SHOCK, vol. 7, No. 5, pp. 371-375, 1997

AMRINONE AND THEOPHYLLINE DIFFERENTIALLY REGULATE
CYTOKINE AND NITRIC OXIDE PRODUCTION IN ENDOTOXEMIC MICE

Zoltan H. Németh’, Gydrgy Haské', Csaba Szab6™* and E. Sylvester Vizi®
"Department of Pharmacology, Institute of Experimental Medicine, Hungarian Academy of Sciences,
Budapest, Hungary; and *Division of Critical Care Medicine, Children’s Hospital Medical Center,
Cincinnati, Ohio 45229-3039

Received 11/1/96; accepted in the final form 12/9/96.

ABSTRACT—Intracellular cyclic nucleotide levels play an important role in the regulation of several

immunological processes. Since elevation of intracellular cyclic adenosine monophosphate and/or cyclic . -

guanosine monophosphate concentration by inhibition of phosphodiesterase (PDE) is known to modulate
the inflammatory response, we compared the effect of amrinone, an inhibitor of the PDE Ill iscenzyme, and
of theophylline, a nonspecific PDE inhibitor, on the plasma tumor necrosis factor-« (TNF-q), interleukin-6
(IL-6), interleukin-10 (IL-10), and nitric oxide response in mice to intraperitoneal injection of bacterial
lipopolysaccharide (LPS). Intraperitoneal treatment of animals with amrinone (100 mg/kg) 30 min before
LPS administration decreased both plasma IL-6 and IL-10 concentrations in the first phase of the response,
but enhanced plasma levels of these cytokines in the second part. In contrast, pretreatment of the animals
with theophylline (100 mg/kg) enhanced LPS-induced plasma IL-6 and IL-10 levels during the whole
response. However, pretreatment with both PDE inhibitors resulted in a marked inhibition of LPS-evoked
plasma concentrations of TNF-a and nitrite/nitrate (breakdown products of nitric oxide) throughout the
response. This study demonstrates for the first time that amrinone and theophylline possess differential, but

primarily anti-inflammatory, properties during LPS-induced systemic inflammation in the mouse.

INTRODUCTION

The most severe manifestation of the systemic inflammatory
response to infection is septic shock, which is the major cause
of mortality in the critical care units worldwide. There are
various stages of shock, which are associated with immune
activation and immune suppression, respectively. The immune
activation is due to enhanced release of macrophage-derived
endogenous proinflammatory mediators, which include tumor
necrosis factor-a (TNF-a) (1), interleukin-1 (IL-1) (2), and
nitric oxide (NO) (3). TNF-« and IL-1 are key intermediates in
the induction of NO synthesis in response to immune stimuli
(3-5). The enhanced formation of NO by the macrophage-type
inducible nitric oxide synthase (iNOS) importantly contributes
to the peripheral vasodilation and vascular hyporeactivity to
vasoconstrictor agents in endotoxic shock (3-5). In addition to
the production of proinflammatory mediators, the host also
provides counteracting signals that terminate the hyperreactive
phase of the immune response. For example, IL-10 is an
anti-inflammatory cytokine that down-regulates bacterial lipo-
polysaccharide (endotoxin, LPS)-elicited TNF-« and NO pro-
duction and protects mice against lethal endotoxic shock (6).
Interleukin 6 (IL-6) is also released in inflammatory processes.
However, its role is controversial, inasmuch as some studies
demonstrate the anti-inflammatory properties of this cytokine
(7, 8), while others report its harmful effects (9).

It is well documented that intracellular cyclic nucleotide
concentrations play an important role in the modulation of
cytokine and NO production (10). Many classical pharmaco-
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logical agents involved in the regulation of intracellular cyclic
adenosine monophosphate (cAMP) levels such as PGE, (11) or
ligands of «,-adrenergic (12), B-adrenergic (13), dopamine
(14), and adenosine receptors (15) can influence the production
of pro- and anti-inflammatory cytokines and of NO in response
to LPS. In addition, drugs able to elevate intracellular cAMP
and/or cyclic guanosine monophosphate (cGMP) concentra-
tions via inhibition of phosphodiesterases (PDEs), the enzymes
that degrade these cyclic nucleotides, also produce a wide
range of effects on the cytokine response (10). Although five
different isotypes of PDEs have been identified (16), recent
studies have demonstrated that inflammatory cells contain pre-
dominantly type III and type IV PDEs (17-20). Whereas the
PDE III subtype degrades both cAMP and cGMP with similar
kinetics (19), the PDE IV isoenzyme metabolizes only cAMP.

In the present study, we compared the effect of the PDE IIT
inhibitor amrinone and the nonselective PDE inhibitor theo-
phylline on the production of TNF-a, IL-6, IL-10, and NO.
Theophylline, being most potent on the PDE 1V isotype (21),
preferentially increases the intracellular concentrations of
cAMP rather than those of cGMP. On the other hand, amri-
none, by inhibiting PDE III, indiscriminately elevates intracel-
lular cAMP and ¢cGMP. Therefore, employment of these two
compounds seemed to be useful in characterizing the role of
PDE HI and PDE 1V in the LPS-induced inflammatory cas-
cade.

MATERIALS AND METHODS

Animals

The animal experiments have been performed with the approval of the
Animal Care and Use Committee of the Hungarian Academy of Sciences. Male
Swiss mice (20-25 g) were purchased from Charles River Laboratories
(Budapest, Hungary), and kept in the animal unit for at least 7 days before use.
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Food and water were available ad libitum, and lighting was maintained on a
12 h cycle. Mice were placed in individual cages 1 day before the experiments.

Experimental design for plasma TNF-a, IL-6, and IL-10
measurements

All experiments were started between 10 and 11 a.m. Animals (eight to nine
in each group) were injected intraperitoneally (i.p.) with drug vehicle, theo-
phylline, or amrinone in a volume of .1 mL/10 g body weight. Thirty minutes
later, they were challenged with an injection of i.p. LPS. The animals were
killed at 45, 90, 135, and 180 min; 45, 90, 135, 180, 270, and 360 min; and 1,
2,3,5,7, and 9 h after LPS treatment in the case of TNF-q, IL-6, and IL-10,
respectively. Blood was collected in ice-cold Eppendorf tubes containing
ethylenediamine-tetraacetic acid and centrifuged for 10 min at 4°C. The
plasma was stored at —70°C until assayed.

Experimental design for plasma NO measurement

Animals were injected i.p. with drug vehicle, theophylline, or amrinone (as
described above), followed by an i.p. LPS challenge (20 mg/kg) 30 min later.
Blood was taken at 6, 10, and 24 h after LPS injection, and processed in a
similar manner to that for determinations of TNF-«, IL-6, and IL-10.

Cytokine assays

Plasma levels of TNF-a, IL-6, and IL-10 were determined using solid-phase
enzyme-linked immunosorbent assay (ELISA), employing the multiple anti-
body sandwich principle that specifically detects murine TNF-¢, IL-6, and
IL-10 (Genzyme, Boston, MA). Assays were performed according to the
manufacturer’s instructions. Plasma samples were diluted to 1:2; 1:70, and 1:4
for IL-10, IL-6, and TNF-q, respectively, prior to cytokine measurement.
Plates were read at 450 nm by a microplate reader (model 450, Bio-Rad,
Richmond, CA). Absorbency was recalculated as concentration (ng/mL) using
standard curve by Microplate Manager/PC Data Analysis Software (Bio-Rad).
Detection limits were <.15 pg/mL, <5 pg/mL, and <15 pg/ml, for IL-10,
IL-6, and TNF-a, respectively. The baseline values detected in the present
study and the magnitude of the LLPS-induced increases in the cytokine plasma
levels were similar to previously reported values (15).

Measurement of plasma nitrite/nitrate (breakdown
products of NO) concentrations

For determination of total nitrite/nitrate concentrations in plasma samples,
nitrate was first converted to nitrite by incubation with 60 mU nitrate reductase
and 25 uM NADPH for 180 min. Nitrite was then measured as previously
described (22) by adding Griess reagent (1% sulfanilamide and .1% naphth-
ylethylenediamide in 5% phosphoric acid) to plasma samples diluted (1:10) in
phosphate buffered saline. The optical density at 550 nm (ODss,) was mea-
sured by using a Bio-Rad 450 microplate reader. Nitrite/nitrate concentrations
were calculated by comparison with ODs;, of standard solutions of sodium
nitrite and sodium nitrate. The measurements of nitrite/nitrate were performed
using reagents free of nitrite and nitrate: no basal or background nitrite or
nitrate levels were detected.

Materials

LPS from Escherichia coli O111:B4, amrinone, theophylline, and all other
drugs were obtained from Sigma (St. Louis, MO). Amrinone and theophylline
were dissolved in a solution containing 2% Tween 80 and 98% physiologic
saline.

Statistical analysis

Values in the figures and the text are expressed as mean * SEM of n
observations. Statistical analysis of the data were performed by one-way
analysis of variance followed by Tukey-Kramer multiple comparison test, as
appropriate. A p value less than .05 was considered statistically significant.

RESULTS

Differential effect of amrinone and theophylline on the
production of IL-10 in endotoxemic mice

Intraperitoneal pretreatment of animals with 100 mg/kg of
amrinone 30 min before LPS injection resulted in a significant
decrease in LPS-induced plasma IL-10 concentrations at 1, 2,
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and 3 h, but a significant enhancement of the levels of this
cytokine at 5 h (Fig. la). In contrast, pretreatment of the
animals with theophylline (100 mg/kg; i.p.) 30 min before LPS
injection caused a significant augmentation of LPS-induced
plasma levels of IL.-10 at 1, 2, and 3 h after the LPS challenge
(Fig. 1b).

Differential effect of amrinone and theophylline on LPS-
induced IL-6 plasma levels in mice

In control animals, LPS (.5 mg/kg) induced an increase in
plasma IL-6 levels that reached their peak at 135 min, started
to decrease thereafter, and returned to baseline at 360 min (Fig.
1, ¢ and d). Intraperitoneal injection of the animals with am-
rinone (100 mg/kg) 30 min before the LPS challenge signifi-
cantly reduced plasma IL-6 levels at 90, 135, and 180 min.
During this period, IL-6 concentrations were constantly lower
than 8.34 = 1.78 ng/mL (n = 9). However, after 180 min, the
plasma levels of this cytokine started to increase and reached a
value of 24.15 = 8.12 ng/mL (n = 9) at 360 min. At this point,
IL-6 levels tended to be higher in amrinone-pretreated animals
than in control animals; however, the difference did not reach
statistical significance (Fig. 1¢). Intraperitoneal pretreatment of
the animals with 100 mg/kg of theophylline 30 min before LPS
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Fic. 1. Effect of pretreatment with amrinone (100 mg/kg) (a) and
theophylline (100 mg/kg) (b) on LPS-induced plasma IL-10 levels at
different points after i.p. administration of 10 mg/kg of LPS. Amri-
none (100 mg/kg) (c) and theophylline (100 mg/kg) (d) differentially
regulate LPS-induced plasma IL-6 concentrations at different points
after i.p. administration of 0.5 mg/kg of LPS. Amrinone (100 mg/kg) (e)
and theophylline (100 mg/kg) (f) pretreatment suppresses plasma
TNF-« levels following i.p. challenge of mice with 0.5 mg/kg of LPS.
Data are the mean = SEM of eight to nine mice per group (*p < .05,
**p < .01, *™p < .005).
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injection significantly enhanced LPS-induced plasma concen-
trations of IL-6 at 90 and 135 min after the LPS challenge (Fig.
1d).

Both theophyliine and amrinone suppress LPS-induced
TNF-« plasma levels in mice

Intraperitoneal injection of LPS (.5 mg/kg) caused an ele-
vation of TNF-a plasma concentrations, which peaked at 90
min, started to decline thereafter, and became almost undetect-
able at 180 min. Intraperitoneal pretreatment of animals with
amrinone (100 mg/kg) (Fig. le) or theophylline (100 mg/kg)
(Fig. 1f) 30 min before LPS administration significantly
blunted LPS-induced plasma levels of TNF-« at 45 and 90 min
and at 45, 90, and 135 min, respectively.

Both amrinone and theophylline inhibit plasma levels of
nitrite/nitrate in LPS-treated mice

In response to LPS (20 mg/kg; i.p.), a marked eclevation of
plasma nitrite/nitrate levels was seen at 6 and 10 h following
LPS challenge (Fig. 2). Pretreatment of animals with amrinone
(100 mg/kg) (Fig. 2a) or theophylline (100 mg/kg) (Fig. 2b)
significantly blunted this LPS-induced nitrite/nitrate response.

DISCUSSION

In the present study we have demonstrated that amrinone
and theophylline differentially regulate IL-10 production in
endotoxemic mice. Pretreatment of animals with theophylline
resulted in an augmentation of LPS-induced IL-10 levels
throughout the whole observation period. In contrast, amrinone
almost fully prevented the LPS-evoked release of IL-10 into
the plasma in the first phase of the response, whereas it
clevated the plasma levels of this cytokine in the second part.
This was an unexpected observation because many studies
have documented that elevation of intracellular cAMP concen-
trations by various PDE inhibitors brings about an augmenta-
tion of IL-10 production (23-25). In addition, it has been
suggested that there is a link between increased production of
IL-10 and decreased release of TNF-« (23), indicating that
IL-10 is the physiological shut-off signal for TNF-a. In light of
our data, however, this is not always the case. A possible
explanation for differential regulation of IL-10 production by
these two compounds is that they differentially modulate the
intracellular cGMP:cAMP ratio; in the case of amrinone, this
ratio is supposed to be higher than at the application of theo-
phylline. This might be because amrinone, by inhibiting PDE
III, increases ¢cGMP and cAMP levels to a similar extent,
whereas theophylline, being most potent on the cAMP-specific
PDE IV (21), might preferentially elevate the intracellular
levels of cAMP rather than those of ¢cGMP. This proposal
might be supported by the finding of Kauffman et al. (26)
demonstrating that in vascular tissue, the percentage of in-
crease in ¢cGMP levels by inhibition of PDE III is generally
greater than the percentage of increase in cAMP concentra-
tions. Thus, an increase in the cGMP:cAMP ratio might have
been responsible for the decrease of IL-10 production by
amrinone in the first part of the response. Furthermore, this
ratio might have decreased in the second phase due to a more
prompt cGMP degradation. In this case, still elevated intracel-
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Fic. 2. Amrinone (100 mg/kg) (a) and theophylline (100 mg/kg)
(b) suppress LPS-induced plasma nitrite/nitrate levels (breakdown
products of NO) 6 and 10 h after i.p. administration of 20 mg/kg of
LPS. Data are the mean + SEM of eight to nine mice per group (*p <
.01, *p < .005).

lular cAMP levels might have given rise to an enhanced IL-10
production in the second part of the response.

As with IL-10, IL-6 plasma levels were significantly de-
creased by amrinone in the first, but not in the second, phase of
the response. On the other hand, as in the case of IL-10, IL-6
levels were significantly enhanced by theophylline throughout
the response. Again, the differential regulation of IL.-6 produc-
tion by amrinone and theophylline may have been caused by
the opposite modulation of cGMP:cAMP ratio by these two
drugs.

In agreement with the findings of previous studies (27-30),
we showed that TNF-a production was inhibited by both
amrinone and theophylline. In the context of those observa-
tions, which demonstrate that increase of intracellular cGMP
potentiates TNF-o production, the inhibitory effect of amri-






