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KEY POINTS

� Drug metabolism typically results in the formation of a more hydrophilic compound that is
readily excreted by the liver, kidney, and/or gut.

� Drug metabolism involves chemical biotransformation of drug molecules by enzymes in
the body; in addition, drug transporters facilitate movement of drugs and metabolites in
and out of cells/organs.

� In rare cases, a metabolite formed from a drug can cause hepatotoxicity.

� Several disease states and altered physiologic conditions can affect the efficiency of the
drug metabolic or transport processes.

� Certain pathophysiologic conditions and use of certain concomitant medications can alter
the metabolism or transport of drugs and metabolites and result in altered pharmacoki-
netic and/or pharmacodynamics of certain drugs.
INTRODUCTION

Drugs are typically small molecules that are generally classified as xenobiotics, which
are foreign to the human body. Several endogenous molecules, however, such as ste-
roids and hormones, are also used for the treatment of certain disease conditions and
are also referred to as drugs. The term, metabolism, refers to the process of transfor-
mation of chemicals from one chemical moiety to another by an enzyme. The most
well-known drug-metabolizing enzymes are cytochrome P450s (CYP450s), which
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are mainly oxidases, reductases, and hydrolases. The primary purpose of metabolism
is to clear endogenous and/or exogenous molecules from the body. Typically, the pro-
cess of metabolism converts lipophilic chemicals to hydrophilic products to facilitate
elimination.1,2 In certain instances, however, drug-metabolizing enzymes convert sub-
stances into their pharmacologically active form. For example, prodrugs (pharmaco-
logically inactive) are synthesized to overcome absorption/bioavailability issues and
they are converted to activate drug after being absorbed into the body. To overcome
the low bioavailability of ampicillin, pivampicillin is synthesized as a prodrug, which
can be hydrolyzed into ampicillin after being absorbed into the blood stream. Another
important example of a prodrug is the use of mycophenolate mofetil to increase the
oral bioavailability of mycophenolic acid.3 Mycophenolic acid is used as immunosup-
pressant in transplant recipient to prevent acute rejection.4

The by-products of metabolism are known as metabolites; they can be either phar-
macologically active or inactive.5 CYP450 enzymes that play a major role in drug elim-
ination are mainly present on the smooth endoplasmic reticulum (ER) and
mitochondria of the hepatocytes and small intestinal epithelia and to a lesser extent
in the proximal tubules of the kidneys.6 The contribution and importance of conju-
gating enzymes and drug transporters are increasingly appreciated.7 These pathways
interplay during the absorption, distribution, metabolism, and excretion of drugs, and
any alterations may result in changes in the pharmacokinetics and pharmacody-
namics of a drug.
This article discusses the major drug-metabolizing/eliminating pathways: phase I,

phase II, and phase III (Table 1). Additionally, the contribution of the primary organs
(liver, gut, and kidneys) involved in drug metabolism is reviewed. In the last part, major
factors that could affect these pathways are summarized.

DRUG METABOLISM PATHWAYS
Phase I Pathway

The most common phase I drug-metabolizing enzymes are represented by CYP450
superfamily. CYP450s are the major group of enzymes that chemically modify drugs
Table 1
Summary of main role of liver, gut, and kidneys in the 3 drug metabolism pathways

Liver Gut Kidneys

Pathway I Hepatic CYP450s are very
important in
metabolism of
xenobiotics and
endogenous molecules.

Enterocytes contain
enzymes that can
metabolize
xenobiotics.

Minimal metabolism
activity but important
in steroid metabolism

Pathway II Liver expresses UGTs and
other conjugation
enzymes; UGTs
metabolize
approximately 40%–
70% of the xenobiotics.

Intestinal enterocytes
participate in
phase II drug
metabolism as
well.

Kidney also makes
significant contribution
in phase II drug
metabolism, but GST is
the main conjugating
enzyme in kidney.

Pathway III Drug transporters uptake
compounds into
hepatocytes and efflux
into bile.

P-gp is well known
to decrease the
bioavailability of
several drugs because
of efflux mechanism
into the gut.

They are important to
actively efflux drugs
into the urine.
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Drug Metabolism in the Liver 3
into their water-soluble products to facilitate the excretion by kidney and/or liver.1 In
the late 1980s, Nebert developed and reported a nomenclature system for CYP450
enzymes. Human CYP450 genes comprise more than 115 gene and pseudogene
members and are among the most extensively annotated mammalian genes, starting
from CYP1A1 and currently ending with CYP51P3.8,9 In humans, CYP450s are distrib-
uted throughout various tissues and organs, including peripheral blood cells, platelets,
aorta, adrenal glands, adipose tissues, nasal tissue, vaginal tissues, seminal vesicles,
brain, lung, kidneys, gut, and liver. Of all the various tissues, liver and small intestine
contribute to the maximum extent to the overall metabolism and elimination of drugs.
Among all the CYP450 enzymes in human liver, CYP3A4 is the most abundant, fol-
lowed by CYP2E1 and CYP2C9, representing approximately 22.1%, 15.3%, and
14.6% of the total CYP450s (based on protein content), respectively (Fig. 1).10

CYP450 enzymes also may be classified based on their major substrates, such as ste-
rols, xenobiotics, fatty acids, eicosanoids, vitamins, and unknown substrates.8

CYP450 enzymes catalyze several reactions, including oxidation, sulphoxidation,
aromatic hydroxylation, aliphatic hydroxylation, N-dealkylation, O-dealkylation, and
deamination. Among all, oxidation is the primary reaction, which leads to addition of
1 or more oxygen atom(s) to the parent drug.2 The CYP450-mediated oxidation pro-
cess is chemically represented in the following scheme:

NADPH1H11O21RH
�!CYP450

NADP11H2O1ROH ;

where, NADPH, RH, and ROH are nicotinamide adenine dinucleotide phosphate (a
cofactor), any oxidizable substrate, and the oxidized metabolite, respectively.
Reduction of the parent compounds is another pathway of phase I drugmetabolism.

This type of reaction is coupled with secondary enzymatic system that is known to be
either NADH cytochrome-b5 reductase system or NADPH cytochrome-c reductase.
This route is important for metabolizing aromatic nitro, nitroso, azo, and N-oxide com-
pounds. Hydrolysis of the parent compounds is also carried out by certain CYP450s,
particularly in case of esters and amides.
CYP450s expression is regulated in different compartments of the cell, nuclei, or

cytosol by many factors. Nuclear receptor–mediated regulation of gene expression
occurs in the nucleus, which is the most critical regulatory pathway, resulting in
Fig. 1. Pie chart showing the expression of various CYP450 enzymes in the liver in the human.
(Data fromAchour B, Barber J, Rostami-HodjeganA. Expression of hepatic drug-metabolizing
cytochrome p450 enzymes and their intercorrelations: a meta-analysis. Drug Metab Dispos
2014;42(8):1352.)
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differential gene transcription. Aryl hydrocarbon receptor is a receptor activated by
several endogenous and exogenous ligands, which activates the gene translation
and synthesis of various CYP450s.11 Both pregnane X receptor (PXR) (NR1I2 [nuclear
receptor subfamily 1, group I, member 2]) and constitutive androstane receptor (CAR)
(NR1I3 [nuclear receptor subfamily 1, group l, member 3]) play similar roles in the regu-
lation of expression of several important CYP450s.12–16

In the cytosol, cofactors, such as NADPH-Cytochrome P450 reductase; cyto-
chrome-b5 reductase; and/or cytochrome-c reductase, are essential to carry out the
biotransformation reactions. Iron is important for CYP450s synthesis and is present
in the center of the binding site between the enzyme and substrate.2,17 Thus, the
different statuses of all these regulators affect the functional activity of CYP450s,
resulting in interindividual and intraindividual variability in the metabolic capacity in a
population. Consequently, differences in the pharmacologic responses to the same
dose of a drug may result due to differences in metabolism and elimination of drugs.18

Apart from CYP450 enzymes, other phase I enzymes can contribute to the clear-
ance of many drugs. Some examples of non-CYP450 enzymes that could metabolize
endogenous molecules and xenobiotics include flavin-containing monooxygenases,
monoamine oxidases, molybdenum hydroxylases, alcohol dehydrogenases, aldehyde
dehydrogenases, aldo-keto reductase, NADPH:quinone reductases, and hydrolytic
enzymes.17

The expression and activity of CYP450 enzymes can be modulated by several fac-
tors. Increased mRNA expression leads to increased protein synthesis and a corre-
sponding increase in the activity of enzymes. Induction of CYP450 enzymes leads
to increased clearance of certain drugs, leading to decreased drug exposure and
response. On the other hand, CYP450 inducers could decrease the risk of hepatotox-
icity of certain drugs. Examples of inducers are rifampin and phenobarbital. Calci-
neurin inhibitors, such as tacrolimus and cyclosporine, and mammalian target of
rapamycin inhibitors, such as sirolimus and everolimus are substrates for CYP3A.19 In-
duction of CYP3A by rifampin increases their metabolism and decreases their expo-
sure, requiring an increase in their dose.
Inhibition of CYP450 enzymes by endogenous or exogenous compounds leads to a

decreased ability of the enzyme to clear the drug. CYP450 inhibitors can drastically
increase the blood levels of various substrates of CYP450 enzymes, leading to
toxicity. Inhibitors of CYP450 enzymes include azole antifungals; HIV protease inhib-
itors, such as ritonavir; and certain hepatitis C virus (HCV) drugs.19,20 Coadministration
of azole antifungals, such as ketoconazole, and protease inhibitors, such as ritonavir,
lead to decrease in the clearance of certain drugs due to inhibition of CYP enzymes
requiring a decrease in drug dosing. A typical dose of tacrolimus in a transplant patient
not on ritonavir is 3 mg, twice a day. In patients on lopinavir and ritonavir (Kaletra,
North Chicago, IL), it is sufficient to give less than 1 mg once a week to achieve com-
parable trough blood concentrations of tacrolimus.21 (More information about sub-
strates, inhibitors, and inducers is discussed later and in Table 2).
Phase II Pathways

During phase II drug metabolism, the drugs or metabolites from phase I pathways are
enzymatically conjugated with a hydrophilic endogenous compound with the help of
transferase enzymes. The most common phase II drug-metabolizing enzymes are
UDP-glucuronosyltransferases (UGTs), sulfotransferases (SULTs), N-acetyltrans-
ferases (NATs), glutathione S-transferases (GSTs), thiopurine S-methyltransferases
(TPMTs), and catechol O-methyltransferases (COMTs).
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Table 2
List of well-known substrates, inhibitors, and inducers for phase I, II, and III metabolism
pathways

Enzymes Substrates Inhibitors Inducers

Phase I

CYP3A Midazolam, buspirone,
felodipine, lovastatin,
eletriptan, sildenafil,
simvastatin,
triazolam

Ketoconazole,
clarithromycin,
itraconazole, saquinavir,
fluconazole, grapefruit
juice, tipranavir/ritonavir

Phenytoin, rifampin, St.
John’s wort, efavirenz,
etravirine, nafcillin,
prednisone

1A2 Alosetron, caffeine,
duloxetine, melatonin,
ramelteon, tacrine,
tizanidine

Ciprofloxacin, enoxacin,
fluvoxamine, oral
contraceptives,
phenylpropanolamine,

Montelukast,
phenytoin, smoking
components of cigarettes

2C8 Repaglinide,
paclitaxel

Gemfibrozil, fluvoxamine,
ketoconazole,
trimethoprim

Rifampin

2C9 Celecoxib, warfarin,
phenytoin

Amiodarone, fluconazole,
miconazole,
oxandrolone,
capecitabine, etravirine,
fluvastatin,
metronidazole,
sulfinpyrazone,
tigecycline

Carbamazepine,
rifampin, aprepitant,
bosentan,
phenobarbital,
St. John’s wort

Phase II

UGTs Bilirubin, phenols,
estradiols, opiates,
and carboxylic acids

Paclitaxel, midazolam,
cyclosporine A,
ketoconazole,
phenobarbital, and
phenytoin

Bilirubin,
phenobarbitone,
rifampin

SULTs Phenols, alcohols,
and amines

Flavonoids, mefenamic
acids, salicylic acids,
clomiphene, and danazol

Retinoic acid,
methotrexate

NATs Para-aminobenzoic acid,
para-aminosalicylic
acids, para-
aminoglutamate,
sulfamethazine,
isoniazid, hydralazine,
and sulfonamides

Caffeic acid, esculetin,
qurcetin, genitin,
scopoletin and coumarin

Androgens,
aminophylline

GSTs Epoxides, quinone,
sulfoxides, esters,
and peroxides

Phenols, quinone, vitamin
C derivatives, dopamine,
and trans retinoic acid

Extracts of broccoli,
cabbage, Brussels
sprouts, and
grapefruits

Phase III

P-gp Digoxin, loperamide,
vinblastine,
talinolol

Amiodarone, azithromycin,
cyclosporine, diltiazem,
dronedarone,
erythromycin,
itraconazole,
ketoconazole, lopinavir/
ritonavir, quinidine,
verapamil

Avasimibe,
carbamazepine,
phenytoin, rifampin,
St John’s wort,
tipranavir/ritonavir
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Uridine 5’-diphospho-glucuronosyltransferases
Glucuronidation is the major phase II drug metabolism pathway, with approximately
40% to 70% of human endogenous and exogenous compounds conjugated to glucur-
onidated end products.22 Conjugated products are more hydrophilic and are readily
excreted from body. In the cytoplasm, glucose-1 phosphate reacts with uridine
triphosphate to form uridine diphosphate glucuronic acid (UDPGA), a cosubstrate,
and this is transferred into the ER by transmembrane proteins. In the ER, UGT attaches
UDPGA to the appropriate substrate by nucleophilic attack, forming glucuronidated
compounds. UGTs are members of a superfamily of protein, having a molecular
weight in the range of 50 kDa to 60 kDa, and structurally they have a catalytic domain
and a C-terminal anchoring domain. Until now, 4 families of UGTs in human have been
identified: UGT1, UGT2, UGT3, and UGT8. UGT2s have been subdivided into UGT2A
and UGT2B.23

UGTs metabolize a wide range of compounds and their substrates also overlap with
each other. Based on current knowledge, UGT1A1 is the highly expressed phase II
enzyme in human, which preferentially metabolizes bilirubin; UGT1A1 also metabo-
lizes certain phenols and estradiols.24 Whereas UGT2B7 metabolizes opiates,25

UGT1A3, UGT1A9, and UGT2A1 metabolize carboxylic acids. Various organs express
UGTs; however, UGTs are normally highly expressed in the liver and gut (see Table 1).
The functional activity of the UGTs is controlled by the amount of enzymes available

and the amount of cosubstrate available to conjugate the drug or themetabolite. There
are some drugs, such as phenobarbital and rifampin, which are known to increase the
expression of UGTs and decreased drug exposure. On the other hand, competition for
UGTs may lead to inhibition of metabolism and increased drug exposure.

Sulfotransferases
SULTs are another important superfamily of phase II drug-metabolizing enzymes.
Although they are not as highly expressed in the body as UGTs, they are essential
for metabolism of several endogenous compounds. They catalyze the reaction be-
tween 3’-phosphoadenosine 5’-phosphosulphate (PAPS) and N, O, or S atoms in tar-
geted compounds. A wide range of endogenous compounds (steroids,
catecholamine, serotonin, eicosanoids, retinol, and so forth) as well as exogenous
compounds are metabolized by SULTs. An endogenous compound like dopamine
is almost entirely metabolized by SULTs. Expression of SULTs in human occurs
almost in every organ, most commonly found in liver, gut, breast, lung, adrenal glands,
kidney, blood cells, brain, and placenta. SULTs have 2 forms; one is metabolically very
important and presents in cytosol, the other one is membrane bound and metaboli-
cally less important. The function of the membrane-bound isoforms is to synthesize
housekeeping substances rather than to metabolize endogenous or exogenous
compounds.
Until now, 13 SULTs have been identified in humans and they have been divided into

4 families: SULT1, SULT2, SULT4, and SULT6. There are 9 members in SULT1 family,
which could be further subdivided into 4 subfamilies (1A1, 1A2, 1A3, 1A4; 1B1; 1C1
and 1C2; and 1E1). On the other hand, SULT2 family has been divided into 2 subfam-
ilies, SULT2A and SULT2B. Additionally, the SULT4 and SULT6 family contain only 1
member in each group, SULT4A1 and SULT6B1, respectively.
So far, SULT1A1 is themost extensively studied sulfation enzyme,whichmetabolizes

phenols, alcohols, and amines. SULT1A2 and SULT1A3 also metabolize amines; aro-
matic amines are the primary substrates for both of these isoforms. SULT1B1 is
restricted to the metabolism of thyroids hormones and some small phenolic com-
pounds. SULT1C1 metabolizes iodothyronines, and SULT1C2 metabolizes
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4-nitrophenols. Furthermore, SULT1E1 has special preference for the metabolism of
estrogens, even though it has affinity for other compounds as well. There are various
compounds that are reported to be inhibitors of SULTs. Curcumin is a potent inhibitor
of SULT1A1. Additionally, SULT1A1 and SULT1A3 can be inhibited by various fruits jui-
ces, such as grape, orange, green tea, and black tea. Nonsteroidal anti-inflammatory
drugs also have been reported to be inhibitors of SULT1A1 and SULT1E1.26,27 Mefe-
namic acid, salicylic acid, clomiphene, and danazol are also potent inhibitors of
SULTs.26 There are several medications that can induce the expression of SULTs in hu-
man cells. Retinoic acid induces SULT1A1, SULT2A1, and SULT1E1 in hepatic carci-
noma cells as well as in Caco-2 cells.28 Methotrexate has been shown to have
induction capability for various SULTs enzymes in human cells.

N-acetyltransferases
Unlike other enzymes, products of NATs are sometimes more lipophilic instead of be-
ing more hydrophilic (metabolites of sulfonamides). In certain situations, the metabo-
lite itself can become more toxic than the parent compound. There are several
enzymes that increase the hydrophilicity of the metabolites as well as perform house-
keeping activity, such as histone acetyltransferase that regulates the expression of
genes in human and other animals. Acetyltransferases in human are classified into 2
subfamilies: NAT1 and NAT2. All NATs are cytosolic enzymes and they use acetyl co-
enzyme A as a cofactor for metabolic reaction. Until now, 25 members of NAT1 and 27
members of NAT2 alleles have been identified in humans. NAT1 is ubiquitous enzyme,
expressed in almost all tissues.
NATs have different substrate specificity and they do not overlap like other metab-

olizing enzymes. Para-aminobenzoic acid, para-aminosalicylic acid, and para-
aminoglutamate are the main substrates for NAT1 in human. On the other hand,
sulfamethazine, isoniazid, hydralazine, and sulfonamides are the common substrates
for NAT2. Polyphenolic compounds are believed the main inhibitors of NATs. Com-
pounds like caffeic acid, esculetin, qurcetin, and genitin inhibit NAT1, whereas scopo-
letin and coumarin are the known inhibitors of NAT2.29 Additionally, major
components of garlic, diallyl sulphide and diallyl disulphide, are the common inhibitors
for both enzymes.30

Glutathione S-transferases
GSTs are ubiquitously present isozymes, found in almost all animal species. GSTs are
also important phase II drug-metabolizing enzymes, involved in the metabolism of
exogenous and endogenous compounds. Additionally, GSTs are crucial for the
detoxification of endogenously produced free radicals, hence protecting the body
from oxidative stress. There are 2 superfamilies of GSTs, and members of both the
groups have transferases activity. One group is called soluble GSTs; they are found
mostly in the cytosol, and recent studies have shown that mitochondria also contains
soluble forms of GSTs. The second group of GSTs are called microsomal transfer-
ases, also called membrane-associated proteins in eicosanoid and glutathione meta-
bolism (MAPEG).31 Soluble GSTs are again divided into 8 families based on their
degree of sequence identity, designated a, m, p, s, q, z, u, and k. On the other
hand, there are 6 members in the MAPEG family. These enzymes are distributed
throughout the human body; the most heavily expressed organs are liver, kidney,
brain, heart, lung, and gut.
Almost all types of compounds are substrate for GSTs, which are capable of react-

ing with the thiol moiety in glutathione; common compounds are epoxides, quinone,
sulfoxides, esters, and peroxides. Up-regulation of GSTs in cancer is one of the
Downloaded from ClinicalKey.com at University of Washington - Seattle - WSC December 31, 2016.
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reasons for therapeutic failure of certain anticancer drugs (melphalan and doxoru-
bicin). Inhibition of GSTs over expression remains one of the treatment strategies in
cancer. Until now, however, there has been no report available showing significant
improvement in cancer treatment due to inhibition of GST. The most commonly
used inhibitors of GST include phenols, quinone, certain vitamin C derivatives, dopa-
mine, and trans retinoic acid. Induction of GSTs may also be beneficial in certain sit-
uations, which would help remove oxidative molecules that are generated in the body.
There are reports suggesting that broccoli, cabbage, and Brussels sprouts induce
GSTs.32 Acetaminophen-induced hepatic toxicities are well known in toxicology. A
glutathione precursor (N-acetylcysteine) as well as glutathione itself is used as an an-
tidote to protect the liver from acetaminophen-induced hepatic toxicity.33

Thiopurine S-methyltransferases
TPMT is an important enzyme, particularly in cancer chemotherapy; this enzyme cat-
alyzes S-methylation of aromatic heterocyclic sulfhydryl compounds, including anti-
cancer and immunosuppressive medications. Thiopurines 6-mercaptopurine,
6-thioguanine, and azathioprine are prodrugs. These drugs have to be metabolically
converted to the active form by hypoxanthine phosphoribosyl transferases. The me-
tabolites of hypoxanthine phosphoribosyl transferases are cytotoxic and exert anti-
cancer activity; however, there has to be a delicate balance between cytotoxicity
for anticancer action in cancer cells and normal cells. TPMT metabolizes those com-
pounds to the nontoxic forms by methylation. TMPT is a cytosolic enzyme mostly
found in the liver, kidney, and lung; additionally, human red blood cells also have a
significant level of TMPT expression. Thiopurines are good substrates for the
TPMT, which make them important for cancer chemotherapy. Inhibition of TPMT ac-
tivity may lead to the accumulation of toxic metabolites in the human body, causing
other conditions, such as myelosuppression after azathioprine treatment. Naproxen,
mefenamic, and tolfenamic acid are known to inhibit TPMT in noncompetitive
manner.34

Catechol O-methyltransferases
COMTs are the enzymes responsible for the transfer of a methyl group from S-adeno-
sylmethionine to its substrate. This methylation is one of the major pathways for the
metabolism of catecholamines and catechol estrogens, including neurotransmitters,
such as dopamine, epinephrine, and norepinephrine as well as drugs that have cate-
chol functional groups attached to their structure.35 COMT is mostly expressed in the
postsynaptic neurons in the mammalian cells. There are 2 forms of COMT: the soluble
form, called S-COMT, and the membrane-bound form, called MB-COMT. Structurally,
both S-COMT and MB-COMT share almost similar sequences, however, their sub-
strate affinity and specificity vary significantly. For example, MB-COMT has approxi-
mately 10 times more affinity for dopamine and noradrenaline compared with
S-COMT. There are several inhibitors of COMT but the most commonly used are enta-
capone, tolcapone, and flavonoids (found in green tea). Inhibition of COMT leads to
the accumulation of its substrate, which is used as treatment strategies for Parkinson
diseases.36
Phase III Pathways

Drug transporters are generally transmembrane proteins that facilitate the transport of
large and/or ionized molecules in and out of the cells. Phase III pathway is classified
into 2 main superfamilies: ATP-binding cassette (ABC) and solute carrier (SLC) trans-
porters. ABC transporters are dependent on the energy (ATP) consumption to actively
Downloaded from ClinicalKey.com at University of Washington - Seattle - WSC December 31, 2016.
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uptake or efflux the drug from one side of the cell membrane to another, whereas SLCs
facilitate the passage of certain solutes (eg, sugars and amino acids) across the mem-
brane and actively transport other solutes against their electrochemical gradients by
coupling the process with other solute or ion. They are present in many locations,
such as liver, kidney, intestine, and brain. Conceptually, uptake transporters help in
transferring the molecules into the cells and efflux transporters pump them outside
the cell. In the liver, the main uptake transporters are Na1-taurocholate cotransporting
polypeptide (NTCP) (SLC10A1), organic cation transporter 1 (OCT1) (SLC22A1),
organic anion transporter 2 (OAT2) (SLC22A7), and organic anion-transporting poly-
peptides (OATP1B1, OATP1B3, OATP2B1; SLCO1B1, SLCO1B3, and SLCO2B1,
respectively). The hepatic efflux transporters are multidrug resistance protein 1
(MDR1) (also known as P-glycoprotein [P-gp] and ABC subfamily B member 1
[ABCB1]), bile salt export pump (BSEP) (also known as ABC subfamily B member
11 [ABCB11]), and multidrug resistance-associated protein (MRP) 2 (also known as
ABC subfamily C member 2 [ABCC2])37–39 (Fig. 2).

SITES OF DRUG METABOLISM
Liver

The liver is the major organ for phase I and phase II drug metabolic processes. Never-
theless, drug transporters also play an important role in facilitating the entry of mole-
cules into the hepatocytes and out into the bile. Large and charged compounds are
normally transported by drug transporters. Fig. 2 demonstrates the interplay between
phase I, II, and III pathways in the hepatocyte. Some drugs secreted in the bile are
reabsorbed back from the intestine; some metabolites secreted in the bile can be con-
verted back to the drug by b-Glucuronidase in the gut and can be reabsorbed. This
phenomenon is known as enterohepatic circulation, a process that prolongs the resi-
dence of a drug in the body.
Fig. 2. Hepatocyte showing the main components and transporters. D and Da are 2 different
drugs that have different clearance pathways. (1) Drug D is uptaken by transporter then
metabolized by phase I pathway to M (main metabolic product) followed by conjugation
process by phase II enzymes and finally effluxed into biliary system by transporter. (2) In
this scenario, drug Da is transported into the hepatocyte through OAT then pumped out
by MDR1 without any chemical modification to the drug molecule. D, drug; Da, drug a;
M, metabolite; MG, metabolite glucuronide.
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Liver and gut play a dominant role in the first-pass metabolism of orally adminis-
tered medications.40 The oral bioavailability of various drugs is increased with liver
diseases. In patients with liver cirrhosis there is an increase in the severity of drug-
induced liver injury. In HCV patient population, it is advised to closely monitor drug
dosing after liver transplantation, especially when HCV therapies are used to prevent
any recurrence.19

Gut

The primary function of intestinal tract is to serve as an absorptive organ for nutrients,
electrolytes, and drug molecules. The gut also has metabolic functions, however,
which can have an impact on the systemic bioavailability of certain therapeutic agents.
Any medication that is taken orally has to be absorbed from gut lumen into the enter-
ocytes, then move into the portal circulation, then to the liver, and finally into the sys-
temic circulation. The systemic availability (F) of a drug is the product of fraction
absorbed (Fab), fractions escaping gut metabolism (Fg), and the fraction escaping he-
patic metabolism (Fh) before reaching the systemic circulation; this can be expressed
as, F5 Fab� Fg� Fh.41 Human gut expresses most of the phase I and phase II drug-
metabolizing enzymes, including CYP450s and UGTs.
Human small intestine expresses appreciable amounts of various CYP450 en-

zymes, contributing to the oxidation of several xenobiotics. Among all the CYP450s,
CYP3A4 is the more prominent CYP450 enzyme, affecting the bioavailability of several
therapeutic agents. In addition to CYP3A, the human small intestine also expresses
CYP2C9, CYP2C19, CYP1A1, CYP2D6, and CYP2J2. The amount of CYP450 expres-
sion in the intestine varies from 20 pmol/g to 210 pmol/g of the tissues, indicating a
large interpersonal variability. Additionally, the expression of the enzymes also is not
uniform throughout the intestine. The duodenum, jejunum, and ileum are the places
where expression is maximum; the expression level goes down further down in the in-
testine. CYP3A (CYP3A3/CYP3A4, CYP3A5, CYP3A7, and CYP3A43) is the predom-
inant CYP450 family enzymes, which represent almost approximately 70% to 80% of
the total CYP450 enzymes expressed in the intestine.42

UGTs are one of the major phase II drug-metabolizing enzymes expressed in human
intestine in addition to the liver and kidney. Human intestine expresses several UGTs,
including UGT1A1, UGT1A6, UGT1A7, UGT1A8, UGT1A9, and UGT1A10. Bioavail-
ability of drugs could be affected by UGTs significantly; raloxifene is an estrogen re-
ceptor modulator, used for the treatment of osteoporosis and breast cancer.
Unfortunately, oral bioavailability of raloxifene is only approximately 2%, where intes-
tinal UGT1A8 and UGT1A10 play a significant role in lowering the systemic availability
of the compound.43

In addition to the drug-metabolizing enzymes, the gut expresses a wide range of
transporters including both influx and efflux transporters (Fig. 3). The intricate interplay
between drug-metabolizing enzymes and transporters could significantly alter overall
systemic availability of some drugs. Among all the efflux transporters, human gut ex-
presses P-gp (MDR1), MRPs, and BCRP (breast cancer resistance protein), which are
known to be responsible for most of the efflux function. Overexpression of the efflux
transporters at the luminal site could lead to lower bioavailability of the drug, whereas
overexpression at the abluminal site may increase systemic availability.44,45 Trans-
porters are mainly gate keepers at the gut, preventing toxins or unwanted substances
from entering into blood. Most of the influx transporters are expressed at the luminal
site, playing an important role in drug uptake. OATP3A1, OATP4A1, OCT1, and OCT2
are expressed at the abluminal site as well.46,47 P-gp expressed luminally limits the ab-
sorption of cyclosporine, and the expression of P-gp is inversely correlated with the
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Fig. 3. Drug-metabolizing enzymes and transporters in gut, enterocyte. The drug (D) is
transported from gut into enterocyte and then to the circulation. Metabolite (Da) also
can be affected by transporters either by efflux or uptake transports.
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oral bioavailability of its substrates. Ironically, the efflux transporters may be respon-
sible for the development of drug resistance as well as causing therapeutic failure.

Kidney

Kidneys play an important role in clearing toxins but contribute to a lesser extent in
terms of overall drug metabolism. Nephrons are the main functional unit of kidney
and drugs are normally filtered excreted based on glomerular filtration, secreted at
the proximal tubules, and reabsorbed by the tubules. Phase III transporters play a crit-
ical role in actively secreting drug molecules against their electrochemical gradients.1

Kidneys do contribute to the metabolism of some endogenous compounds and xeno-
biotics. For example, kidneys activate 25-hydroxyvitamin D to the hormone 1,25-dihy-
droxyvitamin D3 by CYP27B1, then deactivate it by CYP24A1.48 Cyclosporine is
converted to its metabolites in the kidney by CYP3A enzymes in the kidney and this
may contribute to cyclosporine mediated nephrotoxicity.49,50
FACTORS AFFECTING THE METABOLISM OF DRUGS

Metabolism of drugs in human is not constant or immune to various internal and
external factors. Metabolism could be affected by age, gender, pregnancy, different
disease states, solid organ transplantation, medications, and genetic polymorphism
(Fig. 4).
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Fig. 4. Factors affecting the drug-metabolizing enzymes expression and functions.
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Age

Age is known to have an impact on hepatic drug metabolism. In infants, lower expres-
sion of the enzyme may lead to decreased drug metabolism. The fetal liver expresses
CYP3A7, which metabolizes endogenous compounds and some exogenous sub-
strates of CYP3A4. Typically, the neonatal expression of CYP2C, CYP2E1, and
CYP1A2 are approximately 10 times lower than adults. The activity of CYP450 enzymes
in neonates is less than half that in adult human,which results in the inability of neonates
to clear most of themedication at earlier life. The clearance of caffeine is approximately
6 times lower in newborn compared with adults. As neonates mature, the drug meta-
bolic capacity increases. Young children tend to have higher clearance of certain drugs
compared with young adults. Conjugation reactions can also be affected by age. In ne-
onates, the clearance of bilirubin is low because UGTs are not well expressed at that
ageand in somecases can lead to neonatal jaundice.Overall, thematurationof the con-
jugative enzymes is slower than other biotransformation pathways. The expression and
function of the enzymes are not significantly affected in elderly subjects comparedwith
adults. The function of most CYP450 enzymes does not decline with advanced age,
except CYP2D6 and CYP1A2. In the elderly, however, a combination of disruptive he-
patic blood flow and use of multiple drugs (polypharmacy) may modify drug meta-
bolism. With age, the liver volume decreases at a rate of 0.5% to 1% per year.
Additionally, decrease in hepatic blood flow and oxygenation and increase in the fat
deposition could lead to reduced overall metabolism of drug in elderly.51–53

Gender

Adverse drug reaction is 1.5 to 2 times more common in women compared with
men.54 This difference in side effects of drugs may be due to impact of sex hormones,
body weight, body fat composition, and volume of distribution. It has been reported
that while the activity of certain enzymes is higher in men than women, other enzy-
matic pathways are increased in women. The activities of CYP2D6 and CYP1A2
have been reported to be higher in men than women. CYP3A4 activity has been re-
ported to be higher in women than in men.55
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Pregnancy

Pregnancy is associated with several physiologic changes. These changes in body wa-
ter, fat content, andhormones can potentially alter absorption, distribution,metabolism,
andelimination of drugs.56,57 In theUnitedStates,more than 60%pregnantwomen take
at least 1 medication and many of these are metabolized.58 The activities of CYP2D6,
CYP3A4, CYP2B6, and CYP2C9 increase during pregnancy. As a result, the half-life
of drugs those are substrate for these enzymes are shorter comparedwith nonpregnant
women (phenytoin, midazolam, and metoprolol). On the other hand, the activity of
CYP1A2 and CYP2C19 decreases during pregnancy, which leads to decrease in the
clearance of drugs, which are substrates for the enzymes (caffeine-CYP1A2). Addition-
ally, the activity of conjugating enzyme is altered during pregnancy. There are reports
suggest that theactivity ofUGT1A4 is significantly increasedduringpregnancy,whereas
the activity of UGT2B7 remains unaffected, and NATs are reduced.
Liver Diseases

Various liver diseases are known to affect the metabolism of drugs as well as endog-
enous compounds. There are several reasons for the observed changes in drug meta-
bolism in patients with liver disease. Altered hepatic blood flow, altered expression of
drug-metabolizing enzymes, altered availability of cosubstrates, and altered binding of
drugs to plasma proteins can account for the observed changes in drug metabolism in
patients with liver disease.
Plasma concentrations of midazolam are more than 2-fold higher in patients with

nonalcoholic steatohepatitis (NASH) compared with normal health subjects. The
observed increase in plasma concentration of midazolam is due to NASH-mediated
decrease in hepatic drug metabolism. Additionally, more than 50% reduction in the
plasma concentration of 4b-hydroxycholesterol, which is used as an endogenous
biomarker for CYP3A4 activity, was reported in patients with simple steatosis.59 The
clearance of several drugs that are metabolized in the liver is decreased in cirrhosis.
Liver cirrhosis decreases the clearance of voriconazole, a drug that is completely
metabolized in the liver. Patients with hepatic insufficiency must be closely monitored
when dosed with voriconazole to prevent any drug-associated toxicities60,61 (Table 3)
includes a list of hepatic diseases and their effect on drug-metabolizing enzymes.62–66
Table 3
List of hepatic diseases and their common effect on drug-metabolizing enzymes and drugs

Liver Diseases Affected Enzymes Selected Drugs Affected

Cirrhosis CYP2E1, CYP2C9,
CYP3A, CYP1A2,
and UGTs

Isavuconazole, tacrolimus, sirolimus cyclosporine,
chlorzoxazone, midazolam, dacarbazine,
enflurane, diazepam

Hepatitis CYP2E1, CYP3A, and
CYP2C19

Isavuconazole, sirolimus, tacrolimus, cyclosporine,
chlorzoxazone, midazolam, dacarbazine,
omeprazole, phenytoin, lansoprazole

NASH CYP2E1, CYP3A, UGTs,
and SULTs

Isavuconazole, sirolimus, cyclosporine, tacrolimus,
chlorzoxazone, midazolam, dacarbazine,
midazolam

Cholestasis CYP1A2, CYP2E1,
CYP3A4, and UGTs

Acetaminophen, caffeine, verapamil, sirolimus,
Cyclosporine, tacrolimus, midazolam,
isavuconazole

Data from Refs.62–66
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Kidney Diseases

Multiple molecular mediators and mechanisms can cause a reduction in the function-
ality of the nonrenal excretion pathways, mainly hepatic metabolism in patients with
kidney diseases. As an example, the systemic exposure of intravenously given mida-
zolam, a CYP3A4 probe, in chronic kidney disease before hemodialysis had increased
6-fold in comparison to healthy subjects.67,68 There is a direct association between
accumulation of circulating uremic toxins and reduction in the levels of mRNA, protein,
and activity of some CYP450s. Two months after successful kidney transplant or
directly after hemodialysis, however, the enzymatic activity appears to be restored.
Most of the effect seems correlated with the accumulation of parathyroid hormone
and proinflammatory cytokines (eg, interleukin [IL]-6, tumor necrosis factor [TNF],
and IL-1b). The mechanism is believed to be reduced binding of the nuclear receptor
PXR complex to CYP450 promoter region and, indirectly, by activation of the nuclear
factor kB that depresses CYP450 transcription.68 Furthermore, alteration of drug
transporters activity as measured half-life of fexofenadine (3 times longer), which is
a nonspecific transporter probe, has been documented in patients with glomerulone-
phritis compared with control subjects.69

Diabetes Mellitus

Diabetes mellitus has been an increasingly recognized problem worldwide and affects
several systems in the body, such as the cardiovascular and nervous systems. Drug
metabolism plays a major role in the regulation of glucose, lipoproteins, and lipid
metabolism. Drug-metabolizing enzymes have been reported to be altered in dia-
betes. Dostalek and colleagues70 investigated the effect of diabetes on the expression
and activity of CYP3A4 and CYP2E1. They have shown that the protein levels and
mRNA expressions in liver tissue were significantly decreased in diabetic patient
compared with healthy individuals. In addition, CYP3A4 activity was tested using mid-
azolam and testosterone as probes in human liver microsomes. It was concluded that
diabetes significantly decreased CYP3A4 activity, resulting in lower metabolite(s) pro-
duction (1’-hydroxymidazolam, 4-hydroxymidazolam, and 6b-hydroxytestosterone).70

Patients with diabetes have a greater risk of having side effects and toxicities due to
decreased metabolism. Therefore, modification of the dose of hepatically metabolized
medications with narrow therapeutic index should be considered in diabetic
population.

Solid Organ Transplantation

Liver transplantation is the only cure for patients with end-stage liver disease. Many
factors that are inherent after liver transplantation can affect all 3 pathways. In cases
of living donor liver transplantation, the size of transplanted graft is much smaller than
normal livers and livers in deceased donor liver transplantation. Consequently, the
intrinsic metabolic capacity is significantly reduced. The hepatic blood flow is higher
per unit weight of liver in the liver donor and transplant recipient.71

In the deceased donor liver transplantation population, liver grafts are more suscep-
tible to ischemia/reperfusion injury because of the longer duration of cold preservation
and lack of oxygen and nutrients. Additionally, this injury is worsened when the hepatic
blood flow is re-established. Ischemia/reperfusion injury is also associated with higher
proinflammatory cytokines that lead to lower activity of drug-metabolizing enzymes.
Metabolizing enzymes and transporters can be altered when graft rejection occurs,
either acutely or chronically. It is documented that the expression of P-gp (MDR1)
transporter and CYP3A4 in the intestine is decreased when there is chronic rejection
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of the liver graft with an increase in proinflammatory cytokines (cyclooxygenase-2, IL-
2, IL-6, IL-8, IL-10, and TNF-a).72

Commonly used immunosuppressants in solid organ transplantation are cyclo-
sporine, tacrolimus, and mycophenolic acids.73 Cyclosporine A is a well-known inhib-
itor of P-gp and can potentially alter the bioavailability of drugs that are P-gp
substrate.74

Medication (Drug-Drug Interactions)

Concomitant administration of medications can affect metabolism of each other. The
Food and Drug Administration requires all drugs under development to be tested for
any possible interaction as substrate, inhibitors, and/or inducers.75 Inhibitors mainly
work on the enzyme levels where they block or compete at the site of metabolism.
Types of inhibitors are competitive (binds to the active site of free enzyme), uncompet-
itive (binds to the drug-enzyme complex to inhibit), noncompetitive (binds to different
site other than site of the metabolism), and mixed. Inducers act by increasing the gene
transcription that result in higher enzyme content. Some drugs can increase and sta-
bilize the enzyme to be more active. Both of these processes increase the overall
metabolic rate. Table 2 lists different inhibitors and inducers that are clinically relevant.
Usually in the presence of inhibitors drug exposure increases and that requires a
decrease in the dose, dosing interval, or both and vice versa for the inducers.76–78

Polymorphism

Polymorphism in drug-metabolizing enzymes and transporters is known to influence
the kinetics of several drugs. For example, CYP3A has several polymorphisms,
including CYP3A4*1G, CYP3A5 6986A > G, and CYP3A5*1. Also, MDR1 (P-gp) has
been identified as having several polymorphisms that affect the clearance of many
drugs.71 Warfarin is an oral anticoagulant used to treat thrombotic disorders. The
effective dose of warfarin varies from 0.5 mg to 60 mg daily; this wide range is mainly
because of interindividual variability in metabolism of warfarin. Warfarin is primarily
metabolized by CYP2C9, and genetic polymorphism in this enzyme leads to variation
in the metabolism of the drug.79 Patients who carry various alleles of CYP2C9, such as
CYP2C9*2 and CYP2C9*3, tend to have lower metabolism of warfarin leading to
higher plasma concentrations.80,81 Both of these alleles have impaired hydroxylation
activity of S-warfarin when tested in vitro. Voriconazole metabolism is mainly affected
by CYP2C19 polymorphisms. Patients can be either homozygous poor metabolizer,
heterozygous extensive metabolizer, or homozygous extensive metabolizer; voricona-
zole levels can be 4 to 5 times higher in poor metabolizers in comparison to extensive
metabolizers. Poor phenotype varies based on ethnicity from less than 7% to 20%.61
SUMMARY

Drug metabolism is an important process for the removal of unwanted substances
from the body. Abnormal drug metabolism profile could lead to life-threatening com-
plications. Both phase I (mainly CYP450s) and phase II (mainly UGTs) enzymes play a
significant role in drug metabolism. Although metabolites in general are expected to
be not active and not toxic, certain metabolites can cause hepatotoxicity. Various dis-
easesmay potentially change the metabolic profile of a drug by altering the expression
and function of key enzymes. Additionally, coadministration of multiple drugs may also
lead to drug-drug interaction and adverse reaction due to competitive binding to the
same metabolizing enzyme. Care must be exercised while prescribing multiple
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medications to patients with certain diseases, which can alter drug pharmacokinetics/
pharmacodynamics profiles.
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