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Abstract 

 

Aim: To align predicted and measured CYP2C19 phenotype in a South African cohort. 

Materials and 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. 
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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.  
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Introduction 

Adverse drug reactions (ADRs) are debilitating. They are associated with significant morbidity 

and mortality and have important financial implications [1,2]. Pharmacogenetics has become an 

important area of research due to the fact that ADRs, at least in part, stem from inter-individual 

genetic variability [3]. Of hospitalised patients in South Africa, 14% have been estimated to 

experience ADRs, and when compared to hospitals in the USA and UK, a 5-10 fold higher 

fatality rate has been observed [4]. It has been reported that pharmacogenetics 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, 

pharmacogenetics could have a positive impact.  
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Genetic variation in CYP2C19 (OMIM 124020) has been associated with variable responses to 

numerous drugs including clopidogrel (anticoagulant), citalopram (and many other 

antidepressants), proguanil (prophylactic anti-malarial) and omeprazole (and other proton pump 

inhibitors) [6-12]. Many CYP2C19 polymorphisms have been identified, which include 34 

distinct alleles as listed by the P450 Nomenclature Committee 

(http://www.cypalleles.ki.se/cyp2c19.htm, accessed 3 March 2015). 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 predict poor (PM), intermediate (IM), extensive (EM) and ultra-rapid (UM) metaboliser 

phenotypes.  

 

The non-functional CYP2C19*2 and *3 alleles are the most commonly genotyped and have been 

prioritised in many CYP2C19 studies [13]. Responsible for increased CYP2C19 expression, 

CYP2C19*17 is important for the prediction of UMs and has been found to be relatively frequent 

in certain populations [14-19]. The above-mentioned alleles have been prioritised 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-specific 

alleles, such as CYP2C19*9 [20,21], may be important in this context. 

 

South Africa is home to some of the most diverse and unique African populations [22], as 

illustrated by its 11 official languages and many more distinct ethnic groups and cultures 

(http://www.statssa.gov.za/Publications/P03014/P030142011.pdf). This diversity is paralleled by 

extensive genetic diversity, which is important when the goal is to establish pharmacogenetic 

treatment plans in South Africa. To date, very few studies examining CYP2C19 variation in 

http://www.cypalleles.ki.se/cyp2c19.htm
http://www.statssa.gov.za/Publications/P03014/P030142011.pdf


4 

South African populations have been published, and there is no data assessing the relationship 

between predicted and measured phenotype. Previously investigated cohorts include the Venda 

[23,24], Xhosa and Cape Mixed Ancestry (Cape Coloured) populations [19,25], comprising 

2.3%, 17.6% and 8.9% of the South African population respectively ([19]Statistics South Africa 

Census 2011 – http://www.statssa.gov.za/Publications/P03014/P030142011.pdf). The focus of 

these studies was on the CYP2C19*2 and *3 alleles. More recently, however, Drögemöller et al. 

(2010b) studied the Xhosa (n = 100) and Cape Coloured (n = 75) populations, detecting 

CYP2C19*2, *3, *9, *15,*17, as well as the novel *27 and *28 alleles (the majority of which 

remain uncharacterised in vivo).  

 

From these studies, a number of interesting observations can be made. The predominantly Asian 

allele, CYP2C19*3, was only detected in the Cape Coloured population, reflecting the high level 

of admixture [19]. The absence of CYP2C19*10 and an alternative linkage disequilibrium 

pattern found for CYP2C19*17, emphasised the differences in genetic composition between 

African-Americans and the Xhosa from South Africa. This, along with allelic frequency 

differences between the Venda, Xhosa and Cape Coloureds, reiterates the importance of 

acknowledging diversity within Africa and those of the African diaspora [19]. 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.  

 

http://www.statssa.gov.za/Publications/P03014/P030142011.pdf
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Materials and methods 

Study subjects 

The study was approved by Research Ethics Committee 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 reasons 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, 10 

White Caucasian, 10 South African Coloured, and 10 Indian volunteers. 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 Coloured’, 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 Coloureds’), who have descended from many different 

ethnic ancestries, including European, Asian and other African populations [26,27]. 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 ethylenediaminetetraacetic acid (EDTA) vacutainer tubes 

(Becton-Dickinson, Franklin Lakes, NJ, USA) for baseline quantification of analytes during the 
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phenotype assays and genomic DNA (gDNA) was extracted using the Genomic DNA 

Purification Kit (Fermentas Life Science, Lithuania) or the automated Maxwell® 16 system 

(Promega, Madison, WI, USA).  

 

CYP2C19 genotyping 

CYP2C19 was evaluated using PCR-RFLP analysis as described previously [19], which entailed 

the amplification 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 

(http://www.cypalleles.ki.se/).  

 

Phenotype prediction 

The Activity Score (AS) concept, initially developed to predict CYP2D6 phenotype [29], was 

adapted for CYP2C19 phenotype prediction [28]. 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 

(http://www.cypalleles.ki.se/cyp2c19.htm). 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. 

 

 

 

 

http://www.cypalleles.ki.se/
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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 (AS) Prediction 

> 2.0 Ultra-rapid metaboliser (UM) 

1.5 and 2.0 Extensive metaboliser (EM) 

0.5 and 1..0 Intermediate metaboliser (IM) 

0 Poor metaboliser (PM) 

The AS was adopted from Gaedigk et al. [29] to predict CYP2C19 activity. *Allelic activities assigned 

based on information provided at www.cypalleles.ki.se. **Modification based on omeprazole metabolism 

findings in this study.  

 

CYP2C19 omeprazole phenotyping 

CYP2C19 enzyme activity was determined in volunteers 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 three hours prior to commencement 

of sampling. 40 mg of ALTOSEC (omeprazole) was administrated and blood samples were 

drawn prior to dosage, and at two, three and four hours after administration. Plasma 

concentrations of OME and 5OH were quantified simultaneously using an automated on-line 
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solid phase extraction tandem mass spectrometry (LC-MS/MS) method, as described previously 

by our group [30]. 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 log10 transformation of the ratio would then simply be a 

change of sign and would still be easy to compare (i.e. log10(10/1) = 1 and log10(1/10) = -1). 

 

Statistical analysis 

Statistical analyses were performed using Statistical Package for the Social Sciences version 20.0 

(SPSS Inc., Chicago, Il). 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 non-

parametric 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 distinguish between PM, IM and EM were evaluated 

using receiver-operator characteristic (ROC). Antimode values were assigned based on obtaining 

100% specificity for PMs and by comparing sensitivity and specificity values to find the 

optimum for both to discriminate between IMs and EMs. Baseline characteristics (age, BMI and 

waist circumference) were compared to phenotype using ANOVA and gender was compared to 

phenotype using a Chi-square analysis.  
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In addition to the Kappa statistical test for conformation, a custom ‘discrepancy analysis’ was 

used to calculate ‘inter-rater discrepancies’ using absolute differences to test for conformation. 

With the four metabolising 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 

accuracy. 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 populations of African descent (Alessandrini et al., 2013; 

Drogemoller et al., 2010). 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.  
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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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CYP2C19 in vivo phenotyping with omeprazole as probe substrate 

Phenotyping data from the two hour sampling time point had a 0.849 and 0.789 correlation with 

the three and four hour samplings, respectively. Correlation of phenotyping data between the 

three and four hour time points was 0.910, which indicated that these would be the most 

appropriate time points for further investigation. Given that a three hour sampling would be more 

convenient for both investigator and study participant, this time point was selected as the 

phenotyping time point of choice.  

 

 

Figure 1 The log MR (5OH/OME) distribution in the sampled cohort 
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Figure 1 illustrates the log MR (5OH/OME) distribution in the sampled cohort. The modified AS in 

combination with ROC analysis identified a trimodal distribution (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 

phenotypes. 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 metaboliser status. The slight plateau (inflection point) coinciding with 

each antimode is evidence of agreement. No UMs were identified in this cohort. Using these cut-

off points and modified AS, four individuals were identified to be PMs of CYP2C19, 40 IMs and 

55 EMs. 

 

Comparison between predicted and measured phenotype for CYP2C19 

Graphic representations of the original/adopted and modified phenotypic predictions, relative to 

the measured phenotype, are illustrated in Figure 2. In general, there is a wide range of metabolic 

ratios within the different 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 predicted UM group represented individuals that were 

phenotypically measured to have metabolic activities similar to that of the EM group (Figure 2). 

It was therefore apparent that the increased metabolism allele, CYP2C19*17, had no influence on  
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Figure 2 The predicted UM group represented individuals that were phenotypically measured to have metabolic 

activities similar to that of the EM group 

 

OME metabolism in this cohort. For this reason, the allele was re-assigned to having a normal 

activity in the context of OME metabolism (Table 1). In an attempt to elucidate the in vivo 

activity of CYP2C19*15 and *27, all genotypes including 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 contribute to reduced and 

normal CYP2C19 activity, respectively. 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). 
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Although not specifically illustrated here, the decreased functionality of CYP2C19*9 was 

confirmed in this study. By applying the modified AS system and aligning it with MRs, a 0.616  

 

Figure 3 In an attempt to elucidate the in vivo activity of CYP2C19*15 and *27, all genotypes including these 

alleles were plotted against their respective MRs 

 

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).  
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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 favoured the modified AS. The modified AS was also superior when it  

 

Figure 4 Relationship between predicted and measured phenotype 

 

came to sensitivity and specificity, as well as positive and negative predictive value testing. This 

data therefore confirmed that the modified AS system presented here was a more accurate 

predictor of CYP2C19 phenotype when examining the metabolism of OME. Further details of 

this comparison are provided in Supplementary Table A. 

 

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, 
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indicating no statistically significant differences when stratifying the data accordingly. A 

Pearson’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 interactions 

are unlikely to have influence on the study results.   

Discussion 

Phenotyping 

The use of a single plasma concentration for phenotyping is more convenient for the 

volunteer/patient than a four to eight hour urine accumulation. It also avoids the complications 

associated with Phase II metabolism, preferential urinary accumulation of the metabolite and 

variation in urinary pH [30]. By correlating two, three and four hour data intervals, it was 

determined that a three hour sampling would be the most reliable and convenient time point to 

use in future investigations. The three hour time point has previously been used to phenotype 

CYP2C19 using OME and 5OH concentrations in plasma [31,32]. Sampling should be 

performed after the Tmax, so as to avoid increasing plasma levels of the drug interfering with 

measurements. The Tmax for OME is generally between two and three hours, although it may 

vary from 30 minutes to six hours, depending on various factors, including the formulation of the 

drug [33-37]. In this study, a capsule-based formulation of OME was used, which is known to 

result in an earlier Tmax than a tablet formulation [36].  

 

Previous studies have reported CYP2C19 phenotypic cut-off values, separating PMs from 

IMs/EMs, to range between log MR(5OH/OME)  -0.6 and -3.04 [32,38,39]. In the study by Ramsjö et 

al. [38], it was reported that the cut-off in Koreans was as high as -3.04, while it was a low -0.86 
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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 various 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 and measured phenotype 

To reduce the complications associated with phenotype prediction, the numeric based AS system 

was adopted in this study [29]. This approach enables a cohort to be stratified into additional 

groups, which may offer insight into quartiles of a cohort, while also minimizing overlapping 

phenotypes within a group. Stratification allows phenotypic patterns to become apparent. 

Caution should however be taken when implementing AS phenotype prediction as ethnicity, 

disease state (including liver and kidney function) and concomitant medication may contribute to 

an unpredictable phenotype [29].  

 

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 former allele was of 

particular relevance, as it is known to be African-specific [20,21] and indeed contributed to the 

improved stratification of CYP2C19 phenotypes.  

 

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 further adapting the AS system for use 

of omeprazole as a probe drug (Table 1), a significant improvement in predictive power was 
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demonstrated (Figure 4). This modification was particularly relevant for the well-studied, 

increased metabolism CYP2C19*17 allele [31,32], 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 

metabolises OME. Plasma concentrations of omeprazole sulphone, a CYP3A4 metabolite, could 

have been measured to evaluate if this was indeed the case, but this was not within the scope of 

the project. Kearns et al. [17] 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 [16]. The role of substrate specificity has also been brought 

into question for another CYP enzyme, CYP2D6, where the reduced function CYP2D6*17 allele 

metabolises risperidone with full function, and therefore a shift in AS value of 0.5 to 1.0 would 

be appropriate when predicting risperidone metabolism [29,40].  

 

Although this study did not validate the functionality of the 5’ upstream variants, it provided, for 

the first time, phenotypic data for CYP2C19*15, demonstrating reduced metabolism (Figure 2). 

The allele was first described in Black Africans by Blaisdell et al. [20], 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 elucidate activity, since the change is near the N-

terminus, which is thought to have no influence on activity. This same variant (55A>C) was 
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subsequently found to be in complete linkage equilibrium with -2030C>T (rs11316468) [41]. In 

silico analysis of -2030C>T, utilising three separate programs, consistently predicted the removal 

of a GATA factor binding site, and although dual reporter luciferase assays did not detect a 

significant change in expression, the results suggested a trend towards decreased expression [19]. 

The role that GATA binding sites play in CYP2C19 expression was further validated by Mwinyi 

et al. [42], 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. Evaluation 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 [28], 10% in Xhosa and 14% in South African Coloureds [19] - 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 metabolic ratios within each of the predicted phenotypic groups, the overlap of 
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these groups, and the lack of good correlation (Figure 1 & 2) reveals discrepancies in the 

predicted-measured phenotypes of CYP2C19. These discrepancies could be explained, in part, 

by environmental factors such as diet [43], which was not considered 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 [44,45] 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 [29]. 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 [24,46].  

 

Conclusion 

The utility of a CYP2C19 AS system has been demonstrated in this study. Our findings highlight 

the potential 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. Substrate and population specific modification of this predictive tool 

should thus be a consideration to improve its accuracy in future studies. 
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Future perspective 

A comprehensive genotyping approach is essential 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 semi-automated 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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