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Suppression of IL-12 production by
phosphodiesterase inhibition in murine
endotoxemia is IL-10 independent
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Phosphodiesterase (PDE) inhibitors are potent regulators of various immune processes.
Immune cells contain type IV and type lll PDE. Here we studied in mice the effects of roli-
pram, a selective PDE |V inhibitor, and amrinone, a selective PDE Il blocker, on plasma
levels of IL-12 (p70), IFN-y, IL-1, TNF-q, and nitric oxide (NO) induced by intraperitoneal
injection of Escherichia coli lipopolysaccharide (LPS) (80 mg/kg). Pretreatment of BALB/c
mice with both rolipram (1-25 mg/kg) and amrinone (10-100 mg/kg) decreased plasma IL-
12 levels in a dose-dependent manner. Similarly, LPS-elicited plasma IFN-y concentrations
were suppressed by both rolipram and amrinone. However, LPS-induced plasma IL-1a
levels were not affected by either of these compounds. In addition, rolipram inhibited IL-12,
IFN-y, TNF-a and nitrite/nitrate (breakdown products of NO) production in C57BL/6 IL-10**
mice as well as in their IL-10-deficient counterparts (C57BL/6 IL-107"). Our results suggest
that rolipram and amrinone decrease the immune activation in endotoxemia through inhibi-
tion of the production of pro-inflammatory mediators IL-12, IFN-y, TNF-a. and NO. These
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effects are not the consequences of the increase in IL-10 production by PDE inhibition.

Key words: Lipopolysaccharide / Cytokine / Cyclic AMP / IFN-y / TNF-a

1 Introduction

IL-12, produced mainly by cells of the innate immune
system in response to an antigenic challenge, is a key
cytokine in the induction of an inflammatory response
both in infectious and autoimmune diseases [1]. This
cytokine bridges the gap between innate and acquired
immunity, as accessory cell-derived IL-12 is one of the
main inducers of IFN-y in T lymphocytes and NK cells [1,
2]. In the mouse, the production of IL-12 importantly
contributes to the subsequent induction of IFN-y by high
doses of LPS [2]. In endotoxemic IL-10-deficient mice,
plasma IL-12 and IFN-y levels are greatly increased,
demonstrating that endogenous IL-10 down-regulates
[L.-12 and IFN-y production [3].

Considerable evidence suggests that alterations in intra-

cellular cyclic nucleotide concentrations have a pro-
found effect on cytokine production by inflammatory

[ 17450]
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cells [4-6]. Pharmacological agents, like catecholamines
and adenosine receptor agonists, which elevate intracel-
lular cyclic adenosine monophosphate (cCAMP) levels by
binding to cell surface receptors, have been shown to
potentiate the production of IL-10 [7, 8]. There is also evi-
dence that PGE,, another agent which increases intra-
cellular cAMP, inhibits IL-12 production, but augments
IL-10 release in human whole blood cultures [9]. An
increase in IL-10 production and a parallel suppression
of TNF-a release was demonstrated using the cyclic
nucleotide phosphodiesterase (PDE) type IV inhibitor
rolipram [10] or the non-selective PDE blocker theophyl-
line [11]. Inhibitors of type Ill PDE, the other isotype that
is present in inflammatory cells, decreased TNF-a
release [12], but did not elevate [10] or even inhibited the
formation of IL-10 [11]. Rolipram and the selective PDE
[l inhibitor amrinone are potent anti-inflammatory
agents. They have been shown to be protective in endo-
toxic shock models [12, 13] and administration of these
agents has been proven beneficial in animal models of
rheumatoid arthritis [13] and multiple sclerosis [14]. These
effects have been related to their ability of suppressing
TNF-a production [12-14]. However, the role of other
pro-inflammatory mediators in the anti-inflammatory
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effects of these selective PDE inhibitors has been less
well studied. In this respect the regulation of IL-12 and
IFN-y production may be crucial, as these cytokines are
central in the pathogenesis of endotoxin shock, rheu-
matoid arthritis, insulin-dependent diabetes mellitus, or
multiple sclerosis [1]. In the present study we report that
rolipram and amrinone inhibit the LPS-induced produc-
tion of IL-12 and IFN-y in an in vivo mouse model. In
addition, using mice deficient in IL-10 production, we
demonstrate that the inhibitory effect of rolipram on
IL-12, IFN-y, and even TNF-a and nitric oxide (NO)
is independent of its ability to potentiate IL-10 release.

2 Results and discussion

in BALB/c mice, the i.p. injection of LPS (80 mg/kg)
caused the elevation of plasma IL-12 levels at 2 h after
the LPS challenge, which peaked at 4 h after LPS injec-
tion and returned to baseline levels at 8 h (not shown).
This time course is consistent with that found by a previ-
ous study [2]. Intraperitoneal pretreatment of the mice
with the selective type IV PDE inhibitor rolipram (1-25
mg/kg) or the type lll blocker amrinone (10-100 mg/kg)
brought about a dose-dependent suppression of
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Figure 1. Both rolipram (a) and amrinone (b) decrease LPS-
induced plasma IL-12 (p70) levels in BALB/c mice. The ani-
mals were pretreated i.p. with various doses of rolipram or
amrinone 30 min before i. p. administration of 80 mg/kg LPS.
IL-12 plasma levels were determined 4 h after the LPS chal-
lenge. Data are the mean + SEM of six to nine mice per
group. * indicates p < 0.05; ** indicates p < 0.01.

Phosphodiesterase inhibitors and IL-12 production 469
a
1.57
= T
g
o5 1-01
v
0.51
E seokk
, vz
vehicle rolipram amrinone
2507
=200 _
| T
&
21501
e
3 100 7
o _
= 50 7

vehicle rolipram amrinone

Figure 2. Effects of rolipram (25 mg/kg) and amrinone (100
mg/kg) on LPS-induced plasma IFN-y (a) and IL-1 (b) levels
in BALB/c mice. The animals were pretreated with rolipram
(25 mg/Kkg, i.p.) or amrinone (100 mg/kg, i.p.) 30 min before
i.p. administration of 80 mg/kg LPS. Data are the mean =+
SEM of six to nine mice per group. ** indicates p < 0.01; ™~
indicates p < 0.005.

plasma IL-12 as determined at 4 h after LPS exposure
(Fig. 1a, b).

Also in BALB/c mice, i.p. injection of LPS gave rise to an
elevation of plasma IFN-v levels that reached 1.15 + 0.11
ng/ml (n = 7) at 8 h after LPS injection (Fig. 2a). Previous
studies reported that this point represents the peak of
the IFN-vy response in LPS-treated mice [2, 15]. Pretreat-
ment of the animals with both rolipram (25 mg/kg) and
amrinone (100 mg/kg) significantly decreased plasma
IFN-v, as measured at 8 h following the LPS injection
(Fig. 2a). However, LPS-induced plasma levels of IL-1a
were not affected by either of these drugs, although a
tendency for inhibition, in the case of rolipram, was
observed (Fig. 2b).

Using IL-10 deficient mice it has been shown that during
endotoxemia this cytokine is critically involved in the
down-regulation of the pro-inflammatory mediators
[L-12, IFN-y, TNF-a, and NO [3]. As previous studies have
demonstrated that inhibition of the PDE IV isotype, but not
of PDE Il [10, 11], augments IL-10 production, we wished
to determine whether the inhibition by rolipram of
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pro-inflammatory mediators was due to elevated IL-10
plasma levels. To investigate this possibility, we pre-
treated C57BL/6 IL-10"* and C57BL/6 IL-10"" mice with
rolipram (25 mg/kg, i.p.) 30 min prior to LPS injection,
and determined plasma levels of I1L-10, IL-12, IFN-y, ni-
trite/nitrate, and TNF-a at 4 h after LPS injection. In the
C57BL/6 IL-10*" mice, rolipram elevated plasma IL-10
(Fig. 3a), but decreased plasma levels of IL.-12, IFN-y,
and nitrite/nitrate (Fig. 3b-d). In agreement with the find-
ings of Berg et al. [3], plasma levels of IL-12, IFN-y,
TNF-a, and nitrite/nitrate were significantly higher in
IL-10-deficient mice than in their wild-type counterparts,
with an over 60-fold elevation of IL-12 (Fig. 3b). However,
rolipram maintained its ability to decrease the production
of IL-12, IFN-y, and nitrite/nitrate in these IL-10-deficient
mice, and the extent of inhibition was similar or even
greater than in the wild-type mice (Fig. 3b-d). Therefore,
it can be suggested that the down-regulation of the pro-
duction of these cytokines by rolipram cannot be attri-
buted to the increased release of IL-10. In control
C57BL/6 IL-107" mice, plasma levels of TNF-a were
62.00 = 1.50 ng/ml (n = 7), whereas in the rolipram-
treated group, plasma TNF-a levels dropped to 22.25 +
3.30 ng/ml (n 8) (p < 0.005). Similarly, rolipram
decreased plasma TNF-a in the C57BL/6 IL-10"" mice,
as measured at 2 h after the LPS injection (15.64 + 2.32
ng/ml in controls and 4.83 + 0.67 ng/ml in rolipram-
pretreated animals, n = 7 in both groups, p < 0.005).

Since rolipram has been shown to protect mice from
endotoxemic death [13], we assessed whether this drug
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is able to decrease mortality rates in LPS-treated IL-10-
deficient mice. While only 2 out of 10 control C57BL/6
IL-10"" mice survived an LPS dose of 2 mg/kg, rolipram
pretreatment (25 mg/kg) afforded a significant protec-
tion, as 8 of 10 mice surviced the LPS challenge in this
group (p = 0.0253, Chi-square test). These results show
that rolipram can exert its beneficial effect on survival
even in the absence of endogenous IL-10.

Our results showing that rolipram and amrinone
decrease IL-12 and IFN-y production in vivo and the fact
that these drugs exert their effects by elevating intracel-
lular cAMP levels [6] suggest that an elevation of the
intracellular concentration of this cyclic nucleotide in
inflammatory cells suppresses the production of these
cytokines. In this respect, these data are consistent with
those of van der Pouw Kraan et al. [9] who showed that
PGE,, an agent that exerts its effects by raising intracel-
lular cAMP, decreased IL-12 release in human whole
blood. These authors also demonstrated that the inhibi-
tory effect of PGE, on IL-12 production was independent
of its capacity to augment IL-10 release. This is in con-
cert with our observation that the inhibition by rolipram of
LPS-induced plasma [L-12 could be reproduced in
IL-10-deficient mice.

Taken together, the results presented here demonstrate
for the first time that the PDE inhibitors rolipram and
amrinone inhibit the production of pro-inflammatory
cytokines IL-12 and IFN-vy. In addition, we have proven
that the inhibitory activity of rolipram on IL-12, IFN-y,
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Figure 3. Effect of rolipram (25 mg/kg, i.p.) on LPS-induced plasma IL-10 (a), IL-12 (b}, IFN-y (c), and nitrite/nitrate (d) concentra-
tions in C57BL/6 IL-10** (open bars) and C57BL/6 IL-107 (hatched bars) mice. Rolipram was injected 30 min before LPS (80
mg/kg, i.p.). Data are the mean + SEM of six to nine mice per group. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p

< 0.005.
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TNF-a and NO production is not the consequence of its
potentiating effect on IL-10. These findings may provide
an additional rationale for the therapeutic use of PDE inhi-
bitors in autoimmune diseases and/or endotoxin shock.

3 Materials and methods

3.1 Animals and materials

Male BALB/c mice (20-25 g) were purchased from Charles
River Laboratories (Budapest, Hungary). Male C57BL/6
IL-10"* and C57BL/6 IL-107" mice (20-25 g) were obtained
from the Jackson Laboratory (Bay Harbor, ME). Rolipram
(4-[3-(cyclopentyloxy)-4-methoxyphenyl]-2-pyrrolidinone)
was purchased from Research Biochemicals Inc (Natick,
MA). LPS from E. coli 0111:B4, amrinone (5-amino-[3,4’-
bipyridin]-6[1H]-one), and all other drugs were obtained from
Sigma Chemical Co. (St. Louis, MO).

3.2 Experimental design for plasma IL-12, IFN-y, IL.-1a,
IL-10 and TNF-a measurements

Animals were injected i.p. with drug vehicle, rolipram, or
amrinone in a volume of 0.1 ml/10 g body weight. Thirty mi-
nutes later, they were challenged with 80 mg/kg of LPS ad-
ministered i.p. The animals were killed at 2-8 h after LPS
treatment. Blood was collected in ice-cold Eppendorf tubes
containing heparin and centrifuged for 10 min at 4°C. The
plasma was stored at =70 °C until assayed.

3.3 Experimental design for plasma nitrite/nitrate
(breakdown products of NO) measurements

Animals were injected i.p. with drug vehicle or rolipram (as
described above), followed by ani.p. LPS challenge (80 mg/
kg) 30 min later. Blood was taken 4 h after LPS injection and
processed in a manner similar to that for determinations of
cytokines.

3.4 Cytokine assays

Plasma levels of IL-12 (p70), IFN-y, IL-1a, IL-10 and TNF-a
were measured using murine ELISA kits purchased from
Genzyme Co. (Boston, MA). Plates were read at 450 nm by
a Spectramax 250 microplate reader from Molecular De-
vices (Sunnyvale, CA).

3.5 Measurement of plasma nitrite/nitrate
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
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for 180 min. Nitrite was then measured by adding Griess
reagent (1 % sulfanilamide and 0.1 % naphthylethylenedia-
mide in 5% phosphoric acid) to plasma samples diluted
(1:10) in PBS. The absorbance at 550 nm was measured
using the Spectramax 250 microplate reader. Nitrite/nitrate
concentrations were calculated by comparison with the
absorbance at 550 nm of standard solutions of sodium ni-
trite and sodium nitrate.

3.6 Statistical evaluation

Values in the figures and text are expressed as mean.+ SEM
of n observations. Statistical analysis of the data was per-
formed by one-way analysis of variance followed by Dun-
nett’s test, as appropriate. p < 0.05 was considered statis-
tically significant.
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