Poor metabolizer; UM: Ultrarapid metabolizer.
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and variation in urinary pH [33]. By correlating 2-, 
3- and 4-h data intervals, it was determined that a 
3-h sampling would be the most reliable and conve-
nient time point to use in future investigations. The 
3-h time point has previously been used to phenotype 
CYP2C19 using OME and 5OH concentrations in 
plasma [34,35]. Sampling should be performed after 
the T

max
, so as to avoid increasing plasma levels of 

the drug interfering with measurements. The T
max

 for 
OME is generally between 2 and 3 h, although it may 
vary from 30 min to 6 h, depending on various fac-
tors, including the formulation of the drug [36–40]. In 
this study, a capsule-based formulation of OME was 
used, which is known to result in an earlier T

max
 than 

a tablet formulation [39].
Previous studies have reported CYP2C19 pheno-

typic cut-off values, separating PMs from IMs/EMs, to 
range between log MR

(5OH/OME)
 -0.6 and -3.04 [35,41,42]. 

In the study by Ramsjö et al. [41], it was reported that 
the cut-off in Koreans was as high as -3.04, while it 
was a low -0.86 in a Swedish cohort. The cut-off value 
separating the PM and IM phenotypes in this study 
was -1.152, which is within the range of cut-off values 
previously reported. The disparities reported by vari-
ous studies, including our own, may be due to several 

factors, of which ethnicity and the associated genetic 
variability are likely to be important.

CYP2C19 comparison between predicted 
& measured phenotype
To reduce the complications associated with phenotype 
prediction, the numeric-based AS system was adopted 
in this study [31]. This approach enables a cohort to 
be stratified into additional groups, which may offer 
insight into quartiles of a cohort, while also minimiz-
ing overlapping phenotypes within a group. Stratifica-
tion allows phenotypic patterns to become apparent. 
Caution should, however, be taken when implement-
ing AS phenotype prediction as ethnicity, disease state 
(including liver and kidney function) and concomi-
tant medication may contribute to an unpredictable 
phenotype [31].

A comprehensive genotyping approach would be 
essential to accurately predict CYP2C19 phenotype in 
South African individuals. To achieve this, additional 
alleles such as the decreased function CYP2C19*9 and 
*15 alleles were accounted for in this study. The for-
mer allele was of particular relevance, as it is known 
to be African-specific [21,22] and indeed contributed to 
the improved stratification of CYP2C19 phenotypes.
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Even though the genotyping assay used in this study 
was tailored for a South African cohort, its predictive 
ability was weaker than expected. However, by fur-
ther adapting the AS system for use of omeprazole as a 
probe drug (Table 1), a significant improvement in pre-
dictive power was demonstrated (Figure 4). This mod-
ification was particularly relevant for the well-stud-
ied, increased metabolism CYP2C19*17 allele [34,35], 
which contrary to expectations was observed to have 
no influence on OME metabolism in this cohort. This 
may suggest that OME might not be sensitive enough 
as a probe drug for CYP2C19 metabolism.

A possible confounding factor may be the role of, or 
the extent to which CYP3A4 also metabolizes OME. 
Plasma concentrations of omeprazole sulphone, a 
CYP3A4 metabolite, could have been measured to eval-
uate if this was indeed the case, but this was not within 
the scope of the project. Kearns et al. [18] highlight this 
dilemma and suggest pantoprazole (also a proton pump 
inhibitor) as a more selective probe drug for CYP2C19 
phenotypic analysis. Metabolism of escitalopram, 
an antidepressant and selective serotonin reuptake 
inhibitor, has also been shown to not be influenced by 
CYP2C19*17, and is hence another example of where 
metabolism predictions may be substrate specific [17]. 
The role of substrate specificity has also been brought 
into question for another CYP enzyme, CYP2D6, 
where the reduced function CYP2D6*17 allele metabo-
lizes risperidone with full function, and therefore a 
shift in AS value of 0.5–1.0 would be appropriate when 
predicting risperidone metabolism [31,43].

Although this study did not validate the functional-
ity of the 5́  upstream variants, it provided, for the first 
time, phenotypic data for CYP2C19*15, demonstrat-
ing reduced metabolism (Figure 2). The allele was first 
described in Black Africans by Blaisdell et al. [21], where 
the defining SNV, 55A>C (rs17882687), was found to be 
in linkage disequilibrium with 80161A>G (rs3758581). 
The former mutation was not reconstructed to eluci-
date activity, since the change is near the N-terminus, 
which is thought to have no influence on activity. 
This same variant (55A>C) was subsequently found 
to be in complete linkage equilibrium with -2030C>T 
(rs11316468) [44]. In silico analysis of -2030C>T, utiliz-
ing three separate programs, consistently predicted the 
removal of a GATA factor binding site, and although 
dual reporter luciferase assays did not detect a signifi-
cant change in expression, the results suggested a trend 
towards decreased expression [20]. The role that GATA 
binding sites play in CYP2C19 expression was further 
validated by Mwinyi et al. [45], and hence removal of 
a GATA factor binding site (due to -2030C>T) could 
provide an explanation for CYP2C19*15 displaying 
reduced metabolic activity in this cohort.

Initially, CYP2C19*27 appeared to have reduced 
phenotypic activity (Figure 2). However, once the 
AS was adjusted from 0.5 to 1.0 (Table 1), the Kappa 
score decreased and the inter-rater discrepancy value 
increased. This in vivo demonstration contradicts the 
in vitro dual luciferase results that suggest reduced 
expression as a result of the -1041G>A promoter variant. 
Unknown confounding factors may also be masking the 
marginally reduced activity of CYP2C19*27. A subset of 
volunteers that were homozygous for this allele appeared 
to have an IM phenotype; however, this seemed to be 
sporadic as others presented with EM phenotypes. Eval-
uation of this allele with other substrates may result in 
a different metabolic activity, which may also assist in 
further elucidating the effects of this variant. Since this 
allele is frequent – 16.4% in Black South Africans [32], 
10% in Xhosa and 14% in South African Coloreds [20] 
– it may still play an important role in improving 
predicted phenotype in the South African population.

Although examining a greater number of alleles 
and modifying the AS system according to OME did 
improve the predictive ability of the genotyping assays, 
this system remains imperfect. The wide range of met-
abolic ratios within each of the predicted phenotypic 
groups, the overlap of these groups, and the lack of good 
correlation (Figures 1 & 2) reveals discrepancies in the 
predicted-measured phenotypes of CYP2C19. These 
discrepancies could be explained, in part, by environ-
mental factors such as diet [46], which was not consid-
ered in this study, and which could either induce or 
inhibit CYP2C19 activity. Disease status, such as HIV/
AIDS, has been found to affect CYP2D6 metabolic 
activity [47,48] and could potentially have a similar effect 
on CYP2C19 activity. Although not the focus of this 
study, HIV could be investigated to improve phenotype 
prediction and provide an explanation for the discordant 
results [31]. Epigenetic effects should also be considered, 
as these may play an important role, given that there is 
a confirmed CpG island in intron 1 of CYP2C19 [3]. 
In addition, the potential effects of histone acetylation 
and microRNAs are yet to be fully understood in this 
context. A more rational explanation for the observed 
discrepancy may simply be that the PCR-RFLP method 
only accounts for alleles that are known to be frequently 
present, and hence omits important rare alleles that may 
be phenotypically relevant [26,49].

Conclusion
The utility of a CYP2C19 AS system has been demon-
strated in this study. Our findings highlight the poten-
tial value of applying a predictive tool of this nature 
in the clinical setting, and with partial modification, 
a good correlation between CYP2C19 phenotype 
prediction and omeprazole metabolism was achieved. 
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Substrate- and population-specific modification of 
this predictive tool should thus be a consideration to 
improve its accuracy in future studies.

Future perspective
A comprehensive genotyping approach is essen-
tial for predicting CYP2C19 phenotype, which will 
require substrate specific AS prediction models in 
order to accurately tailor dosage regimens. Advances 
in genomic technologies, particularly the broadening 
scope of next generation sequencing applications, are 
expected to have a significant impact on the field of 
pharmacogenetics and its mainstream application in 
the clinical setting.
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Executive summary

Background
•	 South Africa is a developing country that will benefit from the clinical application of pharmacogenetics 

strategies.
•	 Few studies have investigated genotype and phenotype of the polymorphic and clinically relevant CYP2C19 

enzyme in South African populations.
Methodology
•	 After genotyping 100 volunteers for CYP2C19*2, *3,*9, *15, *17, *27 and *28, phenotype was predicted by 

means of an activity score (AS) system.
•	 True phenotype was measured from plasma concentrations of omeprazole and its metabolite, 

5’-hydroxyomperazole, which were quantified simultaneously using semiautomated online solid phase 
extraction, coupled to tandem mass spectrometry.

Genotype–phenotype correlation of CYP2C19
•	 Discrepancies between the predicted and measured phenotype were reported, particularly with respect to 

the increased metabolism allele, CYP2C19*17, and the reduced activity allele, CYP2C19*27 – neither of which 
influenced omeprazole metabolism.

•	 Inclusion of the reduced activity alleles, CYP2C19*9 and *15, resulted in an improved phenotypic prediction in 
this South African cohort.

•	 An adapted and improved AS system is proposed, which could be further refined by incorporating a more 
comprehensive CYP2C19 genotyping approach such as NGS.

Concluding remarks
•	 Substrate-adjusted AS systems are useful and accurate strategies that can be employed for pharmacogenetic 

screening purposes.
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