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Summary

The metabolic pathway of theophylline (T) was studied in 12
newborns, one young infant, six children, and three adult volun-
teers. T was injected IV, and blood and urine samples were assayed
for T, caffeine (C), and their metabolites by a high-pressure liquid
chromatography technique. We confirmed the methylation of T to
C in newborn infants but not in older subjects. Demethylation of
T to 3-methylxanthine was found in the young infant, in children,
and in adults, but not in newborns. The major products excreted
by neonates were T, 1-methyluric acid, and 1,3-dimethyluric acid.
Children excreted a larger fraction of methyluric acids than adults.

Renal and body clearance of T and C are reported and discussed
in relation to the age.

Speculation

On the grounds of blood and urine samples from subjects treated
with theopylline, our results could indicate that caffeine oxidation
predominates over N-demethylation, involving lower activity of the
cytochrome P-450 monooxygenase system during the first month
of life than in older infants or adults compared to data reported in
literature for other drugs. Our results suggest different forms of
enzymes are involved in these reactions.

Since its introduction in the treatment of apnea the disposition
of theophylline (T) has been well described, not only in children
(18-20, 32) and adults (10, 11, 13, 15, 16, 22, 26, 29, 30, 31), but
also in the premature neonate. Newborns eliminate the drug very
slowly (4, 12, 17, 23, 28) partially methylating it to caffeine (C)
(7-9), a unique example of drug methylation in humans.

T is metabolized in the liver by the P-450-dependent microsomal
system, which has been shown to be deficient in the newborn, in
relation to several substrates (25).

Methylxanthine metabolism has been studied in the adult (S,
11, 15, 29-31) but except for the paper by Aldridge ez al. (1) on
caffeine no data have been published so far on children and
neonates. This study was undertaken to: (1) further study the
unusual metabolism of T to C; (2) define the metabolic pattern of
T in neonates; (3) describe progressive changes of T metabolism
during development.

EXPERIMENTAL PROCEDURES

SUBJECTS

Newborns. Nine prematurely born infants (gestational age, 29.5
+ 0.8 wk) and three full-term newborns were treated IV with T'
for prevention or management of severe episodes of apnea. The
treatment schedule for these 12 patients (1660.8 + 174.0 g body
weight at birth) reflected previous experience (4, 17): a loading

! Administered as its ethylenediamine salt (about 80% of T).

dose of 5.5 mg/kg of T IV followed by maintenance 1V doses of
1.1 mg/kg every 12 hr. T therapy was started at different ages,
from 1 to 22 days of life, and depending on clinical needs, it
continued from 4 to 19 days.

The neonates came from a group at low “exposure” to C (cord
blood concentrations < 1 ug/ml) as defined by a preliminary
study in which we measured C concentrations in 122 cord blood
samples. The distribution of C levels, arbitrarily divided in three
groups, was: 51 samples, 1 ug/ml; 61 samples, between 1 and 5
pg/ml; and 10 samples, between 5 and 9.7 pg/ml.

Children. Six asthmatic in-patients (45.7 = 11.2 months of life)
were given T'IV according to the following schedule: 5 mg/kg
loading followed by 1.5 mg/kg every 6 hr. Before and during T
treatment, they were given no food containing methylxanthines.
A young infant was treated with the same dose schedule.

Adult Volunteers. Three adult volunteers, aged 25 to 27 years,
received an 1V bolus of 180 mg T' over 5 min. They took no food
or beverages containing methylxanthines for 7 days before the
study.

MATERIALS

The following pure compounds were obtained: caffeine
(blended sources)’; theophylline monohydrate, (Carlo Erba,
Milan, Italy); I-methylxanthine and 1,3-dimethyluric acid (Fluka
AG, Buchs SG, Switzerland); 1-methyluric acid (Adams Chemical
Co., Brown Lake, IL); 3-methylxanthine and 8-chlorotheophylline
(EGA-Chemie KG, Steinheim, Federal Republic of Germany);
Acetonitrile (Lihrosolv; Merck, Darmstadt, Federal Republic of
Germany) was UV grade. Standard solutions were prepared ac-
cording to Thompson et al. (30).

METHODS

Blood capillary microsamples (0.1 to 0.2 ml) were obtained in
newborns by heel puncture around the midpoint of the urine
fraction time interval (concomitantly, whenever possible, with
samples necessary for clinical monitoring of the neonates) and
throughout the chronic treatment in some of them to define the
complete patterns of accumulation of T and C. Blood was sampled
from the radial vein in adults at various times after T administra-
tion. No blood samples were taken from children. T and C were
assayed in blood (or plasma) by the high-pressure liquid chro-
matography method previously described (6).

A total of 19 urine fractions were obtained from newborns from
the fourth T dose to approach theoretical steady-state conditions.
Because of difficulties in collecting complete (0 to 12 hr) urine
fractions from neonates, each collection period was shortened to
about 7 hr (6.9 + 0.5 hr) between each two consecutive doses.
Urinary data are, therefore, expressed as the molar fraction of
each compound relative to the total moles excreted during the

® Kind gift of the National Soft Drink Association.
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interval considered. In blank urine samples randomly collected
from some neonates, C levels were very low, and no C metabolites
were detectable. Moreover, these infants were not breast fed,
which excluded any outside source of methylxanthines (27).

Urine samples were collected from volunteers at different times
over the 24 hr. T, C, and their metabolites were measured in urine
by a method slightly modified from Aldridge et al. (1). Urine
extracts were injected into a high-pressure liquid chromatography
system® equipped with a reversed phase column (Hibar RP-8, 5
um; Merck). The samples were eluted with a linear gradient,
starting from 0.5% acetonitrile in 0.5% acetic acid (v/v) in water,
up to a final concentration of 5% of acetonitrile within 36 min.
The flow rate was 1.7 ml/min, the UV detector was set at 273 nm,
and 8-chlorotheophylline was used as internal standard. An inter-
nal calibration curve of 0, 5, 10, and 20 ug/ml of T, C, and
metabolites was prepared for each run of about ten samples. The
lowest measurable amount of the compounds was 0.5 ug/ml of
urine.

Body clearance (Clg) was calculated as D/AUC 4., and renal
AAg/At where D = total dose;

P

AUC ;.. = area under the plasma (or blood) concentrations
versus time curve calculated with the trapezoidal rule, extrapolated
to infinity; AAu = amount of drug excreted in urine during the
interval At; C, = plasma concentration at the midpoint of the
urine collection time interval.

clearance (Clr) was calculated as

RESULTS

Figure | reports the similar patterns of accumulation in blood
of T and C in premature newborn infants during T therapy. C
appeared in blood from the second day (fourth dose), and its
levels were never higher than those of T, i.e., about 50%. When T
was stopped, C disappeared more slowly than T.

The individual features and urinary metabolites for patients
and volunteers are shown in the “Appendix.” Mean figures for
urinary excretion are reported in Figure 2. Percentage of molar
fractions of T and metabolites in adult volunteers were essentially
the same when calculated on a 7-hr basis (as for newborns) or on
the complete 24-hr collection. T was the main compound excreted
by neonates (45%), whereas in children, it accounted for 10% and
in adults, 14%.

The molar ratio of 1,3-DMU in adults and neonates was the
same (34%), but in children it was higher (46%). 1-Methyluric acid
too, was higher in children (32%) than in newborns (14%) and
adults (25%).

The monodemethylated metabolite of T, 3-MX, was found only
in adults’ and childrens’ urine; newborns do not appear to produce
it or at most only in trace amounts as documented by neonate 2
(see “Appendix”).

In agreement with blood data, C was present only in urines
collected from neonates.

Mean values for total body and renal clearances of T and C are
reported in Table 1. We did not determine these parameters in
children because ample information is available and is reported in
the table.

The increase in body clearance from newborns to adults was
more marked for C than for T.

Renal clearance values were higher for T than for C in neonates
and adults and slightly lower in adults than neonates. Ratios of
renal to body clearance of T for newborns and adults were,
respectively, 0.43 and 0.11, similar to the percentages of unchanged
drug excreted in urine (0.45 and 0.14, respectively); the same trend
was seen for C. No relationship was found among newborns
between gestational age, body weight, or number of doses and
metabolic pattern or clearance figures. It is interesting to note that
in two neonates (neonates 6 and 9; see “Appendix”) urine fractions
collected after the last dose of T showed reduced T and C and a
parallel increase in uric acids.

* Perkin-Elmer Series 2/2.
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Fig. 1. Patterns of accumulation in blood of T (@) and C (A) in three
premature newborns. Arrows, last T dose.
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Fig. 2. Percentage of urinary molar fraction of T and its metabolites
for patients and volunteers.

DISCUSSION

Although acquired in a clinical setting with all the known
limitations of a “classic”” metabolic study, the data presented seem
to describe quite well the metabolism of T at different ages. This
is supported by the good agreement between our data and those
published by other authors concerning cord blood C concentra-
tions, clearance values, and metabolic pathway (4, 8, 12, 16, 17,
19, 22, 26).
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The presence of C even in very small amounts in cord blood of
several neonates studied cannot have influenced T metabolic data
because we never found any of the main C metabolites (dimeth-
yluric acids) in blank urines examined, as was to be expected from
the very low rate of metabolism of the compound in the first days
of life (85% excreted unchanged in urine by newborns; see Ref. 1).

A very weak demethylation of T to 3-MX in vitro by livers
taken from human fetuses was recently reported (3). In vivo,
however, the absence of 3-MX in urine of premature newborns,
together with the presence of uric acids, even though in smaller
amounts than in adults, indicates the predominance of C oxidation
over N-demethylation in this age group.

Such observations are in agreement with the work by Horning
et al. (14) and Aldridge et al. (1) who provided urinary metabolite
data on C and confirm that the hepatic cytochrome P-450 complex
involved in the metabolism of methylxanthines is deficient in the
human neonate, as already reported in the literature for a number
of substrates (25). However, this poor ability to form N-demeth-
ylated metabolites is greater than that observed for other drugs
such as diazepam (24) and mepivacaine (21), suggesting that
different forms of cytochrome P-450 mixed function oxidases,
each with a distinctive substrate specificity and maturational
sequence, are involved.

Table 1. Mean clearance values of T and C at different ages

T C
Cly' Clye Cly Clg
(ml.hr'. (ml:hr™'. (ml-hr'. (ml-hr'.
Subjects kg™") kg™") kg™") kg™")
Premature new- 14.5 6.2 10.0° 29
borns
Young infants (3 104.6"
to 42 months)
Children 84.8*
Adults 425 4.8 88.7° 0.45°

' Clg, body clearance; Clg, renal clearance.
?From A. Aldridge er al. (1).

*From J. V. Aranda et al. (2).

* From D. E. Zaske et al. (32).

* Unpublished data from this laboratory.
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The metabolic pattern of T was also determined in blood and
urine of a 7-month-old infant treated with T for asthma (see
“Appendix”). This was the only case in this age group, but the
metabolic pattern was similar to that reported for children and
adults. This agrees with the conclusions by Aldridge et al. (1), “the
adult-like metabolite pattern (of C) of partially demethylated
xanthines and urates was attained by 7 to 9 months of age.”

Clearance values found for T are in agreement with figures
already reported in the literature for adults (16, 22, 26) and
neonates (4, 12, 17). Although recently Aranda et al. (2) reported
that “ ... plasma clearance of C progressively increased and
achieved comparable adult capacity by 3 to 4% months and
exceeded adult capacity by 5- to 6-month age . .. at the moment
there are no data for T in young infants. As far as we know, no
data on renal clearance of T and C have yet been published either.
The good agreement between clearance ratios and fraction of T
excreted unchanged in urine confirms the reliability of the calcu-
lated clearance figures.

Renal clearances of T and C were very low because of their
extensive metabolism; C clearance in particular was lower than
that of T, probably because of the higher lipophilicity of C, which
increases the extent of tubular reabsorption of the compound. The
partition coefficient between chloroform and 0.1 M phosphate
buffer, pH 4 to 8, was 8.578 for C, 0.382 for dimethylxanthines,
and 0.008 to 0.002 for other metabolites, so tubular reabsorption
seems unlikely for these last compounds.

About fetal liver explant data (3), inasmuch as the amounts of
1,3-DMU and 3-MX produced are so low (pmoles) and the two
conditions studied are so different, it is not possible to compare
and discuss them in this context.

The larger fraction of uric acids in urine of children than adults
suggests that the greater clearance of T observed in this age group
is probably due to the prevalent metabolism of T to uric acids.

CONCLUSION

This study reports the metabolic pathway of T in premature
newborns compared to children and adults (Fig. 3). T was mainly
excreted unchanged in urine by neonates, and the major metabo-
lites were |-methyluric acid and 1,3-DMU. We found that T was
methylated to C only in the newborn group. However, demethyl-
ation to 3-MX was seen only in children and adults. This indicates
that C oxidation predominates over N-demethylation because of
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Fig. 3. Metabolic pathway of T in premature newborns, children, and adults.
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the lower level of activity of the cytochrome P-450 monoxygenase
system in newborn infants than in children or adults. These
findings suggest two further lines of research to ascertain when
the methylative biotransformation of T to C disappears and when
during the first year of life the metabolism of T approaches that
of children and adults.
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Appendix Individual features and urinary metabolites for subjects in the study

% molar fraction

Gestational Adminis- 1-Meth-
Subjects Sex  age(wk) Body weight (g) Age' tration® yluric acid 3-MX 1.3-DMU T C
1 J 35 2,250 2 days S 7 - 25 51 17
2 ? 3l 1,450 3 days 4 2 5 35 53 4
3 d 32 1,450 3 days 5 7 - 59 30 4
4 ? 302 1,250 3 days 6 14 - 52 31 2
6 days 12 9 - 30 55 S
7 days 14 42 - 37 I 10
5 3 27 900 3 days 7 17 - 28 52 1
6 d 304 1,600 5 days 10 5 - 39 50 5
7 days 14* 5 - 20 57 17
9 days 13 - 36 43 7
7 éd 34 2550 5 days 5 8 - 71 17 3
5 days 6 9 - 47 44 -
7 days 7 27 - 46 15 12
8 ? 28 1,300 6 days 10 6 - 16 62 l6
9 days 16 8 - 18 hh 19
9 3 303 1,550 6 days 12 2 - 2 96 -
11 days 22¢ 20 - 13 58 8
15 days 46 - 3R 14 1
10 3 308 1,780 7 days 12 21 - 49 24 S
1 d 35 2,850 24 days 4 6 - 32 61 1
12 é 26 1,000 31 days 32 16 - 13 61 9
X = S.E. 308 09 1,660+ 172 83x 1.6 10716 138x26 - 33637 448x46 6913
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Appendix— Continued

% molar fraction

Gestational Adminis- 1-Meth-
Subjects Sex age (wk)  Body weight (g) Age' tration® yluric acid 3-MX 1,3-DMU T C
Young Infant
I Q 5,500 7 months 4 4 8 50 38
Children
1 3 12,000 16 months 7 41 12 38 9
2 3é 9,900 18 months 4 16 17 40 27
3 é 13,500 40 months 4 33 8 55 4
4 Q 15,000 44 months 4 19 15 51 14
5 ? 17,000 76 months 16 41 8 46 S
32 39 10 47 4
6 Q 19,500 80 months 7 41 12 38 9
X + S.E. 14,500+ 1,413 457+ 11.2 106 £39 325+31 112+11 461+26 10130
Adult volun-
teers”
| 3 62,500 25 years 17.3 242 36.9 219
2 3 69,000 26 years 299 18.4 35.0 16.7
3 ) 60,000 27 years 283 36.3 31.2 42
X + S.E. 63,833+ 2,685 26 252 +40 263+53 344x17 14353

' Age at moment of sampling.

2 Number of doses administered before the collected fraction.

* _, Not detectable.
* Last dose.
" 24-hr urine collection.
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