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Abstract
Biotransformation or metabolism is responsible for elimination of 70% of drugs 
available in the market today [1]. Drug-metabolizing enzymes (DMEs) are an 
assorted group of enzymes responsible for metabolizing xenobiotics such as 
drugs, carcinogens, pesticides, and food toxicants as well as endogenous com-
pounds such as prostaglandins, steroids, and bile acids [2, 3]. R.T.  Williams 
coined the concept of two-phase elimination of xenobiotics; reactions such as 
oxidation, reduction, and hydrolysis are categorized as phase I or activating 
reactions, while conjugation reactions constitutes phase II reactions and are gen-
erally detoxifying in nature [4]. Cytochrome P450 (CYP) families of enzymes 
are responsible for catalyzing majority of phase I reactions. Phase I reactions 
convert lipophilic molecules to their water-soluble counterparts [4]. Phase II 
reactions are catalyzed by enzymes such as uridine diphosphate glucuronosyl-
transferase (UGT), glutathione transferases (GSTs), N-acetyltransferase (NAT), 
and sulfotransferases (SULTs) [4]. Phase II enzymes catalyze conjugation of 
water- soluble molecules to intermediates of phase I reactions for the purpose 
of improving water solubility. In most cases, the net outcome of both phase I 
and phase II types of reactions is to impart hydrophilicity to xenobiotics and 
facilitate their elimination from the body. However, phase I and phase II reac-
tions can also activate inert compounds to pharmacologically active entities 
[5], toxic end products, and procarcinogens into carcinogenic compounds [4, 
6, 7]. CYPs and phase II metabolizing enzymes are known to exhibit polymor-
phism and have been associated with interindividual variability in drug response  
and toxicity.
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9.1  Introduction

Biotransformation or metabolism is responsible for elimination of 70% of drugs 
available in the market today [1]. Drug-metabolizing enzymes (DMEs) are an 
assorted group of enzymes responsible for metabolizing xenobiotics such as drugs, 
carcinogens, pesticides, and food toxicants as well as endogenous compounds such 
as prostaglandins, steroids, and bile acids [2, 3]. R.T. Williams coined the concept 
of two-phase elimination of xenobiotics; reactions such as oxidation, reduction, and 
hydrolysis are categorized as phase I or activating reactions, while conjugation reac-
tions constitutes phase II reactions and are generally detoxifying in nature [4]. 
Cytochrome P450 (CYP) families of enzymes are responsible for catalyzing major-
ity of phase I reactions. Phase I reactions convert lipophilic molecules to their 
water-soluble counterparts [4]. Phase II reactions are catalyzed by enzymes such  
as uridine diphosphate glucuronosyltransferase (UGT), glutathione transferases 
(GSTs), N-acetyltransferase (NAT), and sulfotransferases (SULTs) [4]. Phase II 
enzymes catalyze conjugation of water-soluble molecules to intermediates of phase 
I reactions for the purpose of improving water solubility. In most cases, the net out-
come of both phase I and phase II types of reactions is to impart hydrophilicity to 
xenobiotics and facilitate their elimination from the body. However, phase I and 
phase II reactions can also activate inert compounds to pharmacologically active 
entities [5], toxic end products, and procarcinogens into carcinogenic compounds 
[4, 6, 7]. CYPs and phase II metabolizing enzymes are known to exhibit polymor-
phism and have been associated with interindividual variability in drug response 
and toxicity.

Interpatient variation of drug metabolism has paramount role in determining the 
safety and efficacy of drugs in various populations. Identification of acetylation poly-
morphism in the early 1960s was the very first evidence of polymorphism of drug-
metabolizing enzymes [8]. The next crucial discovery in the area of pharmacogenetic 
variation in drug metabolism was the discovery of polymorphism in CYP 450 family 
of drug-metabolizing enzymes [1]. Since then, we have come a long way accepting 
the role of genetics in determining the fate of drug metabolism in individuals, as 
evidenced by the development of PCR-based tests enabling testing of common 
genetic polymorphisms of drug-metabolizing enzymes [1]. Although, the application 
of pharmacogenomics in regular clinical practice is not increasingly prevalent, con-
stant efforts are made to advance toward having wider application of pharmacoge-
nomics in clinical practice. The recent impetus from FDA to include pharmacogenetic 
information on approximately 10% of currently marketed drugs also attests to the 
fact that pharmacogenomics of drug metabolism is the need of the hour [1]. The 
number of drugs requiring pharmacogenetic tests is expected to grow in the future as 
more and more data is obtained on interpatient variations in the form of standardized 
clinical trials and post-marketing studies. The FDA is making constant efforts in 
providing detailed recommendations about the use of pharmacogenetic tests in clini-
cal practice. The recommendations are updated on a quarterly basis [1].

The following sections will address the functional polymorphism of both phase 
I and phase II enzymes and their influence on safety and efficacy of drugs.
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9.2  Phase I Metabolic Enzymes

Majority of phase I metabolism is catalyzed by Cytochrome P450 family of 
enzymes.

Cytochrome P450 are a large group of DME belonging to hemoproteins super-
family of enzymes. They are found mainly in hepatocytes but are also present in the 
small intestine, lungs, kidneys and brain. As shown in Fig. 9.1, CYP1, CYP2, and 
CYP3 are three major families responsible for the oxidative metabolism of drugs 
[9]. The human CYP genes are greatly polymorphic. The peer-reviewed informa-
tion of various alleles is summarized at the human CYP allele nomenclature home 
page (www.cypalleles.ki.se) present on the server at Karolinska Institutet [10]. The 
website hosts information about more than 350 functionally different alleles [10]. 
According to the website, the highest numbers of alleles described are CYP2D6 (63 
alleles), CYP 2B6 (28 alleles), CYP1B1 (26 alleles), and CYP2A6 (22 alleles) [10]. 
The functional CYP polymorphisms consist of gene deletions, gene duplications, 
and deleterious mutations creating inactive gene products [10]. Additionally, 
changes in amino acid sequence due to mutation can change the substrate specific-
ity. The polymorphism in CYP enzymes can result in copy number variation where 
multiple functional gene copies of one allele can result in increased enzyme activity 
and increase in drug metabolism [11, 12]. The most important polymorphic CYP 
enzymes with respect to drug metabolism are CYP1A2, CYP2A6, CYP2B6, 
CYP2C8, CYP2C9,CYP2C19, CYP2D6, and the CYP3As (Fig. 9.1) [10]. The fol-
lowing sections will address the polymorphism of above listed enzymes with spe-
cial emphasis on clinical significance.
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9.2.1  CYP 1A2

CYP1A2 is one of the major CYPs in the human liver amounting to be approxi-
mately 13–15% of total CYP enzymes and is responsible for metabolizing 15% of 
clinically available drugs such as clozapine, theophylline, tacrine, zolmitriptan, 
duloxetine, and verapamil to name few [13]. Environmental factors and genetic 
mutations are responsible for the large interindividual variability in the elimination 
of drugs metabolized by CYP1A2 [14, 15].

Various modeling studies have suggested that the majority of CYP1A2 substrates 
are hydrophobic with high logP values suggesting the role of hydrophobic interac-
tions in the binding to CYP1A2 [15]. CYP1A2 along with CYP1A1 and 1B1 also 
play a crucial role in the bioactivation of procarcinogens such as aromatic amines and 
polycyclic aromatic hydrocarbons [16]. There are wide interindividual differences 
(10–200-fold) in CYP1A2 expression and activity [15]. There have been reports of 
approximately 15- and 40-fold interindividual variations in CYP1A2 mRNA and 
protein levels in human livers [17]. The frequencies of poor metabolizers who are 
nonsmokers were reported to be 5% in Australians, 14% in Japanese, and 5% in 
Chinese [18]. There is clear difference in increased CYP1A2 activity in different 
races; Swedes have 1.5-fold higher activity as compared to Koreans [19]. Asian and 
African populations have been reported to have lower CYP1A2 activity as com-
pared to Caucasians [20]. The NCBI dbSNP database (www.ncbi.nlm.nih.gov) 
reports that more than 200 polymorphisms exist in CYP1A2 gene. Polymorphisms 
in CYP1A2*1C, CYP1A2*1D, CYP1A2*1E, and CYP1A2*1F were reported in 
Japanese population. Of the polymorphic alleles, CYP1A2*1C, *1D, *1F, and *1K 
have been associated with altered enzyme activity [13]. Concerning mutations in 
the regulatory regions, alleles CYP1A2*1F and CYP1A2*1K have received sub-
stantial attention [12]. The CYP1A2*1F allele contains 163C>T mutation in intron 
1, and this has been shown to influence the inducibility of the gene and affect the 
intensity of increase of in vivo caffeine metabolism after both smoking [21, 22] 
and omeprazole treatment [23]. A variant of this allele is found in African popu-
lations [24]; in addition to 163C>T, it also contains −729C>T which abolishes 
binding site of an Ets nuclear factor resulting in significant decrease in CYP1A2 
expression and caffeine metabolism.

A number of clinical studies have been conducted to study the impact of CYP1A2 
polymorphisms on drug metabolism, clearance, and response. Resistance to clozapine 
therapy due to increased metabolism and lower plasma levels in smoking schizo-
phrenic patients possessing CYP1A2*1F allele was reported [25, 26]. Higher concen-
trations of clozapine and its metabolite N-desmethylclozapine was detected in patient 
carrying the two CYP1A variants associated with reduced enzyme activity [27]. In 
spite of the absence of any functional gene variants, many epidemiological associa-
tion studies have been published to link particular polymorphic sites to disease sus-
ceptibility [14, 15]. Numerous reports have surfaced suggesting the role of CYP1A2 
polymorphism and susceptibility to cancers such as bladder cancer [28], adenocarci-
noma, lung cancer [29], and head and neck squamous cell carcinoma [30]. Additionally, 
the relationship between polymorphism and disease susceptibility for conditions such 
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as myocardial infarction, tardive dyskinesia, and schizophrenia as well as recurrent 
pregnancy loss was reported without much consensus information [14, 15].

9.2.2  CYP2A6

CYP2A6 is mainly expressed in hepatic tissue and is responsible for metabolizing 
several important therapeutic agents, toxins, and procarcinogens [31]. It is also 
known to be responsible for the metabolism of nicotine and its metabolite cotinine 
and is touted to be the responsible factor in interindividual variability in nicotine 
metabolism, smoking behavior, and the risk of tobacco-related cancer [32–34]. A 
large amount of interindividual variability in CYP2A6 activity is reported by the 
in vitro and in vivo estimation of CYP2A6 activity by measuring coumarin oxida-
tion [35]. As with any polymorphic enzyme, CYP2A6 shows ethnic variation in 
interindividual variability with 1% Caucasians and 20% of Asians being PM. 
CYP2A6 expression can only be slightly induced suggesting that the environmental 
factors contribute very little to the CYP2A6 variability. Single amino acid deletion 
in CYP2A6*2 makes the enzyme inactive, whereas CYP2A6*4 has gene deletion 
causing decrease in enzyme activity and is seen in majority of PM in the Asian 
population. Additionally, the variants CYP2A6*5 and CYP2A6*20 result in abol-
ished activity of the enzyme [10]. Eight additional CYP2A6 alleles (*6, *7, *10, 
*11, *12, *17, *18, and *19) lead to enzymes with limited activity [10]. As CYP2A6 
is greatly involved in the metabolism of nicotine and cotinine, the genetic variations 
and interindividual difference play a role in smoking and tobacco-related cancer 
risks [32, 34].

9.2.3  CYP2B6

CYP2B6 is relevant for the metabolism of anticancer drugs such as cyclophospha-
mide and ifosfamide and HIV drugs like efavirenz and nevirapine [36–38]. The 
human CYP2B6 gene is highly polymorphic and has 29 allelic variants many of 
which are responsible for increased, decreased, or complete lack of activity [39]. 
The alleles with lower expression or activity includes CYP2B6*6, CYP2B6*16, 
and CYP2B6*18 [40, 41]. CYP2B6*6 variants are observed in 20–30% frequency 
in different populations; CYP2B6*16 and CYP2B6*18 occur commonly in Black 
population with the frequency of 7–9% [40, 41]. In various clinical studies, it has 
been proven that the subjects homozygous for combinations of the alleles includ-
ing CYP2B6*6, CYP2B6*16, and CYP2B6*18 show lower rate of metabolism of 
CYP2B6 substrates [40, 41]. The 516G>T and 785A>G mutations resulting in 
amino acid substitutions and Q172H and K262R in CYP2B6*6 allele give rise to 
haplotypes with high or low activity of CYP2B6. The clinical relevance of 
CYP2B6- mediated interindividual variability still needs more investigation and 
development of efficient tools to predict the specific capacity for metabolism of 
CYP2B6 substrates.
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9.2.4  CYP2C8

CYP2C8 is crucial for the metabolism of drugs such as repaglinide, rosiglitazone, 
pioglitazone, paclitaxel, chloroquine, amiodarone, and dapsone among others. The 
withdrawal of cerivastatin due to severe or sometimes fatal rhabdomyolysis was a 
strong evidence of relevance of CYP2C8-mediated drug interactions. Most of the 
cerivastatin adverse effects were observed when gemfibrozil, a CYP2C8 inhibitor, 
was coadministered [42, 43].

In vitro variation in the metabolism of CYP2C8 substrates and CYP2C8 expres-
sion is very large [44]; however, lack of standardized test to the phenotype activity 
makes the estimation of in vivo variation rather difficult.

Several coding region SNPs have been reported in the CYP2C8 gene with crucial 
interracial variations; CYP2C8*2 is observed in Africans, while CYP2C8*3 and 
CYP2C8*4 are mainly found in Caucasians [45, 46]. There are additional two SNPs, 
*1B and *1C, described in the promoter region of CYP2C8 [44]. In vitro studies 
using heterologous proteins revealed that CYP2C8.3 had reduced activity using 
paclitaxel as substrate; however, there was no difference in amiodarone metabolism. 
In vivo studies are inconclusive as mentioned above due to lack of proper evaluation 
tools. Two recently identified haplotypes of CYP2C8 have both lower and higher 
activity of the enzyme when tested with paclitaxel and repaglinide as substrates 
[47]. It was shown that high-activity allele carried CYP2C8*1B which binds nuclear 
factor, while Ile26Met present in CYP2C8*4 was part of the low-activity haplotype 
[10]. Therefore, CYP2C8 is a highly conversed gene that has no important func-
tional allele or null alleles distributed among individuals. The clinical relevance of 
CYP2C8 needs further investigation and validation.

9.2.5  CYP2C9

CYP2C9 is mainly expressed in the liver forming 20% of the total CYP content and is 
the highest expressed among the CYP2C enzymes. CYP2C9 is responsible for metabo-
lizing 10% of all drugs including nonsteroidal anti-inflammatory drugs (NSAIDs), anti-
diabetics, anti-infectives, hypnotics, antiepileptics, oral coagulants, sulfonylureas, 
psychotropics, and angiotensin receptor blockers [10]. A large interindividual variability 
in CYP2C9 activity is reported which is also responsible for interindividual variations in 
drug response and adverse effects. The variations could be the result of environmental 
factors, such as induction by prototypical CAR, GR, and PXR ligands through different 
elements in the promoter gene [48]. Multiple single nucleotide polymorphisms within 
CYP2C9 are reported, and at least 13 of these SNPs encode for CYP2C9 alleles [49, 50]. 
The polymorphic behavior of CYP2C9 is predominantly determined by two common 
coding variants, CYP2C9*2 (R144C) and CYP2C9*3 (I359L), both of which produces 
enzyme with decreased activity. CYP2C9*2 and CYP2C9*3 are present in Caucasians 
with 11 and 7% frequency, respectively. The frequency is lower in Africans and Asians 
[51]. It has been shown that the substrate affinity of CYP2C9.2 is unaffected for some 
substrates, whereas it is drastically reduced for the others [52]. However, CYP29.3 shows 
significant reduction in the catalytic activity as compared to the wild type [52]. The drugs 
metabolized by CYP2CP include S-warfarin, glimepiride, glyburide, tolbutamide, angio-
tensin receptor blockers, fluvastatin, and NSAIDs such as celecoxib, diclofenac, 
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flurbiprofen, and ibuprofen [53]. CYP2C9*2 has significant impact on the clearance of 
S-warfarin, tolbutamide, and celecoxib and does not significantly impact others [53]. In 
case of CYP2C9*3 heterozygous individuals, the clearance for most substrates was 50% 
as compared to the wild type, while in case of CYP2C9*3 homozygous individuals, the 
reduction was five- to tenfold. All in all, CYP2C9 polymorphism is of great clinical sig-
nificance and should be taken into account for effective therapeutic outcome.

9.2.6  CYP2C19

CYP2C19 is an important CYP enzyme located on chromosome 10. A range of drugs 
have been found to be substrates, inhibitors of inducers of this enzyme. Some of the 
important substrates of CYP2C19 are TCA and SSRI antidepressants, PPIs, anti-
platelet drug clopidogrel, antiepileptics like diazepam, mephenytoin, phenobarbital, 
and anticancer drug cyclophosphamide. Polymorphism in CYP2C19 (mainly *2, *3) 
is responsible for poor metabolizer (PM) genotype in ~3–5% Caucasians and ~15–
20% Asians [54]. The safety and/or efficacy of CYP2C19 substrates can be compro-
mised in these individuals, and major clinical outcome is affected in PM. Sagar et al. 
studied the effect of CYP2C19 genotype affecting omeprazole metabolism and sub-
sequently its effect on acid inhibition. They found that analysis of CYP2C19 geno-
type may be important to avoid negative effects on therapy especially for patients on 
long-term treatment [55]. Similarly, PMs can show reduced effectiveness to clopido-
grel as it is not effectively converted to the active metabolite. Out of the total dose of 
clopidogrel administered, only 15% of prodrug is converted to the active metabolite, 
while the remaining 85% is converted to inactive derivatives by the action of ester-
ases (Fig. 9.2). CYP2C9 contributes to 21% of the active metabolite generation [56]. 
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CYP2C19*2 carriers have been reported to have diminished antiplatelet activity of 
clopidogrel due to reduction in generation of active metabolite [57, 58]. Omeprazole 
and clopidogrel which can be prescribed together as PPIs may reduce the risk of 
gastrointestinal bleeding in patients receiving clopidogrel after acute coronary syn-
drome or percutaneous coronary intervention. In this pharmacogenomic-based DDI, 
effects can be more pronounced. Lately, US FDA has issued a warning that PPI 
omeprazole reduces the antiplatelet effect of clopidogrel by about 50% by inhibiting 
CYP2C19 isoenzyme. Although the clinical outcome of this DDI is still not clear, 
caution must be exercised when using clopidogrel and omeprazole together. 
Polymorphism in CYP2C19 (*17) has been found to be responsible for extensive 
metabolizer (EM) status of a patient. Approximately 18–20% Caucasian and 
Ethiopians are found to be EMs and can affect metabolism of a variety of drugs [59]. 
Study shows that increased metabolism of omeprazole in carriers of CYP2C19*17 
allele may be responsible for subtherapeutic drug expossure [60].

9.2.7  CYP2D6

CYP2D6 encompasses the largest number of protein variants among all the CYPs. 
CYP2D6 is responsible for metabolizing a large number of drugs (~50%) in the 
market today, and polymorphism in CYP2D6 can significantly affect metabolism of 
these drugs, thus altering therapeutic outcome. Some of the important CYP2D6 
substrates are TCAs, SSRIs, typical antipsychotics, opioid analgesics, antiemetics, 
β-blockers, and some antiarrhythmics [61]. CYP2D6 is the only CYP enzyme which 
is not inducible, and so the interindividual variation is a result of genetic variations. 
The polymorphism of CYP2D6 is of great clinical significance due to its role in 
metabolizing the large number of currently used drugs. More than 63 different func-
tional CYP2D6 have been reported, and they are classified into alleles causing abol-
ished, decreased, normal, and ultrarapid enzyme activity. Different protein variants 
account for normal (*1, *2), extensive (*1xN, *2xN, *33, *35x2), intermediate (*9, 
*10, *17, *29, *41, *49, *50, *54, *55, *59, *72), and poor metabolizers (*3–*8, 
*11–*16, *18–*21, *31, *36, *38, *40, *42 *44, *47, *51, *56, *62) of CYP2D6 
[10, 61]. CYP2D6*4 allele is found to be higher in Caucasians, *10 in Asians, and 
*17 in Africans. PM 7–10% in Caucasians [62–66] is mainly due to CYP2D6*3 
and*4. Only up to 1% Asians are PMs. CYP2D6*10 is the most frequent allele in 
Asians, and this variation accounts for 50–70% variation due to CYP2D6 protein 
variants [67]. CYP2D6*17 is most frequently seen in Africans, and it has been esti-
mated that Zimbabweans account for 34% CYP2D6 variation due to CYP2D6*17 
alone [68]. Although the PM phenotypes are at higher risk for adverse drug reac-
tions, the UM phenotype areas are also vulnerable to adverse reactions as a result of 
high concentration of metabolite. A tragic example of UM experiencing adverse 
effects is incidence of death of a healthy newborn as a result of breastfeeding by a 
UM mother taking high dose of codeine for the mitigation of postpartum pain; 
codeine was metabolized into morphine (Fig.  9.3) which was transmitted to the 
infant via breast milk in toxic quantities leading to severe respiratory depression and 
death [69]. It is reported that in UMs, the concentration of metabolites can go up to 
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10–30-fold as compared to normal metabolizers. The other side of the coin is that 
UMs can be unresponsive to drugs such as antidepressant due to extensive inactiva-
tion of the drugs [70].

CYP2D6 is involved in metabolism of tamoxifen to yield active and much potent 
metabolite endoxifen. CYP2D6 PMs will show reduced response when tamoxifen is 
used for treatment of breast cancer. Besides that, inhibitors of CYP2D6 also led to 
lower than normal levels of plasma endoxifen [71–73]. Some studies show that PM 
with breast cancer demonstrated a shorter time to recurrence or shorter survival time 
[74–76]. However, some retrospective studies do not agree with this. Still PM of 
tamoxifen can affect clinical outcome, and caution should be exercised in prescribing 
tamoxifen to these patients. Drugs such as antidepressants that are known to decrease 
the activity of CYP2D6 will have decrease in therapeutic activity of tamoxifen.

CYP2D6 polymorphism has significant effect on tramadol drug therapy. 
Tramadol is metabolized to an active metabolite, O-demethyl tramadol, by CYP2D6. 
The CYP2D6 genotype has shown to be the determinant factor in dictating concen-
tration of O-demethyl tramadol thereby affecting the efficacy of tramadol [77]. PMs 
for CYP2D6 have less response to postoperative tramadol analgesia as compared to 
the EMs [78].

All in all, the polymorphism of CYP2D6 is the most clinically relevant polymor-
phism affecting drug therapy [79]. Genotyping will help in explaining the non- 
responsiveness or susceptibility to adverse reactions of CYP2D6 substrates in 
various individuals.

9.2.8  CYP3A4/5/7

The clinically relevant members of CYP3A isoform include CYP3A4, 3A5, and 
3A7. All three enzyme subfamilies have wide substrate specificity due to which they 
are the most important drug-metabolizing subfamily. CYP3As are expressed 
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primarily in liver and intestine and is responsible for metabolizing 45–60% of cur-
rently marketed drugs. CYP3A isoforms are also responsible for first-pass metabo-
lism of its substrates. CYP3A expression and activity are affected by a combination 
of genetic, nongenetic, and environmental factors resulting in vast interindividual 
variability [80]. Up to 40-fold interindividual variations are seen for substrates such 
as triazolam, midazolam, and ciclosporin [81]. CYP3A4 has the highest activity 
toward common CYP3A substrates as compared to other isoforms [82]. In case of 
CYP3A5 and CYP3A7, clinically significant variations includes CYP3A5*3 and 7 
and CYP3A7*1B and *1C, respectively [80]. In spite of having the large contribution 
of CYP3A4 toward drug metabolism and also associated variability, the polymor-
phisms affecting CYP3A4 are not widely reported except the most recent report of 
*22 allele. The effect of polymorphisms in CYP3A5 and CYP3A7 on drug metabo-
lism is dependent on the concomitant expression status of CYP3A4 [81]. The follow-
ing subsections will briefly address the polymorphisms in CYP3A4, 5, and 7.

Extensive studies of allelic variants of CYP3A4 have revealed variant proteins of 
CYP3A4 with diminished activity (*6, *17, and *20). These alleles are not consid-
ered as the reason for interindividual variations due to their low frequency of occur-
rence. It has been shown that the difference in transcription rate of CYP3A4 is the 
main cause of interindividual variability [83]. Despite multiple efforts, the exact 
mechanism of CYP3A4 expression variability is still unknown.

CYP3A5 is highly polymorphic as a result of mutations that drastically reduce 
the enzyme activity. The common variations include, CYP3A5*3, 6, and 7 out of 
which CYP3A5*3 is the most common defective allele with an allele frequency of 
about 90, 75, and 20% in Caucasians, Asians, and Africans, respectively [84, 85]. 
However, CYP3A5*6 and CYP3A5*7 are not present in Caucasians and Asians and 
are 17 and 8% in Africans, respectively [86]. As mentioned above, many drugs 
metabolized by CYP3A5 are also substrates for CYP3A4, so distinguishing the 
effect of CYP3A5 polymorphism on drug metabolism is rather difficult.

CYP3A7 is mainly expressed in fetus, with its expression starting after 50–60 days 
of gestation and continuing up to 6 months of postnatal age [87]. The interindividual 
variation of CYP3A7 is important because the enzyme is responsible for metabolizing 
endogenous compounds and xenobiotics reaching the fetus through maternal circula-
tion; the degree and extent of metabolism will have an effect on embryotoxicity and 
teratogenicity. CYP3A7 shows one frameshift mutation (CYP3A7*2) [88] and one 
coding polymorphism (CYP3A7*2). The CYP3A7*2 SNP codes for enzyme have 
slightly higher activity than CYP3A7*1 and have an allele frequency of 8, 28, and 62% 
in Caucasians, Asians, and Africans, respectively [89]. In vitro studies using fetal liver 
microsomes did not report any significant differences in the metabolism of dehydroepi-
androsterone (DHEAS) by the liver carrying CYP3A7*2 and CYP3A7*1 [90]. In addi-
tion to polymorphisms resulting in alternative CYP3A7 proteins, a genetic promoter 
CYP3A7*1C is reported to be pertinent for the expression of CYP3A7 [91]. The carri-
ers of CYP3A7*1C alleles have high expression of CYP3A7 which showed decreased 
DHEAS levels in a small clinical study conducted in 208 elderly women and 345 
elderly men [92]. There were some reports of correlating CYP3A7*1C expression and 
bone density in elders, but the findings were inconclusive. The effect of CYP3A7 poly-
morphism on drug metabolism and disease pathology needs further research.
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9.3  Phase II Metabolic Enzymes

Phase II reactions involve conjugation of functional groups with endogenous mol-
ecules generally aimed at increasing water solubility of xenobiotics. Some of the 
important phase II reactions are sulfonylation/sulfation, glucuronidation, acylation, 
methylation, and amino acid and glutathione conjugations as shown in Fig.  9.4. 
Different types of enzymes are involved in these conjugation reactions, and poly-
morphism in these enzymes can significantly affect drug’s safety and efficacy, two 
important criteria due to which drug fails in clinic. Given below are some of the 
important reactions and enzymes involved in phase II metabolism.

9.3.1  Glucuronidation

UDP (uridine diphosphate)-glucuronosyltransferases commonly known as UGTs 
are the most common group of glucuronidation enzymes. Some of the common 
functional groups susceptible to glucuronidation are hydroxyl (–OH), amine  
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(–NH2), and carboxyl (–COOH) groups. Generally, glucuronide conjugates are 
much less active than the parent molecule and result in terminal metabolite that can 
be readily eliminated by kidneys. Some of the common drug substrates for UGTs 
are NSAIDs, acetaminophen, hydroxysteroids, benzodiazepines, irinotecan, inda-
caterol, and nilotinib. UGTs are mainly represented by three gene subfamilies: 
UGT1A, UGT2A, and UGT2B. Protein variants of diverse UGTs have been reported 
that affects biotransformation and clearance of drugs. Some of these variants have 
clinically significant effect on the efficacy and/or safety of drugs. One important 
example is the metabolism of irinotecan, a topoisomerase II inhibitor indicated for 
metastatic colorectal cancer. As shown in Fig. 9.5, UGT1A1, UGT1A6, and UGT 
1A7 are mainly involved in glucuronidation of active metabolite of irinotecan. Gene 
variant UGT1A1*28 has been found to be mainly responsible in diminishing metab-
olism of active metabolite leading to clinically relevant toxicities like neutropenia 
and diarrhea [93, 94]. FDA has updated irinotecan label recommending dose reduc-
tion for individuals having homozygous alleles of UGT1A1*28. Studies have shown 
that gene variant UGT1A1*6 can also affect glucuronidation during irinotecan 
metabolism [95].

Similarly, drugs can inhibit protein variants of UGTs and may result in toxicity 
arising due to altered metabolism of endogenous molecules. One such example is 
the use of HIV protease inhibitor – atazanavir; this drug inhibits UGT1A1, UGT1A3, 
and UGT1A4. It has been found that individuals homozygous for UGT1A1*28 
receiving atazanavir showed higher incidence of jaundice due to altered metabolism 
of bilirubin, a well-known substrate for UGTs [96].

Similarly, there are studies on significance of role of the UGT1A8*2 variant 
allele on mycophenolate mofetil-induced diarrhea [97] and diclofenac-induced hep-
atotoxicity due to genetic variation in UGT2B7, CYP2C8, and ABCC2 [98].

9.3.2  Methylation

Methylation is a very important phase II reaction mainly targeting endogenous mol-
ecules containing hydroxyl (–OH), amine (–NH2), or thiol (–SH) functional groups. 
Catecholamines like epinephrine and norepinephrine are deactivated by catechol- O- 
methyltransferases (COMT) that catalyze the transfer of a methyl group to one of 
the catechol hydroxyls. Similarly, N-methylation of norepinephrine to epinephrine 
is mediated by phenylethanolamine N-methyltransferase in kidneys. S-adenosyl 
methionine (SAM) was found to be a common cofactor mediating methylation. 
Some of the important methylating enzymes exhibiting clinically significant poly-
morphism are thiopurine methyltransferases (TMPTs) and COMT.

9.3.2.1  Thiopurine Methyltransferase (TMPT)
Thiopurines represent three important drugs useful as immunosuppressant or as anti-
cancer. Azathioprine (Imuran) is useful to prevent organ rejection and other autoim-
mune diseases like Crohn’s diseases and ulcerative colitis (UC). 6- mercaptopurine 
or 6-MP (Purinethol) is generally useful for treating certain types of leukemia and 
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also acts as immunosuppressive agent for Crohn’s diseases and UC. Thioguanine 
or 6-TG (Tabloid) is another purine antagonist that acts as an antimetabolite and 
interferes with the synthesis and metabolism of endogenous purine nucleotides. As 
shown in Fig.  9.6, 6-MP and 6-TG must be converted to active thiopurine ribo-
nucleotide by HGPRT (hypoxanthine-guanine phosphoribosyltransferase). This 
intermediate is then methylated by TMPT to form active S-methylthiopurine ribo-
nucleotide to exert cytotoxic action. TMPT is also an important enzyme to terminate 
the effects on 6-MP or 6-TG by methylation. Individuals with polymorphism in 
TMPT have less capacity to deactivate these thiopurines which leads to overproduc-
tion to cytotoxic thiopurine nucleotides. These excessive activated nucleotides can 
result in life-threatening toxicities like myelosuppression. Further, clinical efficacy 
will be compromised due to altered metabolism. Similarly, as shown in Fig. 9.7, 
azathioprine first gets converted to 6-MP nonenzymatically, but the next activation 
step requires HGPRT similar to 6-MP and 6-TG metabolism. Subsequently TMPT 
is required to terminate this drug’s effect. So, protein variants of TMPT can alter 
azathioprine’s clinical outcome as well.
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Fig. 9.6 Bioactivation of 
6-MP and 6-TG and their 
inactivation to methylated 
analogue. Protein variants 
of TMPT can be 
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myelosuppression
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At the molecular level, TMPT*3 is the most common protein variant that accounts 
for three fourth defective alleles in TMPT. TMPT variants *2, *3A, and *3B are com-
mon polymorphisms seen. Allele frequency varies by ethnic population, and it has 
been found that *3A is the most common variant in Caucasians, while *3C is the most 
common variant in Asians and African-Americans [99].

FDA updated labels of azathioprine and thiopurines to include information about 
TMPT polymorphism and recommends testing of TMPT genotype of a patient 
before starting therapy with these drugs. Depending on TMPT genotype, either dose 
can be modified to achieve similar therapeutic outcomes or alternative therapies can 
be prescribed in patients found to be homozygous. For example, ~10% Caucasians 
are found to be poor TMPT metabolizers and dose of azathioprine and thiopurine 
may be decreased by 10–15- fold to avoid myelosuppression and to keep drug 
plasma levels within therapeutic window.

9.3.2.2  Catechol O-Methyltransferase
COMT has been involved in metabolism of a number of drugs as well as endoge-
nous molecules like central neurotransmitters. Polymorphism in COMT has been 
reported among various ethnic groups, and the frequency of homozygous and het-
erozygous alleles varies. For example, it has been found that 50% Caucasian are 
heterozygous and 25% are homozygous for COMT allele [100]. However COMT 
variation on drug levels has not found to be much clinically significant so far.

9.3.3  Acetylation

N-acetyltransferases (NATs) catalyzes the acetylation reactions generally for amine 
(–NH2) groups and less commonly hydroxyl (–OH) and thiol (–SH) groups. There 
are two isoforms of NAT commonly known as NAT1 and NAT2. Protein variants 
NAT1*10 and *11 alleles are generally referred to as fast acetylators. Genetic varia-
tion in NAT2 is much more common, and a number of variants like *5, *6, *7, *10, 
*14, and *167 are responsible for altered enzyme activity. Patients are mainly cat-
egorized as fast acetylators, normal acetylators, or slow acetylators depending 
upon their NAT genotype variations. Allele frequency varies among different ethnic 
groups as well as within same group [101].

NAT protein variants can affect levels of antituberculosis drug regimen (rifampin, 
isoniazid, and pyrazinamide) as well as antihypertensive combination (hydralazine- 
isosorbide). One well-known example of polymorphism in NAT2 is seen with 
metabolism of hydralazine. As shown in Fig. 9.8, hydralazine undergoes acetylation 
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Fig. 9.8 Acetylation of 
hydralazine and protein 
variants of NAT can affect 
plasma levels of 
hydralazine
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to form inactive acetylated metabolite. In slow acetylators, drug stays in plasma for 
much longer time (plasma t1/2 can be increased from 2 to 4 h to up to 8 h) and 
increases incidence of systemic lupus erythematosus (SLE). In fast acetylators, a 
subtherapeutic response is achieved which is most commonly seen in 50% African- 
Americans and Caucasians and the majority of American Indians, Eskimos, and 
Chinese population.

9.3.4  Sulfation/Sulfonylation

Sulfotransferases (SULTs) catalyze the transfer of sulfonyl (–SO3H) group to vari-
ous drug molecules containing hydroxyl (–OH), thiol (–SH), and amine (–NH2) 
functional groups. For example, sulfonylation is the major route of acetaminophen 
metabolism in children where –OH group is conjugated with sulfonyl group to inac-
tive the drug. Two important genes that exhibit polymorphism are SULT1A1 and 
SULT1A2. One important example of influence of protein variants of SULTs is seen 
with endoxifen, an active metabolite of tamoxifen. It undergoes sulfonylation at 
hydroxyl (–OH) group, and protein variants in SULT1A1*2 and *3 may be respon-
sible for decreased therapeutic response. It has been found that SULT1A1*1 leads 
to rapid sulfonylation of endoxifen which may lead to apoptosis in a breast cancer 
[102]. This suggests that SULTs can play a role in improving survival in cancer 
patients and also in decreased therapeutic response. However, so far no recommen-
dations have been made by the FDA. So, polymorphism can sometimes be helpful 
in understanding a drug’s efficacy and individualize drugs based on patient’s 
genotype.

9.3.5  Glutathione (GSH) Conjugation

Glutathione S-transferases (GSTs) catalyze the transfer of tripeptide molecule 
glutathione (GSH) to electrophilic centers in a drug molecule. Resulting S-bridge 
between glutathione and the drug results from covalent bond formation, and this 
drug-glutathione S-conjugate can be eliminated as such or can further degrade 
tripeptide for elimination. Anticancer alkylating agents and platinum compounds 
are major targets for metabolism by GSTs. There are different types of GST like 
GSTP, GSTA, GSTT, GSTO, GSTZ, and GSTS located on different chromo-
somes. These GSTs can have protein variants affecting metabolism of drugs or 
elimination of their metabolites. For example, GSTP1 is involved in metabolism 
in platinum compounds (cisplatin, oxaliplatin) and may metabolize these drugs 
faster to diminish their therapeutic effects. It has been reported that patients with 
ovarian cancer showing GSTP1*B polymorphism may have better progression-
free survival than patients with GSTP1*A [103]. On the other hand, decreased 
activity of GSTP1 with protein variant can decrease metabolism of platinum 
compounds and can lead to toxicity. Similarly, GSTA1*B lead to increased thera-
peutic effects of cyclophosphamide and increased survival in breast cancer 
patients [104]. Another anticancer drug busulfan undergoes significant 
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metabolism by GSH, and significant differences in plasma levels of drug in dif-
ferent patient populations have been reported [105]. Further studies are needed 
to really understand the role of protein variants of GST on the safety and efficacy 
of these anticancer compounds.

9.3.6  Amino Acid Conjugation

Various amino acids like glycine glutamine, arginine, and taurine can conjugate 
with carboxyl (–COOH) functional group present in drug molecules. This is an 
important metabolic pathway for some drugs like valproic acid and salicylic acid. 
However, so far there are not many reports on significantly altered drug levels due 
to polymorphism in enzymes catalyzing amino acid conjugations.

9.3.7  Impact of Polymorphism on Phase II Enzymes

The FDA periodically updates drug labels as critical information related to pharma-
cogenomics of existing drugs become available, and this can potentially affect clinical 
outcome. This section provides information about some important phase II enzymes 
and their effect on product labeling that the US FDA has updated based on pharma-
cogenomics information that came to surface after the drug was approved in the mar-
ket. Labeling information pertaining to pharmacogenomics of drugs can be found at 
the FDA website, (http://www.accessdata.fda.gov/scripts/cder/drugsatfda/).

9.3.8  Role of Microbiome in Drug Metabolism

The human intestine is home to a complex community of microorganisms known as 
the gut microbiota which has undergone coevolution with its host [106]. The microbes 
function as an organ within themselves with metabolic, immunologic, and endocrine-
like actions that can affect human health [107]. Advances in molecular techniques have 
made it possible for a reliable assessment of gut bacteria. The three types of bacteria 
that dominate human gut include Firmicutes (Gram-positive), Bacteroidetes (Gram-
negative), and Actinobacteria (Gram-positive) [108]. Changes in the structure and 
diversity of the microbiome can affect the overall health of the host and pathological 
states such as inflammatory bowel diseases (IBD), obesity, and diabetes [109–111]. 
Another important area where microbiome has a role is in drug metabolism. Microbiome 
expresses a wide range of enzymes which have the ability to metabolize drugs effi-
ciently and extensively [112]. More than 30 drugs and other bioactive molecules are 
reported to undergo modification/metabolism by gut microbiome [113]. The number of 
the drugs continues to grow as more and more evidence becomes available from in vitro 
and clinical studies. Deducing the exact mechanism of action and the type of microor-
ganisms involved remains unclear due to the complexity of the microbiome. The types 
of reaction catalyzed by gut microbiome include azoreduction, nitroreduction, sulfox-
ide reduction, N-oxide reduction, hydrolysis, acetylation, and deacetylation [114]. 
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Multiple studies have shown that the gut microbiome can affect the pharmacokinetics 
of orally administered drugs having significant impact on the bioavailability [115]. 
There is interindividual variability in the population and structure of gut microbiome; 
therefore, it can be assumed that the variability will be reflected in the degree of meta-
bolic reactions catalyzed by these microorganisms. Microbiome-catalyzed drug metab-
olism complicates the interindividual variability of drug metabolism, which varies 
from individual to individual as a result of pharmacogenomics.

 Conclusion
Drug metabolism is a very complex phenomenon which varies across the patient 
population due to pharmacogenomics of the drug-metabolizing enzymes and the 
host microbiome. Pharmacogenomics of the drug-metabolizing enzymes has 
been studied in detail; there is plenty of data supporting the variability. However, 
the variability due to metabolism by microbiome is an evolving field, which 
should become clearer as we gather evidence and understand the whole process 
with time. Therefore, it is the need of the hour to look at the interpatient vari-
ability from both microbiome and pharmacogenomics of DME point of view.
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