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LEE, T. F., D. J. LI, K. A. JACOBSON AND L. C. H. WANG. Improvement of cold tolerance by selective A; adenosine receptor
antagonists in rats. PHARMACOL BIOCHEM BEHAYV 37(1) 107-112, 1990. —Previously we have shown that the improvement of
cold tolerance by theophylline is due to antagonism at adenosine receptors rather than inhibition of phosphodiesterase. Since
theophylline is a nonselective adenosine receptor antagonist for both A, and A, receptors, the present study investigated the adenosine
receptor subtype involved in theophylline’s action. Acute systemic injection of selective A, receptor antagonists (1,3-dialkyl-8-aryl or
1,3-dialkyl-8-cyclopentyl xanthine derivatives) significantly increased both the total and maximal heat production as well as cold
tolerance. In contrast, injection of a relatively selective A, receptor antagonist, 3,7-dimethyl-1-propargylxanthine (compound No. 19),
failed to significantly alter the thermogenic response of the rat under cold exposure. Further, the relative effectiveness of these
compounds in increasing total thermogenesis was positively correlated with their potency in blocking the A, adenosine receptor
(r=.52, p<0.01), but not in A, adenosine receptor (r=.20, p<0.2). It is likely that the thermally beneficial effects of adenosine A,
antagonists are due to their attenuation of the inhibitory effects of endogenously released adenosine on lipolysis and glucose utilization,
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resulting in increased substrate mobilization and utilization for enhanced thermogenesis.

Adenosine Thermogenesis Cold tolerance

1,3,8-Substituted xanthine derivatives

Adenosine receptors

1,3,7-Substituted xanthine derivatives

IN quest of how cold tolerance can be improved to avoid
life-threatening hypothermia, our animal (rat) studies have shown
that a timely supply of metabolizable fuels is critical in eliciting
the full aerobic capacity for heat production (22). Enhancing fuel
availability by treatment with aminophylline (AMPY; 85% theo-
phylline, 15% ethylenediamine) resulted in increased thermogen-
esis and significantly improved cold resistance and prevented the
occurrence of hypothermia in severe cold (23,24). The effective-
ness of AMPY in improving cold resistance has recently been
extended to clinical trials. AMPY, alone or in combination with
exogenous substrate (Ensure, a nutrition supplement containing
glucose, protein and fat) supplies, also enhanced cold tolerance in
man (27,28).

Although it has been clearly demonstrated that theophylline
(THEO) is effective in improving cold tolerance in both animals
and men, the precise cellular and molecular mechanisms via which
its effect is manifested are currently unknown. Although classi-
cally THEO has been thought of as a phosphodiesterase inhibitor,
this view has been seriously challenged recently (16). It is now
recognized that THEO elicits many of its effects through antago-
nism of adenosine at A; and A, adenosine receptors (16). This
scheme proposes that adenosine is formed as an end product of

ATP hydrolysis following physiological stimulation (e.g., adren-
ergic or local hypoxia); it is released into the extracellular space
and binds to adenosine receptors on the cell surface to modulate
various physiological functions. Adenosine has been shown to be
a potent antilipolytic agent both in vitro (10,12) and in vivo
(11,18). In addition, this purine nucleoside has also been shown to
reduce the sensitivity of insulin-stimulated glucose utilization in
the soleus muscle (2). Therefore, the combined effects of endog-
enously produced adenosine could result in a decrease of both
substrate mobilization and utilization, leading to reductions in both
shivering and nonshivering thermogenesis and reduced cold toler-
ance. Conversely, the use of an adenosine antagonist, such as
THEO, could result in improved cold tolerance. In support of this
scheme, we have shown that 1) pretreatment with a specific
adenosine receptor antagonist (8-phenyltheophylline), but not a
phosphodiesterase inhibitor (enprofylline), significantly enhanced
thermogensis and improved cold resistance similar to the improve-
ment after THEO pretreatment (26); and 2) pretreatment with
adenosine deaminase, which attenuates adenosine’s effects by
converting adenosine into inosine, caused similar increases in heat
production and cold tolerance (25).

Based on the above results, it is probable that the effectiveness
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of THEO in improving thermogenesis and cold tolerance is via the
antagonism of adenosine. It has been well-documented that there
are two different types of adenosine receptor, A, and A,.
Depending on the specificity and affinity of the agonist, different
physiological responses can be elicited by the activation of

LEE, LI, JACOBSON AND WANG

FIG. 1. Structures of 1,3,8-substituted xanthine derivatives used in the
present study. No. 1: 1,3-cyclopentyl-theophylline, No. 2: 1,3-dipropyl-
8-(4-((2-thioethyl)amino)-carbonyimethyloxyphenyl)xanthine, No. 3: Z-
L-Tyr-Gly-XAC, No. 4: 1,3-dipropy!-8-(2-amino-4-chlorophenyl)-xanthine
(PACPX), No. 5: 8-[4-[carboxymethyloxy]phenyl]-1,3-dipropylxanthine
(XCC-OEY), No. 6: 1,3-dipropyl-8-(4-((2-hydroxyethyl)amino)-carbonyl-
methyloxyphenyl)xanthine, No. 7: 1,3-dipropyl-8-cyclopentyl-xanthine,
No. 8: D-Lys-XAC, No. 9: 8-cyclopentyl-2-thio-theophylline, No. 10:
8-(3,4-dehydro-cyclopentyl)-1,3-dipropylxanthine, No. 11: 1,3-dipropyl-
8-p-sulfophenyl-xanthine, No. 12: Z-Gly,-XAC, No. 13: 1,3-dipropyl-
8-(4-((2-aminoethyl)amino)-carbonylmethyloxyphenyl)-xanthine (XAC), No.
14: 1,3-dipropyl-8-(4-carboxymethyloxyphenyl)-xanthine (XCC), No. 15:
8-phenyltheophylline, No. 16: 8-p-sulfophenyl-theophylline, No. 17:
aminophylline.

different types of adenosine receptor [for reviews see (4,19)].
Since THEO is a competitive antagonist with about equal affinity
for A, and A, receptors [K; = 14 uM for both; (6)], it is, therefore,
uncertain via which receptor type THEO elicits its beneficial
effects. The answer to this is essential, since once realized, the
design and selection of a specific compound for enhancing
thermogenesis and cold tolerance may be greatly facilitated.

METHOD

Male Sprague-Dawley rats, 4-5 months old, were used. The
animals were housed individually in polycarbonate cages with
wood shaving bedding at 22+ 1°C in a walk-in environmental
chamber under 12 L:12 D photoperiod. Water was made available
at all times. In order to maintain a relatively constant body weight
throughout the whole experimental period, food (Rodent Blox,
consisting of 24% protein, 4% fat, 65% carbohydrate, 4.5% fiber
and vitamins; Wayne Lab. Animal Diets, Chicago, IL) was
rationed daily after the body weight had reached about 400 g. Rats
were divided into groups and each group of 6-8 rats was assigned
for one tested compound. Either vehicle or various doses of the
tested compound was randomized in each animal in a self-control
design.

The protocol for acute cold exposure was similar to that
described earlier (22). Briefly, the animal was removed from its
home cage, placed in a metal metabolism chamber and exposed to
—10°C under helium-oxygen (79% He-21% O,) for 120 min.
Helium-oxygen (1.5 I/min, STP) was used to facilitate heat loss.
Exhaust gas from the metabolic chamber was divided into two
streams; one stream was for oxygen measurement by an oxygen
analyzer (Applied Electrochemistry Model S-3) following drying
by Drierite and CO, removal by Ascarite. The second stream was
only dried for measurement of CO, by an Applied Electrochem-
istry CD-2 analyzer. Oxygen consumption and CO, production
were recorded simultaneously and continuously and integrated by
an on-line computerized data acquisition system. Heat production
(HP) was calculated from oxygen consumption and respiratory
quotient using Kleiber’s equation (22). The integrated HP for each
15-min period was used as the rate of HP. The sum of HP from 7
consecutive 15-min periods (min 16-120) constituted the total HP
and the highest rate of any one 15-min period was used as the
maximum HP. The colonic temperature (6 cm from anus) (Tb) was
measured with a thermocouple thermometer (BAT-12, Bailey
Inst.) immediately before vehicle or tested compound injection
and immediately after cold exposure. The change in Tb was used
as an index for cold tolerance. Either vehicle or tested compound
was administered IP in a volume of 1 ml/kg 15 min prior to cold
exposure. To avoid habituation and possible acclimation, at least
2 weeks was allowed between successive cold exposures in the
same animal.
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FIG. 2. Structures of 1,3,7-substituted xanthine derivatives used in the
present study. No. 18: 1,7-dipropargyl-3-methyixanthine, No. 19: 3,7-
dimethyl-1-propargylxanthine, No. 20: 1,7-dimethyl-3-propargylxanthine,
No. 21: 3,7-dipropargyl-1-methylxanthine, No. 22: 1,3,7-tripropargyl-
xanthine.

The compounds used in the present study are shown in Figs. 1
and 2. Most of the compounds were dissolved in dimethyl
sulfoxide, except compounds No. 1 and No. 11 which were
dissolved in physiological saline. The control animals received the
same vehicle for comparison. Statistical analysis was by Wilcox-
on’s Signed Ranks test for comparisons of treatment effect in
individuals of the same group. Significance was set at p<<0.05
unless otherwise stated.

RESULTS
Effects of 1,3,8-Xanthine Derivatives on Cold Tolerance

Most of the 1,3,8-xanthine derivatives tested, except com-
pound Nos. 5, 10, 13, and 14, were found to significantly im-
prove the cold tolerance of the rat under cold exposure. To
illustrate this, the mean absolute increases in maximal and total HP
and the changes of Tb in rats receiving vehicle or various doses of
D-Lys-XAC (compound No. 8) are shown in Fig. 3. In compar-
ison to vehicle control, both the total and maximal thermogenesis
of the rats were significantly enhanced by 13.9 and 8.7% above
control values, respectively, after receiving 1.74 pmole/kg D-
Lys-XAC. The decrease of final Tb was also significantly less
after this treatment. Further increasing the dose of D-Lys-XAC, up
to 3.48 wmole/kg, caused a reversal of maximal and total HP as
well as the final Tb towards the control values. This ‘‘inverted-
U’’-shape of dose-response curve on thermogenesis was observed
for all the other adenosine receptor antagonists used in the present
study.

To evaluate the potency of different xanthine derivatives on
improving cold tolerance, the optimal dose of each xanthine
derivative in eliciting an increase in thermogenic response and the
percentage of increase in total heat production above the control
value were compared and the results are summarized in Table 1.
When the optimal dose was compared, compound No. 1 appeared
to be the most potent antagonist (0.004 pmole/kg), whereas
compound No. 17 was the least potent (55.5 pmole/kg). However,
compound No. 8 appeared to be the most effective antagonist in
increasing total heat production (14%).

Effects of 1,3,7-Xanthine Derivatives on Cold Tolerance

Table 2 summarizes the effect of 1,3,7-xanthine derivatives on

109

M- T
=
g
w
g 10
=
[®]
<
a 9 -
T
s
L o J L
*
1.7 =
<
g
l:{_7 1.6-
3
x 154
[al
T
< 14+
2
o X
-6 - T l
S *
= -
»
2 -2 4
S
3]
0 - L L

0.44 0.87 1.74 3.48
DMSO |} i
Lys-XAC { umole/kg)

FIG. 3. Effects of systemic injections of either vehicle (closed columns) or
various doses of D-Lys-XAC (open columns) on total and maximum heat
production and final body temperature in rats exposed to HeO, at — 10°C.
Vertical bars are mean=*s.e., n=38 in all cases. *Indicate p<0.05 by
Wilcoxon’s Signed Rank test.

total HP of rats exposed to He-O, and cold. After pretreating with
a 1,3,7-xanthine derivative, the maximum increase in total heat
production was only about 5-6%, which did not achieve any
statistical significance beyond the control values. Consequently,
the final Tb of the drug-treated rat was about the same as its
control value. Further increasing the doses of compounds Nos. 21
and 22 beyond the highest dose listed in Table 2 markedly
suppressed the thermogenic capacity of the rat and the experiment
had to be terminated prematurely to avoid irreversible hypothermia
(results not shown).

DISCUSSION

It is well-known that adenosine can elicit different physiolog-
ical responses depending upon whether it acts on the A, or A, type
of adenosine receptor (4,19). Our attempts in trying to resolve
which receptor subtype is involved in the inhibition of thermogen-
esis by the endogenous adenosine led to the use of more selective
A, and A, receptor antagonists. It has been shown that replace-
ment of the methyl groups of theophylline with n-propyl or larger
alkyl groups yields xanthines with higher selectivity for A,
adenosine receptors, particularly when combined with an 8-phenyl
moiety [for review see (7)]. To test if A, receptor-mediated
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TABLE 1

EFFECTS OF VARIOUS 1,3,8-XANTHINE DERIVATIVES IN INCREASING
THE TOTAL HEAT PRODUCTION IN RATS UNDER COLD EXPOSURE

Test Dose Most Effective % Increase
Range Dose in HP
Compound No. (pnmole/kg) (pmole/kg) Above Control
1 0.0008-0.02 0.004 10*
2 0.14-2.25 0.28 10*
3 0.40-3.20 0.80 o*
4 0.42-1.66 0.83 11*
S 0.46-1.82 0.91 5
6 0.73-5.84 1.46 9%
7 0.82-3.28 1.64 9*
8 0.87-3.48 1.74 14%
9 0.89-3.56 1.78 12%
10 1.03-8.26 2.07 6
i1 1.59-6.37 3.19 12%
12 0.92-7.39 3.69 12%
13 2.92-11.67 5.83 7
14 3.23-12.94 6.47 6
15 9.75-78.0 19.50 10*
16 6.70-26.8 13.42 10%*
17 13.87-208.14 55.50 13*

All compounds were tested at least with 3 different doses and with at
least 6 animals per group. Compounds number are corresponding to those
listed in Fig. 1.

*Significantly different from appropriate vehicle control group. Statis-
tical analysis was based on the absolute values of HP obtained after vehicle
and drug treatment. As each compound was tested in self-control design,
the effectiveness of each compound was thus compared in terms of %
increase over control value.

responses reduce maximum thermogenic capability, a series of
1,3,8-xanthine derivatives which are A, selective antagonists were
used. Pretreating the rats with most of the A, selective antagonists
caused a dose-related increase in both maximal and total HP
(Table 1) and consequently higher final Tb than that of the control
group. The marginal thermogenic enhancing effects of compound
Nos. 5 and 14 may be due to their less selectivity as A, antagonists
(14). However, the lower than expected effectiveness of com-
pound Nos.10 and 13 in improving cold tolerance cannot be
readily explained as these compounds have been shown to be
potent and selective A, receptor antagonists (13,14). Since com-

TABLE 2

EFFECTS OF VARIOUS 1,3,7-XANTHINE DERIVATIVES IN INCREASING
THE TOTAL HEAT PRODUCTION IN RATS UNDER COLD EXPOSURE

Test Dose Most Effective % Increase
Range Dose in HP
Compound No. (pmole/kg) (pmole/kg) Above Control
18 1.28-5.12 2.56 6
19 2.86-22.91 5.72 5
20 5.73-22.92 11.46 5
21 2.56-10.24 / 0
22 1.16-18.60 / 0

All compounds were tested at least with 3 different doses and with at
least 6 animals per group. Compound numbers are corresponding to those
listed in Fig. 2.
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FIG. 4. Scatter diagrams comparing the effectiveness of various adenosine
receptor antagonists in enhancing thermogenesis and for either (a) the A,
adenosine receptor in rat brain membranes (the correlation coefficient was
r=.52, 0.02<p<0.01); or (b) the A, adenosine receptor in rat pheochro-
mocytoma PC12 cells or 2-chloroadenosine-stimulated cyclic AMP for-
mation in guinea pig brain slices (the correlation coefficient was r=.20,
0.5<p<0.2). Compound numbers are corresponding to structure and name
in Figs. 1 and 2. In vitro data are obtained from Daly et al. (7), Jacobson
et al. (14) and Ukena et al. (20).

pound No. 16, another adenosine receptor antagonist like No. 13
which does not penetrate into brain (17), significantly increased
heat production and cold tolerance, it is unlikely that the defi-
ciency of compound No. 13 is due to its inability to cross the
blood-brain barrier (8). Whether the discrepancy is due to in vivo
drug absorption or metabolism remains a good possibility and
needs to be resolved in future studies.

In contrast to those observed with 1,3,8-substituted xanthine
derivatives, systemic injection with 1,3,7-trialkylxanthines at
varying doses failed to alter the total HP and the final Tb (Table 2).
The failure of these derivatives in increasing heat production can
not be due to their relatively weak potency in blocking the
adenosine receptor (3,21), as a marked suppression in thermogen-
esis was observed when higher doses of these compounds were
administered. It is of interest to note that compound No. 19, which
is about 4-fold more selective in blocking the A, adenosine
receptor (3,21), failed to produce the similar beneficial effect in
improving cold tolerance as those observed with the selective A,
receptor antagonists. Therefore, it is unlikely that the thermogenic
response can be altered by blocking the A,-selective functions
elicited by endogenously released adenosine during cold exposure.

This suggestion is further supported by comparing the effec-
tiveness of all antagonists tested in the present study in increasing
total heat production of the animal under cold exposure. As shown
in Fig. 4, there was a correlation (r= .52, 0.02<p<0.01) between
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the order of potency of these compounds in increasing heat
production and as A, receptor antagonists (determined by their
ability to inhibit the binding of [*H]-CHA or [*H}-L-PIA to rat
brain membranes) (7, 14, 20), but not as A, receptor antagonists
[determined either by their ability to inhibit NECA-stimulated
adenylate cyclase in membrane of rat pheochromocytoma PC12
cells (14,20) or 2-chloroadenosine-stimulated cyclic AMP forma-
tion in guinea pig brain slices (7)] (r=.20, 0.5<p<0.2). The
discrepancy between the binding data for some of the xanthines
and the results obtained from the present study cannot be easily
explained. Other than the possibility of differences in the fate of
absorption and metabolism of these compounds after IP injection,
the variation of this correlation may also be due to the assumption
that a direct extrapolation of in vitro potency to in vivo potency
can be made. It has been shown recently that the activity of a given
xanthine in vivo is affected by its water solubility and bioavail-
ability (1). This may explain why compound No. 17 is so effective
in increasing total thermogenesis of the animal in spite of its lower
potency as A, receptor antagonist. In spite of these inherent
problems currently existing in adenosine receptor pharmacology,
it is nevertheless clear that xanthine antagonists elicit their
thermogenic effects via blocking the A, rather than the A,,
adenosine receptor.

Based on present and previous results, it may be reasonable to
suggest that the thermogenic capacity of rats can not be fully
elicited unless the A, selective effects of endogenously released
adenosine are reduced. This suggestion is supported by the finding
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that both the antilipolytic effect (10-12, 18) and the inhibition of
insulin-stimulated glucose uptake in the muscle (2) exerted by
adenosine are mediated by the A, receptor. These combined
effects can conceivably reduce substrate mobilization and utiliza-
tion, processes required for both shivering and nonshivering
thermogenesis. Consequently, heat production and cold resistance
are reduced. In addition, numerous studies have indicated that
adenosine can presynaptically inhibit neurotransmitter release via
the A, receptor subtype (9,29); this could lead to reduced neural
stimulation of muscles involved in shivering muscle and a reduced
capacity in heat production. Peripheral injection of selective A,
adenosine antagonists could thus enhance thermogenesis by atten-
uating the inhibitory effect of adenosine in neurotransmission.
Even though the quantitative contributions adenosine antagonists
may exert to each of the above mechanism(s) are currently
unknown, we have identified xanthine analogs that are consider-
ably more potent than theophylline and which may provide
important structure-activity leads for the development of therapeu-
tic agents for improving cold resistance and for lessening the
incidence and severity of accidental hypothermia.
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