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Pharmacogenetics
C Roland Wolf, Gillian Smith, Robert L. Smith

Individual variation in response to drugs is a substantial
clinical problem. Such variation ranges from failure to
respond to a drug to adverse drug reactions and
drug-drug interactions when several drugs are taken
concomitantly. The clinical consequences range from
patient discomfort through serious clinical illness to the
occasional fatality. One UK study has suggested that
about 1 in 15 hospital admissions are due to adverse
drug reactions,' and a recent US study estimated that
106 000 patients die and 2.2 million are injured each
year by adverse reactions to prescribed drugs.”

It is now clear that much individuality in drug
response is inherited: this genetically determined vari-
ability in drug response defines the research area
known as pharmacogenetics.” This article discusses the
potential of pharmacogenetic testing to improve both
the efficacy and safety of drug prescribing.

Methods

We compiled the article from the published literature,
information presented at scientific meetings, our own
published research work, and information gained from
working with the pharmaceutical industry on drugs in
development.

The human genome and polymorphism

Pharmacogenetic research has gained enormous
momentum, with recent advances in molecular genetics
and genome sequencing. This is due to the emergence
of technologies that permit rapid screening for specific
polymorphisms, as well as our recently gained
knowledge of the genetic sequences of target genes such
as those coding for enzymes, ion channels, and other
types of receptors involved in drug response.*

Research in pharmacogenetics is currently devel-
oping in two main directions: firstly, identifying specific
genes and gene products associated with various
diseases, which may act as targets for new drugs, and,
secondly, identifying genes and allelic variants of genes
that affect our response to current drugs.

Identifying novel targets for new drugs

Increasing numbers of research programmes are devel-
oping from the human genome project, including
genome-wide screens to identify single nucleotide
polymorphisms—that is, differences between individuals
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Predicted developments

Establishment of prescribing guidelines, based on
clinical studies, for drugs that are subject to
substantial polymorphic metabolism

Prescribing advice will relate dose to genotype
and will highlight the possibility of drug
interactions when multiple drugs are prescribed
concomitantly

Establishment and recording of individual patient
genotypes—that is, “personal pharmacogenetic
profiles”

Pharmacogenetic testing will substantially reduce
the need for hospitalisation, and its associated
costs, because of adverse drug reactions

Development of new drugs for patients with
specific genotypes—that is, “drug stratification”

of a single base pair in their DNA. These can be used to
map and identify specific genes associated with various
diseases such as diabetes, cancer, and arthritis. Many of
the proteins encoded by these genes are expected to
become targets for new drugs. The fact that these genes
were identified by polymorphism analysis indicates that
drugs directed at such targets may have different effects
in different patients and that some drugs will be most
effective in patients with specific gene variants. This leads
to the concept of drug stratification or individualised
drug treatment, in which the choice of drug is influenced
by a patient’s genetic status.

This type of genomic analysis will generate an
enormous amount of information on human poly-
morphism, and several hundred thousand single
nucleotide polymorphisms will probably be identified
in the next few years. However, a greater challenge will
be determining the function of each polymorphic
gene or, to be more exact, of the gene product and its
variant forms. In particular, it will be necessary to
determine whether a gene product is of pharmaco-
logical or toxicological importance and whether indi-
vidual allelic variants are of therapeutic importance.
These are major hurdles, and it will be many years
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Box 1: Potential consequences of polymorphic
drug metabolism

 Extended pharmacological effect

 Adverse drug reactions

* Lack of prodrug activation

* Drug toxicity

¢ Increased effective dose

* Metabolism by alternative, deleterious pathways

* Exacerbated drug-drug interactions

before this aspect of pharmacogenetics is practicable
in drug development. However, the future fortunes of
many in the global pharmaceutical industry are predi-
cated on such a “genomic” approach to discovering
new drugs.

Identifying genetic variants associated
with adverse drug reactions

Much closer to clinical application is determining the
genetic variations that affect the efficacy of current drugs.
Polymorphism in any one of many genes—including
those encoding drug receptors, drug transporters, and
cell signalling pathways—can be important determi-
nants of clinical response. However, the most immedi-
ately exploitable polymorphisms are those in the genes
involved in drug metabolism and disposition. Functional
polymorphisms in any one of these genes can lead to
either a lack of therapeutic effect or an exacerbated
clinical response (see box 1). Polymorphisms have now
been identified in more than 20 human drug metabolis-
ing enzymes, several with substantial ethnic differences
in their frequencies, and the phenotypic consequences
of some of these are critical determinants of therapeutic
outcome (see table). Important examples are poly-
morphisms in the cytochrome P450 enzymes and in
thiopurine methyltransferase.

Cytochrome P450s

The cytochrome P450s are a multigene family of
enzymes found predominantly in the liver that are
responsible for the metabolic elimination of most of
the drugs currently used in medicine.” Genetically
determined variability in the level of expression or
function of these enzymes has a profound effect on
drug eflicacy. In “poor metabolisers” the genes encod-
ing specific cytochrome P450s often contain inactivat-
ing mutations, which result in a complete lack of active

enzyme and a severely compromised ability to
metabolise drugs. Thus, mutations in the gene
encoding cytochrome P450 CYP2C9, which metabo-
lises warfarin, affects patients’ response to the drug and
their dose requirements.” Polymorphism not only
affects drug disposition but can also be important in
the conversion of prodrugs to their active form. For
example, codeine is metabolised to the analgesic mor-
phine by CYP2D6, and the desired analgesic effect is
not achieved in CYP2D6 poor metabolisers.

Cytochrome P450 CYP2D6

CYP2D6, also known as debrisoquine hydroxylase, is
highly polymorphic and is inactive in about 6% of
white people. In Britain several million people are thus
at risk of compromised metabolism or adverse drug
reactions when prescribed drugs that are CYP2D6
substrates. Many such drugs are used for treating
psychiatric, neurological, and cardiovascular diseases
(see box 2), where the therapeutic window can be nar-
row and side effects are common.

Box 2: Examples of drugs that are substrates of
cytochrome P450 CYP2D6

Drugs for treating psychiatric and neurological
disease

Amitriptyline, clomipramine, clozapine, desipramine,
desmethylcitalopram, fluvoxamine, fluoxetine,
haloperidol, imipramine, levomepromazine,
maprotiline, mianserin, nortriptyline, olanzapine,
paroxetine, perphenazine, risperidone, thioridazine,
tranylcypromine, venlafaxine, zuclopenthixol
Drugs for treating cardiovascular disease
Alprenolol, amiodarone, flecainide, indoramin,
mexiletine, nimodipine, oxprenolol, propranolol,
timolol

Another variant results from amplification of the
entire CYP2D6 gene, with some individuals inheriting
up to 13 copies of the gene, arranged in tandem.” This
amplification polymorphism results in affected people
metabolising drugs that are CYP2D6 substrates so
quickly that a therapeutic effect cannot be obtained at
conventional doses. For example, it has been estimated
that, while a daily dose of 10-20 mg nortriptyline would
be sufficient for a patient who is a CYP2D6 poor
metaboliser, an “ultra-rapid metaboliser” inheriting
multiple copies of the gene could require as much as
500 mg a day’

Common pharmacogenetic polymorphisms in human drug metabolising enzymes (data from Weber 1997¢)

Known drug substrates

Total No
Gene Phenotype Frequency in different ethnic groups of drugs Examples
Cytochrome P450 (drug oxidation):
CYP2D6 Poor metaboliser White 6%, African American 2%, oriental 1% >100 Codeine, nortryptiline,
Ultra-rapid metaboliser ~ Ethiopian 20%, Spanish 7%, Scandinavian 1.5% dextromethorphan
CYP2C9 Reduced activity >60 Tolbutamide, diazepam,
ibuprofen, warfarin
CYP2C19 Poor metaboliser Oriental 23%, white 4% >50 Mephenytoin, omeprazole,
proguanil, citalopram
N-Acetyl transferase (acetylation) Poor metaboliser White 60%, African American 60%, oriental 20%, >15 Isoniazid, procainamide,
Inuit 5% sulphonamides, hydralazines
Thiopurine methyltransferase Poor metaboliser Low in all populations <10 6-Mercaptopurine,

(S-methylation)

6-thioguanine, azathioprine
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Clinical problems can also arise from the
co-administration of drugs that inhibit or compete for
CYP2D6. A drug may interact with and inhibit
CYP2D6 to the extent that it is no longer functionally
active, resulting in a patient responding like a poor
metaboliser even though he or she has an “extensive
metaboliser” genotype. Thus, quinidine, a powerful
CYP2D6 inhibitor, may exaggerate the effects of other
drugs that are prescribed concomitantly or may
prevent the metabolic activation of drugs such as
codeine by CYP2D6.

Thiopurine methyltransferase

Another clinically important polymorphism occurs in
the enzyme thiopurine methyltransferase (TPMT),’
which is responsible for the metabolism of the
antitumour agents 6-mercaptopurine and
6-thioguanine. Genetic polymorphism at this gene
locus is associated with difficulty in achieving an effec-
tive dose of these drugs in children with childhood leu-
kaemia."” Children with inherited TPMT deficiency
exhibit severe haematopoietic toxicity when exposed
to drugs such as 6-mercaptopurine, whereas those with
a high activity form of the enzyme require high doses
of the drug to achieve any clinical benefit. The TPMT
polymorphism is relatively rare, with only about 1% of
the white population being homozygous for it, but,
since these individuals show exaggerated toxic
responses to normal doses of thiopurine, TPMT
phenotype may be an important factor in the success-
ful treatment of childhood leukaemia. Some centres
already provide a diagnostic phenotyping service to
guide the clinical use of 6-mercaptopurine.

The current situation

Pharmacogenetic testing is currently used in only a
limited number of teaching hospitals and specialist
academic centres. It is currently most advanced in
Scandinavian countries. The most widely accepted
application of pharmacogenetic testing is the use of
CYP2D6 genotyping to aid individual dose selection
for drugs used to treat psychiatric illness.

Several independent testing laboratories provide
the pharmaceutical industry and medical practice with
a high throughput, DNA based, testing service for a
range of pharmacogenetic polymorphisms. It is,
however, difficult to predict to what extent the pharma-
ceutical industry will routinely incorporate pharmaco-
genetic testing into prescribing schedules for drugs
that are subject to polymorphic metabolism. This will
depend to some extent on the attitude taken by drug
licensing authorities.

To test or not to test?

Until recently, the only way to identify a patient with a
genetic risk factor for a particular adverse drug
reaction was with “phenotyping tests,” with the admin-
istration of a specific marker drug or test substance.
Such procedures were tedious, involving the invasive
administration of the test substance and the collection
of samples and subsequent biochemical analysis. Mod-
ern DNA based tests, which require only a small
sample of tissue—blood from a finger prick, cells from
a mouth wash, or hair follicle cells—enable the rapid

BM]J VOLUME 320 8 APRIL 2000 bmj.com

ﬁ Pharmacogenetics
Candidate genes: are Single nucleotide or other
there polymorphisms?

polymorphism screens

Identification of
pharmacological
targets

Identification of disease
susceptibility loci

Establishment of the functional
importance of the polymorphisms

i

DNA based
tests

Prescribing advice |

Genetic methods for identifying pharmacogenetic polymorphisms

and unequivocal determination of the “pharmacoge-
netic profile” or genotype of a patient.

The clinical applicability of pharmacogenetic
testing depends on the relative importance of each
polymorphism in determining therapeutic outcome
(figure). Doctors need to be aware of whether a drug
they are prescribing is subject to pharmacogenetic
variability and know how use this knowledge. In
addition, a reliable DNA based testing service needs to
be available. For certain pharmacogenetic polymor-
phisms (such as CYP2D6), we believe that there is now
sufficient knowledge about the implications of geneti-
cally determined variation to instigate population
based pharmacogenetic testing. Details of more than
20 drugs that are known to be CYP2D6 substrates are
now provided in both the ABPI Compendium of Data
Sheets in Britain and the Physicians Desk Reference in the
United States." "* This may allow the choice and doses
of specific drugs, particularly those for treating psychi-
atric disorders, to be used more appropriately. At
present, adverse drug reactions occur in a substantial
proportion of patients: a recent US study showed that,
in patients prescribed psychiatric drugs that are
CYP2D6 substrates, adverse drug reactions were
observed in every patient with inherited mutations
inactivating the CYP2D6 gene.”

The future

Pharmacogenetic testing may provide the first example
of a mechanism whereby DNA based testing can be
applied to populations, but we are still a long way from
having a pharmacogenetic DNA chip that general prac-
titioners can use to identify all the drugs to which any
particular patient is sensitive. However, there is
increasing evidence that pharmacogenetics will be
extremely important in the health service. One day it
may be considered unethical not to carry out such tests
routinely to avoid exposing individuals to doses of drugs
that could be harmful to them. The ability to identify
sensitive individuals, either before drug treatment or
after an adverse drug response would also be of
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economic importance as it would avoid the empiricism
associated with matching the most appropriate drug at
its optimal dose for each patient. It might also
substantially reduce the need for hospitalisation, and its
associated costs, because of adverse drug reactions.

Our increasing knowledge of the mechanisms of
drug action, the identification of new drug targets and
the understanding of genetic factors that determine
our response to drugs may allow us to design drugs
that are specifically targeted towards particular
populations or that avoid genetic variability in
therapeutic response. The extent of genetic polymor-
phism in the human population indicates that
pharmacogenetic variability will probably be an issue
for most new drugs.

The development of pharmacogenetics provides at
least one mechanism for taking prescription away from
its current empiricism and progressing towards more
“individualised” drug treatment. In view of the
momentum that pharmacogenetics is developing, it is
essential that the subject is taught as part of the medi-
cal student curriculum.
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When I use a word ...
Cheque your spelling

Eye halve a spelling chequer;
It came with my pea sea.
It plainly marques four my revue
Miss steaks eye khan knot sea.

This poem, which has recently been circulating by email marked
“Sauce unknown,” shows how important it is to check a hard copy
of your word processed material. But I often see evidence that
writers don’t do this simple thing. Take, for instance, a reference
to “Hypocrites” (in an article on ancient Greek medicine), or to
“Ciba space” (drug companies on the internet?), and the
description of an argument as being “full of significant floors”
(wrong on many levels or just basically wrong?). The editor also
tells me of a surfeit of “morays,” as in “O tempera, O morays!”
(which, if thus twice misspelt, could mean souls and eels).

Now these are amusing errors, presumably secretarial in origin,
but homophonic mistakes of this type have sometimes made their
marks on the language. All the examples that I have chosen
happen to be about foodstuffs.

* Bully beef: Not, as some 18th century secretary seems to have
thought, beef from a bull (on or off the bone), but boiled beef,
from the French boeuf bouilli. In the 19th century it was also called
bullamacow.

e Chickpea: This is the plant Cicer arietinum, after which Cicero
was named (having a wart on his face shaped like a seed of the
plant). In English it was called cich-pease, which became chickpea,
by error in the 18th century.

e Crayfish/crawfish: This crustacean was originally called crevisse, a
word of the same origin as crab. But in the 16th century natural
confusion with vish (fish) led to its modern name.

e Jerusalem artichoke: This vegetable has nothing to do with the
Middle East. A girasole is a plant whose flower turns towards the

sun. Heliotrope, which comes from Greek words meaning “sun
turning,” was once known as a turnsole. And so the name
“Jerusalem,” corrupted from “girasole,” was attached to the
vegetable by some 17th century scribe who misheard it. And what
would you call soup made from Jerusalem artichokes? Well,
according to Mrs Beeton, that’s Palestine soup.
e Jordan almond: Another false Middle Eastern association. This
nut comes not from Jordan but from le jardin.
* Orange: Originally naranj in Arabic, this word lost its initial 7 to
the preceding indefinite article in the 16th century and became
an aranj; and in medieval Latin it was called aurantia,
homophonically influenced by aurum, gold (see BMJ 1999;318:
1758).
» Sometimes the process works in the opposite direction, and a
true derivation is misattributed to a homophonic error. For
instance, Welsh rabbit. Some have presumed that the term rabbit
in the name of this dish (cheese on toast) is a corruption of the
words rare bit, but it is in fact the original term. Just as a Bombay
duck is a type of curried fish, a Yarmouth capon is a herring, and
a Scotch woodcock is eggs on toast, so a Welsh (or sometimes a
Scotch) rabbit is a meagre substitute for the real thing.
Presumably the term was coined by an Englishman, ridiculing the
culinary habits of his neighbours.
And to Finnish, sum mower from that poem about my knew
spelling chequer:
Eye have run this filler threw it,
I am shore your pleased two no;
Its letter perfect awl the weigh
My chequer tolled me sew.

Jeff Aronson  clinical pharmacologist, Oxford
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