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In this review, recent developments in the area of pharmacogenetics will
be emphasized that, according to the author’s view, are especially important.
References prior to 1964, the time covered by the previous review for this
series by Kalow (79), have been excluded except where it seemed essential
for clarity. Since the last general review appeared, numerous authors (38, 39,
80-82, 88, 89, 110, 112, 127, 128) have either surveyed the general field of
pharmacogenetics or considered certain aspects of the area. Each has em-
phasized certain disciplines. In the following, consideration will be limited to
those areas wherein there is a clear link between genetic factors and drug
effects in man. Animal studies have been excluded except when they provide
better understanding of studies in man. Also omitted from consideration
here is the large area of resistance of microorganisms to the action of drugs,
studies of which have provided so much basicinformation on the mechanisms
of antibacterial chemotherapy. Similarly, the resistance of insects to in-
secticides has also been excluded.

DRruG-INDUCED HEMOLYSIS

The history of hemolysis of erythrocytes by drugs began more than a
century ago, and the number of hemolytic agents known today approxi-
mately parallels the development of pharmaceutical chemistry. Dausset &
Contu (25) listed more than 50 drugs reported to have induced hemolysis of
red blood cells under certain circumstances. These conditions include hemo-
lysis in normal erythrocytes, in red blood cells deficient in certain enzymes or
cofactors, in the newborn, and in individuals with various hemoglobinop-
athies.

Although normal individuals may show hemolysis of red blood cells when
exposed to a sufficiently high concentration of the hemolytic drugs, we are
concerned here with those subjects in whom hemolysis occurs following a
dose that ordinarily would have no effect in normal individuals. In sensitive
individuals, the response, in numerous instances, results from some heredi-
tary deficiency or abnormality in metabolism of the red blood cell or in
hemoglobin structure.

The normal duration of active function and survival of the mature red cell
is remarkable since it has no nucleus, mitochondria, endoplastic reticulum,

! The survey of literature pertaining to this review was concluded in July 1967.
2 Supported in part by National Institutes of Health General Research Support
Grant No. 5-S01-FR-05522.
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Golgi apparatus, or ribosomes (13), and synthesizes no protein or lipid (108).
The energy of the cell is derived from ATP production via anerobic glycolysis
(Embden-Meyerhof pathway); normally, 8 to 10 per cent of the glucose-6-
phosphate (G-6-P) formed by the action of hexokinase on glucose enters the
aerobic pentose phosphate pathway, but ultimately the product of thisshunt,
ribulose-5-phosphate, is converted to members of the glycolytic pathway,
glyceraldehyde-3-phosphate and fructose-6-phosphate (Fig. 1).

Several authors (8, 33) have suggested that drugs and chemicals cause
acute hemolysis simply by accelerating the normal red cell aging process. If
thisis true, then a consideration of the factors concerned in aging and death
of thered cell would seem important for understanding drug-induced hemoly-
sis. Most known changes leading to death of the erythrocyte reflect both in-
creased oxidative processes (or loss of reducing potential) and energy loss
(33). The maintenance of reducing potential has been emphasized in Figure
1, by showing the enzymatic reactions that provide for the continued forma-
tion of reduced nicotinamide adenine dinucleotide (NADH,) and reduced
nicotinamide adenine dinucleotide phosphate (NADPH,).

Whereas the activities of most of the glycolytic enzymes of red cells de-
crease linearly with aging, glyceraldehyde-3-phosphate dehydrogenase and
glucose-6-phosphate dehydrogenase (G-6-PD) have been reported to de-
crease exponentially (95). The first reaction generates NADH; and the sec-
ond, NADPH;; thus, it would seem that a lowering of the total reducing
potential may be especially important in the death of thered cell. NADPH,
is required for the maintenance of glutathione in the reduced state, and this
tripeptide is apparently essential for maintenance of activity of hexokinase
(130, 135), which controls the entry of glucose into the glycolytic cycle. The
importance of hexokinase is stressed by the finding that a type of hereditary
hemolytic anemia associated with hexokinase deficiency has been reported
(155). Similarly, deficiencies in the glycolytic enzymes, pyruvate kinase
(16, 153) and triosephosphate isomerase (139, 154), are associated with vari-
able, often severe, hemolysis, Other hemolytic anemias reportedly are
associated with adenosine triphosphatase deficiency (62), or with certain gly-
colytic mutases (14, 97), or with an abnormal lipid composition of the
erythrocyte membrane (72). In addition to hexokinase, glyceraldehyde-3-
phosphate dehydrogenase also requires reduced glutathione for activity.
Such interdependence of reactions makes it extremely difficult to define the
primary event in aging. Decreasing glycolysis also implies less available ATP
for control of Nat and K+ exchange, with concomitant increased osmotic
fragility. ATP levels have been correlated with red cell survival during iz
vitro storage (114). Furthermore, a diminution of NADH, from lowered
glyceraldehyde-3-phosphate dehydrogenase activity would be expected to
cause less activity of the NADH,-dependent reduction of methemoglobin by
the diaphorase enzyme (71). Some evidence has been presented that the con-
tent of methemoglobin is greater and its rate of reduction less in older red
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cells (73). The further oxidation of methemoglobin or hemoglobin itself to a
number of products, viz., sulfhemoglobin, cholehemoglobin, verdohemo-
globin, and their subsequent polymerization may result in the formation of
Heinz bodies. That such insoluble erythrocytic inclusions are products of the
oxidative breakdown of hemoglobin, that hemoglobin thiol groups are in-
volvedin these oxidations, and thatreduced glutathione protects hemoglobin
from oxidation have been emphasized earlier (3, 74). These authors, as well
as Barnes (8), have stressed the parallel between the appearance of Heinz
bodies in drug-induced anemias and the normal red cell aging process.

Thus, it seems apparent that the delicate balance of interdependent reac-
tions in the red cell may be easily disturbed by deficiencies of controlling
reactions for survival. Such deficiencies have been shown in numerous in-
stances to predispose individuals to acute hemolytic episodes following ex-
posure to certain agents. Recent work in various deficient or abnormal states
is discussed below.

G-6-PD deficiency.—It has become apparent that a very extensive poly-
morphism exists for this enzyme in red cells. A particular enzyme variant
may be described in terms of (a¢) quantitation of its enzymatic activity; ()
its electrophoretic mobility; (c) its'Michaelis constants for NADP and G-6-
P; (d) its relative affinities for alternative substrates such as NAD, 2-deoxy-
glucose-6-phosphate or galactose-6-phosphate; and (e) its relative thermosta-
bility.

G-6-PD deficiency is probably the most prevalent and heterogeneous
hereditary enzymatic defect of clinical significance. The trait is estimated to
be present in more than a hundred million people and its incidence is ex-
tremely variable among different population groups, ranging from zero in
some to a maximum of 70 per cent of Kurdish Jews in the village of Maoz
Zion in the Jerusalem mountains (84, 105, 150). The extreme heterogeneity in
different populations is manifest as variations in the severity of the decrease
in enzyme activity in red cells, white cells, and other tissues of affected sub-
jects, as differences in the properties of the enzyme and as differences in the
susceptibility of affected individuals to hemolysis after exposure to drugs or
other agents. G-6-PD deficiencies are apparently not the result of the same
mutation in different, affected populations.

The mode of inheritance of G-6-PD deficiency is due to a gene of inter-
mediate dominance, which is linked to the X-chromosome (103, 115). Defi-
ciency is transferred from mother to children and is found most often among
males. Females are genetic mosaics in regard to G-6-PD activities. This is
believed to result from a permanent, but random, inactivation of one or the
other X-chromosome very early in embryonic life (115). The deficiency is
manifest in variations in the severity of the decrease in enzyme activity as
well as other factors mentioned above. It is not yet known whether such
heterogeneity results from different mutations at a single locus on the X-
chromosome or mutations at different loci which determine the formation,
regulation, or function of the dehydrogenase enzyme.

Normal G-6-PD.—Yoshida (169) reported the isolation and purification
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of normal human erythrocyte G-6-PD. The molecular weight was estimated
as 240,000, and removal of NADP caused dissociation into inactive subunits.
Complete dissociation in 4 N guanidine hydrochloride into subunits of molec-
ular weight 43,000 indicated that the enzyme consisted of six similar units.
It is highly specific for G-6-P and NADP; of numerous other carbohydrate
phosphates examined, only galactose-6-phosphate and 2-deoxyglucose-6-
phosphate were substrates. However, these compounds were oxidized at
rates only 2 to 3 per cent of that using the natural substrate. NAD was a poor
substitute for NADP.

Variants of G-6-PD.—A number of known variants are distinguishable
from the normal enzyme, designated B, by their electrophoretic mobility
(84). However, these variants—faster moving ones called A* and Barbieri,
and other slower moving ones designated C—are associated with approxi-
mately normal or slightly reduced levels of activity of G-6-PD in red cells.
Recently, a variant was reported to be electrophoretically identical to nor-
mal phenotype B* but to have four times the normal enzymatic activity
(31). No obvious clinical or hematologic manifestations have been associated
with these types of G-6-PD.

Approximately 20 per cent of American Negro males possess an enzyme
of high electrophoretic mobility, form A¥, but are not deficient. The cells of
another 10 to 15 per cent have a G-6-PD variant, designated A~, which is
electrophoretically indistinguishable from A¥, but have only 10 to 15 per cent
of normal activity. Approximately 20 per cent of Nigerian Negro males have
this same deficient red cell G-6-PD. This deficiency seems to be expressed
principally as a predisposition to drug-induced anemia (primaquine sensi-
tivity) (101). The levels of enzyme in nucleated tissues, such as leukocytes
and liver of A~ Negro subjects, were normal or only slightly deficient, and no
consistent differences could be found between A* and A~ enzymes in enzyma-
tic and immunologic properties. But differences between A+ and A~ enzymes
were reported in regard to heat stability and elution patterns from diethyl-
aminoethyl-Sephadex columns. Further studies (170) using carboxymethyl
cellulose-Sephadex columns, also yielded good physical separation of the At
and A~ enzymes. These authors demonstrated that the two enzymes have
about the same serological characteristics and specific enzymatic activities as
does the normal Bt enzyme. They concluded that the low enzymatic activity
of A~ subjects resulted from a reduction in the number of active A~ enzyme
molecules in older red cells. Young cells had normal activities. The mech-
anism of loss of enzyme in the older cells is not clear, but the A~ enzyme was
irreversibly inactivated by dialysis in the absence of NADP. Similar treat-
ment of the At enzyme yielded reversible inactivation. The enzyme defici-
ency in A~ red cells seems to be caused by an increased rate of degradation in
older cells rather than by a decreased rate of synthesis by young cells.

A variant (Seattle) very similar to, but different from, the A~ form has
been reported in Caucasians (87). It migrates more slowly than the normal
Bt form but has other properties similar to the A~ form.

Another faster-moving electrophoretic variant (Canton) has been found
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in G-6-PD-deficient Chinese. This enzyme migrates faster than normal but
not quite as fast as the A~ or At enzymes found in Negro populations. Only
limited population studies are available, but one report gives an incidence of
5.5 per cent in adult males from Kwangtung Province (21) and deaths result-
ing from kernicterus following neonatal exposure to moth balls (naphthalene)
have been reported (113). Deficient cells have from 4 to 24 per cent of normal
activity and exhibit slightly reduced thermostability and Michaelis con-
stants lower than normal for G-6-P and NADP (107). This deficiency con-
fers greater risk than in the case of the A~ enzyme, since affected subjects
may exhibit severe neonatal jaundice and are susceptible to hemolytic epi-
sodes precipitated by common hemolytic drugs or by exposure to fava beans.

In contrast, individuals with deficient variants that migrate in starch gel
electrophoresis, as does the normal BT type, seem to be sensitive to a wider
range of drugs than do G-6-PD-deficient Negroes (105). This type, found in
varying percentages in Jews, Sardinians, and Greeks, has been designated the
Mediterranean type. Affected subjects are susceptible to severe hemolytic
reactions from exposure to the fava bean. Some G-6-PD-deficient Sardinian
and Greek infants develop neonatal hyperbilirubinemia without apparent
exposure to any hemolytic agents. G-6-PD activity is very low toward G-6-P
but surprisingly high toward 2-deoxyglucose-6-phosphate. The red cell
enzyme shows altered pH optima and is labile; its concentration is decreased
not only in erythrocytes but also in other cells such as liver, saliva, and skin
(86).

Apparently, the most severe expression of G-6-PD deficiency is found in
congenital nonspherocytic hemolytic disease (85). Spontaneous disintegra-
tion of red cells may occur and the hemolysis may be accelerated by hemoly-
tic drugs. However, this disease state is not uniformly coincident with a
single type of G-6-PD-deficient variant. In fact, variants range from one said
to be normal, except for an extreme thermolability, to variants showing less
than 2 per cent of normal activity. These include the Chicago, Oklahoma,
and Eyssen variants (84).

The continually expanding list of apparently distinct variants of G-6-PD
with varying properties is indeed puzzling. Single variants are not separable
into isozymes. That they are distinct mutant proteins is suggested by the
simultaneous starch gel electrophoresis of the Mediterranean, Seattle. and
Canton variants. Different migrations were revealed by using both G-6-P
and 2-deoxyglucose-6-P as substrates. Each variant was separated but the
two activities of each migrated together (84).

Previously used screening tests for detecting G-6-PD-deficiency have
been reviewed and a simple one-stage visual test has been devised by Jacob
& Jandl (69).

6-Phosphogluconic acid dehydrogenase (6-PGD) deficiency.—In the con-
version of 6-phosphogluconate to ribulose-5-phosphate, NADP is an essential
cofactor in the oxidation of the substrate to the ketoform before decarboxy-
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lation to the pentose phosphate. (See Fig. 1).—Thus, deficiency in 6-PGD
may also be expected to resultin lowered amounts of NADPH; in the red cell.
Eight phenotypes, including the normal form, are known but only four ex-
hibit activities of 50 per cent or less than normal. Inheritance is autosomal.
As yet, no studies have reported any pathological significance of these de-
ficient states (15, 17, 54, 122), and primaquine administration to an indivi-
dual with half the normal 6-PGD levels did not produce a clinically signifi-
cant hemolytic response (32). Sensitivity to other potential hemolytic agents
is unknown.

Glutathione reductase deficiency.—The importance of this enzyme in main-
taining the integrity of the erythrocyte and in protecting it from drug-in-
duced hemolysis may be suggested, indirectly by the observation of pri-
maquine sensitivity in a subject whose G-6-PD activity was normal but who
exhibited a deficiency of NADPH,-dependent glutathione reductase (19).
Nonspherocytic anemia is associated with this deficiency and severe hemoly-
sis has been precipitated by drugs (19, 45, 96, 158). Lshr & Waller (97) have
observed ten homozygotes and five heterozygotes in a family distribution
consistent with autosomal recessive inheritance. There appears to be no asso-
ciation between this deficiency and G-6-PD variants except in regard to the
final pathologic manifestations and drug sensitivity.

Glutathione deficiency.—That glutathione levels are important in the
integrity of the red cell can also be deduced from the biochemical defect of
glutathione deficiency resulting from impairment of its synthesis (129). The
defect is also associated with a clinical picture of nonspherocytic hemolytic
anemia. Affected subjects are sensitive to fava beans, primaquine, and other
drugs (98, 118, 157). Deficient red cells have less than 10 per cent of the nor-
mal amounts of reduced glutathione, but G-6-PD and glutathione reductase
activities of the affected subjects were normal. Using deficient cells, Prins
etal. (129) could not demonstrate incorporation of the precursors, glycine-C14
or glutamine-CY4, into glutathione. Apparently, the defect is due to a low
rate of glutathione synthesis in the abnormal cells rather than an increased
rate of turnover. Erythrocyte life span was shortened to approximately 30
days instead of the 100 to 120 days of normal red cells. Family studies were
consistent with an autosomal recessive pattern of inheritance.

A severe depletion of intracellular glutathione is apparently necessary to
have dire consequences on red cell survival. Jacob & Jandl (67) found that
glutathione levels of normal red cells could be reduced by 90 per cent with-
out changing metabolism in vitro or survival time in vivo. However, very
small amounts of p-mercuribenzoate markedly decreased the viability of the
erythrocytes, despite the maintenance of normal intracellular level of re-
duced glutathione. This reagent can react with sulfhydryl groups, but does
not enter the cell. Apparently, sulfhydryl groups of the cell membrane are
much more important than intracellular glutathione for maintenance of
cellular integrity.
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Other defects of erythrocytes—An increase in the proportion of methe-
moglobin in the red cells is also of pharmacologic interest; such an increase
may be either inherited or induced by a normally harmless drug. Liddell &
Lehmann (94) differentiated three types of hereditary methemoglobinemia:
the NAD-dependent methemoglobin reductase deficiency (20); the hemo-
globin M variants, both of which are characterized by a clinical picture of
persistent cyanosis; and a number of other hemoglobin variants character-
ized by mild hemolytic anemias that are particularly sensitive to drugs. This
last class includes a number of hemoglobin variants whose primary struc-
tural variations in the globin molecule from the normal are known. Examples
are hemoglobin Zurich and hemoglobin Seattle, wherein substitutions for
normal amino acids in the 3-chains of globin close to the point of attachment
of the heme group result in hemoglobins more prone to oxidative denatura-
tion by hemolytic agents.

An entirely different group of hemoglobin variants which can result in
drug-induced methemoglobinemia are those in which the protein component
of the normal adult hemoglobin molecule, composed of two each of the @- and
B-polypeptide chains, is diminished orreplaced by tetramers of &- or 3-chains.
These hereditary disorders are usually referred to as the thalassemias; the a-
form is due to diminished or absent synthesis of a-chains, and @-thalassemia
is due to decreased synthesis of B-chains. These are the most prevalent and
most studied, although others, corresponding to the presence of tetramers of
the other known existing types of globin peptide chains (v, §, €), could theo-
retically exist (44, 111, 160). Thalassemia major, the homozygous state, is
lethal before birth or shortly thereafter. The clinical presentation of thalas-
semia minor, the heterozygousstate, is a variable, usually mild, symptomatic
state characterized by hypochromia and microcytosis of red cells, reduced
hemoglobin concentration in the peripheral blood, slightly shortened red
cell survival, and, occasionally in severe forms of the disorder, hyperbiliru-
binemia and splenomegaly. a-Thalassemia patients with hemoglobin H, i.e.
tetramers of four B-chains, have a chronic anemia with reticulocytosis and a
shortened red cell survival time of about 45 days. The amount of hemo-
globin H in this condition varies from a few per cent to as much as 40 per
cent of the total hemoglobin. Gabuzda (47) emphasized that hemoglobin
H is a complete failure as an oxygen-transporting protein because of its ex-
tremely high affinity for oxygen—so high that the gas is never released to the
tissues at physiological oxygen tensions. Furthermore, hemoglobin H is much
more readily oxidized than the normal hemoglobin. Motulsky (111) and
Marks (104) have emphasized the heterogeneity of the thalassemias, and
attempts to define the defect at the molecular level have been pursued by
Bank & Marks (7).

Role of other factors besides drugs.—It is evident that all the factors that
combine to determine blood concentrations for a hemolytic drug may in-
fluenceits actual effect in a susceptible subject. Some of these factors are the
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dosage administered and the absorption, metabolism, and rate of excretion
of the drug. Several hemolytic anemias caused by drugs administered in
therapeutic doses have been observed in subjects with normal red blood cells
but with renal impairment that resulted in abnormally high levels of the
drug in the blood (30). Furthermore, a recent report (18) points out a rela-
tively unemphasized aspect of G-6-PD-deficiency anemia—the frequency with
which illness in itself acts to precipitate hemolysis. Hemolytic épisodes, of
the acute type associated with G-6-PD-deficiency and attributable to no
other known factor, occurred more frequently in association with illness alone
than with drug therapy alone. Most cases were seen during the course of
bacterial or viral infection. Of particular note was the occurrence of eight
episodes of hemolysis, not attributable to drug ingestion or concurrent infec-
tion, in association with diabetic keto-acidosis. Infection-induced anemias
have been reported by others (108) to occur three to four times more fre-
quently in G-6-PD-deficient subjects than in nondeficient subjects. In addi-
tion, the hemoglobinopathies, including the thalassemias, are particularly
prone to the induction of severe crises by the stress of infections or minor ill-
nesses (166).

Dausset & Contu (25) and Huguley, Lea & Butts (65) have recently re-
viewed the occurrence of hemolytic anemia of allergic origin. Why only cer-
tain individuals are susceptible is unknown, but such effects may result from
a combination of several factors, one of which may have a genetic basis.
Germane to this possibility is the demonstrated genetic control of the ana-
phylactoid reaction in rats (164).

Mechanism of drug-induced hemolysis.—The exact reaction sequence by
which hemolysis is induced by individual drugs in sensitive subjects is not
known. However, by analogy with other basic studies, mechanisms can be
suggested. Thus, Kiese (83) has investigated in detail the process of methe-
moglobin formation by aromatic amines in dogs, rats, and other animals,
Nitroso derivatives are formed from aniline or substituted aniline derivatives
by enzymes present in the liver and other tissues but absent from erythro-
cytes. These nitroso compounds enter the circulation, penetrate the red cell,
and are reduced to hydroxylamino compounds by the NADPH,derived from
the pentose oxidation pathway.

In a “coupled oxidation,” the hydroxylamino compound and hemoglobin
are oxidized to a nitroso metabolite and methemoglobin, respectively. The
nitroso derivative can again be reduced to the hydroxylamino compound via
NADPHj,, thus producing more compound for reaction in the coupled oxida-
tion above. The initial nitroso derivative then has a catalytic effect (as long
as NADPH; is available), and only small amounts of the drug metabolite are
needed to convert considerable amounts of hemoglobin to methemoglobin
and cause depletion of available NADPH.. Recently, it has been suggested
that this mechanism might explain hemolysis induced by the anti-leprotic
drug, diaminodiphenylsulfone (63). The hemolytic effects of this drug in both
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normal and G-6-PD-deficient subjects have recently been reinvestigated
(29). Whether this mechanism can explain hemolysis by other agents con-
taining aryl amino groups is as yet untested.

In a similar manner, when G-6-PD-deficient cells are exposed to acetyl-
phenylhydrazine, there is a rapid drop in glutathione level and in catalase
activity, a transitory increase in oxidized glutathione, oxidation of hemo-
globin to methemoglobin, and finally, an appearance of a mixture of dena-
tured products of hemoglobin, which precipitates in the form of Heinz bodies
(25). The appearance of these oxidative derivatives of hemoglobin in in-
soluble form within the red blood cellsis a phenomenon common to all drug-
induced hemolysis.

Many simultaneously operating reactions are involved in hemolysis, how-
ever. As pointed out by Jaffe (71), there are mechanisms for the prevention of
oxidation of hemoglobin to methemoglobin, as well as for the reduction of
methemoglobin. NADPH;, NADHjy, orglutathione can directly protect hemo-
globin from oxidative denaturation. In addition, generation of hydrogen
peroxide plays a role in drug-induced hemolysis (23) by the oxidation of
hemoglobin to methemoglobin. In contrast to the normal red cell, G-6-PD-
deficient cells are low in catalase activity; therefore, one would expect a
greater susceptibility to oxidation by hydrogen peroxide. Hydrogen peroxide
is also decomposed by the enzyme glutathione peroxidase, which catalyzes
the reaction of peroxide and glutathione to form water and oxidized gluta-
thione. Glutathione peroxidase activity is dependent upon the generation of
adequate amounts of glutathione through the glutathione reductasec reaction
which requires NADPH, (68, 71).

Scott, Duncan & Ekstrand (140) compared the rates of reduction of puri-
fied methemoglobin by different reducing systems found in normal human
erythrocytes. The relative rates were: NADH;-dependent diaphorase 73,
ascorbic acid 12, glutathione 9, and NADPH;-dependent diaphorase (methe-
moglobin reductase) 6. The point of major importance may be the overall de-
crease in the reducing potential (NADH; and NADPHo;) in deficient cells,
coupled with an increased rate of utilization of the limited amounts of
NADPH; in the metabolism of the hemolytic agents themselves. Under the
circumstances that produce a severe depletion of reducing potential, vital
enzymes or constituents within the red cell and of its membrane may become
susceptible to oxidative denaturation. A summary of factors influencing the
interconversion of hemoglobin and methemoglobin has been presented in
Figure 2.

DRruGs AND PORPHYRIAS

Undoubtedly, the most serious manifestation of an interaction of a genet-
ic defect and a drug effect is the exacerbation of certain types of porphyria
by analgesics, sedatives, and other drugs. From a description of patients by
Dean (27), itis apparent that the symptoms of the disease (abdominal pain,
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F1G. 2. Factors influencing interconversion of hemoglobin and methemoglobin.

neural disturbances) suggest the use of palliative drug therapy; however,
sulfonamides and barbiturates, in many cases, have caused paralysis and
death of porphyric individuals.

Numerous reviews are available covering both the types of porphyria
known to be determined by hereditary factors and the types of drugs which
can cause acute attacks and death (22, 57, 132, 136, 137, 152, 159). Any at-
tempt to completely review this extremely complex field by the author would
be inadequate. However, certain points appear important enough to be em-
phasized here.

In contrast to other metabolic errors, porphyrias are characterized, not
by a lack or deficiency or an enzyme, but by increased synthesis of the
enzyme, 0-aminolevulinic acid synthetase. This mitochondrial enzyme is the
first, and the rate-controlling, step of the porphyrin biosynthetic chain.
Increased activity results in excessive formation of -aminolevulinic acid,
porphobilinogen (the monopyrrole precursor of porphyrins), and the por-
phyrins, formed as metabolic by-products during the biosynthesis of heme.
Normally, the excretion of these materials is very small in relation to the
over-all rate of heme synthesis, but in hereditary porphyria excessive
amounts of these compounds and their derivatives are found in the excreta.
Both erythropoietic and hepatic porphyrias are known, in parallel with the
known high activity of the liver and erythroid elements of the bone marrow
in heme synthesis.

A common characteristic of the types of drugs known to cause acute
attacks in otherwise latent porphyria is the induction of increased synthesis
of the §-aminolevulinic acid synthetase. Numerous animal experiments have
suggested this common mechanism. Perhaps the most convincing parallel
between animal experiments and the induction of porphyria in man is the
epidemic of toxic porphyria in Turkey caused by the consumption of bread
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made from wheat treated with the fungicide, hexachlorobenzene. The wheat
seed had been provided for planting only. It has been estimated that over
5,000 young children were affected (27). Hexachlorobenzene was strongly
implicated as the porphyrinogenic toxin; it was subsequently demonstrated
that this compound readily produces toxic porphyria in rats. The frequency
of occurrence in the Turkish population contradicted the possibility that the
children were genetically predisposed to the toxic effect. Therefore, this
occurrence is generally considered as a purely acquired, rather than a ge-
netically determined, form of hepatic porphyria. It appears to represent the
human counterpart to the experimental forms of porphyria inducible in
animals by various agents. These include, besides hexachlorobenzene, un-
related compounds of three other groups or types: (a) dialkyl-substituted
acetamides, acetylcarbamides, and barbiturates, when one substituent is an
allyl group; (b) a collidine derivative, 3,5-diethoxycarbonyl-1, 4-dihydro-
2,4,6-trimethylpyridine; and (¢) the antibiotic, griseofulvin. The work of
Granick (57) primarily has shown that these diverse unrelated agents have
the common property of inducing the synthesis of increased amounts of
d-aminolevulinic acid synthetase in livers of experimental animals. All except
the collidine compound have been implicated in the precipitation of acute
attacks in porphyric human subjects. Other drugs reported capable of caus-
ing exacerbation of symptoms in various types of human porphyria include
sulfonamides (132), chloroquine (132), anticoagulants (12), tranquilizers
(24), stilbestrol (92), and oral contraceptives (28).

Granick (56) has devised a simple method for determining whether a
given chemical is likely to be porphyrogenic. Good correlation of the results
of this method with clinical experience and with the production of porphyria
in experimental animals testifies to its validity thus far. Hopefully, wide-
spread use of this test, especially for new analgesics and sedatives, will pre-
vent future iatrogenic attacks of acute porphyria in susceptible subjects.

PSEUDOCHOLINESTERASE VARIANTS

Choline esters are hydrolyzed rapidly in the body by enzymes present in
numerous tissues. On the basis of substrate specificity, the enzymes are di-
vided into two classes: true cholinesterase, which hydrolyzes acetylcholine
rapidly and other choline esters more slowly; and pseudocholinesterase,
which is more active against choline esters containing longer aliphatic or
aromatic acid moieties such as butyryl, propionyl, or benzoyl.

Interest in pseudocholinesterase of serum was stimulated in the past by
the finding that certain individuals were particularly sensitive to the short-
acting muscle relaxant, succinylcholine chloride, a dicholine ester of succinic
acid. In the usual patient or subject receiving 30 to 100 mg of this agent for
general anesthesia or as an adjunct to electroconvulsive therapy, the result-
ing muscle paralysis and apnea last for only about two minutes. In sensitive
individuals, prolonged effects of the drug are associated with low activities
of serum pseudocholinesterase that are a result of genetically controlled
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variants of the enzyme. Numerous reviews of this subject have appeared
(81, 90, 109, 133, 143), since Kalow (79) last summarized progress in this
area.

Three variants from normal serum pseudocholinesterase that result in in-
creased sensitivity to succinylcholine chloride have been clearly defined; the
atypical, the fluoride-resistant, and the “silent” types. Of these, the atypical
form was the first known and has been most extensively studied. This form
is a result of a deficiency of an autosomal gene, and sensitivity is expressed
clinically when the subject is homozygous for the abnormal gene. The gene
frequency has been determined in several populations, using the per cent
inhibition by dibucaine to ascertain the heterozygote. Gene frequencies
ranging from 1.0 per cent in Australian aborigines to 8.5 per cent in Czecho-
slovakians have been found, with other populations exhibiting frequencies
within this range (142). Neither the high nor the low frequencies were
judged significantly different from those in other populations. These observa-
tions have resulted in the view that there is a remarkable similarity in the
frequencies of the usual andatypicalallelesamong different populations. The
only divergent opinion from this view has been that of Omoto & Goedde
(117), who failed to detect any instance of this atypical type (either hetero-
zygous or homozygous) in over 200 Japanese subjects. In populations in
which this type is found, the homozygous state occurs with an approximate
frequency of one per 2500 individuals. Tests of the hydrolysis of concentra-
tions of suxamethonium expected ¢# vivo during muscle relaxation induced
by this drug showed that the usual enzyme was highly active but that the
atypical variant exhibited virtually no hydrolytic effect (138).

The fluoride-resistant variant is characterized by high sensitivity to the
inhibitor dibucaine and low sensitivity to fluoride, in contrast to the atypical
variant which exhibits low sensitivity to dibucaine and high sensitivity to
fluoride. Normal pseudocholinesterase is highly sensitive to both dibucaine
and fluoride. Although the fluoride-resistant variant has not been studied as
extensively, the frequency of occurrence of the heterozygous state resulting
from the combination of the normal and fluoride-resistant genes is similar to
that of the atypical heterozygote in several populations, including the
Japanese (117). Individuals homozygous for the fluoride-resistant variant
are rare, but families have been found (58, 91, 165) wherein the homozygote
has been detected. These individuals are highly sensitive to suxamethonium,
The combination of atypical and fluoride-resistant genes yields a phenotype
that is also sensitive to suxamethonium.

An allele of the normal and atypical genes, which determines the com-
plete or near complete absence of pseudocholinesterase activity, has also
been discovered. The homozygous state is extremely rare, but highly sensi-
tive to suxamethonium. Heterozygotes combining this ‘‘silent” gene with
the atypical or fluoride-resistant gene would be expected to be highly sensi-
tive. In studies using starch-gel electrophoresis, Hodgkin et al. (64) sug-
gested the complete absence of the enzyme in serum of homozygotes. Im-



Annu. Rev. Pharmacol. 1968.8:427-452. Downloaded from www.annualreviews.org
by UNIVERSITY OF MIAMI on 12/16/11. For personal use only.

440 , PETERS

munologic investigations yielded no evidence of a mutant inactive enzyme,
nor did serum apparently lacking the enzyme inhibit normal pseudocholin-
esterase activity. Other workers (75) obtained essentially identical results
while studying a Bantu schoolgirl, who was homozygous for the silent gene.
In addition, transfusion of this subject with plasma from donors possessing
the usual type of pseudocholinesterase resulted in a half-life estimation of the
enzyme of approximately 10 days. This value closely paralleled the regenera-
tion rate of normal plasma pseudocholinesterase after the administration of
isofluorophate (116). However, in contrast to these studies that suggest an
absence of any pseudocholinesterase enzyme, Goedde, Gehring & Hofmann
(50, 51), using a micromanometric assay procedure, presented evidence that
the activity of the silent-gene sera was 2 to 3 per cent of that of normal serum.
In addition, results of immunologic tests suggested that the weak activity
is due to a qualitative difference between the silent gene protein and the
normal pseudocholinesterase protein.

It is especially interesting that all persons homozygous for this silent
variant are normal healthy individuals. Either the presence of an active
pseudocholinesterase is not essential for health or, in these subjects, other
enzymes serve the normal (unknown) function of the pseudocholinesterase
enzyme.

Some assessment of the relative importance of the different variants to
increased sensitivity to suxamethonium may be obtained from the data of
Simpson & Kalow (143). They examined sera from 104 surgical patients who
had exhibited prolonged apnea (>30 minutes) during exposure to suxa-
methonium. Fifty of these were found to contain only the atypical enzyme,
which could have resulted from the homozygous atypical or heterozygous
atypical-silent gene combinations; 11 were of the intermediate phenotype
resulting from the combination of the usual and atypical genes; two were
heterozygous for the atypical and fluoride-resistant characteristics; one was
due to the homozygous silent state, and one due to the phenotype from the
combination of the usual and fluoride-resistant genes. A surprisingly large
number of this succinylcholine chloride-sensitive group had the usual type of
enzyme. These 39 sera exhibited a mean of pseudocholinesterase activity
characteristic of larger normal random groups, and the distribution was
Gaussian. In a similar, more detailed study, Thompson & Whittaker (151)
examined the pseudocholinesterase activities in 78 patients sensitive to
suxamethonium. Thirty were homozygous for the atypical enzyme; 10 were
heterozygous for the combination of the usual: atypical forms; seven and six
were heterozygous, combining the atypical and fluoride-resistant mutants
and the usual:fluoride-resistant combinations, respectively; and 25 were
homozygous for the normal enzyme. The cause of the suxamethonium-
sensitivity in subjects possessing the usual enzyme is unknown in this study
and that of Simpson & Kalow. However, as pointed out by Lehmann &
Liddell in their recent review (90) and by Thompson & Whittaker (151),
numerous pathologic conditions can cause a lowering of serum pseudocholin-
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esterase activities. Furthermore, others (66) have suggested the occurrence
of atypical pseudocholinesterase enzymes exhibiting qualitative character-
istics that differ from known inhibition patterns using dibucaine and
fluoride.

Although not associated with succinylcholine chloride sensitivity, vari-
ants that can be recognized by starch-gel electrophoresis have also been de-
scribed. Usually, this procedure yields only four distinct pseudocholinesterase
bands—the atypical and normal enzymes give this same pattern. In a few
sera, a fifth, slower-moving band was found by Robson & Harris (134) and
by Ashton & Simpson (6). This component is designated the Cj; fraction.
Those subjects exhibiting the Cs component had mean pseudocholinesterase
activities 30 per cent higher than normal. Inheritance was apparently auto-
somal, but the gene for the C; component is at another locus from the pseudo-
cholinesterase genes recognized by dibucaine or fluoride inhibition charac-
teristics (60, 141). Neitlich (116) has also described the occurrence of a
slower-moving band by disc electrophoresis, using acrylamide gel. The
study of these families showed that this component was probably inherited
as an autosomal dominant. The possession of this variant, however, is
associated with three times more activity than normal and an increased
resistance to the muscle-relaxant action of succinylcholine chloride. Finally,
further slow variants, detected by electrophoresis, that are slightly different
from the C; component of Harris or the slower-moving component of Neit-
lich, have been reported in African populations (156). These new variants
have not been detected in Caucasians; but others (6) have seen variants mi-
grating near Cs in some members of a Brazilian population. Sensitivity to
suxamethonium was not reported.

PoLYMORPHIC ACETYLATION OF DRUGS

Another well-authenticated instance of genetic polymorphism known to
account for the occurrence of drug toxicity in man is related to the inactiva-
tion of isoniazid (78). Shortly after the introduction of this compound for the
treatment of tuberculosis, it was found that there existed unusually large
person-to-person differences in the conversion of the parent drug to inactive
metabolites. These differences were stable, reproducible, individual char-
acteristics that were due to metabolic, rather than physiologic, parameters.
It was first concluded, on the basis of studies in Caucasians, that rapid in-
activation of isoniazid is an autosomal dominant character (43, 78), yielding
a bimodal distribution of subjects classifiable as rapid or slow inactivators.
However, using slightly different criteria in studies of Caucasian, Negro, and
Japanese populations, Dufour, Knight & Harris (35) obtained a trimodal
distribution of subjects and confirmed the earlier conclusion (149) that
rapid and slow inactivators are homozygous, that intermediate inactivators
are heterozygous, and that neither gene is dominant. These two hypotheses
have not yet been reconciled, but since much of the work reviewed herein has
been performed in Caucasians or tissues derived from this group, the follow-
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ing considerations are from the view that two groups of inactivators, rapid
and slow, are involved. In these terms, Caucasian and Negro populations
contain about equal numbers of rapid and slow inactivators, and Mongoloid
populations are predominantly rapid inactivators. Inactivator status seems
to make little difference for antituberculous therapy, but without supple-
mental pyridoxine, slow inactivators more frequently exhibit toxic side
effects (peripheral neuropathies) to isoniazid treatment (34, 40). .

This area has been extensively reviewed in recent years by Kalow (79),
Evans (39), La Du (88), and Porter (128). Reports since Kalow's review
(79) are primarily concerned with more detailed studies on the establishment
of acetylation as the reaction responsible for the polymorphism and studies
of other compounds that may be acetylated polymorphically. Shortly after
Evans & White (41), using biopsy specimens, showed that the difference be-
tween rapid and slow inactivators was attributable to the activity of an
acetyltransferase in the liver, Jenne (76) reported essentially the same re-
sults using liver obtained at autopsy from subjects whose inactivation capa-
cities were determined before expiration. The similarity of a number of
properties (Michaelis constants, heat inactivation, substrate specificities) of
the semipurified enzymes obtained from rapid or slow acetylators suggested
that amount of enzyme, rather than specific activity of the enzyme, ac-
counted for the difference between the two types of acetylators (76). Con-
currently, another approach was used by Peters, Miller & Brown (126), who
studied the excretion of isoniazid and its derivatives in a group of normal
subjects following the administration of isoniazid- and its metabolites,
acetylisoniazid and isonicotinic acid. These authors concluded that acetyla-
tion was the primary reaction for the determination of inactivator status,
that differences in amounts of isonicotinic acid derivatives excreted were a
result of the availability of differing amounts of acetylisoniazid for degrada-
tion, thatisonicotinic acid and isonicotinyl glycine were the major end prod-
ucts of isoniazid and acetylisoniazid metabolism in man, and that no rela-
tion existed between the capacity of the individual to acetylate and to form
isonicotinyl glycine from isonicotinic acid. Since derivatives of CoA are
involved in both acetylation and conjugation with glycine, it was suggested,
but not proved, that availability of CoA was not a factor in different acetyl-
ating capacities since rapid or slow acetylators did not show corresponding
abilities to conjugate isonicotinic acid with glycine.

Other drugs found to be acetylated polymorphically by the liver acetyl-
transferase are sulfamethazine and hydralazine (41). In contrast, p-amino-
benzoic acid (41), sulfanilamide (41), p-nitroaniline (76), and p-aminosali-
cylic acid (76) were not acetylated by the liver homogenates. These results
in vitro could be correlated with other findings that subjects receiving sulfa-
methazine excreted amounts of free and acetylated sulfamethazine that
reflected rapid or slow acetylation (41, 124). However, urinary excretion of
sulfanilamide (124) or p-aminosalicylic acid (76) and their acetylated deriva-
tives did not provide any distinction between subjects known to be rapid or
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slow acetylators of isoniazid. In another study (148), intact subjects of
known isoniazid acetylator status exhibited plasma levels of sulfisoxazole
after administration, indicating that this sulfonamide was also inactivated
(acetylated?) polymorphically; but no correlation could be discerned be-
tween inactivation of isoniazid and inactivation of p-aminobenzoic acid and
p-aminosalicylic acid. It is apparent that both polymorphic and monomor-
phic acetylation can occur in human populations.

Furthermore, in a study of the influence of acetylator phenotype on the
effects of treating depression with phenelzine (B-phenylethylhydrazine),
Evans, Davidson & Pratt (42) found that severe adverse effects after phen-
elzine were more common among slow acetylators of isoniazid than among
rapid acetylators on the same treatment schedule. As in the case of isoniazid
studies, only drug toxicity could be correlated to acetylator phenotype;
therapeutic response to phenelzine showed no significant difference between
slow or rapid acetylators.

Paresthesia observed in about 10 per cent of patients receiving pharmaco-
logic doses of hydralazine may also be based on poor acetylation by suscep-
tible subjects. As in the case of isoniazid-induced neuropathy, this side effect
of hydralazine treatment can be eliminated by pyridoxine supplementation
(131).

The propertiesof the human transacetylase enzymeisolated from liver of a
rapid acetylator were recently examined in more detail by Weber (161). He
found that the purified enzyme had rather broad specificity. Michaelis con-
stants for different substrates (relative to isoniazid as 1.0) were: p-amino-
salicylic aicd, 6.3; sulfamethazine, 1.5; hydralazine, 0.50; p-phenetidine,
0.15; and aniline, 0.041 (162). Jenne (76) had reported earlier that the puri-
fied enzyme exhibited tenfold greater affinity for isoniazid than for p-amino-
salicylicacid, that the lower enzymatic activity in a slow acetylator was not
due to presence of an inhibitor, and that, using acetylisoniazid as the sub-
strate, the enzyme did not exhibit deacetylase activity. Transacetylation
studies as carried out previously, using semi-purified rat or pigeon liver prep-
arations (11, 70), have not yet been reported employing the human enzyme.
Evidence had been obtained previously that a transacetylation reaction can
occur between acetylisoniazid and p-aminosalicylic acid ¢z vitro, using pigeon
liver extracts (93), and iz vivo in the rat (123).

The knowledge that human subjects excrete acetylated metabolites of
sulfanilamide, p-aminobenzoic and p-aminosalicylic acids, even though
human liver homogenates iz vitro did not acetylate these compounds, sug-
gests extrahepatic sites of acetylation. Evans & White (41) and Jenne (76)
have presented preliminary evidence that human intestinal mucosa is capable
of acetylating isoniazid and other amines, although the work thus far has not
defined completcly whether polymorphic or monomorphic distributions are
predominant. Studies based on use of mammalian tissues have shown that
kidney, stomach, duodenum, ileum (61), and reticuloendothelial cells (55)
of certain species are capable of acetylating sulfanilamide.
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Attempts to find animal species that acetylate isoniazid or other com-
pounds polymorphically have been partly successful. Frymoyer & Jacox
(46) observed a clear-cut polymorphism for sulfadiazine acetylation in rab-
bits. Pedigree studies led to the conclusion that acetylation capacity was
inherited autosomally, with rapid acetylation dominant to slow. p-Amino-
salicylic acid was acetylated to the same extent, i.e. monomorphically,
regardless of differing abilities to acetylate sulfadiazine. A bimodal distribu-
tion of isoniazid inactivation was not clearly demonstrated however, al-
though a relationship between the relative rates of inactivation of isoniazid
and sulfadiazine was demonstrated. Apparently the complexity of the me-
tabolism of isoniazid made it more difficult to discern a bimodality of iso-
niazid inactivation.

Detailed studies of the rabbit liver supernatant enzyme capable of acety-
lating isoniazid, sulfadiazine, sulfamerazine, sulfamethazine and sulfanil-
amide have been reported by Weber & Cohen (163). The characteristics
and kinetic properties of the purified preparation of the liver enzyme were
reported, and comparison with the enzyme obtained from intestine (jejunum)
suggest that, using either sulfamethazine or isoniazid as substrates, liver was
20 to 25 times more active than intestine.

Subhuman primates have also been tested as possible models of man for
polymorphic acetylation of isoniazid. Goedde, Schoepf & Fleischmann (53)
studied a group of 37 African green monkeys (Cercopithecus aethiops). They
reported a possible polymorphism of isoniazid inactivation and showed that
two animals with extremely high and low levels of the drug in the plasma
under the test conditions exhibited activities of liver enzymes that were cor-
respondingly high and low in acetylating isoniazid. In later, more detailed
studies (52) using rhesus monkeys (Macaca mulatta), a clear inverse relation-
ship between level of isoniazid in the plasma and specific activity of acetyla-
tion by liver homogenates was found. However, the distribution of activities
in the 49 animals studied was more consistent with a continuous spectrum,
rather than with a bi- or trimodality. Peters, Gordon & Brown (125) also
found that 17 rhesus monkeys exhibited varying capacities to acetylate
isoniazid, as measured by urinary excretion studies. In contrast to observa-
tions in human subjects (124), acetylation capacities for isoniazid and sulfa-
methazine were poorly related in the rhesus monkeys. These authors (125)
also investigated isoniazid acetylation in 12 cynomolgus monkeys (M.
cynomolgus) and 12 mangabey monkeys (Cercocebus fulliginosus). The former
animals exhibited no clear modality although the latter presented a distribu-
tion of acetylation capacities suggesting a bimodality. More extensive studies
are obviously required on both the human and animal transacetylase en-
zymes. In any event, a finding of unimodal distribution of enzyme activities
does not preclude the possibility of a genetic basis for enzymatic activity,
since Harris (59) found that an over-all unimodal distribution of red cell
acid phosphatase activities in man was actually a summation of a series of
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separate but overlapping distributions corresponding to each of five qualita-
tively different phenotypes.

RESISTANCE To COUMARIN ANTICOAGULANTS

The exact mode of action of the coumarin anticoagulants is not known,
but available information (1) suggests interaction of these drugs with en-
zyme complexes in the liver responsible for the synthesis of the circulatory
clotting factors II, VII, IX, and X, The ability of vitamin K to neutralize the
effects of these anticoagulant drugs demonstrates the essential role of this
agent. None of the metabolites of these drugs thus far identified has been
found to have anticoagulant activity in man; therefore, it is assumed that
only the parent drugs are active. Consequently, factors that influence in-
activation of the drug would be expected to influence the biologic effect since
a high degree of correlation has been observed, in the case of warfarin, be-
tween the plasma level and the prothrombin response in a group of 24 nor-
mal subjects (1).

Genetic influences may play a role in the metabolism of the coumarin
anticoagulants, but in the earliest study Motulsky (110) found little evidence
to support this concept. Other studies (144) with 29 subjects did not generate
any evidence that inactivation capacities were under the influence of heredi-
tary factors in man. In a preliminary communication, Solomon & Schrogie
(145) reported that, in rabbits, both the susceptibility to anticoagulant
effects of bishydroxycoumarin and the capacity to inactivate the drug are
under genetic control.

Nevertheless, O'Reilly et al. discovered a family in some members of
which the dose of warfarin required to increase the prothrombin time to a
satisfactory therapeutic level was far outside the range required by normal
subjects. The result of the study of this family suggested that the abnormal
resistance to the drug was under the control of a single autosomal dominant
gene or of an X-linked dominant one (119, 121). The propositus showed equal
resistance to bishydroxycoumarin, but no aspect of the physiologic disposi-
tion of warfarin was different from normal. The rate of disappearance of the
clotting factors dependent on vitamin K from the plasma following coumarin
anticoagulants was also normal, but the propositus was extremely sensitive
to the antidotal action of vitamin K. The probable explanation of the ex-
treme resistance to the coumarin anticoagulants is that the affected members
of the family have a genetically controlled abnormal enzyme or receptor site
that has either a decreased affinity for the anticoagulants or an increased
affinity for vitamin K (120). The resistance is apparently related to both
quantitative and qualitative factors since anticoagulant effects can be ob-
tained by sufficiently high doses of the drug in resistant subjects. In addi-
tion, the potentiation of anticoagulant action of warfarin by phenylbutazone
occurred in a resistant subject as well as in normal subjects (2).

Soulier & Blatrix (146) have also described three patients in whom re-
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sistance to coumarin anticoagulants by mechanisms similar to those de-
scribed above have been found. In addition, reports were made on two pa-
tients whose resistance also seemed to be related to increased rate of inacti-
vation of the drugs. No family studies were reported.

TASTE SENSITIVITIES FOR DRUGS

One of the earliest known instances of the influence of heredity on drug
response is the sensitivity to the bitter, unpleasant taste of phenylthio-
carbamide (phenylthiourea, PTC) (78). Early work showed that the essential
chemical grouping for differentiation into so-called tasters and non-tasters
was the thiourea moiety. Thus, thiouracil and thiopental yield the same taste
threshold polymorphism as phenythiocarbamide does. Metabolic degrada-
tion is apparently unrelated to taste sensitivity since tasters and non-tasters
did not differ in their capacities to degrade methylthiouracil and thiopental
(37). Sensitivity has generally been considered to be a dominant autosomal
trait, yielding bimodal distributions; the frequency of tasters in different
populations is about 50 per cent in Australoids and 90 to 95 per cent in
Negroesand Chinese, with frequencies of other populations falling within this
range.

However, the recent studies of Lugg (99, 100) in Australian aborigines,
Koreans, and Japanese, wherein previously undetected, extremely high
acuities of taste for PTC have been found, suggest the cxistence of a multi-
modal pattern of distribution of taste thresholds. Such distributions depart
from the classical pattern of inheritance usually considered to explain taster
:non-taster distributions.

Confirming and extending earlier studies of others, Eaton & Gavan (36)
have emphasized that the threshold for tasting PTC is not a neutral trait,
since sensitivities may be enhanced by increasing the amount of tyrosine in
the saliva. This observation, coupled with the fact that compounds contain-
ing the thiourea moicty are.goitrogenic (i.e. they block the synthesis of
thyroxine in the thyroid gland), suggests an intimate relationship between
thyroid function and taster status. Widstrém & Henschen (167) reported
that nontasters of PTC exhibit subnormal protein-bound-iodine values,
whereas tasters have high values. In addition, the ability to taste this com-
pound is associated with an increased rate of skeletal maturation (77). It is
difficult at this time to separate cause from effect. Nevertheless, many stud-
ies in the past have suggested that taster status is important in determining
susceptibility to certain types of thyroid disease (78, 128). On the other
hand, sensitivity to PTC is also known to be altered by disease since pa-
tients with cystic fibrosis showed an abnormal distribution of sensitivities,
although their parents and siblings did not (102).

Recently, Goedde & Ohligmacher (48, 49) reported a taste polymorphism
for anetholtrithione, 5-(4’-anisyl)-1,2-dithiol-3-thione. This compound does
not contain the thiourea group characteristic of PTC and related compounds.
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The trimodal distribution found in unrelated subjects suggested that those
showing intermediate thresholds were heterozygotes. On the basis of family
and twin studies, autosomal inheritance was suggested. Poor correlation
between sensitivities to the thione compound and PTC implied an inde-
pendence of the two polymorphisms. Dawson, West & Kalmus (26) con-
firmed the existence of the polymorphism for taste sensitivities to the
thione derivative, but concluded that it was identical to the PTC poly-
morphism, as both showed a bimodal distribution in 97 unrelated subjects.
Also, there was individual concordance in sensitivities to the two com-
pounds. These authors suggested that the use of 30 per cent ethanol as sol-
vent for the thione compound by Goedde & Ohligmacher may have influ-
enced taste sensitivities. This suggestion may be valid in regard to studies of
unrelated subjects, but it is difficult to accept it as an explanation for the
discordance between the two taste sensitivities in the twin studies reported
(49).

MISCELLANEOUS OBSERVATIONS

Two instances of inherited anatomic features that influence drug effects
are open-angle glaucoma and muscular subaortic stenosis. In the first case,
corticosteroids and corticosteroid derivatives such as dexamethasone or
betamethasone were found to cause abnormal increases of intraocular pres-
sure in persons genetically predisposed to simple chronic (open-angle) glau-
coma (5). Becker & Hahn (10), on the basis of two levels of hypertensive
response among normal eyes, postulated that clinical open-angle glaucoma
was a heritable trait representing the homozygous recessive state, but
Armaly (4) detected three levels of response and suggested several alternate
genetic models. It is not yet clear which model is correct, but the recent
finding (9) of a trimodal distribution of response to betamethasone treatment
in siblings of patients with primary, open-angle glaucoma suggests other
models than that of a homozygous recessive trait for this type of glaucoma.
Theimportance of these studies is that such drug tests detect hereditary pre-
disposition to glaucoma and thus allow early institution of treatment and,
possibly, the prevention of blindness in later years.

In muscular subaortic stenosis (168), there is abnormal hypertrophy of
the basal portion of the ventricular septum and adjacent anterior wall of the
left ventricle. This feature is apparently inherited as an autosomal dominant
characteristic. If digitalis glycosides are administered to such individuals
because of a mild degree of cardiac failure, unexpected death may occur,
since this drug increases the severity of the muscular obstruction.

COMMENT

It is apparent that in every case cited here, the genetic defect may be
considered as an inborn error in which some adverse manifestation to drugs
has been demonstrated. In many of the situations described here, however,
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the normal function of the controlling system (e.g. taste sensitivity, plasma
pseudocholinesterase, liver transacetylase) has not been clearly defined.
The diverse nature and frequency of inborn errors of metabolism (147) sug-
gest that as new drugs are developed, individuals showing unusual sensitivi-
ties will be found. Hopefully, a better understanding and wider recogni-
tion of past experiences wherein genetic factors have predisposed individuals
to the adverse effects of drugs will result in fewer such occurrences with new
drugs in the future.
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