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Antiasthma drugs are now being re-evaluated for their anti-inflammatory
effects. Theophylline is an immunomodulator, however. weak effects and
the narrow therapeutic window make it a controversial drug. We compared
the immunomodulatory potencics of theophyll ine with those of the xanthines
pentoxifyll ine (POF) and A802715. Using a whole-blood, cell-culture system,
we studied the effects on the release of tumor necrosis factor-alpha (TNF-
o), interferon-gamma (IFN-y), and interleukin-6 (lL-6) in six healthy
subjects, and, in granulocyte suspensions, the effects on the release of
reactive oxygen species (RoS). we also studied the influence of a r4-day
treatment with theophyll ine or POF on the release of the cytokines named
above in 14 asthmatics. We found that equimolar concentrations of A802715
most effectively inhibit ROS generation, followed by poF; the effects of
theophylline were weakest. A802775-inhibited release of TNF-cr was four
times as potent as that of theophyll ine, and PoF two times as potent.
Inhibition of IFN-y by A802715 was three times as potent, and by poF two
times. Neither drug influenced IL-6 release. After a r4-d,ay treatment of
asthmatics, POF proved to inhibit TNF-u release more effectively (by
443%) than theophyll ine (7.5%).It is concluded that study of xanthine
derivatives in asthmatics might help the development of asthma therapy.
POF seems to be an especially promising candidate.

Asthma is increasingly considered an inflammatory
immune disease. As a consequence, antiasthma drugs
aÍe now being re-evaluated for their immuno-
modulatory potencies. Although some researchers
have suggested that it is obsolete, theophylline is still
a mainstay of treatment. It exerts anti-inflammatory
effects, particularly in the late asthmatic response (1).

The major disadvantages in prescribing theo-
phylline for asthma are the narrow therapeutic
window and the relatively weak effects compared
with other antiasthma drugs (1). In view of the need
for immunomodulation, several related methyl-
xanthines and phosphodiesterase inhibitors are
under investigation. Among them are substances
with effects distinctly more pronounced in vitro
and in animal models, such as 4802715 (7-propyl-
1 -(5-hydroxy-5-methylhexyl) -3-methylxanrhine) or
HWA 1,38 (2,3). However, these have not yet been
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developed into clinical drugs. A xanthine derivative
already used as a clinical drug is pentoxifylline
(POF), which has long been administered for
therapy of peripheral vascular disease (4). Like
theophylline, POF is a methylxanthine that exerts,
at a cellular level, nonspecific inhibition of phos-
phodiesterases, antagonism of the adenosine recep-
tor, and inhibition of mediators such as tumor
necrosis factor-alpha (TNF-u) (4) Unlike theo-
phylline, it is tolerated relatively well over a wide
range of dosage. We and others have shown that
POF exerts distinct anti-inflammatory properties,
especially in diseases mediated by the proinflam-
matory cytokine TNtr-cx (5,6), as well as in diseases
mediated by granulocytes; e.g., leucocytoclastic
vasculitis (4) and adult respiratory distress syn-
drome (ARDS) (a). Both physiopathologic mecha-
nisms play important roles in asthma since

Copyright A Munksgaard 1998

ALLERGY
ISSN 0t05-4538

Differences in the anti-inflammatory
effects of theophylline and pcntoxifylline:
i*portant for the development of
asthma thcrapy?

749



Entzian et al.

granulocyte activation with release of reactive Byk Gulden, Germany, a slow-release formulation;
ó"yg"n spccies (ROS) and TNtr-o release contri- dosage was adjusted to serum concentrations); for

buià to the early and late asthmatic response (7, reasons related to drug approval, we were unable

8). In the inteiest of the development of new to study A802715 in patients. Blood was investi-

antiasthma drugs and development of xanthine gated before and after treatment. Blood sampling

derivatives. we àetermined the relative effective- was done at 1 p.m. in every patient to neutralize
ness of theophylline, A802715, and POtr to inhibit variations in diurnal cytokine con-centrations.
release of the proinflammatory mediators TNF-cx, Serum concentrations of drugs were found to be

interferon-gamma (ItrN-y), and interleukin (IL)-6 within 5-10 mg/ml in theophylline_-treated patients.

and ROS generation. Fuithermore, we report the In POF-trcated patients, both POF and its meta-

effect of 14-day treatment of asthmatic subjects bolite 1-(5-hydroxyhexyl)-3,7-di-methylxanthine
with theophylline or POF with regard to ex vivo were measured by Dr Rentschler GmbH, Laupheim,

inhibition- oi the secretion of the above-named Germany, by gas liquid chromatography, as pre-

cytokines. Comparing the effectiveness of the two viously described (9) None of the asthmatic

xanthines, we present evidence that, in the inter- patients received additional corticosteroids or non-

est of development of new antiasthma treatments,, steroidal anti-inflammatory drugs.
it seems reasonable to intensify investigation of
theophylline-related xanthine derivatives. Short_term, whole_bloo., cell_culture assay

A whole-blood (WB), short-term, cell-culture sys-
tem, as previously described (10), was used to
investigate cytokine release in both fhe "in vitro"
and the "ex vivo" experiments. Briefly, 5 ml of
heparinized (20 units/ml) WB diluted I:4 with
RPMI medium (supplemented with 1% penicill in-
streptomycin, Gibco BRL plus 1% t--glutamine
200 mM, Gibco BRL plus 10% FCS, Gibco BRL)
was placed into 24-well microtiter plates (Costar,
0.5 ml/well)  and incubated for 24h (31"C, 5%
COr) in the presence of 50 ng/ml bacterial lipopoly-
saccharide (LPS) (from Salmonella friedenau; gen-
erous gift of Dr Helmut Brade, Borstel, Germany)
and phytohemagglutinin (PHA) (HA 76, Phaseolus
spp., Murex Diagnostics Ltd). [n the "in vitro"
experiments, four concentrations of the respective
drug were added per experiment to determine the
dose dependency of effects and the 50% inhibitory
concentration (ICru) (A802715 [1-(5-hydroxy-5-
methylhexyl) -3-methyl-7-propylxanthine], Hoechst,
kindly provided by Hoechst AG, Werk Kalle-
Albert, Wiesbaden, Germany, supplied in powder
form, dissolved in ultrafiltered RPMI medium by
vigorous vortexing; POn Hoechst, Germany, sup-
plied in pyrogen-free saline; theophylline, Euphyllin

[Byk Gulden, Germany], supplied in pyrogen-free
saline). ln " ex vivo" experiments using patient blood
before and after POF or theophylline treatment,
cell-culture experiments were done exactly as in
volunteers except that no further drug (i.e., theo-
phylline or POtr) was added. The viability of cells
in culture experiments was determined with trypan
blue or MTT staining. MTT (dimethylethimazol-
diphenyltetrazolium bromide, Sigma, dissolved in
PBS at 5 mg/ml) is converted by the mitochondria
of living cells to the blue-colored substance forma-
zan, and the amount of formazan produced is
proportional to the number of living cells present

Material and methods
General

The experiments were approved by the local ethics
committee of the University of Lùbeck, Germany.
All patients and volunteers gave informed written
consent before entering the study. The anti-
inflammatory capacity of the drugs A802715, the-
ophylline, and POF was investigafed in vitro in
short-term cultures of whole blood of healthy
donors (referred to as "in vitro experiments").
Moreover, the effect of a 14-day oral treatment
with theophylline or POF in asthmatics was ana-
lyzed in the same experimental setting (referred to
as "ex vivo experiments").

Volunteers and patients

A total of 20 subjects were included in the study.
Six healthy volunteers (three men, three women,
aged 27.83 (22-31) years (mean, range) served as
donors for the in vitro experiments. Th"y were
healthy members of the staff of the Research
Center Borstel. None of them had taken any
medication or drug before blood sampling.

Fourteen subjects with mild asthma allergies,
aged 43 (22-68) years (mean, range), were
included in the "ex vivo" investigations (six
women, eight men). They were allergic to grass
(n=6) or birch (n=8) pol len al lergen. The investi-
gation was done outside the periods of individual
pollen-induced symptoms, and lung-function tests
were normal (Fevt>85% predicted) without any
antiasthma treatment. Patients were given the
xanthines POF or theophylline orally for 14 days
(POtr: 25 mglkg body weight/day in two doses p.o.

[ i ." . ,  2x800 mg in most patients]),  Tiental,
(Hoechst, Germany), or theophylline (Euphyllin,
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(11,72). After 4 h of incubation, the optical density
as a measure of viability was determined in a micro-
ELISA reader (MR580, Dynatech Laboratories,
Inc., [JSA) at a wavelength of 550 nm. Viability
exceeded 93"/" in every experiment.

Determination of Tlt{F-u, IFN-y, and IL-6
concentrations

In cell-culture supernatants, TNF-cx was determined
by the enzyme-linked immunosorbent assay
(ELISA) technique (Cytoscreen TM Human TNF-
o ELISA, Laboserv, Giessen, Germany). The assay
was done according to the manufacturer's protocol.
Extinctions of the samples were read in an ELISA
reader (MR 5000 Microplate Reader, Dynatech
Laboratories) at a wavelength of 450 nm (reference
wavelength 630 nm) and compared with extinctions
of an TNF-ct standard enclosed (WHO reference).
Concentrations were expressed as pg/ml. No signifi-
cant cross-reactivity has been reported by the man-
ufacturer for tumor necrosis factor-beta (TNtr-B),
IL-1, IL-z, ItrN-y, or IFN-B. The lower detection
limit of the assay is set at <1 pg/ml. To measure IFN-
y, the same method of detection was used as with
TNF-o (CytoscreenrM Human ftrN-y) (ELISA,
Laboserv, Giessen, Germany). Calculation of
cytokine concentrations was done by comparison
with a recombinant IFN-y standard (WHO refer-
ence) and expression as pg/ml. The lower detection
limit is <4 pg/ml, and cross-reactivity has not been
reported by the manufacturer for IFN-u and IFN-B.

IL-6 activity was measured with the IL-6-
dependent mouse hybridoma cell l ine 813.29, clone
89 (13). Serial dilutions of the heat-inactivated
samples were incubated with the hybridoma cells
for 48 h before performing the MTT assay. IL-6
activity was calculated by probit analysis from
serial dilutions and expressed in ng/ml against an
internal standard of human recombinant IL-6
(Boehringer, Mannheim, Germany).

Measurement of reactive oxygen species (ROS)

ROS generation was measured, as previously
described 04), by detection of luminol-enhanced
chemiluminescence ex vivo in highly purified peri-
pheral blood neutrophil (PBN) cultures. After density
gradient centrifugation over Ficoll-paque (research
grade, Pharmacia, Uppsala, Sweden), the granulo-
cytes were obtained by sedimentation through
polyvinylalcohol (Merck-Schuchardt, Múnchen,
Germany); the remaining erythrocytes were elimi-
nated by hypotonic lysis in aqua dest. Cells were
resuspended in DME,M, and the cell count was
adjusted to 1.66x106 cells/ml before measurement
of chemiluminescence. Stimulation of the cells was
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done with TNtr-cx (human, recombinant, 10 pg/ml,
Boehringer Mannheim Biochemica, Germany) or
.A/- f o rmy I - i- - m e th i o n yl - I - I e u cyl - l- p h e nyl al ani n e
(FMLP, Sigma, Deisenhofen, Germany). Cell sus-
pensions were preincubated in an incubator for
45 min to allow the cells to reach a constant
temperature of 37"C; then luminol was added to
enhance light reactions, and the suspensions were
placed in a six-channel luminometer (Berthold
Biolumat LB9505, Wildbad, Germany). The cell
suspensions were then supplemented with the drug
to be investigated (4802775, POE, or theophylline;
800-100 pM), followed by the respective stimulant
after 30 min (TNF-u aI 100 ng/ml; FMLP at
100 pM). The dosage of xanthines was chosen on
the basis of calculations on relevant serum concen-
trations of POF: since, after oral administration, we
found POF trough serum concentrations of approx.
500 ng/ml, and there are several metabolites with
five- to eightfold higher serum concentrations and
even more distinct efficacy, we considered POF at
100 ptM relevant in vivo. Chemiluminescence was
detected, and the area under curve was calculated
with computer support (Program Berthold, Wildbad,
Germany). For control purposes, FMLP- or TNF-
cr-stimulated cell suspensions were also examined
without addition of xanthines.

Statistics

lJnless stated differently, data are expressed as
means + SEM, and comparisons between values
were made with the rank sum test according to
Wilcoxon, Mann and Whitney, or the rank correla-
tion test according to Spearman. P<0.05 was con-
sidered significant.

Results
Influence of xanthines on in vitro release of
TltlF-cr, IFN-y, and IL-6

Drugs for investigation (A802715, POn and theo-
phylline) were added to PHA/LPS-stimulated whole-
blood cell cultures of six healthy donors. Aty drug
investigated was able dose-dependently to inhibit the
release of TNtr-cx and IFN-y in vitro; the 50% inhib-
itory concentrations are depicted in Thbles 7 and 2.
Release of both cytokines was most effectively inhib-
ited by A802115, followed by POtr and theophylline.
The inhibition of TNtr-cr release exerted by POF was
approx. two times and by A802115 approx. four times
as potent as that exerted by theophylline; inhibition
of ItrN-y by POF was approx. two times and by
A802775 three times more effective. For IL-6 release,
no influence of either drug was to be observed in
these experiments (not shown).
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Table 1 .  ln v i t ro inhib i t ion of  TNF-cx re lease by xanthines 4802715, P0F, and
theophy l l i ne  as  de te rm ined  by  EL ISA a f te r  cu l tu r ing  o f  who le -b lood  samp les
o f  s rx  hea l thy  vo lun tee rs .  Ce l l s  were  s t imu la ted  by  add ì t i on  o f  LPS/PHA and
co incuba ted  w i th  d i l u t i ons  o f  respec t i ve  d rug  in  o rde r  to  cons t ruc t  dose-e f fec t
cu rve  and  to  de te rm ine  50% ình ìb ì to ry  concen t ra t i on  ( lCuo) .  Exper imen ts  were
done  w i th  and  w i thou t  LPS/PHA s t imu la t i on  and  w i th  o r  w i thou t  add i t ìon  o f
d rugs  to  ob ta in  appropr ìa te  con t ro l s

D rug
lCuo  [pMl  Po tency  o f  i nh ib i t i on  a t  lCuo  as
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Table 2.  ln v i t ro inhib i t ion of  IFN-v re lease
exac t l y  as  desc r ibed  in  l egend  to  Tab le  1
per iod  o f  48  h

by  d rugs .  Exper imen ts  were  done
excep t  fo r  p ro longed  lncuba t ion ""*è 

*""ut*oo" 
""+tò 

+al,sooo too
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Fig. l. Influence of xanthine derivatives on release of ROS as
determined by chcmiluminescence. Granulocyte suspcnsions
from healthv volunteers wcre stimulated by addition of 100 ptM
l/-formyl-r--methionyl-r--leucyl-l-phenylalanine (FMLP) in
presence of 100-800 ptM POR theophylline, or 480271.5.
Chemiluminescence was determined and expressed as percent
inhibition of control cxperiments without addition of xanthines.
Each bar reprcscnts means of experiments done in two subjects.

Drug
lCuo lpMl

( m e a n  r  S D )
Po tency  o f  i nh ib i t ì on  a t  lCuo  as
compared  w ì th  theophy l l i ne

48027 1 5
POF
Theophyl l ine

124.8t44,6
173.9t30.8
404.7t90.6

3.2
2.3
1

Influence of xanthines on in vitro generation of ROS

Highly purified granulocyte suspensions of selected
healthy donors (two per experiment) were investi-
gated in duplicate. We found an inhibition of ROS
generation by each of the drugs, independently of
the stimulus (TNF-cr or trMLP); representative
data using FMLP as stimulant are shown in trig. 1.
Expressed on an equimolar basis, inhibition
achieved after stimulation with FMLP was most
effective by A802715 (maximum inhibition of
98%), and by POF (maximum inhibition: 94%).
Theophylline-induced inhibition was at a maximum
of 49"/". Effects after stimulation with TNtr-cr were
almost identical.

Influence of POF and theophylline on exvrvo
release of cytokines

Patients were treated with theophylline or POF'
for 14 days. Serum concentrations of theophylline
were 7.0+0.64 pg/ml. Concentrations of POF were
509.7f720.7 nglml. Concentrations of the POF'
metabolite BL 194, which is known to be even
more effective than POF (2), were 1156.8t314.2 ngl
ml. In every patient, treatment with POF resulted
in a distinct inhibition of TNtr-cx release; trig.2 gives
data as means + SEM (P<0.017). As also shown in
trig. 2,ItrN-y and IL-6 release was not statistically
significantly influenced by POF, On the other hand,
treatment with theophylline resulted in a significant
inhibition of ItrN-y in every patient investigated
(P<0.027), whereas only insignificant influence was
exerted on TNF-g and IL-6 release.
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Fig. 2. Lipopolysaccharide/phytohemagglutinin (LPS/PHA)-
stimulated TNF-g release in short-tcrm culture of whole blood
of asthmatic patients. Total of 14 subjects were given 74-day
treatment of either POF (n=8) or theophyl l ine (n=6). Before
and after treatment, blood was sampled at 1 p.m., and cytokines
TNF-o and IFN-y were determined by ELISA. Additionally,
IL-6 was measured by bioassay. Data are given in mean (bars)
+ SEM (error bars). xSignificant differences as compared with
control. TNF-cr after POF treatment: P<0.017; IFN-y after
theophylline treatmcnt: P <0.027 .

Discussion
There is growing evidence that inflammatory
mechanisms are key players in the physiopathology
of asthma. Modulation of its intercellular regula-
tion as well as its intracellular sisnal transduction
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is increasingly considered important in therapy;
therefore, inhaled steroids are first-line remedies
in asthma. Theophylline has anti-inflammatory
capacity, although it is minor compared to that of
steroids (15). The objective of this study was ex
vivo lo characterize further the anti-inflammatory
effects of theophylline and of related compounds.
We found an oral l4-day theophylline treatment of
asthmatic patients to inhibit the release of IFN-y,
whereas POF treatment inhibited the release of
TNF-cr (trig. 2). When the drug of interest was
added in vitro in cell-culture experiments, release
of both cytokines and ROS was inhibited by both
compounds, while POF had a distinctly higher
potency than theophylline. The differences
between xanthines in effects and potencies might
be put to clinical use in future.

The effects of the drugs on lymphocytes, granu-
locytes, and monocytes were studied, since all of
these cell types are involved in the physiopathology
of severe asthmatic reactions. This occurs independ-
ently of the cause of asthma, whether exogen-
allergic or intrinsic. We studied the effects on the
TH1 lymphokine ItrN-y and Ihe -lH2 lymphokine
IL-6. However, determination of the T}ìzlympho-
kine IL-4, although most important in asthma with
eosinophil activation, was not included, because the
absence of influence of xanthines on its release has
already been demonstrated by other authors (16).
Neutrophils are also probably important mediators
of the asthmatic reaction; we investigated their
effects on the generation of ROS in granulocytes as
a parameter of activation. In asthma, ROS genera-
tion seemed to be upregulated; ROS contribute to
inflammation and cell damage in the bronchi (17).
There is growing evidence that TNF-o, in particular,
is an early mediator in the physiopathology of
asthma. Mast-cell and alveolar macrophage-derived
TNF-cr is upregulated in the sputa of patients with
acute asthma attacks (18). Further evidence that
TNF-cr and other proinflammatory monokines are
of central importance derives from findings of
elevated serum concentrations of soluble TNF
receptor (sTNF-R) and IL-1 receptor antagonist
(IL-1RA) in asthma (19).

Except for IL-6, all of the parameters investi-
gated were inhibited by all xanthines investigated.
The mechanisms of action are probably 1) non-
selective inhibition of phosphodiesterases and thus
elevation of intracellular cAMP, and 2) induction
of adenylate cyclase with the same, synergistic
result (20).The in vivo relevance of these mecha-
nisms to anti-inflammatory action has been demon-
strated, at least for POF in several clinical settings
(5 ,  6 ,21 , ) .

Xanthine derivatives show quantitative differ-
ences in the abilitv to increase cAMP in vitro and

Effects of theophylline and pentoxifylline

subsequently to inhibit TNtr-cr release in mono-
nuclear cells. Semmler et al. found that the exper-
imental drug A802715, an analog of POF (3), was
approx. 21/zftmes more effective than POF in TNF-
cx inhibition; POF was approx. four times more
effective than theophylline (2). This can be con-
firmed by our dafa, as shown in Tables 1 and 2. -îo

this, our data add that the anti-inflammatory
potency of the different xanthines differs in the
experiments using volunteer blood (considered "in
vitro" experiments) quantitatively with regard to
IFN-y release (Thble 2). On the other hand, after
l4-day treatment of patients with theophylline or
POF (referred to as "ex vivo" experiments), we
saw qualitative differences, as shown in Fig. 2.

The differences between the compounds in TNF-
cx release probably derive from the variations in
the ability to cause cAMP elevation discussed
above; in contrast to ouf "in vitro" findings, how-
ever, POF could not significantly reduce IFN-y
concentrations "ex vivo". The literature offers no
explanation of this effect; obviously, mechanisms
other than modulation of cAMP are predominant
in the regulation of IFN-y. tror further clarification,
IL-6, which is clearly not controlled by cAMP (22),
was investigated and consistently found to be unin-
fluenced by either drug.

For methodological reasons, neutrophil function,
as determined by ROS generation, was investigated
solely in the "in vitro" setting. Since, in order to
obtain pure granulocyte suspensions, multiple iso-
lation and purification steps are necessary, we
considered the cells to be extremely artificially
altered and irrelevant for the in vivo situation. On
the contrary, the whole-blood-cell culture assay
otherwise used in our experiments probably best
reflects fhe in vivo situation, since cells remain in
the compartment blood without further isolation
steps (10), and the composition of cells reflecting
the asthmatic inflammation is preserved. In accord-
ance with published data indicating modulating
effects of POF on normal and diseased human
neutrophil function (23-25), *e here additionally
demonstrate that either compound investigated
distinctly inhibited ROS formation by granulocytes
independently of the stimulus (Fig. 1). Again POF'
was more effective than theophylline.

New insights into the immunomodulatory
properties of xanthines have already led to a re-
evaluation of these substances in asthma, and
emphasis or, beside bronchodilation, their anti-
inflammatory effects (26, 27). The differences
found in this comparative study might help differ-
entiate therapeutic aspects further and may turn
out to be important in controlling the inflammation
of chronic asthma. In other studies, POF has
proven to be an efficient immunomodulator in
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several in vitro and clinical settings. The inhibition
of TNF-u by POF was recently demonstrated in
mast cells (6) and in alveolar macrophages (28),
both of which are the natural sources of TNtr-cr in
the lung. Furthermore, in former studies, we
showed synergistic inhibitory effects with cortico-
steroids concerning TNF-cr and ItrN-y in vitro (22)
and response to corticosteroid therapy in man in
sarcoidosis (5). Xanthines with a higher relative
potency than theophylline might be able to reduce
the need for corticosteroids in asthmatics, as has
been suggested of theophylline (29) but never
convincingly demonstrated. At the same time, the
occurrence of adverse effects might be reduced
since POn as compared to theophylline, is well
tolerated. Therefore, it seems highly reasonable to
continue study of POtr efficacy in asthmatics and,
given proven effects, to develop compounds with
equally minor adverse effects and even greater
anti-inflammatory potency.
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