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Abstract

To determine whether genetic mechanisms control large inter-
individual variations in theophylline elimination in normal
uninduced human subjects, and, if so, to test the possibility
that these genetic factors are transmitted as a simple Mendelian
trait, theophylline was administered to 79 unrelated adults, six
sets of monozygotic twins, six sets of dizygotic twins, and six
two-generation families. Thereafter, in urine collected from
each subject at regular intervals for 48 h, concentrations of
theophylline and its three principal metabolites were measured
and rate constants of formation of these metabolites calculated.

The twin study, designed to determine the relative contri-
butions of genetic and environmental factors to large interin-
dividual variation in theophylline elimination, revealed predom-
inantly genetic control. Values for this genetic component,
designated heritability (HI2), of interindividual variation in rate
constants of metabolite formation were 0.61, 0.84, and 0.95
for 3-methylxanthine, 1-methyluric acid, and 1,3-dimethyluric
acid, respectively. HI2 for the overall theophylline elimination
rate constant (kei) was lower (0.34).

In the 79 unrelated adults, each distribution curve for rate
constants of formation of each theophylline metabolite appeared
to be trimodal. By contrast, the distribution curve for the
overall theophylline elimination rate constant appeared to be
either unimodal or bimodal. The extent of interindividual
variation was fourfold for theophylline kei and 6-8-fold for the
three principal metabolites. High correlations among the three
rate constants in individual subjects suggested their regulation
by a single shared factor.

In six families carefully selected to be under near basal
environmental conditions so that hepatic theophylline metab-
olism of each family member would be neither markedly
induced nor inhibited, phenotypes for theophylline metabolite
rate constants were assigned. This assignment of phenotype
was made by the position of each family member's rate
constant on the three distribution curves that were generated
from the 79 unrelated subjects. In each family, pedigree
analysis of the three phenotypes for each rate constant was
consistent with their control by two alleles at a single genetic
locus and with autosomal codominant transmission. Frequencies
of the two alleles at each genetic locus controlling rate constants
of formation of theophylline metabolites were similar (p
= 0.49, 0.53, and 0.52). In the three families studied with
antipyrine (AP) as well as with theophylline, AP kel correlated
(r - 0.7) with each rate constant of theophylline metabolite
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formation, as well as with theophylline kei. While these results
are compatible with a common regulatory element in the AP
and theophylline polymorphisms, other evidence suggests more
than a single genetic polymorphism. This additional evidence
includes different gene frequencies for the AP (p - 0.1) and
theophylline (p - 0.5) polymorphisms, different genotype as-
signments in several families for some theophylline metabolites,
different distribution curves for theophylline kei from those for
the three theophylline metabolites in 79 unrelated subjects,
and finally low correlations between AP metabolite rate con-
stants and theophylline metabolite rate constants in the three
families receiving both drugs.

Introduction

Theophylline is commonly used as a bronchodilator and
respiratory stimulant in acute and chronic asthma, Cheyne-
Stokes respirations, and episodes of apnea/bradycardia in
newborns (1). It also serves as an adjunct in the therapy of
congestive heart failure and acute pulmonary edema (1). In a
particular patient, the therapeutic and toxic properties of
theophylline depend on the rate of hepatic theophylline me-
tabolism, since benefits and risks from therapy with theophylline
relate directly to serum theophylline concentrations. In each
patient, serum theophylline concentrations are functions both
of the dose and elimination characteristics of the drug (1). In
adults as well as children, large interpatient variations occur
in rates of theophylline elimination (2-5). This metabolic
individuality of a particular subject has been stated to arise
from interactions among genetic, environmental, physiological,
and perhaps pathological factors that determine the activity of
the hepatic mixed function oxidases that biotransform theoph-
ylline (6). Diverse environmental factors are known to influence
theophylline clearance (1). Although genetic factors have also
been frequently implicated in causing interindividual variations
in theophylline metabolism (7-9), evidence to support such a
genetic hypothesis has until the present study been notably
absent.

The present investigation was designed, therefore, to deter-
mine whether genetic mechanisms control these large interin-
dividual variations in theophylline elimination in human
subjects and, if they do, to test whether they are transmitted
as a Mendelian trait. It was also of interest to determine
whether any genetic factor affecting theophylline metabolism
was closely related or identical to previously described poly-
morphisms of hepatic drug oxidation, such as those of debri-
soquine (10), mephenytoin (1 1), and antipyrine (AP)' (12).

1. Abbreviations used in this paper: AP, antipyrine; DZ, dizygotic; H2,
heritability; HI2, H22, H32, and H42, methods one, two, three, and four
for heritability; HPLC, high performance liquid chromatography; kei,
overall elimination rate constant; kA, rate constant of metabolite
formation; I-MU, 1-methyluric acid; 1,3-MU, 1,3-dimethyluric acid;
3-MX, 3-methylxanthine; MZ, monozygotic; TBHAS, tetrabutyl am-
monium hydrogen sulfate.
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The approach used in the present study consists of mea-
suring rate constants of formation of theophylline metabolites
in twins, unrelated subjects, and carefully selected families. In
studies of normal families, rate constants of theophylline
metabolite formation are as close to the primary gene products
involved in theophylline metabolism as it is now possible to
come short of the ethically unjustifiable liver biopsy. These
primary gene products are different molecular forms (isozymes)
of hepatic cytochrome P-450.

The 3 theophylline metabolites investigated were 3-meth-
ylxanthine (3-MX), I-methyluric acid (1-MU), and 1,3-di-
methyluric acid (1,3-MU). Developmental and enzyme induc-
tive studies suggest that the N-demethylation and 8-hydroxyl-
ation pathways of theophylline metabolism are mediated by
two separate isozymes of cytochrome P-450 (3, 13-15).

The rationale for the approach used in the present study
derives from the conventional methodology in human genetics
of testing a genetic hypothesis by analysis of pedigrees in which
phenotypes are assigned according to the place of each family
member within distribution curves of data gathered from
unrelated subjects. This approach helped to elucidate several
pharmacogenetic conditions, including atypical plasma cholin-
esterase, the acetylation polymorphism, glucose-6-phosphate
dehydrogenase deficiency, and the polymorphic oxidations of
debrisoquine (10), mephenytoin (1 1), and AP (12).

Methods
Selection of subjects. Normal subjects between the ages of 18 and 57
participated (27 from 6 two-generation families, 6 sets of monozygotic
(MZ), and 6 sets of dizygotic (DZ) twins, and another 79 who were
unrelated). Subjects were recruited from Hershey, PA and vicinity
through notices placed in the medical school. They were carefully
selected to be under near basal environmental conditions so that their
rate of theophylline metabolism would be neither markedly induced
nor inhibited. 15 of the 27 family members and several twins and
unrelated subjects had previously participated in the AP studies per-
formed in this laboratory (12, 16). No subject had a history of serious
illness or drug allergy, consumed any medications or ethanol regularly,
smoked tobacco, or was chronically exposed to inducing or inhibiting
chemicals.

Three of the six families were available from the 13 families
previously recruited in this laboratory to identify the polymorphism
affecting AP metabolism (12) because these families (numbered family
2, 1 1, and 13 in that study) offered an opportunity to trace transmission
of the less frequently occurring AP allele. Evidence from other labo-
ratories had indicated a positive correlation within subjects between
rates of theophylline and AP metabolism (17-19). Therefore, only the
most informative families from our AP study (12) were used, since the
present study attempted to determine whether one genetic locus might
control a single cytochrome P-450 isozyme that regulates both AP and
theophylline metabolism. 79 unrelated individuals were deemed suffi-
cient to uncover a commonly occurring polymorphism, i.e., one in
which q > 0.1. The debrisoquine polymorphism was discovered using
a similar number of subjects (10). Under a monogenic, two allele
system a value of 0.1 for q derives from calculations of the number of
individuals expected (p2, 2pq, and q2) with a phenotype corresponding
to homozygosity for the p allele, heterozygosity, and homozygosity for
the q allele, respectively, when different theoretical frequencies were
assigned for alleles p and q.

Materials. Chemicals used in the chromatographic analysis were
1,3-MU and 3-MX from Fluka AG; I-MU from Adams Chemical,
Round Lake, IL; theophylline from ICN Pharmaceuticals, Inc., Irvine,
CA; and P-hydroxyethyltheophylline from Sigma Chemical Co., St.
Louis, MO. All chemicals used in the extraction procedure were either
analytical or high performance liquid chromatography (HPLC) grade.

All organic solvents used in the chromatographic procedure were
HPLCgrade.

Sample collection. Subjects abstained from all medications and
alcoholic beverages for 2 wk preceding and during the study. For 3 d
before as well as during the study, subjects avoided foods and beverages
containing methylxanthines. All were required to fast from solid foods
for 8 h before and 4 h after receiving theophylline.

Two single-dose studies (protocols 1 and 2) were performed as
follows: protocol 1-13 subjects reported at 0730 at which time a
teflon intravenous catheter with a heparin well was placed in the
forearm for removal of blood samples. At 0800, blood and urine
samples were collected to be assayed as blanks. The subject was then
given an oral dose (5 mg/kg) of theophylline (Elixicon by Berlex
Laboratories, Wayne, NJ, a theophylline suspension). Thereafter, 5-ml
blood samples were drawn and heparinized at 1, 2, 3, 5, 8, 13, 24, 28,
32, 36, and 48 h. Complete urine samples were collected at 4-h
intervals for the first 48 h, then from 48 to 54 h, 54 to 60 h, and 60
to 72 h. 10 of the subjects repeated the above study 2 wk later.

In addition to providing blood, three subjects collected saliva
samples, which were stimulated by chewing parafilm, at 4, 8, 12, 16,
20, 24, 28, 32, and 36 h after drug administration. These three subjects
did not take theophylline again. Protocol 2-the remainder of the
subjects participated in this protocol. At 0800, after an 8-h fast, all
subjects received an oral dose (5 mg/kg) of theophylline (Elixicon, by
Berlex Laboratories). Saliva samples, stimulated by chewing parafilm,
were collected at 2, 4, 6, 10, 16, 20, 24, and 28 h after theophylline.
Complete urine samples were collected at 4-h intervals for the first 24
h, then at 6-h intervals for the second 24 h.

All samples were refrigerated after collection. Blood samples were
centrifuged at 2,000 g for 10 min to obtain plasma. The volume of
urine was measured and aliquots saved for subsequent analysis. All
samples were frozen at -20°C until assayed. All samples were assayed
within 2 mo (20).

Assay procedure. Theophylline and its major metabolites, 3-MX,
1-MU, and 1,3-MU, were extracted from blood, saliva, and urine
samples according to the method of Muir et al. (21) with the following
modifications: (1) 1 ml of urine was extracted instead of 0.5 ml; (2)
0.2 ml of 0.5 M tetrabutyl ammonium hydrogen sulfate (TBAHS)
solution was substituted for 0.5 ml of 0.1 MTBAHS; (3) the extraction
mixture, ethylacetate/chloroform/isopropanol, was 40:40:20, vol/vol;
(4) the reconstituting buffers contained 0.05 Msodium acetate instead
of 0.01 M. Only 0.2 ml of each solution was used to reconstitute
samples.

Aliquots of saliva (1.0 ml) or plasma (0.5 ml) were extracted as
described for urine except only 0.1 ml of the internal standard solution
and only 0.1 ml of each reconstituting solution were used. All glass-
ware used in the extractions was treated with a silicone preparation
(Prosil-28).

Concentrations of theophylline and its three main metabolites were
measured by reversed-phase HPLC. Either 25 gl of the urine extract
or 80 ,ul of the saliva or plasma extract was injected onto a Radial-
PAK C18 cartridge (5 iA 8 mmX 10 cm) in series with a C18 RCSS
Guard-PAK in an RCM-100 radial compression module (Waters
Assoc., Milford, MA) via a model U6K universal injector (Waters
Assoc.). A model 45 solvent delivery system (Waters Assoc.) was used
with a model 440 absorbance detector (Waters Assoc.) at 280 nm. The
mobile phase consisted of 5 mMTBAHSand 10 mMsodium acetate
buffer with 6.5% acetonitrile at ambient temperature with an apparent
pH of 4.77 (flow rate, 2.0 ml/min). Retention times for 3-MX, 1-MU,
1,3-MU, theophylline, and internal standard were 2.5, 3.2, 4.0, 6.2,
and 7.3 min, respectively. Calibration curves were obtained from blank
plasma, saliva, and urine samples spiked with standards of theophylline
and its three main metabolites. The standards were dissolved in 2.5
ml of 1 N NaOHbefore spiking the blank plasma, saliva, and urine
samples. Standard curves were linear in urine for all compounds up
to 200 ,g/ml, with sensitivity being - 1 Ag/ml. Plasma and saliva
standard curves were linear up to 20 ,ug/ml, with sensitivity being
-0.2 ug/ml for parent drug and its metabolites. To measure the
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amount of theophylline and its main metabolites in specimens of
plasma and urine, peak area ratios of theophylline and its metabolites
relative to the internal standard were obtained in each chromatogram
by use of a 3390 A reporting integrator (Hewlett-Packard Co., Rock-
ville, MD).

Because metabolite concentrations in blood were below assay
sensitivity in the unrelated volunteers studied using protocol 1, only
saliva samples were collected from subjects participating in protocol 2.
Saliva samples to measure theophylline concentrations only were
prepared for HPLC analysis using the following modified acetonitrile
extraction procedure (22). A 10-,d aliquot of internal standard, 2 ml
of acetonitrile, and 0.5 ml of saliva which had been centrifuged for 20
min at 2,000 g were vortexed 15 s and centrifuged for 15 min at 2,000
g. The supernatant layer was decanted and evaporated at 550C under
nitrogen. The residue was reconstituted by first adding 100 1Al of 0.05
Msodium acetate containing 10% methanol, pH 4.75, and vortexing
for 60 s, and then adding 100 1.d of 0.05 Msodium acetate with 0.5
MTBAHS, pH 4.75, and vortexing again for 60 s. A 100-Al vol was
injected into the HPLC. Saliva standard curves for theophylline were
linear up to 20 Ag/ml.

Pharmacokinetic analysis. Theophylline, when administered at a
sub-therapeutic dose (5 mg/kg), and its three main metabolites, conform
to an open one-compartment model with parallel, simultaneously
occurring, first-order reactions in which excretion is faster than metab-
olite formation (23-27). Kinetic data on theophylline elimination were
analyzed by two different methods, the Rate method and the Sigma-
Minus method described in detail elsewhere (16, 26, 27).

Data analysis for reproducibility. A two-tailed paired t test was
performed to evaluate reproducibility of the rate constants of metabolite
formation within an individual. This test is appropriate because it
estimates both quantity and direction of change.

Genetic analysis of twin data. To estimate the relative contributions
of genetic and environmental factors to interindividual variations in
the kinetic measurements, heritability (H2) was calculated by several
methods (28-30). The subscript denotes the method. One approach
(HI2) uses the following equation: H12 = (VDZ - VMZ)/(VDz), in which
VMZand VDZ represent variance among MZand DZ twins, respectively.
Variance was calculated as follows: V = [Z(difference between twins)2]/
2N, in which N is the number of twin pairs of the same zygosity. This
equation permits a range of values from zero (negligible genetic control
over variation) to one (virtually complete hereditary influence).

The second method (H22) uses controls (CP) generated by scrambling
twin pairs (30) and calculates H22 as follows: H22 = (VCP - VMZ)/(VCP).
Other estimates (H32 and H42) of heritability, based on intraclass
correlation coefficients, are: H32 = 2(rMz - rDz) and H42 = (rMz
- rDz)/(l - rDz), where rmz and rDz are the intraclass correlation
coefficients for MZand DZ twins, respectively. Intraclass correlation
coefficients were calculated using the following equation (31): r1 = (2Z
[y - y][y' - yl)/(2[y - y]2[y' - y12), where y and y' are the values of
the two variables thought of as a sample from the population of all
such pairs. Intraclass correlation coefficients were also compared for
twins living in the same household and twins living in different
households, both regardless of zygosity.

Distribution curves and probit analysis. Distribution curves were
constructed for all rate constants from all unrelated individuals. Probit
analysis (32) was used to attempt to identify modes and antimodes of
these curves. The probit, y, is defined as the normal equivalent
deviation, (x - q)/(o), increased by 5, where x is each data point, and
A and a are the population mean and standard deviation, respectively.
Thus: y = 5 + (x - g)/(a). Regression lines formed when probits were
plotted against log rate constants suggested inflection points where
antimodes could be postulated to occur in the distribution curves (32).
In each probit regression, the position of these inflection points which
suggested a line of different slope was determined as follows: an arrow
identified the last subject on the slope of a curve, such that the next
subject and subsequent subjects belonged on a curve with a different
slope. No subject on this new line of different slope returned to the
slope of the preceding line.

Pedigree analysis. Pedigree analysis was performed on each of the
six families investigated. Phenotypes were determined by each family
member's position on the distribution curves constructed from the 79
unrelated subjects (Figs. 3-5).

Correlations of rate constants within subjects. To elucidate potential
relationships among the genetic factors that control the formation of
each main theophylline metabolite, correlation coefficients were deter-
mined for the different rate constants in all 99 related and unrelated
individuals.

Correlations of metabolic data of theophylline and antipyrine in
three families. To assess the degree of correlation between rates of
formation of AP and theophylline metabolites after each subject
received a single oral dose of each drug on two separate occasions,
correlation coefficients were determined for all combinations of the
different rate constants in the members of the three families who
received both drugs.

Results

After a single oral dose of theophylline, mean (±SD) percentage
recoveries of unchanged theophylline, 3-MX, 1-MU, and 1,3-
MUwere 10.3±3.8, 10.8±3.0, 17.7±5.4, and 38.8±8.8, re-
spectively. The total recovery of administered theophylline
as urinary theophylline and metabolites was 77.6±16.3%
(mean±SD). These values are consistent with those reported
by others (14, 22, 33, 34).

Reproducibility of measurements in a given subject was
evaluated by the two-tailed paired t test in the 10 unrelated
subjects who received theophylline on two separate occasions.
Intraindividual variations in rate constants remained small
and did not reach statistical significance (P > 0.05), but inter-
individual variations, even in only 10 subjects, were approxi-
mately twofold. Throughout this study, other subjects who
had received theophylline on two separate occasions also
exhibited high reproducibility.

In samples of plasma obtained from subjects at various
times after theophylline administration, concentrations of the-
ophylline metabolites were below assay sensitivity. Decay
curves of theophylline in plasma and saliva from individuals
who received a single oral dose of theophylline were parallel.
Slopes of these curves in plasma and saliva of a subject differed
by <10%. Peak concentrations of theophylline were attained
in plasma between 1 and 2 h after drug administration, with
a mean peak theophylline concentration of 9.7±1.7 lug/ml
(mean±SD).

In most subjects, theophylline metabolite concentrations
in urine could not be measured accurately beyond 48 h after
theophylline administration due to the presence in urine of
interfering endogenous xanthines and uric acids at concentra-
tions ranging from 2 to 3 ug/ml. In all subjects, urinary
excretion of 3-MX, 1-MU, and 1,3-MU plotted according to
the Rate and Sigma-Minus methods exhibited parallel, first-
order kinetics (Fig. 1). A lag period of 2-4 h occurred between
peak plasma theophylline concentrations and peak urinary
excretion rates of metabolites.

Estimates of heritability for the overall elimination rate
constant (ke1) and the rate constants for formation of the three
major metabolites (kj) revealed predominantly genetic control
over interindividual variation. Values for heritability, HI2, were
0.61, 0.84, 0.95, and 0.34 for k3Mu, k1Mu, k13Mu and ki,
respectively (Table I).

When intraclass correlation coefficients were compared for
those twins, regardless of zygosity, who were living in the same
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household and other twins living in different households, the
values suggested that environmental inequities played a role
in maintaining large interindividual variations (Table II). How-
ever, even this influence of environmental factors on theoph-
ylline metabolism did not obscure the prominent role of
genetic factors (Table I) in producing large interindividual
variations in theophylline kinetics. Because an equal number
of MZand DZ twins lived together, the greater environmental
contribution to theophylline kinetic variations among twins
living apart compared with those living together probably did
not influence substantially the high values obtained for HI2.

Distribution curves and probits, pedigree analysis, and
Hardy-Weinberg analysis provided evidence for genetic control
of interindividual variations in rate constants of formation of
each theophylline metabolite. These analyses were all performed

Figure 1. Urinary excretion
profiles of 3-MX (n), 1-MU
(o), and 1,3-MU (-), plotted
according to the Sigma-Mi-
nus method (26, 27), in three
representative sets of MZand
three representative sets of
DZ twins. At time 0 each
subject took a single oral
dose of theophylline (5 mg/
kg). U,0, equals the total
amount of the given metabo-
lite excreted. U equals the
cumulative amount of a
given metabolite excreted up

to the time that the particu-
lar specimen was obtained.

on kinetic measurements expressed as rate constants of for-
mation of the three principal metabolites of theophylline.

Distribution curves were constructed from values for kei,
k3-MX, ki-Mu, and kl.3Mu (Figs. 2-5) obtained from 79 unrelated
subjects. Among these 79 subjects, interindividual variations
of k/en were fourfold; of 3-MX, sixfold; of 1-MU, eightfold; and
of 1,3-MU, sevenfold. Probit regressions, shown in Figs. 2-5,
suggested the positions of two antimodes in distribution curves

for k3 Mx, kl-Mu, and kl,3-MU. The distribution curve for k/1
was difficult to interpret, being compatible with either uni-
modality or bimodality. Points of inflection in these curves

were determined by identifying changes in slopes of the line
between probit values of 3 and 7. Subjects outside of the range
from 3 to 7, although shown, were omitted from consideration
in constructing lines since they comprised only a very small
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Table I. Rate Constants of Theophylline Metabolite
Formation and Overall Elimination
in Six Sets of MZand Six Sets of DZ Twins

I, h- (X10-3) k,, h-' (X10-2)

Subject 3-MX 1-MU 1,3-MU Theophylline

MZTwins
LeT
LaT

MiC
MaC

TH
FH

16.7
20.7

20.7
21.2

13.2
10.9

34.0
37.8

32.0
27.9

27.6
30.2

56.8
59.1

53.1
57.0

55.3
57.6

12.12
11.90

12.47
13.36

10.66
9.56

Table II. Intratwin Correlations* of Theophylline
Metabolite ki and Also of Theophylline ked for
MZand DZ Twins Living Together and Apart

Parameter Twins living togethert Twins living apart§

r P r P

0.77 <0.10 NS 0.27 <0.10 NS
k3MX 0.97 <0.01 0.35 <0.10 NS
ki-Mu 0.83 <0.05 0.62 <0.10 NS
kl,3-MU 0.78 <0.10 NS 0.26 <0.10 NS

* r = (2z[Y - Y][y' _ Y,])/(Z[y _ J]2 + g4y, _ V12).
t Three sets each of MZand DZ twins.
§ Three sets each of MZand DZ twins.

RiD
RoD

DnM
DsM

DsL
DdL

r

DZ Twins
MB
DB

DT
ST

RC
DC

SnD
StD

CH
KH

CR
TR

r

Heritability
HI2
H22

H32

H42

5.5
4.0

7.5
8.8

15.1
11.3

0.90

8.4
9.1

17.3
16.7

20.0
10.4

13.0
15.8

15.0
15.8

10.6
10.2

0.37

0.61

0.81

1.0

0.84

10.4
5.9

12.2
14.2

17.8
19.7

0.68

19.6
16.0

32.1
20.0

30.2
17.3

28.2
25.0

21.6
30.2

16.0
17.7

0.07

0.84

0.96

1.0

0.66

23.5
21.6

32.5
36.6

44.4
50.4

0.98

54.5
37.7

69.1
49.4

56.0
27.6

50.0
61.2

41.6
51.8

35.4
29.7

0.16

0.95

0.99

1.0

0.98

8.42
7.74

7.15
10.26

8.66
9.77

0.72

8.47
8.08

13.07
10.91

12.08
9.04

11.64
11.97

9.13
11.26

9.20
7.89

0.49

0.34

0.64

0.47

0.46

r, intraclass correlation coefficient.

fraction of the total number of subjects, and thus might be
considered misleading if used to construct a separate line (35).
Arrows under the probit plots indicate the points of inflection
of the line; the arrows below the respective arithmetic distri-
bution curves correspond to these points. Inflection points in
the regression for k3-MX, kiMu, and kl,3-MU appeared at anti-
modes 7.9 X 10-3 and 15.5 X 10-3, 13.0 X 10-3 and 23.7

X 10-3, and 32.0 X 10-3 and 47.3 X 10-3, respectively, of
their distribution curves (Figs. 3-5). It needs to be emphasized
that these antimodes are only approximations. Thus, if hundreds
of subjects were investigated, the exact position of each anti-
mode would be less precise, so that subjects with values in
these overlapping regions of the distribution curve at the
antimodes would be difficult to assign as either homozygotes
or heterozygotes. Accordingly, errors could arise in distinguish-
ing between phenotypes for subjects in this region.

Table III shows for 27 members of 6 families rate constants
of formation of theophylline metabolites 3-MX, 1-MU, and
1,3-MU, as well as the overall theophylline kel. Phenotypes for
theophylline kinetic constants were determined by the position
of each family member's value on the arithmetic distribution
curves generated from the 79 unrelated subjects. In turn, these
arrows drawn to separate phenotypes on the arithmetic distri-
bution curve were transferred there according to the position
of corresponding arrows on the probit regression line (Figs. 3-
5). Subjects whose phenotypes placed them in the low rate
constant range were assigned genotypes tt (k3-Mx), nn (kl-Mu),

log OVERALLELIMINATION RATECONSTANT

-2

8

U) 7
wiI--

04
w

0 4

- 1 0

2 4 6 8 :10 12 14 16 18
OVERALLELIMINATION RATECONSTANT(xlO-2)

8

7

6
In-

5 0

4 fIL

20

Figure 2. Frequency distribution of theophylline overall elimination
rate constants in 79 unrelated subjects. The probit regression appears
to be compatible with either a unimodal (solid line) or bimodal
(dashed line) distribution. The interrupted arrow indicates the inflec-
tion point according to a bimodal interpretation.
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Figure 3. Frequency distribution of rate constants of formation of 3-
MXin 79 unrelated subjects. Probits are plotted above the frequency
distributions. Arrows indicate inflection points. Note that arrows on

the probit curve point to log values, and are identical to correspond-
ing arrows on the arithmetic distribution curve.

and dd (kl,3-MU). Subjects whose phenotypes fell in the inter-
mediate range were assigned genotypes of Tt, Nn, and Dd,
whereas those in the high range were designated TT, NN, and
DD. Alleles that determine low and high rate constants were

considered co-dominant, since existence of a middle mode in
each distribution curve permitted identification of heterozygotes.

Hardy-Weinberg analysis of genotype frequencies for the
79 unrelated subjects is shown in Table IV. Gene frequencies
were p = 0.49, q = 0.51, p = 0.53, q = 0.47; and p = 0.52, q
= 0.48, for k3-MX, kl-Mu, and ka.3-MU, respectively. Observed
genotypes did not differ significantly in frequency from Hardy-
Weinberg expectations by chi-square analysis for ki-Mu and
kl,3-Mu. However, a significant deviation from that expected
occurred for k3-MX (Table IV).

Fig. 6 shows the six pedigrees. Each pedigree was consistent
with a monogenic hypothesis with respect to rate constants of
theophylline metabolic formation. However, while for families
1-3 the genotype assignment in almost every subject for one
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theophylline metabolite applied as well for the other two
metabolites, in families 4-6 a different genotype had to be
assigned for 3-MX from that assigned for 1-MU and 1,3-MU.

Correlation coefficients between rate constants of formation
of theophylline metabolites and overall theophylline elimination
rate constant in 99 related and unrelated subjects appear in
Table V. The mean correlation coefficient for all rate constants
was 0.74. For the three pedigrees in which AP phenotypes had
also been determined, Table VI summarizes correlations of
theophylline rate constants (kIc,, k3-Mx, kl Mu, and k1,3-Mu) with
AP rate constants (AP ken, k4oH AP, k3oHM-AP, and kNDM-AP) (12).
Highest correlations occurred between AP kl, and theophylline
ke/1, k3MX, kl-Mu, and kl,3-Mu. These correlations were 0.77,
0.69, 0.68, and 0.77, respectively.

Discussion

The present investigation illustrates application of a previously
proposed method consisting of two separate steps to reveal
pharmacokinetic polymorphisms (28): a twin study as an

initial screen to determine whether genetic factors are operative
in maintaining large interindividual variations and, if so, a

family study to test the likelihood of a Mendelian mode of
transmission. Our results on twins under near basal environ-
mental conditions suggest that the large interindividual varia-
tions in theophylline metabolism that exist even in relatively
uninduced subjects arise predominantly from genetic factors
(Table I). A fundamental assumption in the use of the twin
method to estimate the distinct contributions of genetic and
environmental factors to pharmacokinetic variation is that the
environments of MZand DZ twins are uniform with respect
to critical factors (28). In this study, the pharmacokinetic
influence of environmental differences between twins living
together and twins living apart was substantial. Potential
sources of such environmental differences include various
dietary factors (36-40). A higher correlation was observed for
all rate constants for twins living together compared to those
living apart, regardless of their zygosity, although only the
correlations for k3-Ms (0.97) and ki-Mu (0.83) for twins living
together were statistically more similar than those living apart
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Table III Theophyifine kel and Theophylline
Metabolite kI, in 15 Subjects from 6 Families

Family
member

Family 1
1I
12

III
112
113
I"4

Family 2
I,
12

III
112

Family 3
I,
12

II,
112
113

Family 4
I,
12

II,
112

Family 5
I,
12

II,
112

Family 6
I,
12

III
112

k, h-' (X10-3) kd h-' (X10-2)

k3 Mx ki-Mu kl.3Mu Theophylline

14.0
14.8
14.0
10.7
11.6
17.1

13.5
12.1
12.4
6.3

9.2
24.2
16.7
20.7
12.9

18.3
10.8
16.9
12.4

19.0
13.3
17.3
16.9

12.6
21.0
20.0
21.9

19.1
27.7
22.4
15.3
19.7
27.6

15.5
21.3
15.1
12.8

22.7
53.5
34.2
37.8
19.6

17.0
8.9

17.8
11.3

18.8
12.0
17.3
14.8

7.5
18.9
18.3
15.3

39.5
51.0
41.8
44.3
45.7
54.4

43.0
38.3
46.0
27.1

38.7
80.1
56.8
59.1
35.2

37.8
28.9
36.1
23.7

37.0
22.6
30.1
28.2

16.2
34.4
25.0
25.9

9.37
10.95
9.78

11.03
9.81

11.15

9.36
9.01
9.26
7.68

8.70
18.02
12.12
11.90
9.99

13.35
9.00

12.55
8.58

10.27
7.74
8.90
9.57

7.70
10.16

7.97
8.72

Table IV. Hardy- Weinberg Analysis of Genotype Frequencies for
Theophylline Metabolite k, in 79 Unrelated Subjects

Rate Geno- Observed Expected (O- E9 Chi-Square
constant type (0) (E) E df= 1,n=79

k3mx tt 15 19 0.84
Tt 49 39 2.56 5.11 S
TT 15 21 1.71

kl-Mu nn 20 22 0.18
Nn 44 39 0.64 1.32 NS
NN 15 18 0.50

kl,4Mu dd 20 21 0.05
Dd 42 40 0.10 0.21 NS
DD 17 18 0.06

For gene frequencies, p = t, n, d; q = T, N, D. S, significant.

(0.35 and 0.62, respectively). However, even the heterogeneous
environmental conditions present in this study could not
conceal the large role played by genetic factors in the regulation
of hepatic production of the three major theophylline metab-
olites. This large genetic role was indicated by the high values
for heritability (HI2) of variations in the rate constants of
formation of the three principal theophylline metabolites (Table
I). In our study, fortunately, 3 sets of MZand 3 sets of DZ
twins lived together and three sets of MZand three sets of DZ
twins lived apart. This equality prevented the environmental
differences discussed above from exerting a major influence
on estimates of H2.

While use of twins revealed that genetic factors control
phenotypic pharmacokinetic variations in theophylline dispo-
sition, pedigree analysis was required to establish or reject a
Mendelian mode of transmission of these genetic factors.
Pedigree analysis in six families and the trimodal distribution
curves in the 79 unrelated subjects support a monogenic
hypothesis for the control of the sixfold to eightfold interindi-
vidual variations in rate constants of formation of the three
main theophylline metabolites. The alleles are transmitted as
autosomal co-dominants.

It is uncertain whether more than one genetic polymorphism
controls these interindividual variations in rate constants of
formation of 3-MX, 1-MU, and 1,3-MU. An interpretation
that only one polymorphism regulates formation of all three
metabolites is supported by high, statistically significant cor-
relations among these theophylline metabolite rate constants
(Table V). Thus, a common gene locus may either directly
control, or at least participate in the regulation of all 3
oxidation reactions. Additional evidence for the regulation of
all rate constants of formation of theophylline metabolites by
a single gene locus includes the similar gene frequencies for
rate constants of formation of each theophylline metabolite
(Table IV), the trimodality of the distribution and probit
curves (Figs. 3-5), and some aspects of the pedigree analyses
(Fig. 6), particularly genotype assignments for families 1-3,
where the genotype assignment of almost every subject for one
metabolite applies equally well to the two other metabolites.
However, for families 4-6, genotype assignment that applied
in a subject for both 1-MU and 1,3-MU changed for 3-MX,
which is an observation difficult to explain if there is a
common gene for all three metabolites. Present concepts in
drug metabolism hold that individual oxidative pathways for
many drugs are catalyzed not by a single cytochrome P-450,
but rather by a family of cytochrome P-450 isozymes. Thus,
more than one genetic polymorphism and cytochrome P-450
isozyme may participate in theophylline metabolism. Partici-
pation of several such distinct genetic polymorphisms and
cytochrome P-450 isozymes in theophylline metabolism is also
supported by distribution curves that differ for theophylline
kel and the three metabolites, as well as by developmental and
enzyme induction studies revealing genetically distinct pathways
of theophylline metabolism. These studies indicate that N-
demethylation and 8-hydroxylation of theophylline are me-
diated by two separate forms of cytochrome P-450 (3, 13-15).

It seemed reasonable that other drugs, such as AP, that
also exhibit genetic polymorphism (12) as well as metabolism
by N-demethylation and hydroxylation reactions, might share
with theophylline certain biotransforming pathways and hence
genetic regulation. The possibility of common, shared cyto-
chrome P-450 isozymes that participate in the metabolism of
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Rate Constant of Formation for 3-MX
FAMILY 3

2

1 2 3

FAMILY 4

1 2

Rate Constant of Formation for 1-MU

1 2

1 2 3
1
1 2

Rate Constant of Formation for 1,3-MU

1 2 1 2 3 1 2 1 2 1 2

Homozygous low
E Heterozygous
* Homozygous high

Figure 6. Six pedigrees showing transmission of phenotypes for rate constants of formation of 3-MX, 1-MU, and 1,3-
MU. All pedigrees are consistent with a monogenic hypothesis.

different drugs has important therapeutic implications, since
genetically fast or slow metabolizers of theophylline could then
be predicted to biotransform related drugs in a similar manner.
This approach of studying a panel of different drugs in
pharmacogenetically well-defined subjects has been particularly
useful in identifying the pharmacokinetic consequences of the
genetic locus that controls the metabolism of debrisoquine and
22 other drugs (6).

By contrast, the modality of the distribution curve and
probit plot for theophylline kei is difficult to interpret, probably
because k,1 is a more distant reflection of the genes under
investigation than the rate constant of formation of each
theophylline metabolite. In addition to contributions from
each of the three rate constants of theophylline metabolite
formation, the value of theophylline klc, incorporates effects
not only from other unmeasured theophylline metabolites but
also renal excretion of theophylline itself. Accordingly, the
distribution curve and probit plot of theophylline kei are

Table V. Correlations between Theophylline Rate Constants* in
99 Related and Unrelated Subjects

Rate constants compared Correlation coefficient

r P

kl. - k3-MX 0.77 <0.001
kl., - klMu 0.75 <0.001
ke- kl,3-Mu 0.79 <0.00 1

k3-MX- k.-MU 0.74 <0.001
k- Mx - k, 3 Mu 0.67 <0.00 1
kl.Mu - k1,3-Mu 0.76 <0.001

* kei, k3-MX, kl-Mu, and k,,3-Mu-

unclear and consistent with either unimodality or bimodality.
While several separate cytochrome P-450 isozymes involved
in theophylline metabolism may share a common regulatory
locus, these isozymes are differentially susceptible to other
factors of a developmental and environmental nature (14, 15,
41, 42). Such factors exerting unequal effects on the different
isozymes of cytochrome P-450 could account not only for the
correlations in Table V not being higher but also for the
equivocal distribution curve of theophylline ke1. These consid-
erations collectively emphasize the need to select for pharma-
cogenetic investigation measurements closer to the gene prod-
ucts than just elimination rates of parent drugs.

Hardy-Weinberg analysis of genotype frequencies for the
79 unrelated subjects (Table IV) suggests almost equal fre-
quencies of the postulated alleles p and q that appear to
control high and low values for rate constants of each theoph-
ylline metabolite. Only for k3-Mx did chi-square analysis show
a significant departure of observed from expected phenotype.
This is not surprising and could be due to the small number
of subjects studied or to nonrandom mating. The remote
possibility of a selective advantage of the heterozygote cannot
be eliminated.

The results of these studies on theophylline metabolism
are compatible with those recently published by Miller et al.
(9). Nevertheless, several methodological differences between
these studies exist. Their twin study on causes of large inter-
individual variations in theophylline elimination presented no

evidence to suggest a commonly occurring polymorphism of
theophylline metabolism. On the contrary, the single pedigree
is offered as a possible example of a very rare genetic variation.
Many subjects in the study of Miller et al. (9) were enzymatically
induced through smoking. In our study, use of rate constants
measured in carefully selected twins and families under near
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Table VI. Coefficients of Correlation between ke and kfrom Metabolic Data on APand
Theophylline Administered at Different Times to 15 Subjects from 3 Families

Theophylline

AOd kX-MU kl Mt. ki,3.mu

p P P P

APke, 0.77 <0.01 0.69 <0.01 0.68 <0.01 0.77 <0.01
k4OH-AP 0.02 <0.10 NS 0.03 <0.10 NS 0.09 <0.10 NS 0.00 <0.10 NS
k30HAP 0.15 <0.10 NS 0.27 <0.10 NS 0.26 <0.10 NS 0.28 <0.10 NS
kNDp-AP 0.04 <0.10 NS 0.05 <0.10 NS 0.18 <0.10 NS 0.01 <0.10 NS

basal environmental conditions probably explains why our
values of heritability were higher than those of Miller et al.
(9). The single pedigree presented by Miller et al. (9) was
difficult to interpret genetically due to lack of distribution
curves in unrelated subjects according to which the members
of their family could be phenotyped. Possibly, that mating
involved a rare homozygote and a heterozygote for a different
mutation from the commonly occurring one under investigation
here. Finally, in contrast to other investigations in adults (19,
20), Miller et al. (9) reported sex differences in theophylline
metabolism. In the present study of 99 subjects, no sex
differences occurred in any of the kinetic measurements.

The previously reported genetic polymorphism of AP (12)
appears to be related to that of theophylline, since in the 15
family members studied with both drugs, significant correlations
occurred between AP cl, and theophylline kec, k3-Mx, ki-Mu,
and kl,3-Mu (Table VI). These correlations suggest a common
underlying genetic factor regulating theophylline and AP me-
tabolism. However, the low correlations between rate constants
of formation of theophylline and AP metabolites and also
between individual metabolites of AP and theophylline kec
suggest that while the pathways for AP and theophylline
disposition may share some common regulatory factor, several
cytochrome P450 isozymes responsible for producing AP and
theophylline metabolites may differ. This latter possibility is
supported by the different gene frequencies of the AP poly-
morphism where q varies between 0.1 and 0.2 for the three
main AP metabolites and the theophylline polymorphism
where q approximates 0.5 for each metabolite. All these
considerations indicate that even in normal subjects under
carefully regulated environmental conditions, control of large
interindividual variations in the metabolism of AP and the-
ophylline is complex.

Other investigators have also reported high correlations
among subjects between their rate of theophylline and AP
metabolism. Teunissen et al. (17) studied the correlation
between AP and theophylline metabolite formation in man
and concluded that total theophylline metabolism and the
formation of 40H-AP are mediated by closely related, or even
the same isozymes of cytochrome P-450. Inhibitors of drug
metabolism such as cimetidine impair to similar extents the
elimination of both theophylline and AP (43-45). A diet high
in charcoal-broiled beef induces to similar extents the metab-
olism of AP and theophylline (37), and high dietary protein
can by itself induce both antipyrine and theophylline (39).
Finally, cigarette smoking induces to similar extents the me-
tabolism of AP and theophylline (14, 19, 20, 41, 42, 46-48).
All these parallel changes in rates of AP and theophylline
metabolism are consistent with similar metaboic regulation.

Because rates of theophylline and AP metabolism are
correlated in a subject, and because it has been demonstrated
that the AP polymorphism differs from the polymorphism of
debrisoquine oxidation (48-50), the theophylline polymorphism
is probably unrelated to that of debrisoquine. In agreement
with this conclusion, Dahlqvist et al. (18) reported that no
relationship occurred between rates of theophylline or antipyrine
metabolism in a subject, on the one hand, and of debrisoquine
or sparteine on the other. This result suggests that the hepatic
cytochrome P-450 isozymes that biotransform theophylline
and AP differ from those that metabolize debrisoquine and
sparteine.

Since interpretation of these and previously published
pharmacogenetic studies relies heavily on correlations between
rate constants of formation of different metabolites, the caution
and pitfalls emphasized earlier (12) as inherent in such inter-
pretations should be restated. Some pharmacokinetic correla-
tions, such as those in Table V, while only moderately strong
(r = 0.7-0.8), were highly statistically significant (P < 0.001)
because of the relatively large number (99) of subjects inves-
tigated. Confusion occasionally arises between the numerical
value of a correlation coefficient and the predictability of that
correlation. They are not synonymous: the predictability of
one variable based on its correlation to another is not deter-
mined by r but by r2 (51), a much lower number than r. The
widespread practice of using correlations as proof of a phar-
macological relationship, rather than as a clue to design and
perform a well-controlled experiment that adequately tests a
hypothesis, should be discouraged (52, 53).

Depending on the drug selected for study and the popula-
tion(s) investigated, large variations, ranging from 4-fold to
40-fold, occur among subjects for many other commonly
prescribed drugs (28, 29, 54, 55). If uncompensated by dosage
adjustment, these large pharmacokinetic variations can produce
toxicity in patients who metabolize a drug-like theophylline
slowly and undertherapy in other patients who metabolize
theophylline more rapidly than normal. Risks of toxicity in
genetically determined slow metabolizers are enhanced for a
drug like theophylline because therapeutic doses can saturate
hepatic biotransforming capacity (4, 22, 34) which could
produce exponential increases in serum theophylline concen-
trations. A convenient method to discover pharmacogenetic
conditions (28) uses a tier system, which begins with screening
in twins to determine whether a genetic factor exists. If so,
investigations proceed to carefully selected families who were
drawn from propositi with unusual values. Clearcut segregation
patterns of these unusual phenotypes reveal their Mendelian
mode of transmission (28). This method has been applied
previously to identify the polymorphism affecting AP (12).
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