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Summary

The ability of caffeine, enprofylline (3-propylxanthine), 8-phenyltheophylline, 8-p-
sulphophenyltheophylline, 8-(4’-carboxymethyloxyphenyl)-1,3-dipropylxanthine, and 8-(4’-
carboxymethyloxyphenyl)-1,3-dipropylxanthine-2-aminoethylamide (XAC) to antagonize the
effects of an adenosine analogue, N-5-ethylcarboxamidoadenosing, on heart rate and blood
pressure in anesthetized rats was examined. The first five xanthine derivatives were equally active
in antagonizing the two responses. By contrast, XAC was ~20 times more potent in antagonizing
the heart rate response than the blood pressure response. Measurements of the concentration of
XAC in plasma and brain indicate that it penetrates the central nervous system poorly. It is
concluded that XAC is a cardioselective adenosine antagonist, and since adenosine is supposed to
reduce heart rate via an effect on A;-receptors, and the blood pressure via Ap-receptors, XAC may
be a selective Aj-adenosine receptor antagonist in vivo.

Keywords
Xanthines; Rat; Blood pressure; Heart rate; Adenosine; Adenosine receptor

Adenosine exerts various biological effects via an action on cell-surface adenosine receptors
(1). These adenosine receptors are of two types: A; and A,. The Aq-receptors are
operationally defined as those receptors at which several N8-substituted adenosine analogs
such as R-phenylisopropyladenosine (R-PIA) and cyclohexyladenosine (CHA) are more
potent than 2-chloroadenosine and N-5'-ethylcarboxamidoadenosine (NECA). At A,-
receptors the order of potency is instead NECA > 2-chloroadenosine > R-PIA > CHA (1-3).
At both types of adenosine receptors, alkylxanthines—theophylline and caffeine being the
prototypes—are competitive antagonists. These classical xanthines show affinities in the
1075-107* range and show little or no selectivity for either receptor type (4). Substitution of
the xanthine moiety at the 1- and 3-positions with ethyl or propyl groups or at the 8-position
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with a phenyl group results in considerably more active antagonists. Furthermore, some
analogs of 8-phenyltheophylline have shown evidence of selectivity with regard to the A;-
adenosine receptor (5,6). Unfortunately, the combined effects of multiple hydrophobic
substituents in analogs such as 8-(2-amino-4-chlorophenyl)-1,3-dipropylxanthine (400-fold
Az-selective in vitro; ref. 5) often lead to low aqueous solubility, thus precluding meaningful
in vivo testing. The presence of a permanently charged group, such as sulphonate, directly
on the ring increases water solubility but does not result in selective analogs.

We have recently described a “functionalized congener” approach to xanthines (6), which
has produced highly potent and water-soluble xanthine analogs. This approach has also been
applied to adenosine analogs (7). By this approach a drug analog is synthesized with a chain
terminating in a chemically reactive group such as a carboxylic acid or an amine. To the
analog may be attached, via the reactive group, well-defined “carrier” molecules. The
resultant conjugate can still retain the ability to bind to the receptor site (e.g., high molecular
weight receptor probes based on the biotin—avidin complex; see ref. 8) and have biological
activity. The carrier may be a synthetic peptide, a protein, or other biopolymer. Drug
conjugates may be step-wise modified by adding further groups to modify potency,
specificity, and duration of action, as well as physicochemical properties such as water
solubility. In vitro screening of xanthine functionalized congeners indicated that both
potency and adenosine receptor subtype selectivity may be modulated through distal
structural changes on the attached chain. In particular, a high degree of selectivity toward
Aj-receptors was associated with analogs having a free amino group on the chain, whereas
other congeners showed little or no selectivity. These preliminary studies on the receptor
selectivity were carried out only under in vitro conditions and it was necessary to investigate
the important question as to whether or not such selectivity can also be observed under in
vivo conditions.

It is well known that adenosine produces a marked decrease in blood pressure (9). This
blood pressure reduction is probably dependent upon an Ap-receptor-mediated decrease in
peripheral resistance (10-13). Adenosine analogs are also able to decrease heart rate (9, 14).
This effect is probably mediated via adenosine receptors of the A;-subtype (13, 15). In the
present series of experiments we therefore examined the ability of several xanthine analogs,
including two recently synthesized functionalized congeners of 1,3-dipropyl-8-
phenylxanthine, to antagonize the hypotensive and negative chronotropic effects of a stable
adenosine analog (NECA) under in vivo conditions. A preliminary account of some of the
results has been given (16).

MATERIAL AND METHODS

Experimental procedure

The experiments were conducted on male Sprague—Dawley rats (Alab strain) weighing 250-
300 g. Anesthesia was induced with sodium pentobarbital (60 mg/kg i.p.). The rats were
tracheotomized and polyethylene catheters were inserted into the common artery for
continuous blood pressure and heart rate recording. Another polyethylene catheter was
inserted into the external jugular vein for drug administration. The xanthine derivatives were
administered intraperitoneally in the doses given in the text. Thirty minutes after the
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administration of the xanthine derivative, increasing doses of NECA were given
intravenously and the changes in blood pressure and heart rate were recorded. Immediately
after injection there was a very marked drop in blood pressure and there was also a transient
fall in heart rate. A short-lasting decrease in blood pressure was often encountered, even
after injection of pure saline, whereas NECA produced a more long-lasting blood pressure
reduction, which has been used in this study. The effect of vehicles on this blood pressure
reduction is negligible or nonexistent. After a period of 10-20 min a steady level of heart
rate and blood pressure is obtained (13). This steady level was used to quantitate the NECA
effect. Full dose—response curves were constructed in at least three animals at each dose of
the xanthine. The ECsq values were estimated by Hill plots of transformed data. Based on
the shift in the NECA dose-response curves, pA, values were estimated by Schild plot
(when several doses of the xanthine were given) or by the formula, [log (concentration of
antagonist) — log(DR - 1)] = —pAy; where DR is the ratio of concentration agonist in the
presence of antagonist to agonist concentration in the absence of antagonist producing the
same effect. It should be emphasized that the pA, value, although calculated as described by
Schild, does not necessarily represent the receptor antagonist affinity, since the in vivo
situation is more complex than, for instance, membrane receptor binding in vitro.

The plasma concentrations of the two novel xanthine derivatives were determined by high-
performance liquid chromatography (HPLC). Blood samples were taken at various times,
usually 30, 60, 90, and 120 min after administration. The rats were thereafter killed by
decapitation. The brains were rapidly taken out and homogenized in 5 vol buffer containing
0.1 M triethylammonium acetate and 70% methanol at pH 5.2. After centrifugation at 1,800
g for 15 min, the supernatant of the brain homogenate and the plasma were used to
determine the drug concentration using HPLC. Little or no xanthine remained in the pelleted
material. The stationary phase was a micro Bondapac C18 column, 30 cm long. The mobile
phase consisted of 0.1 M triethylammonium acetate at pH 4.2 containing 60—70% methanol.
Absorbance was measured by Waters model 440 Absorbance Monitor at 280 nm. Aqueous
standard solutions were used to quantitate the xanthines.

Chemicals

NECA was a gift from Byk-Gulden AG, Constanz, BRD. 8-Phenyltheophylline was
obtained from Calbiochem Behring, and 8-p-sulphophenyltheophylline was a gift from Dr.
Lars Gustafsson, Stockholm, Sweden. Enprofyllin (3-propylxanthine) was obtained from
AB Draco, Lund, Sweden. The two functionalized congeners of 1,3-dipropyl-8-
phenylxanthine, XAC and XCC, were synthetized as described elsewhere (6). The structures
of these compounds are given in Fig. 1. The drugs were dissolved in a minimal amount of
sodium hydroxide (0.1 M) and diluted with isotonic sodium chloride before injection.

RESULTS

As seen in Fig. 2 NECA caused a dose-dependent decrease in heart rate and in blood
pressure in the anesthetized rats. The xanthine derivatives did not significantly affect blood
pressure. The acute changes were as follows: caffeine—+10 + 13.9 mm Hg (20 mg/kg);
enprofylline—-29 + 24 mm Hg (10 mg/kg); XCC—1.6 = 10.3 mm Hg (1 mg/kg), +5 £ 6
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mm Hg (3 mg/kg), +2.5 £ 0 mm Hg (10 mg/kg); XAC—8.8 + 6.5 mm Hg(1 mg/kg), —12.5
+ 12.5 mm Hg (3 mg/kg), —15 + 29 mm Hg (10 mg/kg); 8-phenyltheophylline—+13 + 12
mm Hg (2 mg/kg); and 8-p-sulphophenyltheophylline— 8 + 6 mm Hg (2 mg/kg). Similarly,
the heart rate effects were minor (<5% change for all the xanthines). The amino congener of
1,3-dipropyl-8-phenylxanthine (XAC) produced a much larger shift of the NECA dose-
response curve for heart rate than for blood pressure at the same dose (Fig. 2). By contrast,
the carboxylic acid congener (XCC) produced equivalent shifts to the right of the two dose—
response curves (Fig. 2). The results are summarized in Table 1, which also gives the results
for 8-phenyltheophylline, 8-p-sulphophenyltheophylline, enprofylline, and caffeine. It may
be seen that, with the exception of the amino congener XAC, all the xanthine derivatives
were approximately equipotent on heart rate and blood pressure.

The data shown in Table 2 illustrate that at a dose of 3 mg/kg the two functionalized
congeners of 1,3-dipropyl-8-phenylxanthine produced plasma concentrations between 10
and 20 puM after 30 min. After 90 min the levels remained close to 70% of the value
observed after 30 min. By contrast, it was impossible to measure the levels of these
derivatives in brain tissue. Thus, the level in brain is at most 1/, of that in liver (not shown)
and % of that in plasma after 3 mg/kg XAC. It is probable that XAC penetrates the central
nervous system (CNS) poorly, since the concentration is much higher in the periphery than
in the CNS.

DISCUSSION

The para position of the 8-phenyl ring has been identified as a site on the drug that may
accommodate a functional chain without the loss of biological activity (6). In in vitro studies
XCC was nonselective, with a K at the Aq-receptors in brain membranes of 58 £ 3 nM and a
Kj at the Ao-receptors of the brain slice assay of 34 + 13 nM (6). XAC, on the other hand,
had a 40-fold higher affinity for Aj-adenosine receptors, with a Kj of 1.2 £ 0.5 nM, as
compared with a K; at the A,-receptors of the brain slice assay of 49 + 17 nM (6). The
compounds were relatively water soluble. In 0.1 M sodium phosphate buffer (pH 7.2), the
maximum solubility of XCC and XAC was 1,200 and 90 uM, respectively (6). Simple 8-
phenylxanthines show very low water solubility, which limits their usefulness for in vivo
studies. For example, the maximum solubility of 1,3-dipropyl-8-(p-hydroxyphenyl)xanthine
(compound 1 in Fig. 1) in the same buffer is 3.2 pM.

The major finding of the present investigation is that the amino congener of 8-phenyl-1,3-
dipropyl-xanthine, XAC, is much more potent in antagonizing the effects of adenosine
analogs on heart rate than on blood pressure. Since the adenosine analog—induced effects on
the heart seem to be mediated via Aj-receptors (13, 15), and those on blood pressure via A,-
receptors (10-13), these results suggest that this novel xanthine derivative is more active as
an antagonist at Aq-receptors than at Ap-receptors under in vivo conditions. By contrast,
another (carboxylic acid) congener (XCC) of the same basic structure did not show such
selectivity, nor was it exhibited by caffeine, enprofyllin, 8-phenyltheophylline, or 8-p-
sulphophenyltheophylline. These in vivo results thus agree with the selectivity data obtained
in vitro.
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It could be estimated that the dose—response curve for NECA was shifted by a factor of 2 to
the right after administration of 0.06 mg/kg of the novel derivative. A dose of 3 mg/kg was
associated with a plasma concentration of ~12 pM. Assuming that the compound does not
exhibit dose-dependent pharmacokinetics, it may be calculated that the affinity of the
antagonist at A¢-receptors in vivo is in the 10~/ M range. By contrast, under in vitro
conditions in a binding assay, an affinity in the 1079 range was observed (6).

We found no evidence that XCC or XAC entered the brain to any substantial degree. This is
also compatible with the finding that the plasma concentration of the drug would correspond
to ~6 mg/L at a dose of 3 mg/kg, indicating a preferential distribution in the water space.
Such a distribution would also provide a partial explanation for the relatively low activity of
the compound under in vivo conditions, since it could suggest that the penetration of the
compound through tissues is incomplete. The pharmacokinetic information presented here
does not allow conclusions about the half-life of the compounds, but suggests that the
compounds are not extensively metabolized in vivo.

Thus, the present data shows that a novel xanthine derivative is a cardioselective adenosine
antagonist and that this selectivity may be explained by Aj-adenosine receptor selectivity.
Furthermore, little, if any, of the drug is distributed to the CNS. Such a compound could be a
valuable research tool, for example, in elucidating which adenosine actions are mediated via
peripheral and which via central adenosine receptors. There is also the intriguing possibility
that a compound of this type could have clinical potential. For example, adenosine analogs
have potent actions on blood vessels and on blood pressure in humans and animals, but the
clinical use is limited by negative inotropic and chronotropic effects on the heart (see ref.
17). A cardioselective xanthine derivative may allow utilization of the full potential of the
adenosine vasodilatation.
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FIG. 1.

Structures of two novel xanthine derivatives, compound 2 (XCC) and compound 3 (XAC),
which are functionalized congeners related to 1,3-dipropyl-8-(p-hydroxyphenyl) xanthine
(compound 1; not used in this study).
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FIG. 2.
Effect of increasing doses of N-5"-ethylcarboxamidoadenosine (NECA) on blood pressure

and heart rate in anesthetized rats in the presence of increasing doses of two novel
derivatives (XAC and XCC) (compounds 2 and 3 in Fig. 1). Upper graph: effect of the two
compounds on the blood pressure response to NECA. The solid line without symbols shows
the effect of NECA. The solid lines with symbols show the effect of XAC and the hatched
lines the effect of XCC. Lower graph: corresponding effects on heart rate. Insert: Schild
plots for the compounds and the estimated potentials (in mg/kg), calculated from the pA,
values. Solid lines represent effects on blood pressure, hatched lines effects on heart rate.
Dots show the effect of XAC, open circles the effect of XCC. The initial blood pressure/
heart rate and SD and number of experiments were as follows: control, 138 + 28/411 + 36 (n
=6); XAC (1-10 pg/kg), 136 + 21/458 + 42 (n = 10); and XCC 113 + 23/410 + 58 (n = 10).
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Plasma concentrations of two novel xanthine derivatives after intraperitoneal administration at a dose of 3

mg/kg

TABLE 2

Dose given i.p.

XCC (n=3) (6.4 umol/kg) XAC (n =5) (7.0 pmol/kg)

30 min
60 min
90 min

120 min

14.1+0.8 uM 12.4 +0.9 uM
ND 12.4 +0.5 iM
10.7 +0.2 M 9.8+0.7 uM
ND 9.4+0.7 UM

Abbreviations as in Table 1. ND, not determined.
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