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Abstract: Drug metabolizing enzymes (DMEs) play a
major role in the metabolism and final elimination of
most drugs and xenobiotics from the body. Both phase I
and phase II enzymes are highly polymorphic. Most stud-
ies on the pharmacogenetics (PGx) of DMEs and its influ-
ence on interindividual variability have been conducted
in Western countries. Middle Easterners, however, may
have a different genetic makeup and may be exposed
to different environmental factors when compared with
their Western counterparts. Thus, results obtained in
Western populations cannot be extrapolated to the popu-
lation of the Middle East, and it is important to examine
and document PGx differences and influences within the
Middle Eastern population as there have been very little
published data from this region. Herein, we provide an
update on the genetic polymorphisms of DMEs that were
studied in Lebanon and their impact on drug toxicity
and efficacy. It is hoped that with more time, additional
funds, and perseverance, the PGx of DMEs in Lebanon
picks up and becomes closer in quantity and quality to
that in the West.
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Introduction

Drug metabolism is a major preliminary step in the
final elimination of most drugs from the body. Drug
metabolism is mediated mainly by two classes of drug
metabolizing enzymes (DMEs): phase I (functionalizing)
enzymes, which introduce or remove functional groups

in a substrate through oxidation, reduction, or hydroly-
sis, and phase II (conjugating) enzymes, which catalyze
the binding of phase I product with another molecule.
The most important phase I enzymes are the cytochrome
P450 (CYP 450) superfamily, among which the CYP1,
CYP2, and CYP3 subfamilies contribute to the oxidative
metabolism of more than 90% of drugs. It has been esti-
mated that three-fourth of drugs and other environmental
chemicals are toxic in their nonmetabolized parent forms;
the remaining one-fourth of DME substrates are meta-
bolically potentiated to toxic or mutagenic intermediates.
Phase II enzymes are involved in the biotransformation of
endogenous compounds and xenobiotics to more easily
excretable forms, as well as deactivation of many com-
pounds. They mainly include transferases such as uridine
5’diphospho-glucuronosyl transferase, sulfotransferase,
glutathione S-transferase (GST), N-acetyltransferase, and
thiopurine methyltransferase [1, 2].

The expression and activity of DMEs are associated
with significant interindividual variability. This variabil-
ity is controlled by environmental factors as well as both
genetic and disease states. The discipline of pharma-
cogenetics (PGx) is concerned with the “study of inter-
individual variations in DNA sequence related to drug
response” [1, 2].

Most studies on PGx and its influence on interindivid-
ual variability have been conducted in Western countries.
Middle Easterners, however, may have a different genetic
makeup and may be exposed to different environmental
factors when compared with their Western counterparts.
Thus, results obtained in Western populations cannot
necessarily be extrapolated to the population of the
Middle East, and it is important to examine and document
PGx differences and influences within the Middle Eastern
population as there have been very little published data
from this region. The same applies for Lebanon, a small
country that is situated on the Eastern coast of the Medi-
terranean Sea, since it has, for centuries, been a melting
pot convergence of multiple migrations and is hence char-
acterized by a heterogeneous ethnic demography and a
genetically diverse population.
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Herein, we provide an update on the genetic polymor-
phisms of DMEs that were studied in Lebanon and their
impact on drug toxicity and efficacy.

Frequencies of genetic
polymorphisms of DMEs

In 2007, at the American University of Beirut (AUB) in
Lebanon, a multidisciplinary PGx laboratory was estab-
lished, and several PGx projects, most of which are sup-
ported by competitive institutional funds, are ongoing [2].
To our knowledge, very little, if any, PGx research is done
outside AUB, and these focused mainly on determining
the frequency of the genetic polymorphisms of some of
the DMEs that may be involved in the interindividual vari-
ability of the pharmacokinetics and pharmacodynamics of
commonly prescribed drugs [3, 4]. In addition, few associa-
tion studies have been conducted to evaluate the role that
DMESs may play in cancer susceptibility after environmental
exposure to carcinogens [5-9]. The minor allele frequen-
cies (MAFs) of the evaluated genes can be compared to data
from other similar studies performed in neighboring popu-
lations as well as to European Caucasian populations.

As shown in Table 1, CYP2C9, VKORCI, CYP2C19,
GSTM1, GSTT1, and NAT2 have been extensively studied.
This could be attributed to the relatively extensive evi-
dence about the clinical importance of polymorphisms in
these genes, especially those of CYP2C9 and VKORCI, that
are paving their way to become a routine laboratory test
for patients treated with oral anticoagulants [48].

As predicted, our MAFs are similar to neighboring
populations’ allele frequencies for the majority of the
tested polymorphisms. The frequency distribution of the
variant allele polymorphisms ranges from being very
common, and in some cases exceeding the wild allele,
such as for VKORCI (0.524), to being absent, as in the case
of CYP2C19*3. These results are similar to those in Cauca-
sian populations [44], and similar numbers were obtained
when the same polymorphisms of CYP2C9, VKORC1, and
CYP2(C19 were done on different sets of Lebanese subjects
[3, 4].

Interestingly, the MAF of CYPIA1*2A in Lebanon was
lower (0.026) than the ones obtained from neighboring
countries. In addition, Lebanon and Jordan showed a
higher prevalence of the presence of more than two copies
of the CYP2D6 gene (0.128 and 0.135, respectively) than
did other countries in the region such as the Emirates and
Turkey (0.046 and 0.04, respectively) and European Cau-
casians (0.02). In addition, the CYP2D6*41 polymorphism
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is more common in Middle Easterners (0.154 in Lebanon)
when compared with Caucasians (0.09). This underscores
the importance of independently assessing for these poly-
morphisms in different populations; nevertheless, it is
important to take into consideration that few of the MAFs
listed in Table 1 were extrapolated from studies performed
on nonhealthy subjects. In addition, and due to relatively
small sample sizes, no analyses were done to compare
MAFs among the diverse Lebanese ethnic groups.

Pharmacogenomic studies
with DMEs

While acknowledging the fact that the majority of DME
allelic distributions in the Lebanese population are in
concordance with previously studied Caucasian popula-
tions, it was important to conduct PGx research that is
similar to Western data in order to assess for potential
concordance between the observed variants and aber-
rant drug response [44]. To this end, the PGx program at
AUB has conducted several PGX studies in an attempt to
observe and validate the effects of DME polymorphisms
on the variation in the response of individuals to standard
doses of drug therapy (Table 2).

Drugs for the treatment or prevention
of arterial and venous thrombosis

Oral anticoagulants

The investigators first chose to pursue a relatively well-
researched topic in the West that involves the PGx of oral
anticoagulants. Coumarin anticoagulants, warfarin and
acenocoumarol, both of which are vitamin K antagonists,
are commonly prescribed for patients with risk or evi-
dence of thromboembolic disorders. They have a narrow
therapeutic index and critical effective dosing, which
make patients highly susceptible to toxicity or inefficacy
with minimal changes in drug concentration. The stand-
ard dose of warfarin is between 28 and 36 mg/week.
However, the effective weekly dose varies from 4 mg to
more than 210 mg from one patient to another [53]. Cou-
marins are metabolized mainly into inactive metabolites
by the CYP2C9 enzyme and exert their effect by inhib-
iting the vitamin K epoxide reductase complex subunit
1 (VKORC1). Results on a Lebanese sample showed that
the CYP2C9*3 allele confers the largest reduction in war-
farin weekly dose (20+12 mg/week in CYP2C9*3 allele
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(Table1 Continued)

Tunis Turkey  Caucasians
[39-43]°

[10, 38]°

Saudi
Arabia
[32-37]*

Oman

[30, 31]°

Iran [25-29]°

Jordan

Emirates
[17-19]*

Lebanon Bahrain Egypt

Polymorphism

Genotype or haplotype

[44-46]°

[20-24]°

[11-16]°

[10]°

0.013

0.045

0.013

0.039

Sum of *7A
and *7B
(0.007)

0.040 0.033

Sum of *7A
and *7B
(0.028)

0.025

rs1041983

*7B

rs1799931

0.015

0.024

0.019

rs1041983

*13

aReferences. "These are MAFs on patients who had breast cancer.
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carriers vs. 33+14 mg/week with the wild-type genotype;
p<0.05) and acenocoumarol weekly dose (6+1 mg/week
in CYP2C9*3 allele carriers vs. 19+13 mg/week with the
wild-type genotype; p<0.05). A reduction in the weekly
oral anticoagulant dose was also noted with CYP2C9*2
carriers, but this was not statistically significant.
Regarding VKORCI-1639G>A polymorphism, and in the
case of warfarin, GG carriers required a 41% decrease in
the weekly dose when compared with AA carriers (38+14
mg/week vs. 23+9 mg/week; p<0.05). As for acenocou-
marol, GG carriers required a 51% decrease in the weekly
dose when compared with AA carriers (26+17 mg/week
vs. 13+6 mg/week; p<0.05). Therefore, results were com-
parable with Western literature, whereby the decrease in
the weekly dose is driven mainly by VKORCI followed by
CYP2(C9*3 variants [48]. The plasma concentrations of
warfarin were significantly affected by CYP2C9 genotype
such that the carriers of the CYP2C9 variant alleles were
associated with an increase in the ratio of S over R-warfa-
rin. Time to reach target International Normalized Ratio
(INR) with acenocoumarol showed a trend of prolonga-
tion in CYP2C9 variant allele carriers, but the results
were not statistically significant. This may be explained
by the small sample size, knowing that power analysis
revealed the need for at least 200 patients in each group,
a number that is difficult to reach with warfarin since it
is much less prescribed in Lebanon when compared with
acenocoumarol [48].

After this study demonstrated the analytical and clini-
cal validity of genotyping for CYP2C9 and VKORCI in Leb-
anese patients on oral anticoagulants, the molecular and
diagnostic laboratory at AUBMC started offering the test,
and plans for demonstrating its clinical utility are under
discussion. In addition, the investigators reanalyzed the
data using artificial neural networks (ANNs) and showed
that ANN actually outperforms regression analysis. They
have shown that “ANN increased the percentage of accu-
rately dosed subjects (mean absolute error <1 mg/week)
by 14.1%, reduced the percentage of miss-dosed subjects
(mean absolute error 2-3 mg/week) by 7.04%, and reduced
the percentage of grossly miss-dosed subjects (mean
absolute error >4 mg/week) by 24%.” The investigators
also developed an electronic application that integrates
the ANN model and calculates the acenocoumarol dose
needed for a specific target INR [54].

Clopidogrel

The AUB PGx laboratory then evaluated clopidogrel, a
widely prescribed drug that is used for the prevention
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Table 2 Pharmacogenomics studies on DMEs in Lebanese subjects.
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Gene Polymorphism  Drug of interest Sample Sample type Results References
size
CYP2B6 rs2279343  Cyclophosphamide 67 Breast cancer Carriers of variant alleles had Haroun
rs3211371 patients treated significantly less myelotoxicity when etal. [47]
rs3745274 with combination compared with the wild type.
chemotherapy
CYP2C9 rs1057910  Warfarin (43) 176 Patients treated Carriers of variant alleles required a Esmerian
rs1799853  Acenocoumarol with oral significantly lower weekly maintenance  etal. [48]
(133) anticoagulants dose of oral anticoagulants when
compared with the wild type.
VKORC1 rs9923231
rs9934438
CYP2C19 rs4244285  Clopidogrel 239 Patients treated Carriers of variant alleles showed no El-Halabi
with clopidogrel significant difference in the activity of etal. [49]
and a proton clopidogrel when compared with the
pump inhibitor wild type.
CYP2D6 rs4986774  Tamoxifen 78 Premenopausal Carriers of variant alleles associated Tfayli et al.
rs1800716 breast cancer with a decreased activity of CYP2D6 had  [50]
rs28371725 patients treated higher concentrations of tamoxifen, but
>2xN with tamoxifen this was not statistically significant.
Carriers of more than two copies of
CYP2D6 gene had lower concentrations
of tamoxifen, but this was not
statistically significant.
CYP2R1 rs12794714  Vitamin D 172 Elderly Carriers of rs10766197 had Zgheib
rs10741657 patients, most significantly lower levels of 25-OHD etal. [52]
rs1562902 of whom have when compared with the wild type.
rs10766197 hypovitaminosis D

of arterial thrombosis by depressing platelet aggrega-
tion. Clopidogrel is a thienopyridine prodrug activated
in the liver after two sequential oxidative steps by differ-
ent CYP enzymes into the active thiol derivative. Several
studies showed that loss of function CYP2C19 alleles and
concomitant intake of drugs such as proton pump inhibi-
tors that are known inhibitors of CYP2C19 activity lead
to significantly less activation of clopidogrel and poten-
tial drug resistance. Accordingly, the US Food and Drug
Administration (FDA) included a black box warning about
this issue in the drug pamphlet [55]. Despite the black
box warning, the literature is still controversial, and data
on Lebanese subjects revealed that CYP2C19*2 polymor-
phism and intake of rabeprazole or esomeprazole have no
effect on the antiplatelet action of a constant dose of 75 mg
once daily clopidogrel [49]. For instance, the proportion of
Lebanese patients with platelet reactivity index of more
than 50% was 14.4% in CYP2C19 rapid metabolizers com-
pared with 14.6% with the whole sample (p=NS). Recently,
paraoxonase-1 (PON1) was identified as a fundamental
enzyme for clopidogrel bioactivation, with its Q192R poly-
morphism affecting the rate of active metabolite and the

clinical activity of clopidogrel. Hence, further studies are
needed to draw a definite conclusion about the role of
CYP2C9 and PONI polymorphisms [56].

Hypovitaminosis D

Despite the plentiful sunshine in our area, the Lebanese
people score one of the lowest levels of 25-hydroxy vitamin
D (25-OHD) worldwide; it was hence important to look for
genetic factors as potential drivers of these low levels [57].
Accordingly, Zgheib et al. applied the candidate gene
approach and, based on the metabolic pathway of vitamin
D, started with four common genetic polymorphisms in
the CYP2R1 enzyme that is involved in the 1-o. hydroxyla-
tion step of vitamin D. They have shown that carriers of
1510766197 variant alleles exhibit a statistically signifi-
cantly lower concentration of 25-OHD by 4.48 ng/mL when
compared with the wild type (1747 ng/mL vs. 21.95 ng/mL),
without adjustment for covariates, and a B coefficient of
-6.40, with 95% confidence interval [-11.775, -1.027], after
adjustment for covariates. Knowing that every 1 ng/mL
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decrease in 25-OHD levels necessitates 100 international
units (IU) of vitamin D per day, this means that noncarri-
ers of this variant allele behave as if they are taking 400 to
600 IU of vitamin D daily [52, 58]. Further work is under-
way in order to assess whether these polymorphisms also
affect response to vitamin D oral supplementation.

Drugs for the treatment of cancer

The PGx research group at AUB is heavily involved in PGx
projects that attempt to evaluate the interindividual vari-
ability of antineoplastic drugs, most of which are char-
acterized by a very narrow therapeutic index; hence,
overdosing or underdosing may lead to adverse reactions
or treatment failure. The focus was mainly on the treat-
ment of breast cancer, as it is the most common cancer in
Lebanese women and occurs at a relatively younger age
when compared with the data from Western countries
[5]. The drugs under evaluation include cyclophospha-
mide, tamoxifen, and docetaxel. Additional research is
ongoing on evaluating the PGx of methotrexate therapy
in children with acute lymphocytic leukemias and single
nucleotide polymorphisms (SNPs) in candidate genes
such as drug transporters and target enzymes involved
in the folate pathway [59].

Cyclophosphamide

Cyclophosphamide, a cornerstone drug in the treatment
of many autoimmune diseases and malignancies such as
breast cancer, is activated mainly by the CYP2B6 enzyme.
Accordingly, any genetic polymorphism that is associated
with a decreased CYP2B6 enzyme activity potentially leads
to less drug toxicity and efficacy [60]. Preliminary analy-
ses using linear mixed models on breast cancer patients
receiving different combination chemotherapy protocols
including cyclophosphamide have shown that carriers of
CYP2B6*4, *6, and *9 develop significantly less myelotox-
icity when compared with carriers of the wild-type alleles.
For instance, for CYP2B6*6, the difference in the white
blood cell count and absolute neutrophil count between
variant allele carriers and wild-type carriers ranges from
1400 to 700 and 1500 to 200 at the second and fourth
cycles of cyclophosphamide combination chemotherapy,
respectively (p<0.05) [47]. Further analysis is in progress
to evaluate the effect of these polymorphisms on disease
outcome. It is important to note that this study is limited
by a small sample size and the presence of important con-
founders such as the concomitant intake of additional
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antineoplastic drugs that could also lead to hematologi-
cal toxicities. It is also limited by the absence of genotyp-
ing for additional potentially important candidate genes
such as CYP2C9 and phase Il DMEs [61]. Therefore, results
should be confirmed by larger prospectively designed
controlled trials.

Tamoxifen

In addition to the antineoplastic drug cyclophospha-
mide, the PGx of hormonal treatment with tamoxifen was
evaluated. Tamoxifen is considered the gold standard
hormonal adjuvant therapy for premenopausal women
with estrogen receptor-positive breast cancer. In order to
exert its beneficial effects, tamoxifen must be first con-
verted to two active metabolites: 4-hydroxy tamoxifen
and endoxifen. This conversion is mediated mainly by
CYP2D6 enzyme. Accordingly, it was shown that breast
cancer patients who were fast CYP2D6 metabolizers
had a better disease outcome when compared with poor
CYP2D6 metabolizers [62]. Data on Lebanese premeno-
pausal breast cancer patients have shown that carriers
of CYP2D6*3, *4, and *41 alleles that are known to be
associated with a decreased CYP2D6 enzyme activity
and individuals who had more than two copies of the
CYP2D6 gene that is associated with an increased enzy-
matic activity had higher and lower plasma concentra-
tions of tamoxifen, respectively, yet both results were
not statistically significant (p>0.05), probably due to the
small sample size and to the fact that endoxifen might
be a better predictor of CYP2D6 activity [50, 63]. Further
analysis is ongoing in collaboration with the Dr. Marga-
rete Fischer-Bosch-Institute of Clinical Pharmacology in
Stuttgart, Germany, whereby a large number of tamoxifen
metabolites are being measured and more extensive gen-
otyping is being performed.

High-throughput genotyping platform
with docetaxel

Most of the PGx studies utilized the classical candidate
gene approach that detects associations between known
SNPs and clinical or pharmacological endpoints. This
approach has yielded useful data; however, it is limited by
its inability to validate allelic variants that are not highly
penetrant, thus making the data interpretation more dif-
ficult. In addition, in ethnically diverse populations, drug
efficacy and toxicity may be driven by polymorphisms
in an array of genes that were not previously identified,
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hence the need for wider genotyping and discovery of
potentially new and ethnically distinct markers [64].

Several genotyping platforms have been introduced
to the market, but the relatively newly released Drug
Metabolizing Enzymes and Transporters plus microarray
from Affymetrix is probably the most suitable platform
for PGx studies as it scans around 1963 SNPs in 225 genes
involved in the absorption, distribution, metabolism,
and elimination of drugs approved by the US FDA, in
addition to few important target genes such as VKORC1
[64]. The PGx program at AUB, and in its efforts to get
more discriminating information despite small numbers,
was the first to apply this array in the Middle East and
used it for the evaluation of docetaxel toxicity in Leba-
nese breast cancer patients. The selection of the “right”
phenotype is paramount in this kind of study; accord-
ingly, febrile neutropenia was chosen as the primary
end point since it is a clinically significant and fairly
common adverse effect following docetaxel treatment.
Twelve SNPs in seven genes (ABCC6, ABCG1, ABCG2,
CYP1A2, CYP2D6, FM02, and FMO3) were found to be sig-
nificantly associated with febrile neutropenia following
docetaxel treatment. In addition, one SNP in the FMO3
gene (rs909530) was significantly associated with three
clinical endpoints: reduced absolute neutrophil count,
febrile neutropenia, and hemoglobin reduction. Interest-
ingly, most of these SNPs were not previously reported
to be associated with toxicity after docetaxel treatment,
since most previous reports assessed a small number
of functional variants in candidate genes previously
known to be responsible for either clearance or toxicity
of docetaxel [65]. This study, although limited by a small
sample size, underscores the importance of advanced
OMICS technologies in PGx research and potential clini-
cal applications, especially when the discovery of new
candidate genes is followed by functional studies that
evaluate the potential role of the aberrant proteins in
drug kinetics and dynamics. Nevertheless, this study is
considered hypothesis generating as, in order to trans-
late the findings into clinically applicable strategies of
treatment, one must repeat the analysis on a larger scale
and validate the results in another cohort.

Limitations of pharmacogenomics
clinical translation
Despite the fast-growing literature, clinical translation of

PGx data is still rather limited. It seems that many exist-
ing challenges are yet to be overcome prior to an extensive
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adoption of PGx-based diagnostics and therapeutics.
Countries with emerging and developing economies, such
as Arab countries, including Lebanon, are characterized
by distinct cultural and social norms. It is hence antici-
pated that efforts for the clinical translation of PGx will
be faced with different challenges and barriers when com-
pared with those in countries with advanced economies.
In the absence of data on these issues, surveys were deliv-
ered and three original research articles were published
on the (1) underutilization of genetic services by Middle
Eastern primary care practitioners, (2) the attitudes of
health care professionals toward PGx testing, and (3) a
comparison between developing and developed coun-
tries regarding the clinical application of PGx [66-68].
The results of these surveys revealed that, in addition to
cost and ethical dilemmas, physician education is the
key factor in enhancing the clinical application of PGx,
as insufficient physicians’ awareness and/or knowledge
about PGx, unclear guidelines regarding management
after conducting PGx tests, and physicians’ skepticism
regarding PGx information were perceived as top barriers
for the adoption of PGx in the clinic.

Due to the paucity of current clinical applications of
PGx testing in Lebanon, it is difficult for institutions, such
as AUB, to discuss practical PGx examples. That is why, and
in preparation for PGx clinical applications to ultimately
become a reality, we at AUB are spending 4 h teaching
second year medical students about PGx. Most importantly,
we discuss the ACCE (Analytical validity, Clinical valid-
ity, Clinical utility and Ethical, legal & social issue) frame-
work of the Centers for Disease Control and Prevention [69],
with a focus on clinical utility, and we include an exercise
whereby we ask students to find the “evidence” for warfarin
PGx-based dosing using the Pharmacogenomics Knowledge
Base website [70]. This task allows students to critically
evaluate as well as compare and contrast the different PGx
practice guidelines including the reviews and recommenda-
tions of the Clinical PGx Implementation Consortium [70].

Conclusions and future perspectives

Despite major advances witnessed in the field of PGx in
the last decade, a lot still needs to be done in the Arab
world, in general, and in Lebanon, in particular. Despite
having well-trained Lebanese PGx physician scientists,
lack of extramural funding opportunities and collabora-
tions is a major roadblock for broadening the research
horizon and pursuing larger projects, more ambitious
aims, and actionable results.
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Researchers have so far applied the “candidate
gene” PGx approach on a relatively small number of
participants, and there was only one attempt to use
higher throughput analysis, although with a very
limited sample size. There is therefore an urgent need
to perform more extensive genotyping and to include
bigger and more representative population samples
such as by developing research registries and prospec-
tively following up patients. In addition, enzyme activity
phenotyping studies ought to be done because, in addi-
tion to genetic polymorphisms, enzyme activity may be
affected by environmental factors, endogenous metabo-
lism, and disease state that may be peculiar to the Leba-
nese. To our knowledge, none of this type of studies has
been performed on the Lebanese population. Finally,
many technologies and research applications, such as
metabolomics and epigenetics, that complement and
enhance PGx research and applications need to be
actively pursued.

Overcoming barriers and enhancing PGx research in
Lebanon will hopefully enable a new paradigm of practice
that moves away from “one dose fits all” medicine toward
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