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Background and purpose: Although there are many new specific phosphodiesterase inhibitors with anti-inflammatory
activity, none have yet reached the market because of their low therapeutic efficacy. Our study was aimed to evaluate the
anti-inflammatory and anti-arthritic effect of an established phosphodiesterase inhibitor, theophylline, and to investigate the
effect of the nitric oxide (NO) donor, sodium nitroprusside (SNP) or NO synthase inhibitor, L-NG-monomethyl arginine
(L-NMMA) on its actions.
Experimental approach: The effects of theophylline alone and combined with SNP or L-NMMA on the pathogenesis of
adjuvant-induced arthritis in rats were evaluated.
Key results: Prophylactic or therapeutic doses of theophylline significantly ameliorated the pathogenesis of adjuvant arthritis
in rats as evidenced by a significant decrease in the arthritis index, hind paws volume, ankle joint diameter, fever, body weight
loss and hyperalgesia in a dose-dependent manner. Inflammatory cellular infiltrate in synovium of ankle joint and pannus
formation were also markedly inhibited. Interleukin-10 (IL-10) levels were significantly increased in arthritic rats given
theophylline alone or in combination with either SNP or L-NMMA. Co-administration of a low dose of SNP or L-NMMA
enhanced significantly the anti-inflammatory and anti-arthritic effect of theophylline. In contrast, a high dose of SNP
counteracted the anti-inflammatory and anti-arthritic effects of theophylline.
Conclusions and Implication: These findings confirm the anti-inflammatory and anti-arthritic activities of theophylline and
suggest a new approach to enhance the anti-inflammatory and anti-arthritic effects of theophylline would be to administer it
in combination with a low dose of a NO donor or a non-specific NO synthase inhibitor.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disorder of
unknown cause and is characterized by chronic inflammation
of the synovial joints, which leads to the destruction of articu-
lar cartilage and bone (Pincus and Callahan, 1993). Although

there are reasonably good drugs used in the symptomatic
relief of arthritis (e.g. non-steroidal anti-inflammatory drugs),
there are few safe drugs, which modify the fundamental
pathological processes responsible for chronic inflammation
(Cash and Klippel, 1994)

Phosphodiesterase (PDE) inhibitors have been regarded as
promising drugs to be used in asthma therapy because they
are known to suppress asthmatic immunopathology caused
by chronic inflammatory and immune responses (Giembycz,
2007). At the same time, this approach was also expanded to
include PDE inhibitors as possible agents to treat other
chronic inflammatory diseases such as RA, because of the
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elevation of intracellular level of cyclic AMP in leukocytes,
which is accompanied by inhibition of the production of
tumour necrosis factor–a (TNF-a; Teixeira et al., 1997). It has
been reported that both nonselective as well as PDE4-specific
inhibitors are effective in ameliorating autoimmune disease
in different experimental models of autoimmune encephalo-
myelitis (Sommer et al., 1995) and collagen-induced arthritis
(Nyman et al., 1997). However, the therapeutic utility of PDE4
inhibitors and their new structural classes to suppress inflam-
mation has not been evaluated until now due to lack of
tolerance (Giembycz, 2008; Spana, 2008)

A set of conflicting data has been generated over the years
regarding the anti-inflammatory effect of theophylline. It has
been reported that theophylline fails to reduce the acute
inflammatory response in the adjuvant-treated paw of rats and
slightly inhibits the chronic inflammation in the contralateral
(untreated) hind paws of rats (Bonta et al., 1978). Furthermore,
Abdel-Salam et al. (2003) reported that pentoxifylline, not
theophylline, inhibited carrageenan-induced oedema in rats.
In contrast, Kumar et al. (2000) found that theophylline as well
as rolipram exerted dose-dependent analgesic and anti-
inflammatory effects against acetic acid-induced writhing
in mice and carrageenan-induced paw oedema in rats. More
recently, it has been demonstrated that theophylline, not
pentoxifylline has a marked anti-inflammatory effect in
carrageenan-induced oedema in the rat footpad and that the
glucocorticoid-glucocorticoid receptor system is involved in
this effect (Watanabe et al., 2008). Additional studies have
reported that theophylline possesses anti-inflammatory activi-
ties and inhibits the production of free oxygen radicals by
human monocytes via inhibition of PDE (Chorostowska-
Wynimko et al., 2007; Kanehara et al. (2008)

The mechanism of the anti-inflammatory effect of PDE
inhibitors has been studied both in vivo and in vitro. Many
authors have reported that PDE inhibitors inhibit nitric oxide
(NO) production by macrophages in vivo and in vitro (Beshay
et al., 2001; Jae et al., 2004). Indeed, cyclic adenosine
monophosphate-elevating PDE inhibitors can influence the
activation of inducible NO synthase (iNOS) in different cell
types in vitro and their potent anti-inflammatory effects in
experimental models of disease and clinical studies have fre-
quently been accompanied by a marked modulation of NO
production (Markovic et al., 2003). Yoshikawa et al. (2002)
found that all types of PDE inhibitors from I to V (specific and
non-specific) suppressed the inducible NO synthase enzyme
and the production of NO by mouse microglia and astrocytes
stimulated with lipopolysaccharide in a dose-dependent
manner. PDE inhibitors such as cilostazol can protect rat
chondrocytes against NO-induced apoptosis in vitro and
prevent cartilage destruction in osteoarthritis (Lee et al.,
2008). The inhibition of NO production by specific and non-
specific PDE inhibitors could be beneficial in NO-mediated
inflammatory and/or autoimmune disorders (Adrian et al.,
1999; Beshay et al., 2001; Tenor et al., 2002).

The rationale of our study is based on the fact that theo-
phylline potentiates the effect of glucocorticoids in bronchial
asthma. Both bronchial asthma and RA are immune-mediated
diseases involving the release of many inflammatory cytok-
ines and infiltration of inflammatory cells to bronchi and
synovial joints respectively. However, it is not clear whether

or not theophylline has anti-inflammatory and immuno-
modulating effects in RA. Also the effect of NO on the actions
of theophylline in RA has not been investigated. Therefore, in
this study, the effects of theophylline alone and in combina-
tion with the NO donor, sodium nitroprusside (SNP) or
the NO synthase inhibitor, L-NG-monomethyl arginine
(L-NMMA) on the signs, cytokines and histopathology of
adjuvant arthritis in rats were carefully evaluated.

Methods

Animals
Adult female albino rats of the Sprague-Dawely strain weigh-
ing between 160 and 200 g were used. The animals were
acclimatized to a light- and temperature- controlled room
with a 12–12 h dark–light cycle. The rats were fed with com-
mercial pelleted rat feed and water was given ad libitum. Food
was placed on the floor of the cage to facilitate access, as the
pain that accompanies adjuvant-induced arthritis renders the
rats immobile and unable to use their hind limbs to obtain
food from the cover mesh of the cage. The experimental
protocol was approved by the local ethical committee.

Reagents and drugs
Complete Freund’s adjuvant (CFA) was purchased from Difco
laboratories (Detroit, MI, USA). Squalene was purchased from
MP Biomedicals, Inc. Theophylline, L-NMMA and SNP were
purchased from Sigma chemical (St. Louis, MO, USA). Hot
saline was used as a solvent for theophylline. SNP and
L-NMMA were easily dissolved in water.

Experimental induction of arthritis and drug treatment
In this study, adjuvant arthritis was induced in rats according
to previously described methods for the evaluation of RA.
Based on preliminary experiments, to increase the sensitivity
of the rats used to CFA, the method of Trentham et al. (1977)
was modified by intradermally injecting 0.1 mL of squalene
before the inoculation of CFA into a different site in the
sub-plantar surface of the right hind paw. Each animal in all
the groups, except those in the control non-adjuvant group,
was injected with 0.1 mL squalene and 0.1 mL CFA.

Eighty-eight rats were used in this study. Two groups (I and
II) of six animals each served as controls; these non-adjuvant
and untreated adjuvant arthritic rats received a daily i.p.
injection of saline. Other animals were randomly allocated to
two treatment protocols (prophylactic or therapeutic). Each
treatment protocol contained six groups of six animals. Drug
treatment was started on day 5 until day 14 for the prophy-
lactic protocol and on day 16 until day 25 for the therapeutic
protocol. The first three groups (III, IV and V) in each protocol
received i.p. theophylline alone at a dose of 45, 30 and
15 mg·kg-1·day-1 respectively. The other three groups (VI, VII
and VIII) were treated with 30 mg·kg-1·day-1 theophylline i.p.
combined with 1 mg·kg-1·day-1 SNP, 0.01 mg·kg-1·day-1 SNP or
30 mg·kg-1·day-1 L-NMMA respectively.

The day of inoculation was regarded as day 0, whereas day
16 was the day in which oedema in the contralateral,
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non-injected, hind paw was observed. This prophylactic
schedule of treatment was selected to evaluate the inhibitory
effect of theophylline on the development of arthritis in con-
tralateral hind paws. This protocol demonstrates the immu-
nomodulator effect of theophylline. However, a therapeutic
protocol was used to assess the anti-inflammatory effect of
theophylline on the development of arthritis.

Arthritis index, ankle diameter, volume of oedema in the
paws, body weight, rectal temperature and pain threshold to
pressure on hind paws, were measured daily from day 0 until
day 30 after adjuvant inoculation. At the end of the study, the
animals were killed and the blood was collected. Blood
samples were immediately centrifuged at 2012 g for 10 min
and serum samples were stored at -80°C until assayed for
TNF-a and interleukin-10 (IL-10). Specimens of ankle joint
tissues were also examined for histopathology.

Arthritis index
Rats were evaluated daily for arthritis. The physical symptoms
of arthritis were judged by the following grading system
(Wooley et al., 1981) normal paws; 1 = erythema of toes; 2 =
erythema and swelling of paws; 3 = swelling of ankles; 4 =
complete swelling of the whole leg and inability to bend it.
The maximum achievable score is thus 16. Arthritis index for
each rat was calculated by adding the four scores of individual
paws. A sensitized animal was considered to have arthritis
when at least one non-injected paw was inflamed (Philippe
et al., 1997).

Measurement of body weight and temperature in arthritic rats
The body weight of each rat was recorded before and daily
after adjuvant inoculation to assess food intake and weight
gain throughout the period of arthritis. The difference
between the body weight on a given day and that on day 0
was calculated to determine the change in body weight in
arthritic rats.

Body temperature, as an index of inflammation, was moni-
tored for rats, before and daily after disease induction between
0900 and 1100, using a rectal thermometer.

Measurement of ankle diameter and paw volume changes
Changes in the ankle diameter of both ipsilateral (injected)
and contralateral (non-injected) hind paws, from the height
on day 0, were assessed daily using a Vernier scale (Marry
et al., 1998).

Volumes of hind paws were measured before and daily after
adjuvant inoculation by using water displacement plethys-
mometry (David et al., 2001). The changes in the volumes of
the hind paws compared with those on day 0 were calculated.

Analgesimetry
Using a Ugo basile analgesimeter (Ugo Basile Biological
Research Apparatus, Comerio–Varese, Italy), a crescent pres-
sure (in grams) was applied separately to the posterior paws
until the animal displayed a reaction that consisted of with-
drawing the paw and/or vocalizing (Andersen and Tufik,

2000). The slide of the device moved at a speed of 16 mm·s-1.
The force on the paw was at rate of 16 g·s-1, so a distance of
11.5 mm is equivalent to 115 g. The pain threshold to pres-
sure on hind paws of rats was measured. The following
formula was used to calculate the percentage change in pres-
sure to the hind paws needed to elicit a response on day x for
each animal

Pressure on day x pressure
before adjuvant injection on day  

Pressure before adjuvant injection on day 
0

100

0

( ) ×

TNF-a and IL-10 assays
Animals were killed on day 30 after disease induction and
samples of blood were taken to separate sera from all animals.
Serum levels of TNF-a and IL-10 were determined using
enzyme-linked immunosorbent assay kits (from Bender Med-
systems, Vienna, Austria). Antibodies specific for rat TNF-a
and IL-10 were coated onto the wells of the microtitre strips
and the samples including standards of known rat TNF-a and
IL-10 were pipetted into the wells, incubated and washed.
Intensity of the colour was determined at 450 nm with a
correction wavelength of 630 nm.

Histopathological examination
Ankle joint tissues from control, arthritic and treated rats
were excised and fixed in 10% buffered formalin, decalcified
in 10% ethylenediaminetetraacetic acid, embedded in paraf-
fin, sectioned and stained with haematoxylin and eosin and
then evaluated under a light microscope. The evaluation
parameters were mononuclear inflammation, vascular prolif-
eration, oedema, synovial hyperplasia and vasculitis causing
fibrinoid necrosis on the vessel wall in periarticular and sub-
cutaneous adipose tissue (McCartney-Francis et al., 2003). The
pathological evaluation was performed randomly by a
pathologist, blind to the specimens.

Statistical analysis
The results are presented as the mean � standard error of the
mean. Changes in the arthritis index, body weight, tempera-
ture, paw volume, pain threshold to paw pressure and serum
levels of cytokines measured in different treatment groups
were compared with adjuvant untreated control group (group
II) and non-adjuvant control group (group I) by one-way
analysis of variance and Student’s t-test for significance. Also,
significance tests were calculated to determine the differences
between the effects of different doses of theophylline and
theophylline alone compared with theophylline in combina-
tion with SNP or L-NMMA.

Results

Arthritis index
Arthritis was successfully induced in the rats by the adminis-
tration of CFA and squalene. After induction of arthritis in the
control untreated group (group II), the injected hind paw
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(right one) showed, on day 1, obvious swelling of the ankle
and small joints of the foot with marked redness of the
inflamed joints, whereas the left non-injected hind paw
showed swelling and redness on day 16 after adjuvant inocu-
lation. On day 1 after adjuvant inoculation, the arthritis
index was 2.5 � 0.22. The arthritis index peaked on day 18
(6.17 � 0.17) and slightly decreased on the subsequent days
until the end of experiment on day 30 (5.67 � 0.21)
(Figure 1).

Prophylactic administration of theophylline significantly
decreased the arthritic scores in a dose-dependent manner.
The maximum effect of theophylline was recorded on day 30.
The arthritic scores of animals treated with 45, 30 and
15 mg·kg-1·day-1 on day 30 were 0.83 � 0.17, 1.4 � 0.2 and
1.67 � 0.2 respectively. The combination of 30 mg·kg-1·day-1

L-NMMA or 0.01 mg·kg-1·day-1 SNP with 30 mg·kg-1·day-1

theophylline significantly enhanced the inhibitory effect of
theophylline and decreased the arthritic score from 1.4 � 0.2
to 0.33 � 0.2 or 1.0 � 0.17 respectively. However, SNP at a
dose of 1 mg·kg-1·day-1 significantly reduced the inhibitory
effect of theophylline and the arthritic score was increased
from 1.4 � 0.2 in the group given a prophylactic dose of

30 mg·kg-1·day-1 theophylline alone to 2.33 � 0.2 (group VI)
(Figure 1).

Similarly, but to a lesser extent, therapeutic administration
of theophylline at all doses used (groups III, IV and V) signifi-
cantly decreased (P < 0.05) the arthritic scores on day 30 (2.83
� 0.17, 3.33 � 0.2 and 3.67 � 0.2, respectively) compared
with that of the adjuvant arthritic control (5.67 � 0.2). Treat-
ment of adjuvant arthritic rats with either 0.01 mg·kg-1·day-1

SNP or 30 mg·kg-1·day-1 L-NMMA (groups VII and VIII) and
30 mg·kg-1·day-1 theophylline caused a further significant
reduction of arthritic scores. The arthritic score decreased
from 3.33 � 0.2 with theophylline alone to 1.5 � 0.2 and 1.33
� 0.2 with the combined treatment in groups VII and VIII
respectively (Figure 1).

Body weight changes
In the present work, the body weight of the non-adjuvant
control rats (group I) increased significantly (P < 0.05) over
the observation period. However, the body weight of adjuvant
untreated control rats (group II) was markedly decreased start-
ing from day 5 and the maximum loss (11.9 � 0.2 g) was
observed on day 30 (Figure 2).
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Figure 1 Effect of prophylactic (A) and therapeutic (B) administration of theophylline on the arthritis index of adjuvant arthritic rats. *P < 0.05
versus group II; †P < 0.05 versus group IV.
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Prophylactic and therapeutic treatment of arthritic rats
with theophylline alone (groups III, IV and V) and in combi-
nation with either 0.01 mg·kg-1·day-1 SNP (group VII) or
30 mg·kg-1·day-1 L-NMMA (group VIII) not only prevented
the loss in the body weight of arthritic rats but also increased
it. The maximum increase in the body weight of arthritic rats
(9 � 0.1 g) was observed in the group of rats treated with
45 mg·kg-1·day-1 theophylline alone (group III) on day 30.
SNP (0.01 mg·kg-1·day-1) or L-NMMA (30 mg·kg-1·day-1) sig-
nificantly (P < 0.05) enhanced the increase in body weight of
arthritic rats caused by administration of 30 mg·kg-1·day-1

theophylline. In contrast, the combination of a therapeutic
dose of theophylline with 1 mg·kg-1·day-1 SNP resulted in a
loss, rather than an increase, in body weight (group VI)
(Figure 2).

Temperature changes
Control rats inoculated with CFA showed a large, transient
febrile response with local, acute inflammation, that peaked
on day 1 (38.7 � 0.1°C) followed by a return to the control
level on day 3. A second bout of fever that peaked on day 16
(38.1 � 0.1°C) was observed. Then the body temperature

returned to normal levels until the end of the experiments
on day 30 (37.5 � 0.1°C). Treatment of adjuvant arthritic
rats with theophylline, alone and in combination with
0.01 mg·kg-1·day-1 SNP or 30 mg·kg-1·day-1 L-NMMA, from
day 5 to day 14, abolished the second peak of fever on day 16.
In contrast, treating rats with theophylline in combination
with 1 mg·kg-1·day-1 SNP did not abolish the febrile peak on
day 16.

Changes in ankle diameter
Swelling and erythema with an increase in the diameter of the
ankle joint of the injected right hind paw was evident on day
3 in control untreated adjuvant-injected rats (group II). The
change in diameter of the right ankle joint significantly
increased on day 5 then slightly decreased until day 16. The
change of ankle diameter peaked again on day 20 (0.33 �

0.01 mm) with no marked change on the subsequent days
until the end of experiment on day 30 (0.32 � 0.01 mm).
Swelling of the ankle joint of the contralateral non-injected
left hind paw was observed on day 16. The change in left
ankle diameter was significantly increased on day 20 (0.44 �

0.01 mm) then decreased on the subsequent days until day
30, when it was 0.34 � 0.01 mm (Figure 3 and Table 1).
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Figure 2 Effect of prophylactic (A) and therapeutic (B) administration of theophylline on the change in body weight of adjuvant arthritic rats.
*P < 0.05 versus group II; †P < 0.05 versus group IV.
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Figure 3 Effect of prophylactic (A) and therapeutic (B) administration of theophylline on the change in right ankle diameter (mm) of adjuvant
arthritic rats. *P < 0.05 versus group II; †P < 0.05 versus group IV.

Table 1 Effect of prophylactic and therapeutic administration of theophylline on the changes in the left ankle diameter (mm) of adjuvant
arthritic rats

Drug treatment Change in left ankle diameter (mm)

Prophylactic Therapeutic

Day 14 Day 30 Day 25 Day 30

Saline-treated non-arthritic rats (group I) 0 0* 0 0*
Untreated arthritic rats (group II) 0.1 � 0.01 0.34 � 0.01 0.38 � 0.02 0.34 � 0.01
Theophylline-treated (45 mg·kg-1·day-1) arthritic rats (groups III) 0 0* 0.11 � 0.01* 0.1 � 0.001*
Theophylline-treated (30 mg·kg-1·day-1) arthritic rats (groups IV) 0 0* 0.14 � 0.04* 0.12 � 0.02*
Theophylline-treated (15 mg·kg-1·day-1) arthritic rats (groups V) 0 0* 0.16 � 0.02* 014 � 0.01*
Theophylline (30 mg·kg-1·day-1) in combination with SNP

(1 mg·kg-1·day-1) (groups VI)
0.1 � 0.01 0.1 � 0.01* 0.13 � 0.01* 0.15 � 0.03*

Theophylline (30 mg·kg-1·day-1) in combination with SNP
(0.01 mg·kg-1·day-1) (groups VII)

0 0* 0.13 � 0.01* 0.1 � 0.01*

Theophylline (30 mg·kg-1·day-1) in combination with L-NMMA
(30 mg·kg-1·day-1) (groups VIII)

0 0* 0.11 � 0.01* 0.1 � 0.01*

*P < 0.05 versus group II.
L-NMMA, L-NG-monomethyl arginine; SNP, sodium nitroprusside.
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Prophylactic and therapeutic administration of theophyl-
line alone (groups II, IV and V) significantly (P < 0.05) inhib-
ited the increase in the diameter of the right ankle observed in
control arthritic rats (group II). The maximum effect (0.14 �

0.02 mm) was seen with the therapeutic dose of theophylline,
45 mg·kg-1·day-1. The combination of either 30 mg·kg-1·day-1

L-NMMA (group VIII) or 0.01 mg·kg-1·day-1 SNP (group VII)
with 30 mg·kg-1·day-1 theophylline caused a marked enhance-
ment of the inhibitory effect of theophylline. The right ankle
diameters of animals in the prophylactic groups, VIII and VII,
were 0.07 � 0.001 mm and 0.12 � 0.03 mm respectively.
However, 1 mg·kg-1·day-1 SNP counteracted the inhibitory
effect of theophylline (group VI) (Figure 3).

Prophylactic theophylline administration alone and in
combination with either 0.01 mg·kg-1·day-1 SNP or
30 mg·kg-1·day-1 L-NMMA entirely prevented the increased
diameter of the left ankle joints diameters observed in
control arthritic rats. Although, therapeutic administration
of theophylline alone or in combination with either
0.01 mg·kg-1·day-1 SNP or 30 mg·kg-1·day-1 L-NMMA signifi-
cantly inhibited the increased diameter of the left ankle joint,
unlike prophylactic administration of these comounds, it

failed to abolish completely the swelling of the left ankle joint
(Table 1).

Changes in paw volume
Starting from day 1 after inoculation of CFA, the volumes of
the right hind paw of untreated control rats (group II) were
significantly increased (P < 0.05) compared with those of
non-adjuvant control animals (group I). The change in the
volume of the right paw was 1.38 � 0.15 mL on day 5 and
increased on day 30 to 1.57 � 0.1 mL. On the other hand,
little change was noticed in the volume of the left non-
injected hind paw before day 16. The increase in volume of
the left hind paw peaked on day 20; it was 0.3 � 0.03 mL then
slightly decreased on the subsequent days to 0.26 � 0.04 mL
on day 30 after adjuvant inoculation (Figure 4 and Table 2).

The increase in the right hind paw volume of arthritic rats
was significantly (P < 0.05) inhibited by the prophylactic, as
well as the therapeutic, administration of theophylline, in
dose-dependent manner; the prophylactic was more effective
than the therapeutic treatment. The changes in the right
hind paw volume of the groups treated with 45, 30 and
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Figure 4 Effect of prophylactic (A) and therapeutic (B) administration of theophylline on the change in right hind paw volume (mL) of
adjuvant arthritic rats. *P < 0.05 versus group II; †P < 0.05 versus group IV.
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15 mg·kg-1·day-1 theophylline were 0.89 � 0.03 mL, 0.96 �

0.04 mL and 1.12 � 0.1 mL respectively. Simultaneous
administration of L-NMMA (30 mg·kg-1·day-1) or SNP
(0.01 mg·kg-1·day-1) with theophylline (30 mg·kg-1·day-1)
resulted in a further significant (P < 0.05) reduction in the
volume of the right hind paw (0.4 � 0.01 mL or 0.54 �

0.04 mL respectively). In contrast, a high dose of SNP
(1 mg·kg-1·day-1) counteracted the inhibitory effect of theo-
phylline (increase in paw volume = 1.31 � 0.03 mL)
(Figure 4).

Prophylactic theophylline alone and combined with either
L-NMMA or a low dose of SNP entirely prevented the change
in the left hind paw volume (Table 2). However, the protective
effect of the therapeutic administration of theophylline alone
or combined with either L-NMMA or a low dose of SNP was
less than that of prophylactic theophylline. As with the right
hind paw, a high dose of SNP (1 mg·kg-1·day-1) reduced the
inhibitory effect of theophylline on the volume of the left
hind paw (Table 2)

Analgesimetry
Adjuvant inoculation into control rats (group II) was accom-
panied by hyperalgesia as evidenced by a reduction in the
pain threshold to pressure (grams) in the hind paws; this
continued until the end of the experiments on day 30. On day
30 after adjuvant inoculation, the pressure (g) that induced
pain in the right and left hind paws was reduced to 54.9 �

0.3% and 62 � 0.4%, respectively, of that at day 0 before
adjuvant injection. Prophylactic administration of theophyl-
line alone in groups III, IV and V (45, 30 and 15 mg·kg-1·day-1)
markedly (P < 0.05) decreased the hyperalgesia of the arthritic
rats; the pain threshold to pressure was increased in both
hind paws (Table 3). The inhibitory effect of theophylline
30 mg·kg-1·day-1 on the hyperalgesia of arthritic rats was sig-
nificantly (P < 0.05) enhanced by simultaneous administra-
tion of 30 mg·kg-1·day-1 L-NMMA (Table 3). However, the
maximum inhibitory effect on hyperalgesia in the right hind

paw was induced by a higher dose of theophylline alone
(45 mg·kg-1·day-1), which prevented entirely the hyperalgesia.
On the other hand, a high dose of SNP (1 mg·kg-1·day-1)
counteracted the inhibitory effect of theophylline (prophy-
lactic or therapeutic) on hyperalgesia (Table 3).

Therapeutic and prophylactic administration of theophyl-
line was also effective in reducing the hyperalgesia of the left
hind paw induced by adjuvant inoculation. Percentage
decrease in pressure was 1.8 � 0.01, 13 � 0.1,16 � 0.1 in the
groups injected therapeutically with 45, 30 or 15 mg·kg-1·day-1

theophylline respectively. Simultaneous administration of
30 mg·kg-1·day-1 L-NMMA with 30 mg·kg-1·day-1 theophylline
resulted in a further significant reduction of hyperalgesia in the
left hind paw (Figure 5).

Serum TNF-a and IL-10 levels in adjuvant arthritic rats
The serum TNF-a level was only slightly greater in untreated
adjuvant arthritic control rats (group II) than that of control
non-adjuvant saline-treated animals (group I) on day 30 and
this effect was not significant (Table 4). However, the serum
IL-10 level was significantly lower (P < 0.05) in adjuvant
untreated control arthritic rats compared with that in the
control non-arthritic rats. Levels of TNF-a in sera taken from
arthritic rats treated with 30 mg·kg-1·day-1 theophylline alone
(prophylactically or therapeutically) and in combination with
SNP or L-NMMA were also unchanged (P > 0.05) compared
with either saline-treated non-adjuvant rats (group I) or
untreated adjuvant arthritic control animals (group II)
(Table 4). IL-10 levels were significantly higher (P > 0.05) in
groups treated with theophylline alone or theophylline with
either a low dose of SNP or L-NMMA compared with those in
adjuvant arthritic control rats (group II). However, they were
not significantly lower than that of saline-treated rats in the
non-arthritic control group (group I) (Table 4).

Histopathological examination
Histopathological examination of the ankle joint tissue of
saline-treated, non-arthritic rats (group I) showed that the

Table 2 Effect of prophylactic and therapeutic administration of theophylline on the changes in left hind paw volume (mL) of adjuvant
arthritic rats

Drug treatment Change of left hind paw volume (mL)

Prophylactic Therapeutic

Day 30 Day 25 Day 30 Day 14

Saline-treated non-arthritic rats (group I) 0 0* 0* 0*
Untreated arthritic rats (group II) 0.04 � 0.01 0.26 � 0.04 0.26 � 0.04 0.26 � 0.04
Theophylline-treated (45 mg·kg-1·day-1) arthritic rats (groups III) 0 0* 0.1 � 0.01* 0.1 � 0.001*
Theophylline-treated (30 mg·kg-1·day-1) arthritic rats (groups IV) 0 0* 0.11 � 0.01* 0.1 � 0.01*
Theophylline-treated (15 mg·kg-1·day-1) arthritic rats (groups V) 0 0* 0.15 � 0.01* 0.14 � 0.01*
Theophylline (30 mg·kg-1·day-1) in combination with SNP

(1 mg·kg-1·day-1) (groups VI)
0.07 � 0.01* 0.08 � 0.01* 0.13 � 0.01* 0.14 � 0.01*

Theophylline (30 mg·kg-1·day-1) in combination with SNP
(0.01 mg·kg-1·day-1) (groups VII)

0 0* 0.13 � 0.01* 0.07 � 0.01*†

Theophylline (30 mg·kg-1·day-1) in combination with L-NMMA
(30 mg·kg-1·day-1) (groups VIII)

0 0* 0.1 � 0.01* 0.05 � 0.01*†

*P < 0.05 versus group II.
†P < 0.05 versus groups IV.
L-NMMA, L-NG-monomethyl arginine; SNP, sodium nitroprusside.
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joint space, synovial lining, articular cartilage and subchon-
dral bone were normal (Figure 6A). In contrast, the synovium
of adjuvant-arthritic control rats was oedematous and thick-
ened with a dense perivascular inflammatory infiltrate com-
posed of lymphocytes, plasma cells and macrophages, which
filled the synovial stroma. The vascularity was increased and
the inflamed and hyperaemic synovium crept over the articu-
lar cartilage forming a pannus and caused erosion of the
underlying cartilage (Figure 6B). In adjuvant-induced arthritic
rats given 30 mg·kg-1·day-1 theophylline, the proliferation
and infiltration of the inflammatory cells in the synovial
tissue were inhibited and the erosion of the articular cartilage
was alleviated when compared with the untreated adjuvant
arthritic rats (Figure 6C). Arthritic rats given 45 mg·kg-1·day-1

theophylline have minimal infiltration of inflammatory cells
into the synovium; the pannus was partly inhibited and the
destruction of the articular cartilage was alleviated when com-
pared with control adjuvant arthritic rats (Figure 6D). The
maximum inhibitory effect was seen in the group of rats given
therapeutic 30 mg·kg-1·day-1 theophylline in combination
with 0.01 mg·kg-1·day-1 SNP; the inflammatory cellular infil-
trate, in the synovium of this group of arthritic rats was
inhibited and the articular cartilage erosion attenuated. It is
clear that this dose of SNP markedly enhanced the inhibitory
effect of theophylline (Figure 6E). In arthritic rats given
30 mg·kg-1·day-1 theophylline in combination with L-NMMA,
there was minimal inflammatory cellular infiltrate in synovial
tissue and the pannus formation was partly inhibited; there
was some focal superficial cartilage erosion when compared
with untreated adjuvant arthritic rats (Figure 6F).

Discussion

In the present study, we carefully evaluated the prophylactic
and therapeutic potential of the non-specific PDE inhibitor,
theophylline, for the treatment of adjuvant-induced arthritis
in rats. Our findings show that theophylline has anti-

inflammatory and anti-arthritic effects. It was observed that
theophylline, after either prophylactic or therapeutic admin-
istration, markedly suppressed the adjuvant arthritis syn-
drome in rats. It reduced significantly the arthritis index, loss
in body weight, second peak of fever, increase in ankle joint
diameter, increase in hind paw volume, inflammatory cellular
infiltrate in the synovium of the ankle joints and pannus
formation. These protective and inhibitory effects of theo-
phylline were dose-dependent. The maximum effect was seen
with the largest dose of theophylline used (45 mg·kg-1·day-1).
Prophylactic administration (from day 5 to day 14) was more
effective against arthritis than therapeutic administration
(from day 16 to day 25) of theophylline. However, histo-
pathological findings revealed that the anti-inflammatory
effect of therapeutic theophylline was more effective than
prophylactic.

The anti-inflammatory activity of theophylline has been
mainly studied at the cellular or clinical level in the treatment
of airway inflammation (Sansone et al., 1998; Page, 1999;
Yamaguchi, 2003; Kanehara et al., 2008). However, a few
studies have evaluated the effect of theophylline in animal
models of inflammation and arthritis. The most recent one of
these reported that subcutaneous injection of theophylline
dose-dependently inhibited carrageenan-induced oedema in
the rat foot (Watanabe et al., 2008). These authors suggested
that the glucocorticoid receptor system is involved in the
anti-inflammatory activity of theophylline. Previous studies
had shown that theophylline exerted a dose-dependent anal-
gesic effect against acetic acid-induced writhing in mice and
an anti-inflammatory effect against carrageenan-induced paw
oedema in rats (Kumar et al., 2000). In our study we also
observed that theophylline protected rats against hyperalge-
sia induced by adjuvant inoculation in a dose-dependent
manner; the maximum protective effect was observed after
therapeutic administration of 45 mg·kg-1·day-1 theophylline.

In the present study, it was observed that there was a sig-
nificant loss in body weight of untreated arthritic rats. This
finding is in agreement with those of others who reported

Table 3 Effect of prophylactic and therapeutic administration of theophylline on the pressure needed to induce a response in the right hind
paw of adjuvant arthritic rats

Drug treatment % Decrease in pressure on right hind paw

Therapeutic Prophylactic

Day 30 Day 25 Day 30 Day 14

Saline-treated non-arthritic rats (group I) 3.5 � 0.1 2.3 � 0.1* 8 � 0.3* 2 � 0.1*
Untreated arthritic rats (group II) 26.7 � 1.4 54.9 � 3 46 � 2.6 54.9 � 3
Theophylline-treated (45 mg·kg-1·day-1) arthritic rats (groups III) 2 � 0.1* 0 14 � 0.7* 5 � 0.2*
Theophylline-treated (30 mg·kg-1·day-1) arthritic rats (groups IV) 14 � 0.9* 8.7 � 0.1* 18 � 0.9* 14 � 0.5*
Theophylline-treated (15 mg·kg-1·day-1) arthritic rats (groups V) 12.5 � 0.7* 10 � 0.1* 16 � 1.1* 12 � 0.9*
Theophylline (30 mg·kg-1·day-1) in combination with SNP

(1 mg·kg-1·day-1) (groups VI)
35.7 � 2.1† 28.6 � 0.3*† 28 � 1.3* 23 � 1.4*

Theophylline (30 mg·kg-1·day-1) in combination with SNP
(0.01 mg·kg-1·day-1) (groups VII)

23 � 1.1† 14.3 � 0.3* 13 � 0.9* 7 � 0.8*†

Theophylline (30 mg·kg-1·day-1) in combination with L-NMMA
(30 mg·kg-1·day-1) (groups VIII)

6 � 0.1*† 4 � 0.1*† 14 � 1.2* 8 � 1.1*†

*P < 0.05 versus group II.
†P < 0.05 versus groups IV.
L-NMMA, L-NG-monomethyl arginine; SNP, sodium nitroprusside.
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Figure 5 Effect of prophylactic (A) and therapeutic (B) administration of theophylline on the change in pressure (%) of the left hind paw of
adjuvant arthritic rats. *P < 0.05 versus group II; †P < 0.05 versus group IV.

Table 4 Effect of prophylactic theophylline alone or in combination with either SNP or L-NMMA on serum levels of TNF-a and IL-10 in
adjuvant arthritic rats

Group Drug treatment Serum levels (pg)

TNF-a IL-10

I Saline-treated (non-adjuvant) 30.7 � 2.3 345.6 � 44.4†
II Adjuvant arthritis (untreated) 31.04 � 1.4 171.6 � 24*
III Theophylline-treated (45 mg·kg-1·day-1) 27.2 � 1.8 340 � 38.6†
IV Theophylline-treated (30 mg·kg-1·day-1) 27.8 � 1.22 286.5 � 31.7†
V Theophylline-treated (15 mg·kg-1·day-1) 28.3 � 1.8 275 � 32.4†
IV Theophylline-treated (30 mg·kg-1·day-1) in combination with SNP (1 mg·kg-1·day-1) 28.8 � 0.7 340.9 � 60.6†
VII Theophylline (30 mg·kg-1·day-1) in combination with SNP (0.01 mg·kg-1·day-1) 30.2 � 2.4 312.2 � 43.4†
VIIII Theophylline (30 mg·kg-1·day-1) in combination with L-NMMA (30 mg·kg-1·day-1) 29.6 � 3.7 293.6 � 28.8†

Samples were taken from rats on day 30 after adjuvant inoculation.
*P < 0.05 versus saline-treated non-arthritic rats (group I).
†P < 0.05 versus saline-treated arthritic rats (group II).
IL-10, interleukin-10; L-NMMA, L-NG-monomethyl arginine; SNP, sodium nitroprusside; TNF-a, tumour necrosis factor–a.
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that body weight loss is an indication of an abnormal condi-
tion (Dardick et al., 1989; Koufany et al., 2008). Weight loss in
rats with adjuvant-induced arthritis can be explained by the
decrease in food intake observed throughout the period of the
study due to the immobility accompanying the hyperalgesia.
Our results demonstrate that theophylline inhibits the loss in
body weight of arthritic rats and increases the food intake.
This effect may be attributed to an improvement in the con-

dition of these rats as a result of the amelioration of the
hyperalgesia and inflammation associated with arthritis.

In the development of arthritis, a marked proliferation of
synovial fibroblasts in the joint leads to pannus formation,
which is the critical step in the destruction of cartilage and
bones. In the present study, we observed that theophylline
inhibited the infiltration of inflammatory cells into the syn-
ovium of arthritic rats and alleviated the destruction of the

Figure 6 Representative histopathology of left ankle joints of (A) normal control rats (normal synovial lining, articular cartilage and
subchondral bone), (B) untreated adjuvant arthritic rats, (C) adjuvant arthritic rats treated with 30 mg·kg-1·day-1 theophylline from day 16 to
day 25, (D) adjuvant arthritic rats treated with 45 mg·kg-1·day-1 theophylline from day 16 to day 25, (E) adjuvant arthritic rats treated with
30 mg·kg-1·day-1 theophylline in combination with 0.01 mg·kg-1·day-1 sodium nitroprusside (SNP) from day 16 to day 25, (F) adjuvant arthritic
rats treated with 30 mg·kg-1·day-1 theophylline in combination with 30 mg·kg-1·day-1 L-NG-monomethyl arginine from day 16 to day 25. Note
the dramatic inhibition of inflammatory cellular infiltrate and alleviation of articular cartilage erosion by therapeutic administration of
theophylline in combination with a low dose of SNP.
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articular cartilage. It also partially inhibited the pannus for-
mation. However, the pannus formation was inhibited most
in the group of rats injected with theophylline and a low dose
of SNP. Similar results have been reported in the literature
with the administration of cyclic AMP elevating drugs. Koba-
yashi et al. (2007) observed that administration of PDE4
inhibitors as rolipram, KF 66490 and SB207499 suppressed
the pannus-like inflammation by inhibiting cytokine produc-
tion by macrophages and the proliferation of fibroblasts into
the synovium .

The exact mechanism of the anti-inflammatory and anti-
arthritic action of theophylline cannot be determined from
the results of this study but several hypotheses can be put
forward. It is well known that the elevation of the intracellu-
lar level of cyclic AMP in leukocytes is accompanied by a
significant inhibition of the production of cytokines and
release of other inflammatory mediators (Teixeira et al., 1997).
Yamaguchi (2003) and others (Banner and Page, 1995) have
suggested that theophylline induces an anti-inflammatory
effect by suppressing the production of cytokines and the
resulting proliferative response.

The results from the present study demonstrated that serum
levels of IL-10 are significantly higher in the groups injected
with theophylline compared with those in untreated arthritic
rats. Keeping in mind the fact that IL-10 levels are signifi-
cantly lower in untreated arthritic rats compared with
non-arthritic control rats, we can cautiously suggest that
theophylline normalizes the IL-10 levels in arthritic rats. Our
observations are consistent with those of Mascali et al. (1996);
they found that theophylline slightly inhibited TNF-a levels
but its administration was associated with a 2.8-fold increase
in the spontaneous production of the anti-inflammatory
cytokine, IL-10.

However, in our study neither the prophylactic nor the
therapeutic administration of theophylline significantly
altered the serum level of TNF-a. With regard to the contri-
bution of TNF-a to the severity of adjuvant arthritis, our study
showed that serum TNF-a levels in untreated arthritic rats on
day 30 after inoculation of the adjuvant were not significantly
higher than those in normal rats. This observation is consis-
tent with those of Philippe et al. (1997) who reported that the
systemic TNF-a concentration had significantly increased 6 h
after adjuvant injection, peaked at 12 h, returned to near
control concentration on day 2, and was only slightly
increased on day 20 and thereafter.

Cyclic AMP elevating PDE inhibitors can influence NO syn-
thase (iNOS) activation in different cell types in vitro, and
their potent anti-inflammatory effects in experimental disease
models and clinical studies are frequently accompanied by a
profound modulation of NO production (Markovic et al.,
2003). Yoshikawa et al. (2002) suggested that all types of phos-
phodiestrase inhibitors from types I to V, specific and non-
specific, suppress the production of NO by mouse microglia
and astrocytes stimulated with lipopolysaccharide in a dose-
dependent manner. In addition, the non-specific PDE inhibi-
tor, pentoxifylline, and the specific PDE4 inhibitor, rolipram,
have been found to suppress iNOS at the mRNA level and NO
production in vitro and in vivo; an effect that could be benefi-
cial in NO-mediated inflammatory and/or autoimmune
disorders (Beshay et al., 2001)

Our present results are in remarkably good agreement with
those of the aforementioned studies and provide evidence
that inhibition of NO production is involved in the anti-
inflammatory and anti-arthritic effects of PDE inhibitors. In
our experiments, the anti-inflammatory and anti-arthritic
actions of theophylline were potentiated markedly by
L-NMMA, a non-specific NOS inhibitor. In contrast, a high
dose of SNP, a NO donor, counteracted the anti-inflammatory
and anti-arthritic effect of theophylline.

Another interesting finding in our study was the enhance-
ment of the anti-inflammatory and anti-arthritic effect of
theophylline by a low dose of SNP, a NO donor. Therefore, we
propose that a low dose of the NO donor, SNP, may exert a
negative feedback regulation of iNOS activities and have a
reverse effect of the high dose of SNP (Gomaa et al., 2009).

In summary, we present data showing that theophylline, a
non-specific PDE inhibitor, has an anti-inflammatory, anti-
arthritic and anti-hyperalgesia effects adjuvant arthritic
rats that are dose-dependent. These effects were markedly
enhanced by the non-specific NOS inhibitor, L-NMMA, and a
low dose of the NO donor, SNP. We suggest that a low dose of
the NO donor exerts negative feedback regulation of iNOS, an
enzyme that catalyses the synthesis of NO, and possesses a
similar action to the NOS inhibitor, L-NMMA. These findings
suggest that theophylline in combination with a non-specific
NOS inhibitor or a low dose of a NO donor may have thera-
peutic value for various chronic inflammatory diseases such
as RA.
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