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DEFIYITIOVS AhIl HISTORY 

Pharmacogenetics deals with those variations in re- 
sponse to drugs that arc under hereditary control. As 
applied to man. pharmacogenetics is a relatively new 
field; not until the 1950’s were sufficie,:tly large popu- 
lations of human subjects exposed to enough thera- 
peutic agents to establish that certain genetic constitu- 
tions are exceedingly susceptible to drugs. Although 
the initial examples in man concerned drug sensitivity, 
more recently discovered pharmacogenetic entities in- 
clude drug resistance. In 1957, Motulsky [I] empha- 
sized that certain forms of drug toxicity in man result 
from hereditary disorders manifested by structural 
alterations in specific proteins that degrade drugs or 
their metabolites. Vogel [2] coined the term “pharma- 
cogcnctics” in 1959. and Kalow [3] wrote a seminal 
monograph on the subject in 1962. Several reviews on 
various aspects of the discipline have been published 
recently [4-71. 

With respect to experimental studies in laboratory 
animals. pharmacologists have long been aware of 
genetically controlled variability among strains and 
species in response to drugs [X-13]. However, until 
recently, pharmacologists focused their attention 
mainly on the extensive range of environmental factors 
responsible for &red reactions to e~perimcntai 
agents. A key theme in research on variations in drug 
response has been the attempt to separate genetic from 
environmental f&tors. In many instances such separ- 
ation is possible, but differences in drug response can 
he caused by environment~ll factors superi~lposed 
upon genetic factors. In considering the distinction 
bctwccn genetic and environmental factors. one should 
recall that the most celebrated concept of genetic con- 
trol. as developed by Jacob and Monod [ 14. 151. speci- 
lies an interaction of a genetic product with another 
compound. presumably environmentally controlled. to 
produce a new suhstancc that regulates the activity of 
a structural gene by binding to an adjacent operator 
gene. It is irnport~tlt to emphasize that variations in 
drug response, whether controlled by genes, environ- 
ment. or both. can occur at sites of absorption, distri- 
bution. protein binding. target receptors and excretion, 
as wcli as at locations of drug biotransformation in 
hepatic and cxtrahepatic locations. Furthermore. vari- 
ations in drug response can arise from genetic or cn- 
vironmental factors operating independently on 
several of these discrete processes. 

PHARMACOGENETIC VARIANTS EXHIBITIILG 

MENDELIAN INHERITANCE 

Genetic differences due to the action of a single 
mutant gene responsible for the production of a single 
aberrant protein affect the disposition of and the re- 
sponse to certain drugs. In man, the 13 entities de- 
scribed in Table I show the relatively few instances 
presently known in which a particular gene acting at 
a single locus on a chromosome produced an abnor- 
mal drug response. 

Each of the pharmacogenetic entities shown in 
Table 1 behaves as a single factor probably resulting 
from a single point mutation affeciing a single protein, 
the gene product. This aberrant gene is transmitted in 
classical Mendelian fashion. At some of these loci mul- 
tiple mutant genes, called alleles, have been dctectcd. 
The pharlnacogcllctic entities listed in Table 1 arc in- 
born errors of metabolism affecting proteins intimately 
involved in drug metabolism or response. Several are 
extremely rare, like most inborn errors of metabolism: 
bishydroxycoum~~rill sensitivity. deficient parahydrox- 
ylation of dipt~eliylhy~lantoin. and warbrin resistance 
have been reported thus far in only one or two families. 

However. more extensive population screening could 
reveal that these pharmacogenetic conditions are 
much more common than currently believed. In any 
event, other conditions listed in Table I. such its G-h- 
PD dcficicncy and slow inactivation of isoniazid, occur 
commonly; in certain populations the gene frequency 
of the “aberrant” allele is higher than that of the “nor- 
mai” allele [16]. Problems of drug toxicity arise when 
an individual with a mutant enzyme receives only a 
single tvpc of drug. However. in G-6-PD deficiency. 
hemolysis follows the administration of many com- 
monly used drugs. In the mutant form encountered 
most frequently m the United States. the resultant 
hemolysis is mild and self-limited. cvcn in the face of 
continued drug administration. 

Conditions listed in Table I probably do not consti- 
tute a major threat of drug toxicity to many indivi- 
duals. However. since the early 1950’s. it has been 
recognized that large inter-individual differences exist 
in rates of plasma decay of commonly used drugs. For 
example. plasma clearance of such commonly used 
drugs as phenylbutazoiie [ 171, antipyrine [ 1 X] and bis- 
hydroxycoumarin [ 191 exhibits 3- to IO-fold variations 
among individuals. The magnitude of the inter-indivi- 
dual differences in pharmacokinetics, observed after 
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administration either of a single oral dose of a drug or 
of multiple doses when steady state drug con- 
centrations are attained, far exceeds the normal ranges 
for many routine laboratory values. These large inter- 
individual variations do constitute a major therapeutic 
danger to certain patients in a population receiving 
drugs on dosage schedules based almost exclusively on 
body wt. For example, the patient who clears a drug 
rapidly from the body would require more of the drug 
to achieve a therapeutic effect than the patient of inter- 
mediate clearance capacity. However, toxicity could 
result from the usual dose of a drug given to a patient 
with little ability to remove the drug. After chronic 
administration of a drug to this individual, accumu- 
lation of the drug occurs. the extent of accumulation 
being determined by the metabolic clearance rate of 
the drug. To avoid extremes of drug toxocity and fail- 
ure to derive therapeutic benefit, individualization of 
drug doses by measurement of drug concentrations in 
the body has been advocated [20]. However, before 
such blood drug measurements would be practical, it 
is necessary to establish for each compound those 
blood concentrations that are ineffective, therapeutic 
and toxic both in normal subjects and in patients with 
disease states that might alter the kinetics of interac- 
tion between the drug and receptor sites. It was pre- 
viously assumed in discussion of this subject thdt 
receptor sites show little inter-individual variation not 
only in health but also in disease; the latter portion of 
the assumption is now being challenged [20]. 
Measurements of drug concentrations in blood are 
highly desirable theoretically and in some cases have 
been demonstrated to be useful therapeutically; no 
substitute for them is now generally available. How- 
ever, there are several potential pitfalls in their inter- 
pretation 1201. 

CONTINUOUS VARIABILITY AND POLYGENIC 
INHERITANCE 

Certain measured traits, such as intelligence quo- 
tient, blood pressure and height. come under the head- 
ing of continuous variability. Such variability can be 
produced by both genetic and environmental factors. 
Hereditary control over the trait in question is main- 
tained by genes situated at two or more different posi- 
tions (loci) on a chromosome or chromosomes. When 
populations are tested for a trait controlled by genes 
at multiple loci, the resulting distribution curve is uni- 
modal and Gaussian. The relative contributions of 
genetic and environmental factors to continuous varia- 
bility can be determined from analyses of twins, fami- 
lies or even populations. 

In contrast to the unimodal distribution curves pro- 
duced by multiple factors, discontinuous curves of 
population response to a drug are obtained from dis- 
orders transmitted as Mendelian dominants or reces- 
sives. These discontinuous curves, produced by genes 
at a single locus on the chromosome. are more easily 
analyzed because each discrete portion of the curve 

generally corresponds to a diflerent phenotype. In 
other words, the different genes present at a single gen- 
etic locus and their corresponding phenotypes segre- 
gate both in the pedigree and in the distribution curve. 
All the pharmacogenetic conditions listed in Table 1 
yield polymodal. discontinuous distribution curves. 

One practical reason for distinguishing between the 
relative contributions of genetic and environmental in- 
fluence over variation is that environmental factors 
can often be controlled. whereas genetically controlled 
components of variation are more stable, reproducible 
and hence more easily taken into account in the 
administration of drugs. Much drug therapy today 
remains ineffective or only partially effective because of 
our failure to consider genetic mechanisms that are in- 
timately involved in inter-individual variations in re- 
sponse to drugs. 

INTER-INDIVIDUAL VARIATIONS IN RATE OF 

DRUG ELIMINATION FROM HUMAN PLASMA 

In addition to genetic factors, numerous environ- 
mental factors also contribute to unimodal distribu- 
tion curves produced when large populations are 
examined for characters or traits controlled by multi- 
factorial mechanisms. The response of rodents to drugs 
can be altered by exposure to inducing agents, degree 
of health or illness, hormonal or nutritional status, 
cleanliness of litter, painful stimuli, ambient tempera- 
ture, degree of crowding, time of day of drug 
administration, and type of bedding [21-251. Thus, 
when we approach the question of the relative contri- 
butions of genetic and environmental factors to large 
inter-individual variations in clearance of commonly 
used drugs from human subjects, we can anticipate a 
large component of the variability to be environmen- 
tal. 

Twin studies are a particularly useful tool to exa- 
mine the question of the relative contributions of gen- 
etic and environmental factors to large inter-individual 
variations in drug clearance. With the assumption that 
no greater differences in environment prevail for iden- 
tical than for fraternal adult twins living in separate 
households in a large city, we can conclude that the 
genetic contributions to large inter-individual differ- 
ences in rates of drug clearance from plasma would be 
small if the response of identical twins to a drug were 
just as variable as that of fraternal twins. On the other 
hand, if intra-twin differences in monozygotic twins 
were much less than those of fraternal twins, then the 
contribution of genetic factors to variability would be 
expected to be large. The results of pharmacokinetic 
examinations of all drugs thus far investigated by 
means of twin studiesethanol [26], bishydroxycou- 
marin [27], phenylbutazone [28], antipyrine 1291, 
diphenylhydantoin [30], halothane [31], nortripty- 
line [32] and isoniazid [33]+reveal much greater 
similarity between identical than between fraternal 
twins. The data from such a twin study are shown in 
Fig. I. 
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Fig. I. Plasma half-lives of bishydrox~coumarin and anti- 

pyrine were measured separately at an Interval of more than 

6 months in healthy monozygotic (identical) and dizygotic 
(fraternal) twins. A solid line Joins the values for each set of 
twins for each drug. Note that intra-thin differences 1n the 
plasma half-life of both bishydroxycoumarin and antipyrine 
are smaller in monozygotic and in diqgotic twins. Data are 

rrom the work of Vesell and Page [77.29]. 

Froma genetic point of view, family studies are more 
definitive than twin studies for establishing the modes 
of inheritance. However, family studies on the rates of 
drug metabolism in three generations are subject to 
errors introduced by the fact that drug metabolism 
varies with age, sex and environment. The latter may 
be quite different within a family for young children, 
parents and grandparents. It is of interest, however. 
that in spite of these methodological differences 
between twin and family studies, the results are in close 
agreement. 

Three independent family studies, which were per- 
formed in the United States with bishydroxycoumar- 
in 1341. in England with phenylbutazone 1351 and in 
Swcdcn with nortriptylinc [36]. disclosed predomi- 
nantly genetic control over large inter-individual 
variations in the plasma pharmacokinetics of these 
drugs. Furthermore, these family studies suggested 
polygenic control, in that the mean pharmacokinetic 
value for the sibs fell midway between the values of the 
parents. Polygenic control was also suggested by the 
unimodal distribution curves obtained by plotting 
data from twin studies shown in Fig. I. 

VtxLL 

GEYETIC DISORDERS WITH ALTERED DRUG 

SENSITIVITY 

Many inborn errors of metabolism are associated 
with abnormal responses to drugs, even though the un- 
derlying genetic lesion does not involve a gene product 
directly concerned with drug absorption, distribution, 
biotransformation, receptor site interaction or excre- 
tion. Nonetheless. because of these altered drug re- 
sponses, patients with these genetic diseases can often 
avoid drug toxicity if exposure to certain drugs is 
modified or eliminated. 

In gout. three discrctc types of aberrant effects of 
drugs have been described: 

(I ) Acute attacks ofgout may bc induced by alcohol 
ingestion. Nicotinamidc adenine dinucleotide is 
reduced during ethanol metabolism, thereby f:ivoring 
lactate formation from pyruvate in amounts sullicicnt 
to impair renal elimination of uric acid [37]. 

(2) Diuretic agents. such as chlorothiaride or furose- 
mide. cause hyperuricemia b! reducing renal excretion 
of uric acid [3X]. Pre-existing hyperuricemia is 
enhanced by these drugs. and the risk of diurctic-in- 
duced gout is increased in genetically predisposed indi- 
viduals. 

(3) Allopurinol limits uric acid production by two 
different mechanisms. It decreases the conversion of 
hypoxanthine and xanthine to uric acid. and it also in- 
hibits the synthesis of purincs. The second effect is 
absent in 0.5 per cent of gout) patients in whom the 
“purine salvage enzyme,” hypoxanthine-guanine phos- 
phoribosyltransfcrase (HGPRT), is partially dcfi- 
cient [39]. In thcsc patients. allopurinol ribonuclco- 
tide is not formed; thus purine synthesis is not inhi- 
bitcd and xanthine oxidase is subjected to a higher 
concentration of allopurinol. As a result. these patients 
may form xanthinc renal calculi. 

A few other drugs are also biotransformed by 
HGPRT into ribonucleotides. For pharmacologic acti- 
vity, the antineoplastic agent 6-mcrcaptopurine must 
be converted i/l riz~ by HGPRT to its ribonucleotide. 
The immunosuppressive agent azathioprine is initially 
metabolized to 6mercaptopurinc which is then acti- 
vated by HGPRT. Thus. HGPRT-deficient patients 
are resistant to the therapeutic actions of several drugs 
but are particularly sensitive to toxicity after chronic 
administration due to accumulation of the parent 
drug. 

Hepatic porphvrias constitute several genetically 
distinct disorders Involving the metabolic pathway of 
porphyrins and heme biosynthesis in the liver. One fea- 
ture of the hepatic porphyrias is overproduction of the 
rate-limiting enzyme &aminolevulinic acid (ALA) syn- 
thetase in the liver. Several drugs that induce hcpatic 
ALA synthetase may precipitate clinical exacerbations 
when given in therapeutic doses to patients in remis- 
sion or in latent stages of hereditary hepatic por- 
phyrias. These drugs include barbiturates, sulfona- 
mides, griseofulvin, estrogens including those used in 
contraception, some anticonvulsants and tranquilizers, 
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and possibly general anesthetics. ethanol and chloro- 
quine. This efkcct is not invariable, however. and 
patients with iattzt porphyria have been known to 
receive barbiturates or other drugs without developing 
clinical symptoms [4(&42]. Gilbert’s syndrome repre- 
sents a common form of chronic, mild, non-incapaci- 
tating hyperbilirubinemia. The excess bilirubin is en- 
tirely in the unconjugated form, and there is no serious 
liver dysfunction. Gilbert’s syndrome is often accom- 
panied by a moderate reductton in activity of hepatic 
glucuronyltransferase [43]. but defects of bilirubin 
uptake have also been implicated. suggesting hetero- 
geneous causation. Alcohol, cholecystographic agents 
and, to some extent. the estrogens in oral contracep- 
tivcs may increase plasma levels of bilirubin and pro- 
duce jaundice. 

THERAPY OF GEhFTIC DISE.ASE-~ 
NEW ASPECTS OF PHARMACOGEYETICS 

A fascinating aspect of pharmacogenctics deals with 
the therapy of genetic lesions. Once an inborn error of 
metabolism is sufficiently defined to permit isolation of 
the primary gene product. theoretically it should be 
possible to relieve the metabolic block by 
administration of the purified protein obtained from a 
normal source. Because enzymes are highly efficient 
catalysts, a very small amount of enzyme could theore- 
tically reverse the toxicity arising from such genetic 
defects. 

Alternatively. the need for replacement would be 
obviated if organ transplants could supply normal 
enzyme to genetically affcctcd subjects. A major prob- 
lem with an exogenously administered enzyme is that 
such proteins may experience difficulty in traversing 
ccl1 membranes to reach the cytoplasm or intracellular 
organelles whcrc they act. Thus. treatment of meta- 
chromatic leukodystrophy with arylsulfatase A has 
been u~~successful 1441. Another approach involves 
passing a patient’s plasma through columns or over 
sheets of stably bound enzyme to reduce the level of a 
toxic substrate. thereby favoring the removal of 
intracellular toxic substrates through re-equilibration 

[451. 
Another approach to enzyme replacement is sug- 

gested by the observation that, for certain mucopoly- 
saccharidoses. mixed cultures of cells from two geneti- 
cally distinct forms of the disease grow normally [4& 
4X]. Some molecule. probably an enzyme. passes 
between contiguous cells, reducing mucopolysacchar- 
ide accumulation. It seems reasonable to expect that 
such a molecule. purified and given to patients, might 
produce therapeutic bcncfit in certain mucopolysac- 
charidoses. 

Finally. primary genetic material in the form of 
DNA or RNA has been provided to human mutant 
cells in culture to induce production of a normal 
enzyme. Merril and Geier 1491 infected human galac- 
tosemic cells with transducing bacteriophage that con- 
tained the enzyme deficient in galactosemia, galactose- 

l-phosphate uridyl transferase. The bacteriophage in- 
itiated transferase synthesis within the galactosemic 
cells. Previously. experiments with viral-transformed 
cells suggested that foreign DNA could be successfully 
integrated and expressed within a cell line [50-533. 
Munyon er ul. [Sl] transformed thymidine kinase-defi- 
cient L cells growing in culture by infecting them with 
ultraviolet-irradiated herpes simplex virus. Recently. 
Cohen ct ul. 1541 succeeded in inserting genetic matcr- 
ial from one strain of E,sclwric~hiu co/i into another 
strain. and from Stuph_r~ococcus uwws into E. co/i [55] 
with maintenance of function of the transplanted DNA 
in the new host. These techniques may be emplovcd to 
reduce bacterial resistance to certain antibiotics. 
Although several major questions must be resolved 
before such techniques could be tried in man. these ex- 
periments offer hope for eventual success in the ther- 
apy of genetic disease. At present, severe genetic dis- 
cases are usually not amenable to effective therapy. 
Advances in prenatal diagnosis by means of amniocen- 
tesis have resulted in therapeutic abortions 156621, 
rather than in early initiation of effective treatment. 
Hopefully. genetic therapy may become available in 
the not too distant future through development of 
some of the approaches outlined here. 
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