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BIOMEDICAL IMPORTANCE

Increasingly, humans are subjected to exposure to vari-
ous foreign chemicals (xenobiotics)—drugs, food addi-
tives, pollutants, etc. The situation is well summarized
in the following quotation from Rachel Carson: “As
crude a weapon as the cave man’s club, the chemical
barrage has been hurled against the fabric of life.” Un-
derstanding how xenobiotics are handled at the cellular
level is important in learning how to cope with the
chemical onslaught.

Knowledge of the metabolism of xenobiotics is basic
to a rational understanding of pharmacology and thera-
peutics, pharmacy, toxicology, management of cancer,
and drug addiction. All these areas involve administra-
tion of, or exposure to, xenobiotics.

HUMANS ENCOUNTER THOUSANDS
OF XENOBIOTICS THAT MUST BE
METABOLIZED BEFORE BEING EXCRETED

A xenobiotic (Gk xenos “stranger”) is a compound that
is foreign to the body. The principal classes of xenobi-
otics of medical relevance are drugs, chemical carcino-
gens, and various compounds that have found their way
into our environment by one route or another, such as
polychlorinated biphenyls (PCBs) and certain insecti-
cides. More than 200,000 manufactured environmental
chemicals exist. Most of these compounds are subject to
metabolism (chemical alteration) in the human body,
with the liver being the main organ involved; occasion-
ally, a xenobiotic may be excreted unchanged. At least
30 different enzymes catalyze reactions involved in
xenobiotic metabolism; however, this chapter will only
cover a selected group of them.

It is convenient to consider the metabolism of xeno-
biotics in two phases. In phase 1, the major reaction in-
volved is hydroxylation, catalyzed by members of a
class of enzymes referred to as monooxygenases or cy-
tochrome P450s. Hydroxylation may terminate the ac-
tion of a drug, though this is not always the case. In ad-
dition to hydroxylation, these enzymes catalyze a wide
range of reactions, including those involving deamina-
tion, dehalogenation, desulfuration, epoxidation, per-
oxygenation, and reduction. Reactions involving hy-
drolysis (eg, catalyzed by esterases) and certain other
non-P450-catalyzed reactions also occur in phase 1.
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In phase 2, the hydroxylated or other compounds
produced in phase 1 are converted by specific enzymes
to various polar metabolites by conjugation with glu-
curonic acid, sulfate, acetate, glutathione, or certain
amino acids, or by methylation.

The overall purpose of the two phases of metabo-
lism of xenobiotics is to increase their water solubility
(polarity) and thus excretion from the body. Very hy-
drophobic xenobiotics would persist in adipose tissue
almost indefinitely if they were not converted to more
polar forms. In certain cases, phase 1 metabolic reac-
tions convert xenobiotics from inactive to biologically
active compounds. In these instances, the original
xenobiotics are referred to as “prodrugs” or “procar-
cinogens.” In other cases, additional phase 1 reactions
(eg, further hydroxylation reactions) convert the active
compounds to less active or inactive forms prior to con-
jugation. In yet other cases, it is the conjugation reac-
tions themselves that convert the active products of
phase 1 reactions to less active or inactive species, which
are subsequently excreted in the urine or bile. In a very
few cases, conjugation may actually increase the bio-
logic activity of a xenobiotic.

The term “detoxification” is sometimes used for
many of the reactions involved in the metabolism of
xenobiotics. However, the term is not always appropri-
ate because, as mentioned above, in some cases the reac-
tions to which xenobiotics are subject actually increase
their biologic activity and toxicity.

ISOFORMS OF CYTOCHROME
P450 HYDROXYLATE A MYRIAD
OF XENOBIOTICS IN PHASE 1
OF THEIR METABOLISM

Hydroxylation is the chief reaction involved in phase
1. The responsible enzymes are called monooxygenases
or cytochrome P450s; the human genome encodes at
least 14 families of these enzymes. Estimates of the
number of distinct cytochrome P450s in human tissues
range from approximately 35 to 60. The reaction cat-
alyzed by a monooxygenase (cytochrome P450) is as
follows:

RH+0, +NADPH+H* — R— OH+H,0 +NADP



RH above can represent a very wide variety of xenobi-
otics, including drugs, carcinogens, pesticides, petro-
leum products, and pollutants (such as a mixture of
PCBs). In addition, endogenous compounds, such as
certain steroids, eicosanoids, fatty acids, and retinoids,
are also substrates. The substrates are generally lip-
ophilic and are rendered more hydrophilic by hydroxy-
lation.

Cytochrome P450 is considered the most versatile
biocatalyst known. The actual reaction mechanism is
complex and has been briefly described previously (Fig-
ure 11-6). It has been shown by the use of '*O, that
one atom of oxygen enters R—OH and one atom en-
ters water. This dual fate of the oxygen accounts for the
former naming of monooxygenases as “mixed-
function oxidases.” The reaction catalyzed by cy-
tochrome P450 can also be represented as follows:

Reduced cytochrome P450v0xidized cytochrome P450
RH + 0, = R—OH + H,0

The major monooxygenases in the endoplasmic reticu-
lum are cytochrome P450s—so named because the en-
zyme was discovered when it was noted that prepara-
tions of microsomes that had been chemically reduced
and then exposed to carbon monoxide exhibited a dis-
tinct peak at 450 nm. Among reasons that this enzyme
is important is the fact that approximately 50% of the
drugs humans ingest are metabolized by isoforms of cy-
tochrome P450; these enzymes also act on various car-
cinogens and pollutants.

Isoforms of Cytochrome P450 Make Up a
Superfamily of Heme-Containing Enzymes

The following are important points concerning cy-
tochrome P450s.

(1) Because of the large number of isoforms (about
150) that have been discovered, it became important to
have a systematic nomenclature for isoforms of P450
and for their genes. This is now available and in wide
use and is based on structural homology. The abbrevi-
ated root symbol CYP denotes a cytochrome P450.
This is followed by an Arabic number designating the
family; cytochrome P450s are included in the same
family if they exhibit 40% or more sequence identity.
The Arabic number is followed by a capital letter indi-
cating the subfamily, if two or more members exist;
P450s are in the same subfamily if they exhibit greater
than 55% sequence identity. The individual P450s
are then arbitrarily assigned Arabic numerals. Thus,
CYP1A1 denotes a cytochrome P450 that is a member
of family 1 and subfamily A and is the first individual
member of that subfamily. The nomenclature for the
genes encoding cytochrome P450s is identical to that
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described above except that italics are used; thus, the
gene encoding CYP1A1 is CYPIAL

(2) Like hemoglobin, they are hemoproteins.

(3) They are widely distributed across species. Bac-
teria possess cytochrome P450s, and P450,,,, (involved
in the metabolism of camphor) of Pseudomonas putida
is the only P450 isoform whose crystal structure has
been established.

(4) They are present in highest amount in liver and
small intestine but are probably present in all tissues.
In liver and most other tissues, they are present mainly
in the membranes of the smooth endoplasmic reticu-
lum, which constitute part of the microsomal fraction
when tissue is subjected to subcellular fractionation. In
hepatic microsomes, cytochrome P450s can comprise
as much as 20% of the total protein. P450s are found
in most tissues, though often in low amounts compared
with liver. In the adrenal, they are found in mitochon-
dria as well as in the endoplasmic reticulum; the vari-
ous hydroxylases present in that organ play an impor-
tant role in cholesterol and steroid biosynthesis. The
mitochondrial cytochrome P450 system differs from
the microsomal system in that it uses an NADPH-
linked flavoprotein, adrenodoxin reductase, and a
nonheme iron-sulfur protein, adrenodoxin. In addi-
tion, the specific P450 isoforms involved in steroid
biosynthesis are generally much more restricted in their
substrate specificity.

(5) At least six isoforms of cytochrome P450 are
present in the endoplasmic reticulum of human liver,
each with wide and somewhat overlapping substrate
specificities and acting on both xenobiotics and en-
dogenous compounds. The genes for many isoforms of
P450 (from both humans and animals such as the rat)
have been isolated and studied in detail in recent years.

(6) NADPH, not NADH, is involved in the reac-
tion mechanism of cytochrome P450. The enzyme that
uses NADPH to yield the reduced cytochrome P450,
shown at the left-hand side of the above equation, is
called NADPH-cytochrome P450 reductase. Elec-
trons are transferred from NADPH to NADPH-
cytochrome P450 reductase and then to cytochrome
P450. This leads to the reductive activation of molec-
ular oxygen, and one atom of oxygen is subsequently
inserted into the substrate. Cytochrome b5, another
hemoprotein found in the membranes of the smooth
endoplasmic reticulum (Chapter 11), may be involved
as an electron donor in some cases.

(7) Lipids are also components of the cytochrome
P450 system. The preferred lipid is phosphatidyl-
choline, which is the major lipid found in membranes
of the endoplasmic reticulum.

(8) Most isoforms of cytochrome P450 are in-
ducible. For instance, the administration of phenobar-
bital or of many other drugs causes hypertrophy of the
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smooth endoplasmic reticulum and a three- to fourfold
increase in the amount of cytochrome P450 within 4-5
days. The mechanism of induction has been studied ex-
tensively and in most cases involves increased transcrip-
tion of mRNA for cytochrome P450. However, certain
cases of induction involve stabilization of mRNA, en-
zyme stabilization, or other mechanisms (eg, an effect
on translation).

Induction of cytochrome P450 has important clini-
cal implications, since it is a biochemical mechanism of
drug interaction. A drug interaction has occurred
when the effects of one drug are altered by prior, con-
current, or later administration of another. As an illus-
tration, consider the situation when a patient is taking
the anticoagulant warfarin to prevent blood clotting.
This drug is metabolized by CYP2C9. Concomitantly,
the patient is started on phenobarbital (an inducer of
this P450) to treat a certain type of epilepsy, but the
dose of warfarin is not changed. After 5 days or so, the
level of CYP2CY in the patient’s liver will be elevated
three- to fourfold. This in turn means that warfarin will
be metabolized much more quickly than before, and its
dosage will have become inadequate. Therefore, the
dose must be increased if warfarin is to be therapeuti-
cally effective. To pursue this example further, a prob-
lem could arise later on if the phenobarbital is discon-
tinued but the increased dosage of warfarin stays the
same. The patient will be at risk of bleeding, since the
high dose of warfarin will be even more active than be-
fore, because the level of CYP2C9 will decline once
phenobarbital has been stopped.

Another example of enzyme induction involves
CYP2E1, which is induced by consumption of
ethanol. This is a matter for concern, because this
P450 metabolizes certain widely used solvents and also
components found in tobacco smoke, many of which
are established carcinogens. Thus, if the activity of
CYP2ELI is elevated by induction, this may increase the
risk of carcinogenicity developing from exposure to
such compounds.

(9) Certain isoforms of cytochrome P450 (eg,
CYP1ALl) are particularly involved in the metabolism of
polycyclic aromatic hydrocarbons (PAHs) and related
molecules; for this reason they were formerly called aro-
matic hydrocarbon hydroxylases (AHHs). This enzyme
is important in the metabolism of PAHs and in car-
cinogenesis produced by these agents. For example, in
the lung it may be involved in the conversion of inac-
tive PAHs (procarcinogens), inhaled by smoking, to ac-
tive carcinogens by hydroxylation reactions. Smokers
have higher levels of this enzyme in some of their cells
and tissues than do nonsmokers. Some reports have in-
dicated that the activity of this enzyme may be elevated
(induced) in the placenta of a woman who smokes, thus

potentially altering the quantities of metabolites of
PAHs (some of which could be harmful) to which the
fetus is exposed.

(10) Certain cytochrome P450s exist in polymor-
phic forms (genetic isoforms), some of which exhibit
low catalytic activity. These observations are one im-
portant explanation for the variations in drug responses
noted among many patients. One P450 exhibiting
polymorphism is CYP2D6, which is involved in the
metabolism of debrisoquin (an antihypertensive drug;
see Table 53-2) and sparteine (an antiarrhythmic and
oxytocic drug). Certain polymorphisms of CYP2D6
cause poor metabolism of these and a variety of other
drugs so that they can accumulate in the body, resulting
in untoward consequences. Another interesting poly-
morphism is that of CYP2AG6, which is involved in the
metabolism of nicotine to conitine. Three CYP2A6 al-
leles have been identified: a wild type and two null or
inactive alleles. It has been reported that individuals
with the null alleles, who have impaired metabolism of
nicotine, are apparently protected against becoming to-
bacco-dependent smokers (Table 53-2). These individ-
uals smoke less, presumably because their blood and
brain concentrations of nicotine remain elevated longer
than those of individuals with the wild-type allele. It
has been speculated that inhibiting CYP2A6 may be a
novel way to help prevent and to treat smoking.

Table 53—1 summarizes some principal features of
cytochrome P450s.

CONJUGATION REACTIONS PREPARE
XENOBIOTICS FOR EXCRETION IN
PHASE 2 OF THEIR METABOLISM

In phase 1 reactions, xenobiotics are generally con-
verted to more polar, hydroxylated derivatives. In phase
2 reactions, these derivatives are conjugated with mole-
cules such as glucuronic acid, sulfate, or glutathione.
This renders them even more water-soluble, and they
are eventually excreted in the urine or bile.

Five Types of Phase 2 Reactions
Are Described Here

A. GLUCURONIDATION

The glucuronidation of bilirubin is discussed in Chap-
ter 32; the reactions whereby xenobiotics are glu-
curonidated are essentially similar. UDP-glucuronic
acid is the glucuronyl donor, and a variety of glu-
curonosyltransferases, present in both the endoplasmic
reticulum and cytosol, are the catalysts. Molecules such
as 2-acetylaminofluorene (a carcinogen), aniline, ben-
zoic acid, meprobamate (a tranquilizer), phenol, and




Table 53-1. Some properties of human
cytochrome P450s.

+ Involved in phase | of the metabolism of innumerable
xenobiotics, including perhaps 50% of the drugs adminis-
tered to humans

+ Involved in the metabolism of many endogenous com-
pounds (eg, steroids)

+ All are hemoproteins

+ Often exhibit broad substrate specificity, thus acting on
many compounds; consequently, different P450s may cat-
alyze formation of the same product

+ Extremely versatile catalysts, perhaps catalyzing about 60
types of reactions

+ However, basically they catalyze reactions involving intro-
duction of one atom of oxygen into the substrate and one
into water

+  Their hydroxylated products are more water-soluble than
their generally lipophilic substrates, facilitating excretion

+ Liver contains highest amounts, but found in most if not
all tissues, including small intestine, brain, and lung

+ Located in the smooth endoplasmic reticulum or in mito-
chondria (steroidogenic hormones)

+ In some cases, their products are mutagenic or carcino-
genic

+ Many have a molecular mass of about 55 kDa

+ Many are inducible, resulting in one cause of drug interac-
tions

+ Many are inhibited by various drugs or their metabolic
products, providing another cause of drug interactions

+ Some exhibit genetic polymorphisms, which can result in
atypical drug metabolism

+  Their activities may be altered in diseased tissues (eg, cir-
rhosis), affecting drug metabolism

+ Genotyping the P450 profile of patients (eg, to detect
polymorphisms) may in the future permit individualization
of drug therapy

many steroids are excreted as glucuronides. The glu-
curonide may be attached to oxygen, nitrogen, or sulfur
groups of the substrates. Glucuronidation is probably
the most frequent conjugation reaction.

B. SULFATION

Some alcohols, arylamines, and phenols are sulfated.
The sulfate donor in these and other biologic sulfation
reactions (eg, sulfation of steroids, glycosaminoglycans,
glycolipids, and glycoproteins) is adenosine 3’-phos-
phate-5'-phosphosulfate (PAPS) (Chapter 24); this

compound is called “active sulfate.”

C. ConJUGATION WITH GLUTATHIONE

Glutathione (y-glutamyl- cystemylglycme) is a tripep-
tide consisting of glutamic acid, cysteine, and glycine
(Figure 3-3). Glutathione is commonly abbreviated
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GSH (because of the sulthydryl group of its cysteine,
which is the business part of the molecule). A number
of potentially toxic electrophilic xenobiotics (such as
certain carcinogens) are conjugated to the nucleophilic
GSH in reactions that can be represented as follows:

R+GSH—->R—S—G

where R = an electrophilic xenobiotic. The enzymes
catalyzing these reactions are called glutathione S-
transferases and are present in high amounts in liver
cytosol and in lower amounts in other tissues. A variety
of glutathione S-transferases are present in human tis-
sue. They exhibit different substrate specificities and
can be separated by electrophoretic and other tech-
niques. If the potentially toxic xenobiotics were not
conjugated to GSH, they would be free to combine co-
valently with DNA, RNA, or cell protein and could
thus lead to serious cell damage. GSH is therefore an
important defense mechanism against certain toxic
compounds, such as some drugs and carcinogens. If the
levels of GSH in a tissue such as liver are lowered (as
can be achieved by the administration to rats of certain
compounds that react with GSH), then that tissue can
be shown to be more susceptible to injury by various
chemicals that would normally be conjugated to GSH.
Glutathione conjugates are subjected to further metab-
olism before excretion. The glutamyl and glycinyl
groups belonging to glutathione are removed by spe-
cific enzymes, and an acetyl group (donated by acetyl-
CoA) is added to the amino group of the remaining
cysteinyl moiety. The resulting compound is a mercap-
turic acid, a conjugate of L-acetylcysteine, which is
then excreted in the urine.

Glutathione has other important functions in
human cells apart from its role in xenobiotic metabo-
lism.

1. It participates in the decomposition of potentially
toxic hydrogen peroxide in the reaction cat-
alyzed by glutathione peroxidase (Chapter 20).

2. It is an important intracellular reductant, help-
ing to maintain essential SH groups of enzymes in
their reduced state. This role is discussed in Chap-
ter 20, and its involvement in the hemolytic ane-
mia caused by deficiency of glucose-6-phosphate
dehydrogenase is discussed in Chapters 20 and
52.

3. A metabolic cycle involving GSH as a carrier has
been implicated in the transport of certain
amino acids across membranes in the kidney.
The first reaction of the cycle is shown below.

Amino acid+ GSH — v - Glutamyl amino acid+
Cysteinylglycine
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This reaction helps transfer certain amino acids across
the plasma membrane, the amino acid being subse-
quently hydrolyzed from its complex with GSH and
the GSH being resynthesized from cysteinylglycine.
The enzyme catalyzing the above reaction is y-glu-
tamyltransferase (GGT). It is present in the plasma
membrane of renal tubular cells and bile ductule cells,
and in the endoplasmic reticulum of hepatocytes. The
enzyme has diagnostic value because it is released into
the blood from hepatic cells in various hepatobiliary
diseases.

D. OTHER REACTIONS

The two most important other reactions are acetylation
and methylation.
1. Acetylation—Acetylation is represented by

X+ Acetyl- CoA — Acetyl-X + CoA

where X represents a xenobiotic. As for other acetyla-
tion reactions, acetyl-CoA (active acetate) is the acetyl
donor. These reactions are catalyzed by acetyltrans-
ferases present in the cytosol of various tissues, particu-
larly liver. The drug isoniazid, used in the treatment of
tuberculosis, is subject to acetylation. Polymorphic
types of acetyltransferases exist, resulting in individuals
who are classified as slow or fast acetylators, and influ-
ence the rate of clearance of drugs such as isoniazid
from blood. Slow acetylators are more subject to certain
toxic effects of isoniazid because the drug persists
longer in these individuals.

2. Methylation—A few xenobiotics are subject to
methylation by methyltransferases, employing S-adeno-
sylmethionine (Figure 30-17) as the methyl donor.

THE ACTIVITIES OF XENOBIOTIC-
METABOLIZING ENZYMES ARE
AFFECTED BY AGE, SEX,

& OTHER FACTORS

Various factors affect the activities of the enzymes me-
tabolizing xenobiotics. The activities of these enzymes
may differ substantially among species. Thus, for exam-
ple, the possible toxicity or carcinogenicity of xenobi-
otics cannot be extrapolated freely from one species to
another. There are significant differences in enzyme ac-
tivities among individuals, many of which appear to be
due to genetic factors. The activities of some of these
enzymes vary according to age and sex.

Intake of various xenobiotics such as phenobarbital,
PCBs, or certain hydrocarbons can cause enzyme in-
duction. It is thus important to know whether or not
an individual has been exposed to these inducing agents
in evaluating biochemical responses to xenobiotics.
Metabolites of certain xenobiotics can inhibit or stimu-
late the activities of xenobiotic-metabolizing enzymes.

Again, this can affect the doses of certain drugs that are
administered to patients. Various diseases (eg, cirrhosis
of the liver) can affect the activities of drug-metaboliz-
ing enzymes, sometimes necessitating adjustment of
dosages of various drugs for patients with these disor-
ders.

RESPONSES TO XENOBIOTICS
INCLUDE PHARMACOLOGIC,
TOXIC, IMMUNOLOGIC,

& CARCINOGENIC EFFECTS

Xenobiotics are metabolized in the body by the reac-
tions described above. When the xenobiotic is a drug,
phase 1 reactions may produce its active form or may
diminish or terminate its action if it is pharmacologi-
cally active in the body without prior metabolism. The
diverse effects produced by drugs comprise the area of
study of pharmacology; here it is important to appreci-
ate that drugs act primarily through biochemical mech-
anisms. Table 53-2 summarizes four important reac-
tions to drugs that reflect genetically determined
differences in enzyme and protein structure among in-
dividuals—part of the field of study known as pharma-

cogenetics (sce below).

Table 53-2. Some important drug reactions due
to mutant or polymorphic forms of enzymes or
proteins.'

Enzyme or Protein
Affected

Glucose-6-phosphate Hemolytic anemia following in-
dehydrogenase (G6PD)  gestion of drugs such as prim-
[mutations] (MIM 305900); aquine

Ca** release channel (ryan-

Reaction or Consequence

Malignant hyperthermia (MIM
odine receptor) in the 145600) following administra-
sarcoplasmic reticulum : tion of certain anesthetics (eg,
[mutations] (MIM 180901)  halothane)

CYP2D6 [polymorphisms]
(MIM 124030)

Slow metabolism of certain
drugs (eg, debrisoquin), result-
ing in their accumulation

CYP2A6 [polymorphisms]
(MIM 122720)

Impaired metabolism of nico-
tine, resulting in protection
against becoming a tobacco-
i dependent smoker

'G6PD deficiency is discussed in Chapters 20 and 52 and malig-
nant hyperthermia in Chapter 49. At least one gene other than
that encoding the ryanodine receptor is involved in certain cases
of malignant hypertension. Many other examples of drug reac-
tions based on polymorphism or mutation are available.



Certain xenobiotics are very toxic even at low levels
(eg, cyanide). On the other hand, there are few xenobi-
otics, including drugs, that do not exert some toxic ef-
fects if sufficient amounts are administered. The toxic
effects of xenobiotics cover a wide spectrum, but the
major effects can be considered under three general
headings (Figure 53-1).

The first is cell injury (cytotoxicity), which can be
severe enough to result in cell death. There are many
mechanisms by which xenobiotics injure cells. The one
considered here is covalent binding to cell macromol-
ecules of reactive species of xenobiotics produced by
metabolism. These macromolecular targets include
DNA, RNA, and protein. If the macromolecule to
which the reactive xenobiotic binds is essential for
short-term cell survival, eg, a protein or enzyme in-
volved in some critical cellular function such as oxida-
tive phosphorylation or regulation of the permeability
of the plasma membrane, then severe effects on cellular
function could become evident quite rapidly.

Second, the reactive species of a xenobiotic may
bind to a protein, altering its antigenicity. The xenobi-
otic is said to act as a hapten, ie, a small molecule that
by itself does not stimulate antibody synthesis but will
combine with antibody once formed. The resulting an-
tibodies can then damage the cell by several immuno-
logic mechanisms that grossly perturb normal cellular
biochemical processes.

Third, reactions of activated species of chemical car-
cinogens with DNA are thought to be of great impor-
tance in chemical carcinogenesis. Some chemicals (eg,
benzo[a] pyrene) require activation by monooxygenases

METABOLISM OF XENOBIOTICS [/ 631

in the endoplasmic reticulum to become carcinogenic
(they are thus called indirect carcinogens). The activi-
ties of the monooxygenases and of other xenobiotic-
metabolizing enzymes present in the endoplasmic retic-
ulum thus help to determine whether such compounds
become carcinogenic or are “detoxified.” Other chemi-
cals (eg, various alkylating agents) can react directly (di-
rect carcinogens) with DNA without undergoing intra-
cellular chemical activation.

The enzyme epoxide hydrolase is of interest be-
cause it can exert a protective effect against certain car-
cinogens. The products of the action of certain
monooxygenases on some procarcinogen substrates are
epoxides. Epoxides are highly reactive and mutagenic
or carcinogenic or both. Epoxide hydrolase—like cy-
tochrome P450, also present in the membranes of the
endoplasmic reticulum—acts on these compounds,
converting them into much less reactive dihydrodiols.
The reaction catalyzed by epoxide hydrolase can be rep-
resented as follows:

[ [
—C—C—+H,0 —> —C—C—
N4 [

0 HO OH

Epoxide Dihydrodiol

PHARMACOGENOMICS WILL DRIVE THE
DEVELOPMENT OF NEW & SAFER DRUGS

As indicated above, pharmacogenetics is the study of
the roles of genetic variations in the responses to drugs.
As a result of the progress made in sequencing the

GSH S-transferase or

Cytochrome P450

Xenobiotic

Reactive metabolite

epoxide hydrolase

Nontoxic metabolite

Covalent binding to
macromolecules

Y

Y

Cell injury

Hapten Mutation
Antibody production Cancer

Cell injury

Figure 53-1.

Simplified scheme showing how metabolism of a xenobiotic can result in cell injury, immuno-

logic damage, or cancer. In this instance, the conversion of the xenobiotic to a reactive metabolite is catalyzed
by a cytochrome P450, and the conversion of the reactive metabolite (eg, an epoxide) to a nontoxic metabolite
is catalyzed either by a GSH S-transferase or by epoxide hydrolase.
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human genome, a new field of study—pharmacoge-
nomics—has developed recently. It includes pharmaco-
genetics but covers a much wider sphere of activity. In-
formation from genomics, proteomics, bioinformatics,
and other disciplines such as biochemistry and toxicol-
ogy will be integrated to make possible the synthesis of
newer and safer drugs. As the sequences of all our genes
and their encoded proteins are determined, this will re-
veal many new targets for drug actions. It will also re-
veal polymorphisms (this term is briefly discussed in
Chapter 50) of enzymes and proteins related to drug
metabolism, action, and toxicity. DNA probes capable
of detecting them will be synthesized, permitting
screening of individuals for potentially harmful poly-
morphisms prior to the start of drug therapy. As the
structures of relevant proteins and their polymorphisms
are revealed, model building and other techniques will
permit the design of drugs that take into account both
normal protein targets and their polymorphisms. At
least to some extent, drugs will be tailor-made for indi-
viduals based on their genetic profiles. A new era of ra-
tional drug design built on information derived from
genomics and proteomics has already commenced.

SUMMARY

* Xenobiotics are chemical compounds foreign to the
body, such as drugs, food additives, and environmen-
tal pollutants; more than 200,000 have been identi-
fied.

* Xenobiotics are metabolized in two phases. The
major reaction of phase 1 is hydroxylation catalyzed
by a variety of monooxygenases, also known as the
cytochrome P450s. In phase 2, the hydroxylated
species are conjugated with a variety of hydrophilic
compounds such as glucuronic acid, sulfate, or glu-
tathione. The combined operation of these two
phases renders lipophilic compounds into water-
soluble compounds that can be eliminated from the
body.

* Cytochrome P450s catalyze reactions that introduce
one atom of oxygen derived from molecular oxygen
into the substrate, yielding a hydroxylated product.
NADPH and NADPH-cytochrome P450 reductase
are involved in the complex reaction mechanism.

* All cytochrome P450s are hemoproteins and gener-
ally have a wide substrate specificity, acting on many
exogenous and endogenous substrates. They repre-
sent the most versatile biocatalyst known.

* Members of at least 11 families of cytochrome P450
are found in human tissue.

* Cytochrome P450s are generally located in the endo-
plasmic reticulum of cells and are particularly en-
riched in liver.

* Many cytochrome P450s are inducible. This has im-
portant implications in phenomena such as drug in-
teraction.

* Mitochondrial cytochrome P450s also exist and are
involved in cholesterol and steroid biosynthesis.
They use a nonheme iron-containing sulfur protein,
adrenodoxin, not required by microsomal isoforms.

* Cytochrome P450s, because of their catalytic activi-
ties, play major roles in the reactions of cells to
chemical compounds and in chemical carcinogenesis.

* Phase 2 reactions are catalyzed by enzymes such as
glucuronosyltransferases, sulfotransferases, and glu-
tathione S-transferases, using UDP-glucuronic acid,
PAPS (active sulfate), and glutathione, respectively,
as donors.

* Glutathione not only plays an important role in
phase 2 reactions but is also an intracellular reducing
agent and is involved in the transport of certain
amino acids into cells.

¢ Xenobiotics can produce a variety of biologic effects,
including pharmacologic responses, toxicity, immuno-
logic reactions, and cancer.

* Catalyzed by the progress made in sequencing the
human genome, the new field of pharmacogenomics
offers the promise of being able to make available a
host of new rationally designed, safer drugs.
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