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Physicochemical and in-vitro biological studies
on the possible association between theophylline

and ethylenediamine in solution

IAN A. COTGREAVE AND JOHN CALDWELL™
Department of Pharmacology, St Mary’s Hospital Medical School, London W2 1PG, U.K.

The possible association in solution between the components of aminophylline, theophyl-
line and ethylenediamine, has been studied using physicochemical and biochemical
techniques. Addition of ethylenediamine to solutions of theophylline caused characteristic
changes in its u.v. and 13C-n.m.r. spectra, which were due solely to the pH change, and not
to any molecular association between the molecules in solution. Both compounds crossed
the erythrocyte membrane extensively from plasma or 0-9% NaCl and had no influence on
each other’s behaviour. Theophylline partitioned approximately equally between octanol
and pH 7-4 phosphate buffer, while ethylenediamine remained in the aqueous phase.
Again, neither compound affected the properties of the other. Theophylline was reversibly
bound to plasma protein, the extent of which was dependent upon the temperature used for
equilibrium dialysis. However, ethylenediamine was not bound to plasma protein, and did
not alter the binding of theophylline. These data show that the components of
aminophylline behave independently in solution, and suggest that there is no association

between theophylline and ethylenediamine in biological systems.

The naturally occurring methylxanthine theophyl-
line (1,3-dimethylxanthine) is poorly soluble in
water. A wide variety of agents have been used to
facilitate its dissolution, the most important of which
is ethylenediamine (1,2-diaminoethane). The combi-
nation of theophylline and ethylenediamine is known
as aminophylline, and was introduced into therapy
by Dessauer (1908) as a diuretic. It is now a drug of
choice in the treatment of reversible airways obstruc-
tive disease, being given by the intravenous, oral and
rectal routes.

The exact chemical nature of aminophylline in
solid form or solution is uncertain. It has variously
been described as a salt (American Hospital Formu-
lary Service 1978), a stable mixture (Martindale
1982), or a combination of two moles of theophylline
and one mole of ethylenediamine accompanied by
variable amounts of water (British Pharmacopoeia
1980).

In the solid state, aminophylline has been des-
cribed as a solid complex of theophylline with
ethylenediamine (Nishijo et al 1982). The solubility
of theophylline in an aqueous solution of ethylene-
diamine is greater than would be expected from the
pH change due to ethylenediamine, and this has
been attributed to the formation of a soluble
complex between the two molecules (Okano et al
1967; Nishijo et al 1982). However, these studies
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involved the use of saturated solutions of theophyl-
line in non-biological media, and thus may not be
relevant to the behaviour of aminophylline in the
body.

For pharmacological and therapeutic purposes,
aminophylline and theophylline are generally as-
sumed to be equivalent on a molar basis. However,
we (Monks et al 1981) have recently shown that both
the rate and extent of metabolism of theophylline in
man are enhanced when it is given in combination
with ethylenediamine. Plasma concentrations of
theophylline in man following oral administration of
theophylline were nevertheless identical with those
seen after aminophylline ingestion (Aslaksen et al
1981). The pharmacological and clinical literature
also contains accounts of differences between
aminophylline and theophylline in animals (Van
Heerswynghels 1937; Schmid et al 1956) and man
(Marais & McMichael 1937; Arkinstall et al 1983), in
particular suggesting that ethylenediamine contri-
butes to the respiratory and cardiovascular effects of

aminophylline.
It therefore becomes important to understand
reasons underlying the interaction between

theophylline and ethylenediamine. Possible mechan-
isms include displacement of theophylline from
binding sites on plasma proteins, alteration of
membrane passage of theophylline or the existence
of a molecular complex between theophylline and
ethylenediamine in biological milieux. This paper
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describes studies on these aspects of the disposition
of aminophylline, using a variety of in-vitro
methods. Part of these results have been communi-
cated to the British Pharmacological Society (Cald-
well & Cotgreave 1981).

MATERIALS AND METHODS

Compounds

[8-14C]Theophylline (sp. act. 38 mCi mmol-1, radio-
chemical purity >99%) and [U-14C]ethylenediamine
(sp. act. 25 mCi mmol-!, radiochemical purity
>99%) were purchased from Amersham Interna-
tional, Amersham, U.K. Theophylline and ethylene-
diamine (free base) were purchased from Sigma.

Liquid scintillation spectrometry. 14C was assayed by
liquid scintillation spectrometry with a Packard
TriCarb instrument model 3385, using a Triton
X-100-toluene based scintillant. Quench correction
was by reference to an external standard.

Haematocrit determination. This used a Hawkesley
MicroHaematocrit centrifuge and reference frame.

Spectroscopy. Ultraviolet (uv) spectra were obtained
with a Cecil CE595 double beam instrument. 13C-
Nuclear magnetic resonance (n.m.r.) spectra were
obtained with the Bruker HX90E instrument of the
University of London NMR service, at 26-5 Hz using
a 10mm !3C-dedicated probe at 35°C and an
external TMS reference.

Plasma-erythrocyte partitioning

Solutions of [14C]theophylline, [1¢Clethylenediam-
ine and [14Claminophylline, with the label in either
the theophylline or ethylenediamine moieties, were
prepared in 0-9% NaCl (saline). These were added
to 5ml aliquots of whole blood so as to produce
concentrations in the range 0-50 pg ml—! theophyl-
line and 0-15pugml-1 ethylenediamine, and the
blood incubated at 37 °C for 30 min with shaking.
Plasma was separated by centrifuging at 900g for
15 min at 37°C, and 50 ul aliquots counted for 14C.
Control experiments showed that equilibrium was
achieved after 5 min incubation, and that the cells
and plasma separated according to the haematocrit.
Haemolysis was negligible, as shown by the absence
of haemoglobin from the plasma (assay with Sigma
kit no. 525).

Saline-erythrocyte partitioning
Erythrocytes were separated from whole blood by
repeated centrifugation and suspension in saline
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until the saline was protein-free. The final suspen-
sion was adjusted to a haematocrit of 40%. The
experiments described above were repeated using
erythrocytes in saline with the exceptions that 1 ml of
resuspended erythrocytes was used, and the centrifu-
gation was for 4 min at 37 °C at 900g.

In some experiments, the supernatant saline was
removed and replaced by the same volume of fresh
saline. The cells were resuspended and incubated
and centrifuged as before, the supernatant being
counted for 14C.

Plasma protein binding

Drug solutions in saline were added to 1 ml aliquots
of plasma to give final concentrations of
1-30 ug mi-! [14C]theophylline containing 0-20%
ethylenediamine and 1-15 ugml-! [*Clethylene-
diamine with and without 85% w/w theophylline and
the plasma incubated at 37°C for 30 min with
shaking. The plasma was placed in Amicon CF-25A
ultrafiltration membrane cones (Amicon Ltd., High
Wycombe, U.K.) and these centrifuged at 900g at
37°C for 25 min. The filtrate was counted for 14C.
Controls indicated no binding of theophylline to the
ultrafiltration membranes, but there was a non-
specific binding of 5-8% total ethylenediamine
added.

Octanol-buffer partitioning

Solutions of [!4C]theophylline, [*Clethylenediam-
ine and either theophylline- or ethylenediamine-
labelled [*CJaminophylline were prepared in 66 mm
phosphate buffer pH 7-4. Small aliquots of these
were made up to 5ml with buffer saturated with
octan-1-ol, 5 ml buffer-saturated octan-1-ol added,
and the whole shaken for 1 h at 22 °C. The layers
were allowed to settle for 30 min, separated and
individually centrifuged for 1h at 1000g at 22°C.
Aliquots of the aqueous and organic phases were
counted for 14C.

RESULTS

Ultraviolet spectroscopy

Table 1 summarizes the effects of variation of
theophylline concentration, pH and ethylenedi-
amine concentration upon the uv spectrum of
theophylline. Theophylline exhibits two principal
absorptions, at 210 and 271 nm, the latter showing a
slight bathochromic shift of up to 3 nm with increas-
ing concentration. The addition of up to 15% w/w
ethylenediamine to a 30ugml-! solution of
theophylline also produced bathochromic shifts on
both absorption maxima, to 218 and 274 nm. The pH
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Table 1. Influence of concentration, ethylenediamine
addition and pH change upon the ultraviolet absorption
maxima of theophylline.

)‘max (nm)
Drug solution pH 1 2
Theophylline 30 pg ml—? 6-4 210 271
50 pg ml—! 6-2 210 272
100 pg ml-? 6-0 210 274
Theophylline 30 pg ml-!
+3-5% wiw ethylenediamine  10-4 216 272
+5% w/w ethylenediamine 10-7 217 272
+10% w/w ethylenediamine 11-0 218 273
+15% wi/w ethylenediamine 111 218 274
Theophylline 30 pg mi—!
+I\?aC);H He 7-0 211 271
8-0 213 271
9-0 215 272
10-0 216 272
11-0 218 273
12:0 220 274

of the solutions containing ethylenediamine rises 4-5
units, and so the pH of a 30 pygml-1 theophylline
solution was progressively increased by the addition
of 2M NaOH, which also gave pH-related batho-
chromic shifts in both absorptions. The uv spectrum
of a theophylline solution at pH 11 was identical
whether ethylenediamine or NaOH was used to
increase the pH.

1B3C-Nuclear magnetic resonance spectroscopy

1BC-N.m.r. spectra of solutions of theophylline and
aminophylline were recorded at pH 5 and pH 9 and
the results are summarized in Table 2. Signal

Table 2. Influence of addition of ethylenediamine and pH
change upon the 13C-n.m.r. resonances of theophylline.

9 y
|
HSC\N/ﬁN
)®
)2\ N
0] N~ 4
CHg

A ppm in resonance upon addition of

Carbon EDAYt EDA NaOH
atom o ppm* pH 5% pH9 pH9
C2 152-58 +0-17 +0-17 +0-11
C4 147-71 —-0-07 +1:12 +1-18
C5 107-19 -0-08 +4-16 +4-07
Cé 155-97 —-0-04 +1:65 +1-72
C8 141-24 -0-10 +3-56 +3-76
N-CH 30-30 —0-08 +0-03 +0-05
3 28-30 —0-08 -0-16 -0-16
EDA 36-69 — — +3-11

* Relative to external TMS reference.
+ EDA = ethylenediamine.
+ Adjusted to pH 5 by addition of m HCL.
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assignment was by comparison with known 13C
resonances of purines (Jones et al 1970). The
resonances of all carbon atoms in theophylline shift
upfield upon increase in pH, the sizes of the shifts
being in the order C8 > C5 > C6 > C4 > C2 >
N-CHj. The carbons of ethylenediamine similarly
shift upfield by 3-1 ppm with change from pH 5 to pH
9. In comparison with the pH-related shifts in the
resonances, the addition of ethylenediamine caused
only very small shifts (less than 0-2 ppm) in the
resonances of the theophylline carbons, all being
downfield shifts with the exception of C2.

Plasma-erythrocyte and saline-erythrocyte partition-
ing

Fig. 1 shows the distribution of [“C]theophylline
and [14Clethylenediamine alone and in the form of
aminophylline in whole blood. The extracellular
concentration of theophylline and ethylenediamine
was essentially independent of concentration and
was slightly higher than plasma volume. The plasma/
erythrocyte distribution of both compounds was
unaffected when they were present as aminophyl-
line.
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Fic. 1. Plasma/erythrocyte distribution of [1*C]theophyl-
line, [*Clethylenediamine and ["*Claminophylline
(labelled in the theophylline or ethylenediamine moieties)
at various concentrations. Details of the experiment are in
the text. The haematocrit in each case was 48%. Points
represent the means of 3 experiments. Results never varied
by more than 5% and error bars are omitted for the sake of
clarity.
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The distribution of the same drug combinations
between saline solution and erythrocytes is illus-
trated in Fig. 2. In all cases, the extracellular
concentration was slightly lower than the super-
natant volume, and was unaffected when the com-
pounds were present as aminophylline. The reversi-
bility of erythrocyte uptake is also illustrated in Fig.
2. Re-equilibration of the erythrocytes loaded with
the drugs with fresh saline solution gave saline/
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FiG. 2. Distribution of 14C between 0-9% NaCl and washed erythrocytes of various concentrations of ['4C]theophylline
(A), [4C]ethylenediamine (B) and [14Claminophylline (labelled in the theophylline EC% or ethylenediamine (D) moieties)

and of 14C following re-equilibration of erythrocytes loaded with [1*C]theophylline

E) or [14Clethylenediamine (F) with

0-9% NaCl. Details of the experiment are given in the text. The haematocrit in each case was 40%. Points represent the
means of 3 experiments. Results never varied by more than 5% and error bars are omitted for the sake of clarity.

erythrocyte distributions identical to those seen in
the original experiments.

Octanol-buffer partitioning

Results of this study are presented in Table 3. It is
seen that theophylline partitions between octanol
and pH 7-4 buffer, with a slight preference for the
aqueous phase. However, ethylenediamine is not
soluble in the organic phase. The addition of 15%
w/w ethylenediamine to [4C]theophylline or of 85%
w/w theophylline to [14Clethylenediamine did not
influence the above results.

Plasma protein binding
Plasma protein binding studies were performed with
[14Cltheophylline over the concentration range

Table 3. Octan-1-ol; 66 mM phosphate buffer pH 7-4
partition coefficients of [4C]theophylline, [*Clethylenc-
diamine and [*Claminophylline labelled in the theophyl-
line or ethylenediamine moieties.

Partition coefficient
Drug solution of 14Clabel
[I‘C Theophylline (10 mg ml—! 0-755 £ 0-01
14ClTheophylline (10 mg m1—!
+ 15% w/w ethylenediamine 0-735 £ 0-02
[1“C Ethylenediamine (1-75 mg ml-! 0-00 +0-00
14C{Ethylenediamine (1-75 mg ml-!
+ 85% wiw theophylline 0-00 +0-00

1-30 ugml-! with 0-20% w/w ethylenediamine
added, and with [4C]ethylenediamine over the
concentration range 1-15pgml-1, in the presence
and absence of 85% w/w theophylline. The results
with [14C]theophylline at 1, 10 and 30 pg ml-1 are
shown in Fig. 3 and are representative of data at
intermediate concentrations (2, 3, 5, 15 and
20 ugmli-1). The plasma protein binding of
theophylline was independent of concentration over
the range studied, and of ethylenediamine concen-
tration up to 20% w/w.

The dependence of the plasma protein binding of
theophylline upon the temperature used for the
ultrafiltration is shown in Fig. 4. It is remarkable that
the % theophylline bound increases with decrease in
temperature, even though equilibration was always
performed at 37 °C.

Ethylenediamine was not bound to plasma protein
over the concentration range tested, and this was
unaltered when 85% w/w theophylline was added
(data not shown).

DISCUSSION
The results of the various experiments described
here all show that the two components of aminophyl-
line behave essentially independently in these test
systems, and are neither associated as a complex nor
able to influence each other’s properties.
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Fic. 3. Plasma protein binding of theophylline in the presence of various concentrations of ethylenediamine, assayed by
ultrafiltration. Data are presented for 1, 10 and 30 ug ml-! theophylline, and are representative of similar experiments at 2,
3,5, 15 and 20 ug ml—1. Details of the experiment are given in the text.

The uv and 13C-n.m.r. spectroscopic studies show
that the only perturbations of the theophylline
moiety arising from the addition of the ethylene-
diamine are accountable for by the pH change of the
solution. Solutions of theophylline show the same
spectral changes upon moving from pH 5 to pH 9,
regardless of whether ethylenediamine or NaOH is
used to change the pH. Although not conclusive in
themselves, the results of these spectral studies show
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F1G. 4. Dependence of the plasma protein binding of
theophylline upon the temperature used for ultrafiltration.
20 ug ml-1 theophylline was added to plasma at 37 °C and
equilibrated for 30 min, followed by ultrafiltration at
various temperatures. Points are the means of 4 experi-
ments, and the bars represent + s.d. The equation
describing the line is y = 64-2 — 0-666x, r = 0-998.

that it is very unlikely that theophylline and ethyl-
enediamine are physicochemically associated when
aminophylline is dissolved in aqueous media.

The possibility that theophylline and ethylene-
diamine influence each other’s distribution in biolog-
ical systems has been examined with the widely-used
octanol/buffer system and with erythrocytes, in
blood and in saline. The octanol/buffer distribution
of theophylline was unaffected by the presence of
ethylenediamine, while ethylenediamine did not
distribute into the organic phase, either alone or
in combination with theophylline.

Both theophylline and ethylenediamine entered
erythrocytes in blood to approximately the same
extent, which did not vary systematically with
concentration, and had no influence upon each
other’s behaviour. When washed erythrocytes were
used, again both compounds entered the cells to
approximately the same extent and had no influence
upon each other’s distribution. When erythrocytes
loaded with either theophylline or ethylenediamine
were re-equilibrated with fresh saline, the distribu-
tion of the compound was unaltered, showing that
there was no irreversible binding to red blood cells.
The entry of both compounds into erythrocytes was
greater from saline than from plasma, suggesting
that plasma exerted a ‘retarding’ effect. However, it
is unlikely that this was due to plasma protein
binding in the case of ethylenediamine (see below).

Plasma protein binding of theophylline was ca
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40% which agrees well with the recent report of
Shaw et al (1982) who have drawn attention to the
fact that differences in literature values for this figure
probably arise from the use of different tempera-
tures, between 18 and 37 °C, for the separation of
free and bound drug by equilibrium dialysis or
ultrafiltration. The data summarized in Fig. 4 con-
firm that the plasma protein binding of theophylline
rises markedly with decreased temperature of ultra-
filtration. The plasma protein binding of theophyl-
line is independent of concentration up to 30 ug ml-!
and not influenced by the addition of ethylenediam-
ine up to 20% w/w. Ethylenediamine was not bound
to plasma protein at any concentration tested in the
presence or absence of theophylline.

Taken with our previous reports (Caldwell &
Cotgreave 1982, 1983; Cotgreave & Caldwell 1983)
that the plasma pharmacokinetics of theophylline
and ethylenediamine following oral and i.v. adminis-
tration of aminophylline to volunteers are very
different, these data suggest very strongly that
aminophylline behaves in solution in biological
media as a simple mixture of theophylline and
ethylenediamine, which behave entirely indepen-
dently.

It is therefore necessary to find other reasons for
the differences in metabolic (Monks et al 1981) and
pharmacological (Marais & McMichael 1937;
Arkinstall et al 1983) responses between theophyl-
line and aminophylline, which might lie in the
influence of ethylenediamine upon the drug metab-
olizing enzymes or uponsome aspect of the pharmaco-
dynamics of theophylline. These possibilities are the
subject of continuing investigations.
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