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osmolar agents among high-risk patients, defined
as those with preexisting renal dysfunction; the
highest risk associated with high-osmolar contrast
agents was found among patients with both preex-
isting azotemia and diabetes. Barrett and Carlisle!2
performed a meta-analysis that pooled data from
31 different trials and concluded that a statistically
significant benefit of low-osmolar contrast agents
in terms of renal function could be shown only
among patients with preexisting renal dysfunction
in whom the contrast material was administered
intraarterially. In contrast, no benefit was found
among patients with normal renal function (with
or without diabetes) or among those in whom the
contrast material was administered intravenously.

The study by Aspelin et al. suggests that iodix-
anol is of significant benefit in a group of patients
known to be at high risk for the development of
contrast-agent—induced acute renal dysfunction —
patients with diabetes who have preexisting abnor-
mal renal function and are undergoing arteriogra-
phy. The authors have attempted to control some
of the variables by excluding patients whose renal
function before angiography was not stable and
patients who had received any potentially nephro-
toxic drugs or contrast agents less than seven days
before angiography.

Although the results of the study by Aspelin et al.
are encouraging, one should not conclude that
iodixanol is the answer to contrast-agent-induced
acute renal dysfunction. The precise mechanism by
which such renal dysfunction occurs remains un-
known, but experimental data suggest that the pri-
mary mechanism is arteriolar vasoconstriction me-
diated by endothelin-1 in response to the delivery
of a large hyperosmotic load (i.e., the contrast ma-
terial) to the juxtaglomerular apparatus.1® Since
there is no satisfactory animal model of contrast-
agent—induced acute renal dysfunction, it is likely

that we will have to depend on clinical studies such
as the current one to further elucidate this impor-
tant problem. Yet, since previous clinical studies
have yielded conflicting results, there is reason to
believe that future studies of iodixanol may provide
conflicting data as well.

From the Department of Radiology, University of Texas Houston
Medical School, Houston.
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Pharmacogenetics in the Laboratory and the Clinic
David B. Goldstein, Ph.D.

One of the most striking features of modern medi-
cines is how often they fail to work. Even when they
do work, they are often associated with serious ad-
verse reactions. Indeed, adverse reactions to drugs
rank as one of the leading causes of death and ill-
ness in the developed world.* How can we improve
the success rate?

The Human Genome Project and other advanc-
es have generated expectations that medicines can
be customized to match the genetic makeup of pa-
tients, thereby dramatically improving efficacy and
safety. These issues are examined in two review ar-
ticles in this issue of the Journal.23 Although the
prospects for basic research in pharmacogenetics
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lookvery promising, the incorporation into clinical
practice of the data it generates presents consider-
able challenges.

Polymorphism of the genes encoding drug-
metabolizing enzymes has been the core focus of
pharmacogenetics since its beginnings in the 1950s,
but other classes of genes influencing responses to
drugs are receiving increasing attention.23 In addi-
tion to the many well-known variants of drug-
metabolizing enzymes,? pharmacogenetic variants
have now been documented in drug transporters
and targets, as well as in their associated pathways.3

Many of the genes that have been studied have
variants that occur with moderate-to-high frequency
and are known to influence the response to drugs
or appear likely to do so (for example, because they
change the activity of a relevant enzyme). These
findings are important not only because of the spe-
cific variants that have been identified, but also be-
cause they suggest that it will be possible to find
many of the variants that we do notyet know about.
Much of the excitement about personalizing medi-
cines is fueled by association studies, which seek to
relate genetic variants to drug response. Genetic as-
sociation studies will be more successful in finding
common variants than rare variants, unless the vari-
ant has very high penetrance.

In a case—control study, genotypes of persons
with and without a particular response of interest
—either a therapeutic response or an adverse event
—are compared. The key question is which genet-
ic variants to consider. There are approximately
10 million single-nucleotide polymorphisms, or
SNPs (variants with frequencies of more than 1 per-
cent), in the human genome, of which as many as
4 million have been catalogued.# Because our
knowledge in this area is incomplete and because
of cost constraints, it is not possible to evaluate all
polymorphic SNPs in the genome directly through
association studies. Instead, the aim is to use asso-
ciations among variants, or linkage disequilibrium,>
to leverage the information provided by typing a
subgroup of polymorphic markers.

Current thinking about the design of associa-
tion studies has been greatly influenced by data
showing that linkage disequilibrium in humans is
composed of regions of low diversity of haplotypes,
where the common haplotypes can be represented
by knowledge of only a few genotypes in the block,
and stretches of more rapid breakdown of linkage
disequilibrium, where a few sentinel SNPs cannot
reliably represent haplotype diversity; in many cases,

the latter regions correspond to hot spots of meiotic
recombination.®? This structure of linkage disequi-
librium inspired the idea of haplotype tagging, in
which a set of SNPs is identified that tags each of the
common haplotypes within a block of linkage dis-
equilibrium. The general algorithm is straightfor-
ward: determine the haplotype structures of genes
or genomic regions of interest in controls, identify
tagging SNPs, and analyze the tagging SNPs in pa-
tients whose drug-response phenotype is known. By
some estimates, an average of only five to seven
SNPs per gene would be required to represent all the
common polymorphisms in candidate genes. This
means thatitis now economical to conduct exhaus-
tive studies of candidate genes once the haplotype
structure of the genes has been determined.

It mustbe understood, however, that the tagging
SNPs must be carefully selected and validated — not
justany five to seven SNPs will do. Thus, many pre-
vious pharmacogenetic association studies have
been incomplete, in that they did not fully represent
the common variation in the genes studied, even
when multiple polymorphisms within a gene were
considered. For clarity, this approach should be
referred to as the study of “candidate polymor-
phisms,” to distinguish it from a systematic study
of candidate genes using tagging SNPs for each
common haplotype. Failure of a candidate-poly-
morphism study does not rule out involvement of
the gene or genes, whereas a negative candidate-
gene study can provide a statistical limit to the im-
portance of any common variantin the gene. Given
the economy provided by tagging SNPs, there is lit-
tlejustification now for not conducting a candidate-
gene study, especially since the haplotype struc-
tures of genes need only be determined once in the
population of interest. The tags can then be used
for any clinical study. It should be noted, however,
that haplotype tagging will often fail to capture rare
variants, which are also known to be important in
variable responses to a drug.®

There are several implications of this approach,
termed “haplotype mapping,” that are worth em-
phasizing. Limited diversity of the haplotypes of
genes increases the prospects of identifying inter-
actions between the haplotypes found in different
genes — for example, elements of a common path-
way. This opportunity argues strongly that poten-
tially interacting genes are best analyzed as integrat-
ed sets (e.g., the genes encoding a receptor complex,
the renin-angiotensin—aldosterone pathway, or
drug-metabolizing enzymes).
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Systematic association studies will very soon be
feasible for large sets of candidate genes (i.e., sets
numbering in the hundreds) within the context of
academic laboratories, but systematic genome-wide
analyses will not be possible for quite some time.
The National Institutes of Health is spearheading a
global effort to find an appropriate set of tagging
SNPs for the entire genome and estimates that it
will require 300,000 to 600,000 SNPs. If it takes
450,000 SNPs at the (currently reasonable) cost of
10 cents per sample per genotype, the cost of ana-
lyzing 1000 cases and 1000 controls will be $90 mil-
lion. On the other hand, a systematic candidate-gene
study of the key elements of the renin—angiotensin
pathway would cost several hundred thousand dol-
lars at most, once the haplotype structure of the
genes had been determined.

In short, much of the enthusiasm surrounding
pharmacogenetics appears to be justified. Haplo-
type mapping is a powerful framework for finding
common variants that influence drug response, and
there is clear evidence that common variants play
an important part in variable drug response. It does
not follow, however, that pharmacogenetics will
revolutionize health care overnight. The pharma-
cogenetics of asthma illustrates the reasons both
for optimism about progress in research and for
caution about translation into clinical practice. The
B,-adrenergic receptor is the target of the most
commonly used medicines for asthma and is there-
fore a natural candidate for influencing the response
to inhaled B-agonists. Indeed, the Arg—Arg geno-
type at position 16 in the 3,-adrenergic-receptor
gene has been positively associated with the acute
response to treatment.1° Dynamic analyses, howev-
er, revealed that the Arg—Arg genotype is also asso-
ciated with a significant decrease in response after
regular use of B-agonists, whereas the Gly-Gly
genotype was unaffected by regular use.1* Combin-
ing these data with functional analyses, Liggett!2
explained the results with a model of receptor reg-
ulation, but the model has not been verified and the
clinical implications remain unclear,! despite the
extremely effective combination of association and
functional data.

Similarly, P-glycoprotein is a nonspecific drug-
efflux pump that s active at the blood—brain barrier
and is known to act on antiepileptic drugs. My col-
leagues and I showed thata previously known high-
activity variant in exon 26 of the encoding ABCB1
gene is significantly associated with resistance to
drug treatment in patients with epilepsy (unpub-

lished data), suggesting the possibility that inhibi-
tion of P-glycoprotein might improve the response
to treatment in some patients with refractory epi-
lepsy. Previous clinical experience with P-glycopro-
tein inhibitors, however, provides a strong caution-
ary note concerning the clinical exploitation of this
result. Clinical trials of P-glycoprotein inhibitors as
ameans of reducing the frequency of multidrug re-
sistance in patients undergoing antitumor therapy
have been generally disappointing, because of in-
adequate knowledge about the relevance of P-gly-
coprotein in individual patients, drug-drug inter-
actions, the importance of other transporters, and
perhaps unaccounted-for variation in the ABCB1
gene itself.13

These and other examples suggest that, with only
rare exceptions, the translation of pharmacogenet-
icresearch into clinical practice will be intellectually
challenging, time-consuming, and expensive. It will
usually require explicit clinical evaluation, meaning
that translation will lag years behind basic research.
There are steps, however, that the research commu-
nity can take to improve the efficiency of translation.

Reported associations between genetic variants
and drug responses should be as secure as possible,
and every effort should be made to determine the
causal variant or variants. It would be helpful to de-
fine minimal standards for reported associations.
All reports should include an assessment of the
structure of linkage disequilibrium surrounding the
associated polymorphism in order to delimit an as-
sociated interval — that s, the boundaries on either
side of the associated polymorphism that delimit
an area of sufficiently high linkage disequilibrium
that the causal variant responsible for the observed
association could reside within it. In addition, all
reports should include a check and, if necessary,
correction for stratification of the population,4
which can create spurious association, in order to
reduce the amount of effort wasted on spurious
associations.

Finally, the biologic function of causal variants
must be assessed in order to aid in the interpreta-
tion of the associations. Particular care would be
required in the use of diagnostic associations in the
absence of identified causal variants, in part because
patterns of linkage disequilibrium will differ among
populations, thereby changing the associations be-
tween causal variants and the associated markers.
Basic research in pharmacogenetics deserves the
support and the excitement that it has generated,
but this excitement should not lead to unrealistic
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expectations about the rate at which medicines can
be personalized according to genotype.

From the Department of Biology, University College London,
London.

1. Lazarou J, Pomeranz BH, Corey PN. Incidence of adverse drug
reactions in hospitalized patients: a meta-analysis of prospective
studies. JAMA 1998;279:1200-5.

2. Weinshilboum R. Inheritance and drug response. N Engl ] Med
2003;348:529-37.

3. Evans WE, McLeod HL. Pharmacogenomics — drug disposi-
tion, drug targets, and side effects. N Engl ] Med 2003;348:538-49.

4. Gabriel SB, Schaffner SF, Nguyen H, et al. The structure of hap-
lotype blocks in the human genome. Science 2002;296:2225-9.

5. Guttmacher AE, Collins FS. Genomic medicine — a primer.
N Engl]J Med 2002;347:1512-20.

6. Daly MJ, Rioux JD, Schaffner SF, Hudson TJ, Lander ES. High-
resolution haplotype structure in the human genome. Nat Genet
2001;29:229-32.

7. Jeftreys AJ, Kauppi L, Neumann R. Intensely punctate meiotic
recombination in the class II region of the major histocompatibility
complex. Nat Genet 2001;29:217-22.

8. Relling MV, Dervieux T. Pharmacogenetics and cancer therapy.
Nat Rev Cancer 2001;1:99-108.

9. National Human Genome Research Institute newsroom.
Bethesda, Md.: NHGRI, 2003. (Accessed January 10, 2003, at http:
|lwww.genome.gov.)

10. Martinez FD, Graves PE, Baldini M, Solomon S, Erickson R.
Association between genetic polymorphisms of the beta2-adreno-
ceptor and the response to albuterol in children with and without a
history of wheezing. J Clin Invest 1997;100:3184-8.

11. Palmer LJ, Silverman ES, Weiss ST, Drazen JM. Pharmacogenet-
ics of asthma. Am J Respir Crit Care Med 2002;165:861-6.

12. Liggett SB. Pharmacogenetics of relevant targets in asthma.
Clin Exp Allergy 1998;28:Suppl:77-9.

13. Krishna R, Mayer LD. Multidrug resistance (MDR) in cancer:
mechanisms, reversal using modulators of MDR and the role of
MDR modulators in influencing the pharmacokinetics of anticancer
drugs. EurJ Pharm Sci 2000;11:265-83.

14. Reich DE, Goldstein DB. Detecting association in a case-control
study while correcting for population stratification. Genet Epide-
miol 2001;20:4-16.

Copyright © 2003 Massachusetts Medical Society.

N ENGL J MED 348;6 WWW.NEJM.ORG FEBRUARY 6, 2003

Downloaded from www.nejm.org on September 6, 2008 . For personal use only. No other uses without permission.

Copyright © 2003 Massachusetts Medical Society. All rights reserved.



