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Abstract

The current use of theophylline in asthma is based on both the bronchodilatory and the anti-inflammatory effects. The exact mechani:
of these actions is still controversial and may include the inhibition of adenosjen3onophosphate phosphodiesterase enzyme (PDE)
and antagonism of adenosine receptors. In this study, the mechanism of the anti-inflammatory action was investigated by studying t
inhibition by theophylline of complement C5a (C5a)-induced degranulation of human eosinophils and its interaction with adenosine
Theophylline (10-100QM) inhibited C5a-induced release of eosinophil peroxidase (EPO) in a concentration-dependent manner with ar
ICso Of 233.5uM and a maximal inhibition of 90.3= 3.0%. In contrast, the PDE4 inhibitor rolipram (up to pM) had no effect. The
adenosine Areceptor agonidi®-(3-iodobenzyl)-5-N-methylcarbamoyladenosine (IB-MECA) also inhibited releasg, & 7.5 uM), but
neither adenosine itself nor the selective @d A, agonists and antagonists had any significant effect, even apD0The inhibition
produced by clinically relevant concentration of theophylline 80) was potentiated by ineffective concentrations of exogenous adenosine
and additive to that produced by IB-MECA. The potent and selectiyeatagonist MRS 1220, but not the, Ar A, antagonists,
significantly reversed the inhibitory effect of theophylline. These results suggest that therapeutic concentrations of theophylline inhib
human eosinophil partly by acting as ag &gonist. Together with the potentiation of theophylline action by adenosine, perhaps via the A

receptors, these novel actions may, at least in part, contribute to the mechanism of the anti-inflammatory action ofithis/dru@ 2001
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1. Introduction

Theophylline is widely used in the treatment of bronchial
asthma. Its clinical benefit is believed to be derived not only
from its bronchodilatory effect but also, and perhaps more
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Abbreviations:C5a, complement fragment 5a; ECP, eosinophil cationic
protein; EDN, eosinophil-derived neurotoxin; EPO, eosinophil peroxidase;
OPD, O-phenylenediamine; CGS 21680, 2-[[2-[4-(2-carboxyethyl)phenyl]-
ethyllamino]N-ethylcarboxamidoadenosine; CPA, N-cyclopentyladenosine;
DMPX, 3,7-dimethyl-1-propargylxanthine; DPCPX, 1,3-dipropyly-8-cyclo-
pentylxanthine; IB-MECAN®-(3-iodobenzyl)-5-N-methylcarbamoyladen-
osine; MBP, major basic protein; MRS1220, 9-chloro-2-(2-furyl)-5-phenyl-
actylaminol[1,2,4]triazolo[1,5-c]quinazoline; PDE, phosphodiesterase; cAMP,
adenosine 35'-cyclic monophosphate.

importantly, from its anti-inflammatory activities [1-3]. Ex-
perimental and clinical data have demonstrated that at ther-
apeutic concentrations, theophylline inhibits the late re-
sponse to inhaled allergens by inhibiting the airway
inflammation and the associated bronchial hyperreactivity
[1,4,5].

In the bronchial inflammation of asthma, eosinophils are
known to play a key role [6,7]. Besides the release of
inflammatory mediators such as leukotrienes and oxygen
radicals, eosinophils contain several granule-derived cat-
ionic proteins such as EPO, ECP, EDN, and MBP. When
released by the infiltrating bronchial eosinophils these toxic
proteins cause airways epithelial damage, resulting in the
development of bronchial hyperreactivity [8,9]. There is
now ample evidence that eosinophils are important targets
of the anti-inflammatory actions of theophylline. Apart from
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the inhibition of eosinophil influx into the bronchial tissues bumin) and resuspended in the same buffer at approxi-
of allergen challenged animals and man, theophylline has mately 10% of the original blood volume. A 2-mL aliquot
been shown to directly suppress several functions of eosin-was then layered on a 2-step percoll gradient (1.080 and
ophils such as the release of superoxide ions and granulel.090 g/mL) and centrifuged at 9@0on Beckman (GS-6R)
proteins [10,11], lipid mediators and chemotaxis [12]. centrifuge for 20 min at room temperature. The upper layers

For a long time, the molecular mechanism of action of (mononuclear cells and percoll) were discarded and the
theophylline has been a subject of intense debate. Amongpellet (granulocytes) were recovered and washed twice in
the prevalent hypotheses are the inhibition of cAMP and the same buffer by centrifugation at 2§03or 10 min at 4°.
cGMP phosphodiesterases [13] and the antagonism of adenAfter a hypotonic lysis of contaminating erythrocytes with
osine receptors [14]. Phosphodiesterase inhibition results inice-cold distilled water, and readjusting the tonicity with the
the increase in the intracellular levels of cAMP. The latter is same volume of double strength saline, the cells were
an effective inhibitor of the various responses of inflamma- washed, counted and resuspended at a concentratiosx of 2
tory cells [10,15]. In human eosinophils, the predominant 10’ cells/mL in the wash buffer. For the eosinophil purifi
PDE isoenzyme is PDE4 [16,17]. Although at high concen- cation, 1.25 mL of the granulocyte suspension was then
trations (cso = 300—661uM) theophylline can inhibit this ~ mixed with 5uL of mouse anti-human CD16 monoclonal
enzyme [11,18], at therapeutic concentrations (27xB0 antibody in a siliconized test tube and incubated on ice for
[19], there is little or no inhibition. Furthermore, selective 1 hr with frequent gentle rotation. Cells were then washed
inhibitors of PDE4 enzyme such as rolipram failed to inhibit twice resuspended in 500L of prewashed immunomag-
eosinophil degranulation [11] thus suggesting that PDE in- netic beads pre-coated with affinity purified sheep anti-
hibition alone is insufficient for the manifestation of this mouse IgG (2x 10° coated beads) and incubated on ice for
effect. These findings suggest that the exact mechanism ofl hr with frequent tube rotation. The immunomagnetically-
thein vivo anti-inflammatory action of this drug remains to labeled neutrophils were removed by magnetic extraction.
be elucidated. The purified eosinophils were then recovered by centrifu-

In addition to the A and A, receptors, adenosine is now gation and resuspended in reaction buffer (wash buffer
known to mediate some of its effects through the novgl A containing 2 mM C&" and 1 mM Md ") for experiments.
receptors [20,21], and these receptors have been found to b&he eosinophil purity was assessed by differential count of
richly expressed on human eosinophils [22]. Recently, we a Wright-Giemsa stained cytosmear. The final cell prepara-
and others have shown that the, Aeceptors on human tion routinely consisted of over 98% pure eosinophils. Vi-
eosinophils mediate anti-inflammatory effects, specifically ability was determined by trypan blue exclusion and always
the inhibition of degranulation [23] and chemotaxis [22,24]. exceeded 98%.

On the basis of this new information, it becomes necessary
to reassess the role of adenosine, especially tredeptors 2.2. EPO release
vis-a-visthe mechanism of action of theophylline.

The purpose of this study was therefore to investigate the  Purified eosinophils were used at a concentration &f 5
mechanism of inhibition of eosinophil degranulation by 10° cells/mL. Fifty microlitres of pre-warmed cell suspen
theophylline with particular respect to its interaction with sion containing 2.5< 10* cells was dispensed into each well
adenosine receptors. of a microplate. Then, 10p.L of the reaction buffer con-

taining 10ug/mL cytochalasin B (CB) was added and after
10 min pre-incubation, the cells were stimulated with 80

2. Materials and methods of human recombinant C5a. The mixture was further incu-
bated for 30 min at 37°. It had been determined in pilot
2.1. Isolation of human peripheral blood eosinophils experiments that this time was sufficient for the virtual

completion of the degranulation process. When the effect of
Fresh blood was obtained from consenting healthy or drugs on degranulation was to be studied, the cells were
mildly atopic adults who have taken no medications in the pre-incubated with the drugs for 10 min (unless otherwise
last 72 hr. Eosinophils were purified by a slight modification stated) before the addition of CB. At the end of the incu-
of the immunomagnetic method [25]. Briefly, three parts of bation period, reaction was stopped by cooling on ice and
sodium citrate-anticoagulated (13 mM final) blood was after centrifugation at 606, for 10 min, 50uL aliquots of
mixed with one part of 1% (w/v of 0.9% saline) hydrated the supernatant as well as triton X-100-lysed cells (for total
methylcellulose solution to sediment the erythrocytes over content determination) were taken for the determination of
30 min at room temperature. The leucocyte-rich supernatantthe released enzymes. EPO activity was measured by the
was collected and centrifuged at 28Gor 10 min at room OPD method as previously reported [26]. Briefly, OPD
temperature. After aspirating off the platelet-rich superna- substrate solution containing 0.4 mg/mL OPD and 0.4
tant, the pelleted leucocytes were washed in “wash buffer” mg/mL urea hydrogen peroxide in PBS-citrate buffer (pH
(C&*- and M¢"-free, 10 mM HEPES-buffered Hanks 4.5) was prepared from SIGMA FAST® OPD tablets. One
balanced salt solution containing 0.25% bovine serum al- hundred microlitres of this substrate was added tab®f
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the samples in a microplate and incubated for 30 min at 37°. 601
After incubation, the reaction was then stopped withuh0
of 4M H,SO, and the plate read at 490 nm. EPO release, as 504 —=— +CB

index of degranulation, was expressed as percentage of total -o--CB
content, using the amount obtained in half the same number @
of cells, after lysis, as 50%. The recovery of released EPO
activity was usually above 80% at the end of 30 min incu-

bation, but usually lower with more prolonged incubation.

IS
<

2.3. Chemicals and biochemical reagents

EPO Relea
(% Cell content)

The following reagents and materials were purchased
from Sigma Chemical Co.: recombinant human C5a, aden- 10+
osine, rolipram, theophylline (as aminophylline), percoll,
HEPES buffer, bovine serum albumin, OPD, DMSO, cy-

tochalasin B, and all inorganic salts (Sigmaultra). Iltems 10 _15; -8 '7 _'5
obtained from Research Biochemicals Corp., were: IB-
MECA, CPA, CGS 21680, DPCPX, DMPX, and MRS Log [C5a (M)]

1220. Mouse monoclonal anti-human CD16 antibody (clone Fig. 1. Release of EPO from human eosinophils induced by human recom-
FcR granl) was obtained from CLB, while the magnetic binant C5a in the presence and absence qigdmL cytochalasin B.
beads (coated with sheep anti-mouse IgG) were supplied bySpontaneous releases of (0—3%) have been subtracted from all values.
Dynal AS. Values are meart SD for 8 experiments.

Stock solutions of water-insoluble drugs were made in
DMSO to concentrations in the range (1410 * M) and ) _
then diluted directly in buffer. The final concentration of Which gave a submaximal release of 24t16.0% was
DMSO present at the highest drug concentrations did not cosen for subsequent experiments.

exceed 0.05%—a concentration that has no effect on eosin- !N thé concentration range 10—10Q0v, theophylline
ophil degranulation. inhibited EPO release in a concentration-dependent manner

(Fig. 2). Theicgy (95% CI) was 233.5uM (208.7-276.2
M), N = 7, and almost complete inhibition (9023 3.0%)
at 1000uM. At the concentration of 5QuM which is well
within the therapeutic range of 27—8M, the drug pro-
duced a significant inhibition of 28.8 4.7%,P < 0.05. In
contrast, neither the potent PDE IV inhibitor rolipram (up to

2.4, Statistical analysis

Experimental data are presented as mearstandard
deviation from the numbemj of independent experiments.
The drug concentrations producing 50% inhibition of re-
sponse I, values) were calculated using the concentra
tion-effect curves by non-linear regression analysis using

— . 100" ek
GraphPad InPlot (GrdyPad Software Inc.). Statistical sig-
nificance () between treatment groups was determined by god — Theophyliine
the unpaired-test, while synergism was tested by compar- & — Rolipram -
ing the effect of two drugs used together with the sum of Q 60- —0— DPCPX + DMPX
their individual effects and applying the one-samplest = "
(InStat, GrapPad, Software Inc.). 2
o 404 .
£
20
3. Results X L
0¥ = 1 |
3.1. Effect on EPO release I,
'20 T T 1 1 1 1
As shown in Fig. 1, in the presence ofug/mL of CB, -8 -7 -6 -5 -4 -3 -2
Cba induced substantial release of EPO from purified eo- Log [Drug(M)]

sinophils in a concentration-dependent manner. Release ' _ o
generally began at around LM, and at the highest concen"% 2 The et of reephyine, olpar s he corbinaton of e

. o —
tration tested (100 nM_)’ anet rek_aas_e_ of 44.%.3% of the release induced by C5a (10 nM). The uninhibited release was in the range
cell content was obtained. No significant EPO release 0C- 15329 of cell content. Values are meansSD for 6 experiments. P <

curred in the absence of CB. The concentration of 10 nM 0.05, **P < 0.01; ***P < 0.001.
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50 uM) nor the combination of the selective adenosing A
receptor antagonist DPCPX with the, Aeceptor antagonist
DMPX, had any significant effect. From these results it
seemed unlikely that the inhibition of PDE4 or/and the
antagonism of A and A, receptors were important in the
mechanism of inhibition of eosinophil degranulation by
theophylline.

Since agents that activate the adenylyl cyclase enzyme
are known to synergize with inhibitors of PDE4, the effect
of theophylline and rolipram on degranulation were com-
pared in the presence of salbutamolyi). This concen-
tration of salbutamol had no effect on degranulation. As
shown in Fig. 3a, in the presence of salbutamol, there was
only a modest potentiation resulting in a small, non-signif-
icant, shift in the theophylline concentration-response curve
to the left. Much more dramatically, the presence of salbu-
tamol converted the inactive rolipram to a highly effective
inhibitor of degranulation with ars, ~ 1 uM and maximal
inhibition of 65.3*+ 6.8% at 30uM (Fig. 3b). These results
confirm that the inhibition of PDE4 alone is insufficient to
inhibit eosinophil degranulation and that an additional sig-
nal (perhaps cAMP generation) was required.

3.2. Effect of adenosine and its analogues on EPO
release

In view of above, as well as the recent studies showing
that the newly discovered adenosing réceptors mediated
inhibitory actions on human eosinophils [22—-24], a possible
role of this receptor subtype in the mechanism of action of
theophylline was explored. As shown in Fig. 4, the selective
adenosine A receptor agonist IB-MECA produced a con
centration-dependent inhibition of EPO release. Thg
(95% CI) was 7.5uM (4.0-13.6uM), and at the highest
concentration tested (100M), the mean percentage inhi-
bition was 75.3* 8.1%. Both adenosine itself and the
selective A agonist CGS 21680 produced only small-sta
tistically non-significant, effects at high concentrations (10—
100 uM), whereas the selective,fagonist CPA was com
pletely without effect. The interaction of theophylline with
these adenosine agonists was subsequently studied.

3.3. Interaction between theophylline and adenosine
receptor agonists

As the results in Fig. 5 show, pre-incubation of eosino-
phils with theophylline in the presence of in-effective con-
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Fig. 3. The effect of salbutamol on the ability of theophylline (a) and
rolipram (b) to inhibit the release of EPO induced by C5a (10 nM). The
uninhibited releases were in the range 15-32% of cell content. Cells were
first pre-incubated with theophylline or rolipram for 10 min, then for a
further 5 min with salbutamol before being stimulated for release. The
un-joined symbol (closed triangle) represents the effect of salbutamol
alone. Values are means SD for 7 experiments.

centration of adenosine, the inhibitions by theophylline

centrations of adenosine resulted in a surprising potentiationwere 35.7+ 5.3%, 58.4+ 6.4% and 68.0- 5.2%, respec-

of the effect of theophylline (10-100M). The interactions

tively (Fig. 5a). These latter values are all significantly

appeared to be synergistic since the effects obtained withhigher than the sum of the corresponding individual drug
the combination were generally higher that the sum of the effects,P < 0.05, N = 4-7), thus suggesting synergistic
effects of the individual drugs. For example, the inhibitions interaction. The interaction with the lower concentration of

produced by theophylline alone (10, 50, and 1) were
6.0 = 3.7%, 25.3% 6.7%, and 37.5- 8.2%, respectively,

adenosine (1@M) was, however, essentially additive. The-
ophylline also interacted with the j/Areceptor agonist 1B-

whereas the inhibition produced by adenosine alone (100MECA in essentially additive manner (Fig. 5b). For exam-

M) was only 11.6* 5.6%. In the presence of this con-

ple, the inhibitions were 23.3 6.7% for theophylline (50
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100- produced small enhancement of release. The enhanced in-
hibitory effects produced by the combination of the two
—=—ADE i concentrations of adenosine with theophylline were also
——CPA reversed significantly by the Areceptor antagonis® <
—o0—CGS 21680 0.05. Incontrast, neither the inhibitory effects of theoph-
604 —o— IB-MECA ylline nor those of its combination with adenosine or IB-
MECA were significantly affected by the presence of a
mixture of the selective Areceptor antagonist DPCPX and
the A, receptor antagonists DMPX (2/8M each). None of
the three antagonists had any EPO-releasing activity of their
own or affected EPO estimation.

o]
o
1

ton

40+

% Inhi

4. Discussion

-20 . , : : : 1 The exact molecular mechanism of tinevivo effects of
-9 -8 -7 -6 -5 -4 -3 theophylline has been a subject of intense debate for over 50
. years. Among the most favored mechanisms are the inhibi-
Log [AgOnIStS (M)] tion of PDEs leading to a rise in the intracellular concen-

Fig. 4. The effect of adenosine and the various adenosine receptor agonistdfations of CAMP and the antagonism of adenosine recep-
on EPO release induced by C5a (10 nM). The uninhibited releases were intors. In this study these two hypotheses were re-assessed
the range 15-32% of total cell content. Values are meanSD for 5 with regards to the inhibitory effect of theophylline on
experiments. *f < 0.01; ***P < 0.001. C5a-induced human eosinophil degranulation. The results
show that theophylline is an effective inhibitor of degranu-
lation with anicsg value of 233.5uM. At the concentration
1M) and 20.3* 5.0% for I.B'MECA (1pM) separately, but of 50 uM which is well within the accepted therapeutic
46.1+ 5.1% for the comb|na_t|on. In the presence of/Z_l\‘Zi plasma concentration of this drug (27—, correspond-
concentrations of the selectlvel_And A, receptor agonists, ing to ~5-15ug/mL) [19], the drug achieved a statistically
CPA and CGS 21680, respectively, the effect of theophyl- gjqnificant inhibition of~29%. A similar order of potency
line either was not changed or was slightly reduced (Figs. 5C |, os peen reported for the release of EDN and cytokines
and d). from human eosinophils [11,28]. The current results further
showed that in contrast to theophylline, neither rolipram
3.4. Reversal of the effect of theophylline by adenosine A which is a potent PDE4 inhibitor, nor the combination of the

receptor antagonist selective A receptor antagonist DPCPX and thg &ntag
onist DMPX, had any significant effect. These results would
Because theophylline is a known antagonist at thard initially appear to suggest that the inhibitory effect of the-

A, receptors and IB-MECA is a selective;Agonist, there  ophylline was both cAMP-independent and unrelated to
arose the question whether theophylline could be acting asadenosine A and A, receptor blockade. However, since
an A; agonist in the same way as IB-MECA. To investigate previous reports have shown a synergistic interaction be-
this possibility, the effect of the selective;Aantagonist tween inhibitors of PDEs and activators of adenylyl cyclase
MRS 1220 [27] on theophylline-induced inhibition of de- in eosinophils [10,11], the effects of salbutamol on the
granulation was carried out. As shown in Table 1, pre- actions of theophylline and rolipram were examined. In the
incubation of eosinophils with MRS 1220 (1.0 and 29) presence of JuM salbutamol which had no effect on de-
resulted in a significant and concentration-dependent rever-granulation, rolipram became a highly effective inhibitor of
sal of the inhibition produced by low concentrations of degranulation, whereas the effect of theophylline was only
theophylline. For example, at 2/M MRS 1220 reduced  marginally enhanced. Together, these results suggest that
the inhibition produced by theophylline (52M) from the inhibition of PDE4, which is the predominant PDE
27.8+ 5.5%to 13.7+ 4.5%,P < 0.01,N = 6-7, andhat isoenzyme in human eosinophils [16,17], is by itself insuf-
of 100 uM theophylline from 37.4t 7.8% to 21.3+ 6.9%, ficient for inhibition of degranulation, but that an additional

P < 0.05,N = 6-7. There was no reversal of inhibition signal—the activation of adenylyl cyclase, was required.
at the highest concentration of theophylline (1Q(N). The With respect to theophylline, its effectiveness in the absence
drug also produced a significant reversal of the effect of of salbutamol and the small enhancement in the presence of
IB-MECA (1 M), as well as that of the combination of this drug suggests that either that the action of theophylline
IB-MECA and theophylline (5Q.M). Furthermore, the an-  is largely cAMP-independent or that theophylline is able to
tagonist completely abolished the small inhibition produced generate this additional cAMP signal (or a qualitatively
by adenosine (10 and 100M), and in fact at 2.5uM it similar signal) for itself, which then interacts with its inhib-
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Fig. 5. The interaction of theophylline with adenosine (A) and the various adenosine receptor agonists—IB-MECA (B), CPA (C), and CGS 21680 (D)—or
EPO release induced by C5a (10 nM). Cells were first incubated with theophylline for 10 min, then for a further 5 min with the agonists before stimulatior
for degranulation. The uninhibited releases were in the range 13-35% of total cell content. In (A), the unjoined closed and open trianglebesgffesent t
of 10 uM and 100uM adenosine alone, respectively. In (B-E), the unjoined closed triangle represents the effect of the given concentrations of the adenosir
receptor agonists alone. Values are mearSDN = 7 for A and B, and N= 4 for C and D. P < 0.05 (vs theexpected sum of the effects of the individual

drugs).

itory action on PDEs. There is no evidence, however, that part in this interaction via the freceptors, at least going by
theophylline can activate the adenylyl cyclase, although its the current knowledge about adenosine receptor subtypes.

ability to inhibit the inhibitory G protein [29] and to di- Indeed, a similar interaction was found between theophyl-
rectly activate a CAMP-dependent protein kinase [30] have line and the selective Aagonist IB-MECA. From these
been suggested. results, it is obvious that the inhibitory signals generated by

To further investigate, the interaction between theophyl- the A; receptor activation could add to that generated by
line and adenosine on the inhibition of degranulation was theophylline. Thus, one possible explanation for the effec-
studied. The rationale for this was the recent finding that A tiveness of theophylline in the absence of any interacting
receptors on human eosinophils mediate inhibition of eo- signals could be that the drug was acting through the acti-
sinophil responses such as degranulation [23] and chemo-vation of the A receptors, just like IB-MECA. Alterna-
taxis [22,24]. The result indicated that adenosine, which by tively, it could be that the drug was simultaneously provid-
itself had only a small effect, highly potentiated the inhib- ing for itself, through A receptors, the extra signal required
itory effect of theophylline. This was a surprising result to interact with any PDE inhibition. This rather unexpected
since theophylline, at therapeutic concentrations, is re- possibility of A; agonism was in fact confirmed by the
garded as an adenosine antagonist (though ;aamd A, ability of the selective A receptor antagonist MRS 1220
receptors) [14]. Thus, adenosine could only possibly take [27] to significantly reverse, in a concentration-dependent
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Table 1
Interaction of theophylline with adenosine and IB-MECA on the inhibition of C5a-induced EPO release and the effect of adenosine receptosantagonist
Treatments % Inhibition of C5a (10 nM)-induced EPO release
Buffer MRS 1220 MRS 1220 DPCPX+ DMPX
(N=7) 1 uM) (2.5 uM) (2.5 uM each)
(N = 6) (N =6) (N = 6)
Buffer — 22+26 25+19 3.2+x16
Theo (50uM) 278+55 18.2+ 6.0* 13.7+ 4.5 254+ 6.6
Theo (100uM) 37.4+7.38 29.1+ 7.2 21.3*+ 6.9* 347+51
Theo (1000uM) 94.1+ 4.3 96.6+ 4.8 89.9+ 7.2 91.5+ 5.6
IB-MECA (1 upM) 235x53 12.5+ 5.8** 8.3+ 4.1%+* 19.9 =+ 3.8
Theo (50uM) + IB-MECA 56.2*+ 4.9 33.9*+ 5.5 279+ 4.6%** 486 £ 7.4
Adenosine (1QuM) 44+24 1.7+28 [+ 8.4] 6.2+ 2.0
Adenosine (10QxM) 8.9+ 26 2.8+47 [+ 11.2] 10.8+ 1.2
Theo (50uM) + Ade (10 uM) 478+ 7.4 36.3+ 6.7 29.8+ 7.1* 39.1* 6.6
Theo (50uM) + Ade (100uM) 60.6+ 7.9 40.2+ 5.6 37.8% 7.2%* 554+ 7.3

*P < 0.05; *P < 0.01; ** P < 0.001 (vsbuffer).
Values are meang SD.

manner, the inhibitory effect of theophylline as well as its release by itself. One possibility is that this may relate to
potentiated effect in the presence of adenosine. However,differences in efficacy of the two agents at therdceptors.
the fact that MRS 1220—a high affinity antagonikt, (= A similar low efficacy at the human eosinophil Aeceptors
0.7 nM) at the A receptors [31], only partially reversed the may explain the lack of significant inhibitory effect seen
effect of low concentrations of theophylline, may suggest with CGS 21680. Yukawa and co-workers [33] have re-
that any agonistic effect of theophylline at Aeceptors is ported significant inhibition by A agonists of zymosan-
probably small and that additional mechanisms may be activated superoxide release from eosinophils. This dispar-
involved. As would be expected, the And A, antagonists ity may reflect the different stimuli used in the two studies
had no such effect. Thus, the inhibition of human eosinophil since it is known that the control of eosinophil responses is
degranulation by theophylline cannot be mediated via an- generally stimulus-dependent [34].
tagonism of A and A, receptors; instead the drug may Extrapolatedin vivo, a possible scenario may be that
actually act as an agonist, albeit a weak one, ate&eptors theophylline acts firstly by blocking the ,Aand A, recep
in a similar manner as 1B-MECA. tors, thereby allowing endogenous adenosine to activate the
The nature of the Areceptor-generated inhibitory signal  A; receptors, and secondly by activating the réceptors
is currently uncertain. Although adenosine can increase directly. Such combined Areceptor activation, perhaps
intracellular cAMP via A receptors, this is irrelevant here together with some inhibition of PDEs, may then interact to
because theophylline itself is an antagonist at this receptorproduce an effective down-regulation of eosinophil func-
and, if any thing, might even be expected to potentiate tions. If indeed this is so, then the resulting potentiation of
degranulation. It is, therefore, difficult not to speculate the effect of theophylline by endogenous adenosine may
whether A receptors on eosinophils are positively linked to help to explain the much-reported disparity between the
the adenylyl cyclase system such that theophylline can ac-concentrations of theophylline effectiirevitro andin vivo.
tivate it at the same time as inhibit PDEs. There is currently Recently, Sullivaret al. [4] demonstrated significaim vivo
no evidence to support this view. In fact, it is reported that anti-inflammatory effect of theophylline in asthmatics at
A5 receptor activation actually reduces intracellular cCAMP steady state plasma concentrations as low ggNgwhich
[32]. If this is indeed the case in human eosinophils, then is at the lower end of its therapeutic range. Such potency
other explanations must be sought. Interestingly, however,would be unlikely if theophylline was acting solely as a
preliminary data from our on-going studies suggest that A PDE inhibitor for which itscsgis in the range 300-661M
receptor activation may in fact increase (not decrease) ag-[11,18].
onist-stimulated cAMP accumulation in human eosinophils.  Adenosine is a ubiquitous mediator released from cells
The reason for the failure of adenosine itself, compared under stress. In asthmatics its concentration in the bron-
with IB-MECA, to significantly inhibit EPO release is cur- choalveolar lavage fluid is significantly raised compared
rently unclear. Although its uptake and metabolism may with normals [35], and the inhalation of adenosine causes
contribute, this possibility is inconsistent with the fact that bronchospasm in asthmatics but not in normal subjects
relatively low concentrations of adenosine significantly en- [36,37]. The present hypothesis of; Aeceptor-mediated
hanced superoxide anions release from human eosinophilgpotentiation of theophylline effect by endogenous adenosine
[23]. Dipyridamole—a nucleoside uptake inhibitor could is consistent with these observations. Firstly, the higher
not be used because it caused a small enhancement of EP@oncentration of adenosine in the asthmatic lung may offer
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the explanation why low concentrations of theophylline are [5] Banner KH, Page CP. Anti-inflammatory effects of theophylline and
effective in asthma. Secondly, the induction of broncho- selective phosphodiesterase inhibitors. Clin Exp Allergy 1996;26:
spasm in asthmatics, but not normals, by exogenous aden- _ (SUPPI2)2-9.

. . . . . [6] Frigas E, Gleich, GJ. The eosinophil and the pathophysiology of
osine is probably mediated by the pathologically-induced asthma. J Allergy Clin Immunol 1986:77:527—37.

up-regulation of A receptors [38,39], hence the effective (7] Bames PJ. New concepts in pathogenesis of bronchial hyperrespon-

ness of theophylline, acting as,And A, receptor antago siveness and asthma. J Allergy Clin Immunol 1989;83:1013-26.
nist, in inhibiting it [40]. [8] Motijima S, Frigas E, Leogering DA, Gleich GJ. Toxicity of eosin-
Anotherin vivo situation that can be explained by this ophil proteins for guinea pig tracheal epithelium in vitro. Am Rev

hypothesis is the observed higher potency of theophylline in _ Respir Dis 1989;139:801-5.
[9] Laitinen LA, Heins M, Laitinen A, Kava T, Haahtela T. Damage of

late phase asthmatic response to allergen challenge COIT_]- the airway epithelium and bronchial reactivity in patients with

pared to early phase response [41]. The early response iS  asthma. Am Rev Respir Dis 1985;131:599—606.

believed to be mediated mainly by products of degranulat- [10] Kita H, Abu-Ghazaleh RI, Gleich GJ, Abraham RT. Regulation of

ing mast cells, especially histamine, whereas the late phase  Ig-induced eosinophil degranulation by adenosine 3,5, cyclic mono-
response is a consequence of the subsequent inflammator%/ phosphate. J Immunol 1991;146:2712-8.

processes. Unlike eosinophils and neutrophils, human lung 11] Hatzelmann A, Tenor H, Schudt C. Differential effects of non-selec-

tive and selective phosphodiesterase inhibitors on human eosinophil
mast cells tend to lack ﬁreceptors [22’42]' functions. Br J Pharmacol 1995;114:821-31.

Recemly* theophylline, at therapeutically relevant con- [12] Tenor H, Hatzelmann A, Church MK, Schudt C, Shute JK. Effects of

centrations, was shown to inhibit IL-5 mediated survival of theophylline and rolipram on leukotriene C4 (LTC4) synthesis and
human eosinophils and to accelerate apoptosis [43]. While chemotaxis of human eosinophils from normal and atopic subjects.
this interesting finding can offer explanations for the effec- Br J Pharmacol 1996;118:1727-35.

tiveness of theophylline in asthma, it is possible that this [13] Bergstrand H. Phosphodiesterase inhibition and theophylline. Eur J

. . . Respir Dis 1980;61:37—44.
action was aCtua”y é‘ receptor mediated. In fact, it has [14] Fredholm BB, Persson CGA. Xanthine derivatives as adenosine an-

been reported that ﬁ_actwa_tlon induces a_popt0_5|s in a tagonists. Eur J Pharmacol 1982;81:673—6.

number of cell types, including human eosinophils [44].  [15] Dent G, Giembycz MA, Rabe KF, Barnes PJ. Inhibition of eosinophil
It is obvious that the presented work is limited in scope, cyclic nucleotide PDE activity and opsonized zymosan-stimulated

being based on a sing|e response and emp|oying a sing|e respiratory burst by type IV-selective PDE inhibitors. Br J Pharmacol

cell type. Much work is required to determine to what extent 1991;103:1339-46.

: o [16] Barnes PJ. Cyclic nucleotides and phosphodiesterases and airways
the present observations apply to other pro-inflammatory functions. Eur Respir J 1095:8:457_62,

cells and under different ?Xpe”mental _Cond't'ons' . [17] Schudt C, Tenor H, Hatzelmann A. PDE isoenzymes as targets for
In summary, therapeutic concentrations of theophylline antiasthma drugs. Eur Respir J 1995;8:1179—83.

inhibited human eosinophil degranulation and this effect [18] Cohan VL, Showell HJ, Fisher DA, Pazoles CJ, Watson JW, Turner

was signiﬁca_ntly enhanced by exogenous adenosine, per- CR, Cheng JB. In vitro pharmacology of the novel phosphodiesterase

haps by acting through the3Aeceptors. Evidence was also type 4 inhibitor, CP-80633. J Pharmacol Exp Ther 1996;278:1356—

found that theophylline may act as a weak agonist at the A 61. . S
. . 19] Rang HP, Dale MM. Pharmacology. Edinburgh: Churchill Living-
receptor. It is proposed that these novel actions may, at Ieas{ stone. 1991

in part, contribute to the mechanism of the anti-inflamma- [20] sajjadi FG, Firestein GS. cDNA cloning and sequence of the human
tory action of this drugn vivo. A, adenosine receptor. Biochem Biophys Acta 1993;1179:105-7.
[21] Salvatore CA, Jacobson MA, Taylor BE, Linden J, Johnson RG.
Molecular cloning and characterization of the humanadenosine
receptor. Proc Natl Acad Sci USA 1993;90:10365-9.
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