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Summary

Countries in Africa have a high burden of communicable disease, and are experiencing an increase in
non-communicable diseases due to the effects of globalization, industrialization and urbanization.
The costs incurred through adverse drug reactions and non-responsiveness to therapy further
aggravate the situation, and the application of pharmacogenetic principles is likely to provide some
relief. Having undertaken an extensive evaluation of CYP450 reports in Africa, our objective was to
map out areas of need based on regional disease burdens. The data confirms a paucity of CYP450
reports and illustrates large regions for which no population information exists. There is a dire need
to address the health problems of Africa, and wide-scale pharmacogenetic profiling of these
populations will add significantly to improving patient care on the continent. Priority
pharmacogenetics for the African continent gives precedence to the profiling of clinically relevant

pharmacogenetic biomarkers, and defines the immediate need in the context of disease burden.
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Africa and its burden of disease

Africa is home to an extensive degree of diversity, as typified geographically by the extreme heights
of Mount Kilimanjaro, the aridness of the Sahara desert and the richness of tropical rain forests.
These diverse environmental conditions are paralleled by considerable linguistic, cultural and genetic
diversity amongst its people. Globally, the continent is the most diverse linguistically with over 1,000
languages spoken vigorously by its people [101]. Since modern humans originated in Africa, its
populations have had 200,000 years for genetic diversity to accumulate, which is exemplified by low
level uniformity in genomic architecture and decreased levels of linkage disequilibrium [1, 2]. This
diversity is attributed to centuries of migratory patterns, population admixture and natural selection

in the context of diverse environmental conditions [3, 4].

From a health perspective, people in Africa are severely affected by communicable diseases and an
increasing prevalence of non-communicable diseases. Although the continent only accounts for
14.5% of the global population, it carries nearly 30% of the global disease burden. Poor sanitation,
lack of healthcare services and the impact of climate change are significant contributors to the high
levels of mortality and productive years of life lost due to disability. Data obtained from the Institute
for Health Metrics and Evaluation [102] reveals important features regarding the burden of disease
in Africa (Figure 1). A heat map of the top 20 causes of disability adjusted life years (DALYs) in Africa
in 2010, relative to the developing world as a whole, reveals the significant impact of communicable
disease, primarily in the form of lower respiratory tract infections, diarrheal disease, malaria,
HIV/AIDS and tuberculosis. The remaining DALYs are attributed to non-communicable disease,
malnutrition and injury, of which the disorders of lifestyle (cardiovascular and diabetes) feature

prominently.



Figure 1:
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Burden of disease in Africa in 2010 relative to the developing world
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A. Heat map of the top 20 causes of Disability Adjusted Life Years (DALYs) in Africa, relative to the developing world. The darker shading indicates diseases that contribute the
most to the health burden in a given region. A dataset of the top 20 causes of DALYs was obtained for each country from the 2010 Global Burden of Disease study provided by the
Institute for Health Metrics and Evaluation [102], and the contribution of each cause further ranked relative to the developing world as a whole. B. Geographic regions of the
African continent used for this investigation.
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It should be noted that the distribution of disease burden varies across different regions in Africa and
that the health priorities tend to differ throughout. This is evident when comparing countries in sub-
Saharan Africa to those in the north, where non-communicable disease and, in particular ischemic
heart disease, major depressive disorders, stroke and diabetes, are the major contributors to DALYs.
Other typical examples are the distinctively high prevalence of malaria between the tropics; and the

impact that HIV/AIDS in southern Africa.

It is important to note that although communicable disease is still the leading contributor to disease
burden in Africa, there is a shift towards non-communicable disease, as is the case globally [5].
Furthermore, there is a change in the nature of this burden with a decrease in mortality and an
increase in the management of chronic disease or disability. This anticipated shift is to a large extent
the consequence of globalization, industrialization and urbanization, and the impact that these

trends have on lifestyle and dietary habits.

Pharmacogenetics is a field that can make significant improvements to the management of
healthcare. Although the cost and logistical implication of screening every person prior to the
selection of therapy is a prohibiting factor, particularly in the developing world, there is great value in
defining the degree of pharmacogenetic variability in a population. Such information not only assists
in defining populations at risk for developing toxicity or experiencing reduced drug response, but also
offers insight for policy in improving healthcare guidelines and advising formularies. Given the extent
of disease in Africa, and coupled to the fact that it generally constitutes a resource-poor
environment, there is a need to adopt innovative and cost effective methods to limit disease burden
on the continent. The costs incurred through non-responsiveness to therapy and adverse drug
reactions further aggravate the health status in Africa, and the application of pharmacogenetics

principles is likely to provide some relief.
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Cytochrome P450 pharmacogenetics in Africa

The cytochrome P450 (CYP450) family of enzymes is involved in the oxidative metabolism of more
than 90% of prescribed drugs [6, 7]. The pharmacogenetic impact of CYP450 on phenotype is well
described and results in a broad range of catalytic activities, ranging from functionally absent (poor
metabolizer, PM) to markedly increased activity (ultra-rapid metabolizer, UM). Variants resulting in
decreased enzyme activity are also clinically relevant and are referred to as intermediate metabolism
(IM) associated alleles. CYP450 enzymes are highly polymorphic and play a central role in the

therapeutic management of various conditions.

Several of the most debilitating diseases in Africa are treated with therapies that are subject to
CYP450 enzyme metabolism. Well defined examples include (1) HIV/AIDS, where CYP2B6 and CYP2A6
play a role in the metabolism of efavirenz and nevirapine; (2) malaria, where CYP2C8 is important in
the metabolism of amodiaquine; (3) cardiovascular/circulatory disease, and diabetes, where
numerous therapeutic strategies are subject to CYP2C9 metabolism; and (4) the major depressive
disorders, where CYP2C19 and CYP2D6 are central to the metabolism of several of the
antidepressants. While the contribution in DALYs of each of these diseases differs from region to

region (Figure 2), they make up the greater proportion of disease burden on the continent.

Although well documented in Caucasian and Asian populations, there are limited reports of CYP450
variability in Africans. It was hence our objective to undertake an extensive evaluation of CYP450
reports in African populations and in so doing to map out areas of need for pharmacogenetic
profiling on the African continent. We recently reported an analysis of all these studies [8], and
illustrated (1) the apparent lack of data, (2) poor genotype and phenotype correlations, (3) the
presence of African-specific alleles, and (4) the high degree of variation amongst populations in
Africa. By placing these reports in the context of the relative disease burden in Africa, further clinical

relevance is provided, which forms the basis for being able to prioritize future studies, as described



Figure 2:  Regional burden of disease where the management is subject to CYP450 metabolism
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Data obtained from the 2010 Global Burden of Disease study provided by the Institute for Health Metrics and Evaluation [102].



Figure3:  Prioritizing CYP450 pharmacogenetic studies in Africa

Health Priority

burden pharmacogenetics SlE,20

reports

a4 O R

A. Use of well-defined pharmacogenetic associations B. Use of a score to determine the extent of CYP450 data
CYP2A6

1. HIV/AIDS —< CYP2B6

. Proportion of countries
2. Malar

alaria CYP2C8 Extent of investigated
genotyping score =
3. Cardiovascular/circulatory and (EGS) Proportion of clinically
diabetes CYP2C9 relevant alleles investigated

4. Major depressive disorders < CYP2C19 2

- N /

In order to prioritize future CYP450 pharmacogenetic studies in Africa, it is necessary to identify overlapping areas of health burden and the current extent of CYP450 data in these
areas. (A) Well-defined pharmacogenetic associations were identified, which include diseases that contribute significantly to the high disease burden in Africa, and for which
there is evidence for the influence of CYP450 enzymes on therapeutic management. (B) The extent of genotyping score (EGS) was developed to enable the establishment of a
prioritized list of genes to be investigated.



Derivation of CYP450 priority pharmacogenetics for the African continent

Figure 4:
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herein. A schematic illustration of our approach is presented in Figure 3, and discussed in more detail
in the sections to follow. Although extensive, this report is not fully comprehensive, as several other
less clinically relevant enzymes of the CYP2 family, as well as CYP1 and CYP3, have not been included.
Furthermore, other well described pharmacogenetic associations, such as in the case of cancer

therapy and the management of pain, have not been included.

A summary of the extent to which CYP450 pharmacogenetic studies have been performed in the
various regions in Africa is illustrated in Table 1. The information provided reflects the number of
countries in a given region for which frequency data of clinically relevant CYP450 alleles has been
reported. Shaded cells, in the form of a heat map, are representative of the number of countries in a

region for which there is published CYP450 allelic frequency data (as reviewed in [8]).
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Table 1: Regional breakdown of the number of countries and extent to which clinically relevant
alleles of CYP450 have been investigated in Africa
Gene Associated Clinically relevant alleles® Southern Central Eastern Western | Northern Africa
phenotype® Africa Africa Africa Africa Africa (total)
13° 10° 9 | 16 5° 53° |
CYP2A6 PM *2 0 0 0 1 0 1
*4 0 0 0 1 0 1
*5 0 0 0 1 0 1
IM *6 0 0 0 1 0 1
*7 0 0 0 1 0 1
*9 0 0 0 1 0 1
*11 0 0 0 1 0 1
*17 1 1 0 1 0 3
*10; *12; *18 - *21; *23; *24; 0 0 0 0 0 0
*26; ¥27; *35
Extent of genotyping score (EGS): 0.06 0.08 0.00 0.24 0.00 0.24
CYP2B6* PM *28 0 0 0 0 0 0
IM *6 3 1 3 6 0 13
*18 2 0 1 1 0 4
*19 0 0 0 1 0 1
*20 2 0 1 1 0 4
*21 0 0 0 1 0 1
*8; *11-16 0 0 0 0 0 0
UM *4 1 0 1 5 0 7
*22 0 0 0 1 0 1
Extent of genotyping score (EGS): 0.25 0.08 0.30 0.42 0.00 0.36
CYpP2c8 PM *5, %7, *¥11 0 0 0 0 0 0
IM *2 2 0 2 3 0 7
*3 0 0 1 2 0 3
*4 0 0 1 2 0 3
*8, *14 0 0 0 0 0 0
Extent of genotyping score (EGS): 0.14 0.00 0.30 0.28 0.00 0.25
cyp2c9 | PM *3 4 4 2 3 [y 17|
*5 3 3 3 3 1 13
*6 2 1 1 2 0 6
*8 1 1 0 1 0 0
*11 2 3 1 2 1 9
*15, *25 0 0 0 0 0 0
M *2 4 4 2 3 A 7|
*12, *13, *14, *16, *18, *26, 0 0 0 0 0 0
*28, *30, *33
Extent of genotyping score (EGS): 0.33 0.38 0.31 0.27 0.52 0.31
CYP2C19 PM *2 2 0 4 3 1 10
*3 2 0 4 3 1 10
*4-8 0 0 0 0 0 0
IM *9 2 0 2 1 0 5
*27 1 0 0 0 0 1
*10 0 0 0 0 0 0
UM *17 1 0 2 0 0 3
Extent of genotyping score (EGS): 0.30 0.00 0.40 0.23 0.19 0.32
CYP2D6 PM *3 3 3 3 3 2 14
*4 3 3 3 3 3 15
*5 3 3 3 3 2 14
*6 2 2 3 3 1 11
*14 1 0 0 0 0 1
*40 1 0 0 0 0 1
*7,*8, ¥11-13, *15, *18-21, *31, 0 0 0 0 0 0
*38, *42, *44, *56A, *62
IM *10 3 2 3 3 1 12
*17 3 3 3 3 1 13
*29 3 2 2 3 1 11
*41 2 2 2 2 1 9
*59 1 0 0 0 0 1
*9, *49, *50, *54, *55, *69, *72 0 0 0 0 0 0
UM Functional duplications 3 3 3 3 1 13

10
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| *s3 0 0 0 0 0 0

Extent of genotyping score (EGS): 0.28 0.28 0.29 0.22 0.43 0.31

Shading is used in the form of a heat map, which corresponds to the number of countries in a given region for which CYP450 data exists
(darker shaded cells indicates more countries). The extent of genotyping score (EGS) for each region is based on the equation: (proportion
of countries investigated + proportion of clinically relevant alleles investigated)/2. A zero score reflects that no allelic frequency data exists
in a given region, while a score of one indicates that all countries in a region and all clinically relevant alleles of a gene have been
investigated. No exclusion criteria were used and all reports in populations residing in Africa have been included, as reviewed in [8].
® Associated phenotype and clinically relevant alleles listed according to that provided on the CYP450 Allele Nomenclature Database
webpage (http://www.cypalleles.ki.se); ® Indicates the number of countries in each of the respective regions; “CYP2B6 activity is substrate
specific and hence the assigned activities do not hold true for all drugs, such as the anticancer and immunosuppressant drug
cyclophosphamide; IM = intermediate metabolizer associated allele; PM = poor metabolizer associated allele; UM = ultra-rapid metabolizer

associated allele.

It is apparent that there is a tremendous dearth in CYP450 reports across the continent, particularly
with respect to CYP2B6, CYP2A6 and CYP2C8. In fact, even the best described CYP enzymes with
pharmacogenetic implications, namely CYP2C9, CYP2C19 and CYP2D6, have been investigated in less
than a third of African countries to date. In an attempt to objectively measure the extent of CYP450
data in Africa, the extent of genotyping score (EGS) was developed, which is based on two variables,
namely the proportion of countries in a given region for which CYP450 allelic frequency data exists,
and the proportion of clinically relevant alleles investigated in the same region. The end result is
divided by two to give a score from zero to one, where zero indicates no allelic frequency data in a
given region, and one indicates that all countries in a region and all the clinically relevant alleles of a
gene have been investigated. The EGS does not account for the number of individuals genotyped in a
given region, nor was there any criteria used to exclude studies, and hence this is merely used to give

an indication of the great need for pharmacogenetic profiling.

CYP2B6, CYP2A6 and the management of HIV/AIDS
The global disease burden due to HIV/AIDS has decreased over the years with the introduction of

highly active antiretroviral therapy (HAART). HIV/AIDS was however still the fifth leading cause of
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global DALYs in 2010 [9]. Inter-individual variability in response to HAART is well documented,
including the development of toxicity, resistance to therapy and variable levels of patient compliance
[10]. Although the patient’s health status and environmental conditions contribute to this varied
response, it is believed that genetic variability is a major contributor in 20-95% of cases [11]. The
HAART regimen includes the use of nucleoside reverse transcriptase inhibitors (NRTIs), non-
nucleoside reverse transcriptase inhibitors (NNRTIs) and protease inhibitors (Pls). Although
cytochrome P450 enzymes play a limited role in metabolizing NRTIs, they do contribute to variability
in response to NNRTIs and Pls. The best described enzyme in this context is CYP2B6, which plays a
pivotal role in phase | metabolism of efavirenz and to a lesser extent nevirapine [12-17]. Decreased
metabolism of these NNRTIs results in increased plasma levels and related side effects, including
neurotoxicity in the case of efavirenz, and hepatotoxicity when nevirapine is used. Both of these
scenarios contribute to reduced patient compliance and the emergence of resistant strains of the

virus.

The CYP2B6 enzyme is expressed in several organs and tissues, including the liver, nasal mucosa,
trachea, lung and brain [18]. Over 30 variants of the CYP2B6 gene have been described, and of the
clinically relevant alleles, one has been confirmed to be associated with a PM phenotype (*28), 15
with an IM phenotype and two with UM activity [103]. The enzyme, however, does display substrate
specificity [18], which tends to complicate interpretation. The most investigated variants are those
linked to the IM associated allele CYP2B6*6 (primarily 516G>T), which has been demonstrated in
several reports to be present at higher frequencies in African (median of 37%) [8] than in Caucasian
(14-27%) and Asian populations (10-21%) [18]. This was first illustrated by Klein et al. (2005) [19],
where it was revealed that CYP2B6*6 was present in 32% of African-Americans and 47% of
individuals in a Ghanaian population. These findings were also the first to provide a reasonable
explanation for the previously reported 20% decrease in clearance of efavirenz in HIV patients of

African origin [20]. It has subsequently been demonstrated in several studies that the presence of IM
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and/or PM associated alleles of CYP2B6 are reliable predictors of increased plasma concentrations of

efavirenz and nevirapine [21-23].

Although CYP2B6 is responsible for the primary metabolism of efavirenz, variability in response to
the drug is also mediated via CYP2A6. The latter enzyme has been reported to oxidize efavirenz and,
together with CYP2B6, may prove to be a good predictor of response to the drug [24, 25]. CYP2A6 is
predominantly expressed in the liver, and 23 clinically relevant genetic variants of this enzyme have
been described, five of which are associated with a PM phenotype and 18 with an IM phenotype
[104]. When assessing the allelic frequencies of 11 CYP2A6 variants in 105 Ghanaians [26], it was
observed that the PM associated allele *4A, and the IM associated allele *9, were present at
frequencies of 1.9% and 5.7%, respectively. The remaining alleles investigated (CYP2A6*2, *5, *6, *7,
*8 and *11) were all absent in this cohort. In 65 HIV infected individuals of the same population, the
African-specific IM associated allele CYP2A6*17 was reported at a frequency of 12%, while CYP2A6*9

was present in 5% of individuals [27].

Given the fact that variants of CYP2B6 and CYP2A6 may be used to inform efavirenz dosing
guidelines, it is surprising that these enzymes have not been adequately profiled in African
populations (Table 1). CYP2B6 has been investigated to a greater extent, particularly the IM
associated allele *6, which has been the primary allele investigated over the years. Variants of this
allele have been reported in 13 African countries, six of which are on the western coastline of Africa
(Ghana, Guinea, Ivory Coast, Nigeria, Senegal and Sierra Leone). Furthermore, each of the eight
populations investigated in this region are of Bantu/Niger-Congo origin. Notably, the mean frequency
for the presence of CYP2B6*6 is 44%, which is higher than the 33% reported for the remaining
African countries [8]. Therefore, given the risk of NNRTI toxicity and the high frequency of this allele
alone, we believe it reasonable to suggest that clinicians and health authorities should consider the

role of IM and PM associated alleles of CYP2B6 when using efavirenz and nevirapine in populations
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that reside in western Africa. To complement this, there would be great value in investigating the
true extent of variation with respect to loss of function alleles and to work towards developing

population or regional specific pharmacogenetic tests.

Both of the studies reporting CYP2A6 variability in Africans used Ghanaians as the study population.
This highlights the necessity and the opportunity afforded to investigate the degree of variability of
this enzyme in other African populations. Moreover, based on the handful of CYP2A6 genotyping
reports in populations of African origin, there appears to be a distinctive population specific
distribution of allelic frequencies. CYP2A6*17, for example, has been reported to be present in
neither Caucasian nor Asian populations, while it is present in African and African-American
populations at a frequency of 9.5-25% [24, 25, 28-30]. When comparing joint frequencies of PM and
IM associated alleles, the same authors have demonstrated that populations of African origin have
twice the allelic frequency of non-functional alleles (approximately 20%) than in Caucasians, while
this is at least half that observed in Asian populations. Another important allele with a population
specific distribution is CYP2A6*4, which is characterized by a CYP2A6 whole gene deletion and hence
is associated with a PM phenotype. While CYP2A6*4 has been reported at a frequency of 1.2-1.9% in
Africans, African-Americans and Caucasians, it has been observed in up to 24% of individuals in Asian

populations [26, 31].

The lack of CYP2A6 profiling in several African populations, coupled with the highly valuable
information derived from the handful of studies mentioned above, provides for an exciting
opportunity to investigate the degree of variability in these populations. Such information would
provide several benefits, including (1) determination of the extent of altered metabolism in various
regions on the continent, (2) the discovery of novel variants that may further elucidate the variability
in response to antiretrovirals, and (3) the development of improved dosing guidelines by health

authorities.
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CYP2(C8 and the management of malaria

Despite the fact that progress has been made towards the worldwide eradication of malaria in the
past two decades, disease incidence and death due to this disease are still a major health burden in
the developing world. Today, approximately half of the world’s population is at risk of contracting
malaria, and according to the World Health Statistics 2013 report [105], it can be estimated that
there are over 200 million people living with malaria globally. In Africa, malaria is the largest
contributor to DALYs, and it predominates as the highest health burden in central and western Africa
(Figure 2). The disease is ranked third in eastern Africa, fourth in southern Africa, but has a negligible

contribution to DALYs in northern Africa (Figure 1A).

The treatment of uncomplicated malaria, as recommended by the WHO, follows one of four
regimens that all include artemisinin. In one of these combinations, amodiaquine is recommended,
which is metabolized almost exclusively by CYP2C8. As expected, decreased activity of CYP2C8 will
result in an accumulation of amodiaquine, resulting in hepatotoxicity and agranulocytosis. It has also
been reported recently [32] and confirmed by an independent group [33] that decreased CYP2C8
activity may result in a selective pressure resulting in the development of resistance to therapy by

the Plasmodium parasite.

The frequency of three clinically relevant alleles of CYP2C8 has to date been reported in seven
African populations (Table 1). These alleles (CYP2C8*2, *3 and *4) are associated with decreased
enzyme activity, and are present at frequencies of up to 24% in the populations investigated [8].
Although there is limited global data on the allelic distribution of CYP2(C8, it is apparent that
distinctive inter-ethnic differences do exist, particularly with respect to CYP2C8*2 and *3; where the
former is often referred to as the African-specific allele and the latter as Caucasian-specific.

CYP2C8*2 is present at frequencies of 10-24% in African populations and at less than 1% in
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Caucasians. In contrast, while CYP2C8*3 is present in 0-2.1% in Africans, it can be as frequent as 17%

in Caucasians.

When investigating the extent of CYP2C8 profiling in Africa (Table 1), it should be noted that no
pharmacogenetic data exists for populations residing in central Africa, even though malaria is the
highest contributor to burden of disease in most countries in this region (Figure 2). This indicates the
absolute necessity for CYP2C8 genotyping studies in this region. Furthermore, in eastern Africa,
where malaria is ranked second in terms of its contribution to DALYs, only two countries have been
investigated. In western Africa, where malaria is the highest contributor to disease burden, three
countries have allelic frequency data for CYP2C8, namely Burkina Faso [34, 35], Ghana [36-38] and
Senegal [32]. The fact that CYP2C8 data exists for populations in a mere seven African countries,
does not allow for sufficient inference of the distribution of alleles across the continent. Likewise, it is
difficult to estimate the impact the enzyme may have in areas where malaria is a major problem, as
is the case in central Africa where no published CYP2C8 pharmacogenetic data exists. It should also
be noted that no populations have been investigated for any of the PM associated alleles of this
enzyme, namely CYP2C8*5, *7 and *11, which may well have additional pharmacogenetic

implications.

CYP2(C9 and the management of cardiovascular/circulatory disease and diabetes

Cardiovascular/circulatory disease is the highest contributor to the health burden due to non-
communicable disease in the developing world. Furthermore, in light of the rapid rate of
globalization, industrialization and urbanization in Africa, an increase in the incidence of
cardiovascular disease is underway. Leading risk factors for cardiovascular disease are diabetes,
hypertension and obesity. In the developing world, ischemic heart disease and stroke are the primary
cardiovascular/circulatory diseases that contribute to DALYs. In 2010, these were ranked third and

fifth, respectively, in terms of their health burden [5]. The impact of these diseases is most
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pronounced in northern Africa, where ischemic heart disease is the highest ranked cause of DALYs,
with stroke occupying third position (Figure 1A). Diabetes also features prominently in this region
and is the fifth highest contributor to disease burden. While cardiovascular/circulatory disease and
diabetes may not appear to be as great a health concern as communicable diseases in Africa, it is

acknowledged that they will be major contributors to DALYs in years to come.

Altered drug response in the management of cardiovascular disease is related to variability in the
pharmacogenetic make-up of a patient [39]. In this context, CYP2C9 is probably the best described
enzyme with pharmacogenetic implications. It is involved in the metabolism of the anticoagulant
warfarin (together with VKORC1); the angiotensin Il blocker, losartan; and several hypoglycemic
agents, including glyburide, glimepiride and glipizide. CYP2C9 is abundantly expressed in the liver and
more than 50 alleles have been assigned to date [106], of which three are associated with a PM

phenotype and more than 10 with intermediate metabolism.

Decreased enzymatic activity of CYP2C9 is well described, and the most frequently investigated
alleles are CYP2C9*2 and *3. In Caucasian populations, the frequency of these alleles ranges from 8%
to over 20% [40]. However, in Asians, the same alleles are mostly absent or present at frequencies of
not more than 3% [41, 42]. A similar range in distribution of allelic frequencies is observed across the
African continent, but with the noteworthy finding that populations in northern Africa appear to
harbor CYP2C9*2 and *3 alleles at higher frequencies with a mean of 11.8%, whereas the mean
allelic frequency in sub-Saharan Africa is 0.6% [8], similar to that in African-Americans [42, 43]. This
indicates clear inter-ethnic differences in the distribution of CYP2C9*2 and *3, as the populations in
northern Africa are mostly of Afro-Asiatic origin, and the majority of those who reside in sub-Saharan
Africa are of Bantu/Niger-Congo origin. This is particularly interesting to note, given the distinctively
contrasting health burden in northern Africa, where non-communicable disease (primarily ischemic

heart disease, stroke and diabetes) is prominent. Since CYP2C9 plays a role in the metabolism of
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arachidonic acid, a modulator of vascular tone and cardiovascular homeostasis, the increased
frequency of defective alleles may be postulated to contribute to the high levels of cardiovascular
disease in northern Africa, a concept supported previously by other groups [44, 45]. Based on a
handful of studies reported to date, CYP2C9*8 may also be regarded as a contributor to decreased
drug clearance in populations of African origin, where it is present at allelic frequencies ranging from
1-12% [8, 46, 47]. When investigating the variants that contribute to variability in warfarin
metabolism, it has been reported that this allele, together with CYP2C9*5, *6 and *11, may

contribute to up to 30% of the variability in Africa-Americans [48].

CYP2(C9 pharmacogenetics has been investigated in 20 African countries, making it the most studied
CYP450 enzyme on the continent. Four of the five countries in northern Africa have CYP2C9*2 and
*3 data, and only Algeria has been investigated for any of the other clinically relevant alleles
(CYP2C9*5 and *11), albeit in a small sample size of 30 [49]. Western Africa is the least profiled
region, followed by southern, eastern and central Africa. Considering that CYP2C9*2 and *3 are
present at low frequencies in populations of Bantu/Niger-Congo origin, it is recommended that the
pharmacogenetics of this enzyme be investigated in more detail in the sub-Saharan region. This is
supported by the recent report by Perera and colleagues [50], in which a novel and independent
predictor of warfarin metabolism in Africa Americans was identified by means of genome wide
association studies. The single nucleotide polymorphism, which is present in the CYP2C cluster, was

significantly associated with the need for a dose reduction of warfarin.

CYP2(C19, CYP2D6 and the management of major depressive disorders

The health burden of depression increased by 61% from 1990 to 2010, and with over 350 million
people being affected by one or other major depressive disorder, it is today regarded as the leading
cause of disability worldwide [5]. On the African continent, major depressive disorders are of primary

concern in northern Africa, where they were ranked as the second highest contributor of DALYs in
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2010 (Figure 1A). Relative to the top 20 DALYs in the developing world, these disorders were also

ranked in the top 15 in the remaining four African regions.

Treatment of depression requires a multifaceted approach and several options are available for
antidepressant pharmacotherapy. These include the tricyclic antidepressants (TCAs), such as
amitriptyline and clomipramine; the selective serotonin reuptake inhibitors (SSRIs), such as
fluoxetine, sertraline and citalopram; and the norepinephrine and dopamine reuptake inhibitors
(NDRIs), such as bupropion. Several antidepressants used to treat these disorders are either
metabolized exclusively by CYP2C19 or CYP2D6, or by a combination of these enzymes. The
relevance of these enzymes is exemplified by the recent publication of guidelines for their use in

defining TCA dosage regimens [51].

CYP2C19 is expressed mostly in the liver and duodenum [52, 53], and over 30 allelic variants have
been assigned to date. Of the clinically relevant alleles, seven are associated with PM, three with IM,
and one has an UM phenotype [107]. CYP2C19*2 and *3 are PM alleles and both have been
investigated in numerous African populations (Table 1). The former allele is present in Africans at
frequencies ranging from 6-33%, while CYP2C19*3 is reported at frequencies of 6% or less [8]. This is
consistent with studies reported in African-Americans [54]. To our knowledge, studies for the
remaining five PM associated alleles (CYP2C19*4 to *8) have not yet been reported in populations of
African origin. Of the three IM associated alleles, CYP2C19*9 and CYP2C19*27 have only been
reported in five African countries. The recently reported UM associated allele, CYP2C19*17, has been
investigated in three African populations and is present at frequencies of 10-17% [55-57], which is

consistent with that seen in Caucasian populations, but is far higher than the <1% in Asians [54].

CYP2D6 is subject to greater variability than CYP2C19, and is the best described CYP450 enzyme to

date. Even though it only constitutes about 4% of the total amount of expressed CYP450, the enzyme
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metabolizes approximately 25% of commonly prescribed drugs [58]. CYP2D6 is the most highly
polymorphic CYP450 gene, and over 100 alleles have been assigned [108]. To date, this variability has
only been investigated in 15 of the 53 countries in Africa (Table 1), and there seems to be sufficient
evidence to suggest that a unique and population-specific distribution of CYP2D6 alleles exists on the

continent [8].

Historically, the PM associated alleles CYP2D6*3, *4, *5 and *6 have been the most extensively
investigated, and of these, CYP2D6*4 and *5 are present most frequently, while CYP2D6*3 and *6
are seldom observed [59]. CYP2D6*5 is characterized by a deletion of the entire gene, and is present
at similar frequencies of less than 10% in all populations, with the exception of a handful of African
populations, where the allele may be as frequent as 19% [8]. In contrast, CYP2D6*4, which is present
in approximately 20% of Caucasians, is less frequent in all African [8], African-American (<8%), and

Asian populations (0-2.7%) [59].

Population-specific distributions are evident when investigating alleles associated with a CYP2D6 IM
phenotype. CYP2D6*10 is reported to be present in 11- 70% of Asian populations [41, 60], while it is
seldom higher than 10% in populations of African origin [8, 59]. CYP2D6*17 and CYP2D6%*29, among
others, are accepted as being African-specific alleles, and are present at frequencies of up to 34%
and 29%, respectively . In contrast, these alleles are either absent or occur at frequencies of less than
1% in Asian and Caucasian populations [59]. The reduced function allele CYP2D6*41 has also been

investigated in Africa, and, on average, is harbored by 10% of African individuals [8, 59].

CYP2D6 ultra-rapid metabolism is characterized by multiplication of functional alleles, such as
CYP2D6*1xN and CYP2D6*2xN, where the ‘N’ denotes the presence of a multiplication. CYP2D6*2xN
is more frequently reported in African populations and, furthermore, appears to be present at higher

frequencies in populations of Afro-Asiatic origin, such as in Algeria (28%) and Ethiopia (10-16%) [56,
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61-63]. These duplications are less frequent in populations of Bantu/Niger-Congo origin, such as the
Yoruba in Nigeria (4%), Gabonese (4%) and Ghanaians (1.6%) [49, 64, 65]. The notion that
CYP2D6*2xN is an Afro-Asiatic specific allele is further supported by the fact that these alleles also
occur commonly in Saudi-Arabia (20%), and to a lesser extent in African-Americans, Europeans and

Asians (<2.5%) [41, 66, 67].

Neither CYP2C19, nor CYP2D6 have been investigated adequately in African populations.
Pharmacogenetic variability of CYP2C19 is yet to be studied in central Africa, and only the Egyptian
population has been investigated in northern Africa (Table 1). Regions in which the most countries
have been profiled are eastern Africa (four out of nine) and western Africa (three out of sixteen).
Notably, seven of the 11 clinically relevant alleles of CYP2C19 have yet to be investigated in African
populations. With regard to CYP2D6, it is apparent that there are a greater number of reports across
the continent, with three countries in each of the regions having been investigated to date. However,
given that several novel alleles have been reported in recent years, there are still in excess of 20

clinically relevant alleles for which there is no frequency data in any of the African countries.

Priority pharmacogenetics and cytochrome P450

Priority pharmacogenetics is an expression we introduce to describe the need and urgency for
pharmacogenetic profiling. In this context, we use it to identify the need for CYP450 studies in
populations residing on the African continent. By correlating data available in the public domain on
pharmacogenetic studies with the burden of disease in Africa, we wish to highlight several areas of
need and prioritize CYP450 pharmacogenetics accordingly. As outlined in Figure 4, a rank was
assigned with regard to health burden for each region of Africa based on the contribution to DALYs
(Figure 2), and is listed in order from highest to lowest. Similarly, the amount of published CYP450
data was ranked from highest to lowest, and is based on the extent of genotyping scores (Table 1) for

each of the clinically relevant CYP450 enzymes discussed. By correlating these rankings, it was
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possible to derive a priority listing of CYP450 studies that need to be performed, as indicated in the

far-right column of Figure 4.

Given the extent to which HIV/AIDS and malaria contribute to the health burden in sub-Saharan
Africa, it might have been expected that pharmacogenetic studies would have focused on CYP450
enzymes that are relevant to the management of these diseases. However, this has not been the
case. For example, in southern Africa, the region that suffers the highest HIV/AIDS health burden
(Figure 2), the pharmacogenetics of CYP2A6 and CYP2B6 has been poorly investigated (EGS of 0.06
and 0.25, see Table 1). In central Africa, malaria contributes approximately double the disease
burden of HIV/AIDS (Figure 2), yet the impact of CYP2C8 variability on amodiaquine metabolism has
not been investigated in any of the central African populations. Furthermore, in the context of
HIV/AIDS therapy in this same region, CYP2A6 and CYP2B6 have received the least attention of the
enzymes investigated. Finally, malaria has its greatest impact in western Africa, and in the context of
amodiaquine metabolism, CYP2C8 has only been investigated in three of the 16 countries in this
region, and only three of the eight clinically relevant alleles have been genotyped, resulting in an EGS

of 0.28 (Table 1).

The situation in northern Africa is strikingly different, where communicable diseases constitute the
greatest burden. In fact, the joint contribution of cardiovascular/circulatory disease, diabetes and
major depressive disorders to DALYs is two to three times that of any other region in sub-Saharan
Africa (Figure 2). Pharmacogenetic studies in northern Africa have paralleled that of the disease
burden, in that CYP2C9 has been most investigated (which addresses drug metabolism for
cardiovascular/circulatory disease and diabetes), followed by CYP2C19 and CYP2D6 (which address
major depressive disorders). No pharmacogenetic data exists for CYP2A6, CYP2B6 and CYP2(C8, and

this may be expected given the low to negligible impact of HIV/AIDS and malaria in this region.
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From a priority point of view, it is evident that immediate attention should be given to investigating
the pharmacogenetics of CYP2A6, CYP2B6 and CYP2C8 in sub-Saharan Africa. The order in which
these enzymes are to be prioritized is dependent on the health burden and the extent to which
genotyping has been done (Figure 4). Bearing in mind that the burden of non-communicable disease
is rapidly increasing as a result of industrialization, urbanization and globalization; continued
investigation of the enzymes influencing drug response in the management of these diseases should
be seen as a priority across the African continent. With regard to northern Africa, although
pharmacogenetic investigations reflect the disease burden in this region, the extent of
pharmacogenetic profiling of clinically relevant alleles is nonetheless inadequate, as portrayed in the
EGS of 0.53 for CYP2C9; 019 for CYP2C19; and 0.43 for CYP2D6 (Table 1). Priority should hence be
given to intensifying studies on CYP2C19, since it is the least profiled in this context, followed by
CYP2(C9 and CYP2D6, which would enable further understanding of drug tolerance in the context of

cardiovascular/circulatory disease and diabetes, and major depressive disorders, respectively.

Concluding remarks

Our evaluation of the extent to which CYP450 has been investigated reveals, and confirms, a paucity
of CYP450 allelic frequency data for populations residing on the African continent. In several regions,
no pharmacogenetic data exists, and even where there is data, the limited extent to which clinically
relevant alleles have been investigated is alarming. Only in northern and western Africa is it possible
to see a parallel between the CYP450 enzymes investigated and disease burden. Reasons for the lack
of data are likely to be manifold, with limited resources, expertise and infrastructure being of central
importance. This has led us to propose the need to prioritize CYP450 profiling in the various regions
identified. There is a dire need to address the health problems of Africa, and wide-scale
pharmacogenetic profiling of these populations will contribute to improving patient care on the
continent. Having said this, several aspects should be considered when deciding on the manner in

which pharmacogenetic studies are to be performed. The ultimate goal would be to profile a critical
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mass of individuals in each population in order to determine the true extent of CYP450 variation
across the continent. Furthermore, the local populations and the research community would benefit
from study designs that extend well beyond simply screening for previously defined alleles. This
includes whole gene sequencing in combination with a variety of substrate-based phenotypic studies
in order to fully elucidate the activity and functional properties of multiple CYP450 enzymes. In so
doing, the extent of CYP450 variation will be determined, novel alleles will be discovered, and the
outcome of well-defined genotype-phenotype relationships will enable one to measure of
contribution of environmental factors, such as diet and the impact of climate, on drug response.
Comprehensive data of this nature may also be used to extrapolate or give indication to variants that
may be important in other populations with African ancestry around the world, such as in African

Americans.

Given the high degree of genetic diversity in African populations, there is an expectation that
genome-wide sequencing will reveal a multitude of previously undescribed variants and functional
characteristics of CYP450. This may also be the case in populations unique to the African continent,
including and amongst others, the San population of 100,000 individuals that is dispersed throughout
Southern Africa, and the mixed ancestry populations in the Western Cape region of South Africa
(referred to as the Cape Coloureds), for which a unique genomic architecture in CYP2D6 has already

been indicated [68].

The logistics of implementing pharmacogenetics in clinical practice has proven to be a challenge
worldwide, and it is expected that this would be an even greater challenge in the larger part of
Africa, where the extent of healthcare and laboratory services is limited. In order to realize the true
benefits of pharmacogenetic practices, novel and innovative approaches will be needed, such as the
introduction of simplified, low cost medical devices that can be used to screen for population specific

variants at the point-of-care.
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Future perspective

By comprehensively evaluating the extent to which CYP450 has been investigated in Africa, and by
introducing for the first time the notion of “priority pharmacogenetics”, our intention is to highlight
an urgent need for region-specific pharmacogenetic profiling in Africa. In so doing, numerous
opportunities will be identified for relevant research endeavors, and it is hoped this may prompt the
establishment of an extensive collaborative effort across the continent, in which multiple groups will
have the opportunity to not only to assist in enriching CYP450 data, but also to build capacity in
pharmacogenetic research. We further envisage several additional benefits to such an initiative, of
which the most important include (1) the discovery of novel, clinically relevant and population
specific variants, given the known genotype-phenotype discordance observed for several of the
CYP450 enzymes in Africa populations [8]; (2) further elucidation of the effects of specific variations
(existing and novel) that alter drug response, thereby refining pharmacogenetic associations that
could inform decisions made by health authorities in various African countries; and (3) reducing
adverse drug reactions and the impact that non-response has on the burden of disease and the

management of healthcare on the continent, including the emergence of resistant microorganisms.
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Executive summary

Africa and its burden of disease

e  Africa is characterized by great diversity, which is exemplified geographically and in the variability
observed amongst its people (linguistically and genetically)

e  The burden of disease in Africa is similar to that of the developing world as a whole, with the burden of
communicable disease being the primary cause of mortality and life years lost due to disability

e  The extent and nature of disease burden varies from region to region in Africa, and hence the health
priorities are not consistent throughout

Cytochrome P450 pharmacogenetics in Africa

. CYP450 enzymes play a significant role in metabolizing pharmacotherapeutic agents used to treat many of
the top 20 contributors to disease burden, including HIV/AIDS, malaria, ischemic heart disease, stroke,
diabetes and major depressive disorders

e  The genotyping score (EGS) for each CYP450 enzyme reveals the extent of inadequate profiling on the
continent

CYP2B6, CYP2A6 and the management of HIV/AIDS

e  The pharmacogenetics of CYP2B6 and CYP2A6, which metabolize key NNRTIs antiretrovirals like efavirenz
and nevirapine, has been inadequately profiled in African populations

. CYP2B6 has been best profiled in western Africa and it appears that the frequency of the decreased
metabolism allele CYP2B6*6 may be higher in this region than in the rest of Africa

CYP2(C8 and the management of malaria

e Decreased enzyme activity of CYP2C8 results in an accumulation of the antimalarial
amodiaquine, the associated adverse drug reactions, and a selective pressure resulting in
resistance to drug therapy by the Plasmodium parasite

. Malaria is the major contributor to disease burden in central Africa, yet there are no reports of CYP2C8
profiling in this region

CYP2(C9 and the management of cardiovascular/circulatory disease and diabetes
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e CYP2(C9 plays a central role in the metabolism of the anticoagulant warfarin, the angiotensin I
blocker losartan, and several hypoglycemic agents, such as glyburide, glimepiride and glipizide

e  Although CYP2(C9 has been investigated in more countries than any other CYP450 enzyme, the extent to
which clinically relevant alleles have been studied is poor

CYP2C19, CYP2D6 and the management of major depressive disorders

° CYP2C19 and CYP2D6 metabolize, either exclusively or in combination, numerous antidepressants,

including amitriptyline, fluoxetine and bupropion

e  There are still more than 20 clinically relevant alleles of CYP2C19 and CYP2D6 for which no data exists in
African populations

Priority pharmacogenetics in view of Cytochrome P450

. By taking into account disease burden and the extent of CYP450 pharmacogenetic data in Africa, we were
able to derive a regional-specific and prioritized list of CYP450 enzymes that require investigation.

Concluding remarks

e A paucity of CYP450 allelic frequency data on the continent was confirmed, and there are
several regions for which no pharmacogenetic data exists

e The greatest discrepancy between disease burden and clinically relevant CYP450
pharmacogenetic studies is in sub-Saharan Africa

e  Wide-scale pharmacogenetic profiling of African populations will contribute significantly to

improving patient care on the continent
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