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Adenosine Receptor Agonists Differentially Regulate IL-10,
TNF-a, and Nitric Oxide Production in RAW 264.7
Macrophages and in Endotoxemic Mice'

Gyorgy Haské,* Csaba Szab6,*" Zoltan H. Németh,* Vladimir Kvetan,*
Stephen McCarthy Pastores,” and E. Sylvester Vizi**

Adenosine released into the extracellular space by immunologic and nonimmunologic stimuli has been shown to regulate
various immune functions. In this study we report that i.p. pretreatment of mice with CGS-21680 HCI (CGS), a selective agonist
of A, adenosine receptors, at 0.2 to 2 mg/kg caused an augmentation of plasma IL-10 levels induced by i.p. injection of LPS, but
decreased plasma levels of LPS-induced TNF-a. 2-Chloro-N°-cyclopentyladenosine (CCPA), an agonist of A; adenosine recep-
tors, at 0.5 mg/kg diminished LPS-induced plasma TNF-a concentrations, but enhanced LPS-induced IL-10 levels only at the
highest dose used (2 mg/kg). The specific A; adenosine receptor agonist 1-deoxy-1-[6-[[(3-iodophenyl)methyllamino]-9H-purin-
9-yl]-N-methyl-g-p-ribofuranuronamide, at 0.2 and 0.5 mg/kg potentiated LPS-stimulated IL-10 production and inhibited LPS-
induced TNF-a production. LPS-induced plasma nitrite and nitrate levels (the breakdown products of nitric oxide (NO)) were
suppressed by CGS and CCPA. In the RAW 264.7 macrophage cell line, pretreatment of the cells with both CGS and CCPA
inhibited LPS-induced IL-10, TNF-e, and NO production, each in a concentration-dependent manner. The inhibitory effect of
these drugs on cytokine and NO production was associated with improved mitochondrial respiration. Neither CGS nor CCPA
affected the LPS-induced nuclear translocation of transcription factor nuclear factor-«B in these cells. These results demonstrate
that adenosine receptor stimulation differentially modulates the LPS-induced production of IL-10, TNF-a, and NO in vitro and
in vivo. The increase in LPS-induced 1L-10 production and suppression of LPS-induced TNF-« and NO production caused by
adenosine receptor activation may explain some of the immunomodulatory actions of adenosine released in excess during

inflammatory and/or ischemic insult.  The Journal of Immunology, 1996, 157: 4634-4640.

ost defense responses to infection or tissue injury are
orchestrated by mononuclear phagocytes. These im-
mune cells are activated by a wide variety of stimuli,
including microbial products, tissue injury, tumor cells, and host-
derived peptide or nonpeptide regulatory factors. Upon activation,
macrophages secrete various inflammatory mediators, including
cytokines, arachidonic acid metabolites, reactive oxygen metabo-
lites, and nitric oxide (NO).? In the setting of infection, mononu-
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clear phagocytes are important as 1) a source of Ag-nonspecific
antimicrobial factors and 2) APCs for the activation of T cells. LPS
is one of the most well-characterized macrophage-activating fac-
tors. It induces the production of various cytokines and other in-
flammatory mediators that can be either pro- or anti-inflammatory.
TNF-« is a pro-inflammatory cytokine that is recognized as a cen-
tral mediator of endotoxemia and other forms of inflammation (1).
In addition, the endogenous production of TNF-a is a key inter-
mediate in the induction of NO synthesis in response to LPS (2).
IL-10 was initially described as a Th2 product that inhibited the
secretion of cytokines by Thl T cell clones (3). Recently, it has
been demonstrated that monocytes and macrophages also produce
IL-10 (4, 5) and that macrophages appear to be a major source of
circulating IL-10 in response to LPS (6). IL-10 inhibits the syn-
thesis of various cytokines (TNF-c, IL-1, IFN-vy, IL-6, and gran-
ulocyte-macrophage CSF) secreted by monocytes/macrophages in
response to activation by LPS (3). IL-10 also suppresses the pro-
duction of other macrophage-derived factors, such as NO (7) and
reactive oxygen intermediates (8), and down-regulates the expres-
sion of the MHC class II Ag (5). In experimental models of en-
dotoxemia and other inflammatory states, endogenous and exoge-
nous IL-10 has been shown to be protective (9, 10).

During conditions associated with metabolic stress, a rapid deg-
radation of intracellular ATP occurs, leading to the accumulation
of intracellular adenosine, which subsequently is released into the
extracellular milieu. Inflammatory states, ischemia, and tissue in-
jury represent pathologic states in which intracellular ATP metab-
olism is accelerated, resulting in an enhanced release of adenosine
from metabolically active cells. It has been demonstrated in endo-
toxemic rabbits that rapid decreases in muscle ATP, creatine phos-
phate, and total adenine purine concentration occur, paralleling
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increases in plasma hypoxanthine and creatine, the breakdown
products of adenosine (11, 12). The effects of adenosine on various
inflammatory and other immune-mediated processes are well doc-
umented (13-15). In this respect, the effect of adenosine on mono-
nuclear phagocytes appears to be a central event. Adenosine A,
(A,), adenosine A, (A,), and adenosine A, (A,) receptors are
present on the monocyte/macrophage cell line (16-18). As a result
of interaction between adenosine or selective adenosine receptor
agonists and the various adenosine receptors, these agents have
been shown to be able to modulate monocyte/macrophage func-
tions, such as phagocytosis (19), NO production (20), chemotaxis
(21), C, production (22), and MHC class II Ta™ expression (23). In
addition, adenosine or its analogues regulate cytokine production
both in vitro and in vivo (24-29). Furthermore, adenosine deriv-
atives protect mice from lethal LPS challenge (20, 25).

In the present study, our goal was to determine the effects of
2-chloro-N°-cyclopentyladenosine (CCPA), an A, receptor ago-
nist, and CGS-21680 HCI (CGS), an agonist of A, receptors, on
the production of circulating IL-10, TNF-a, and NO in endotoxemic
mice. In addition, we investigated the effects of these agents on IL-10,
TNF-a, and NO secretion in cultured macrophages stimulated with
LPS. Since the activation of the transcription factor nuclear fac-
tor-kB (NF-«B) is considered a crucial event in macrophage acti-
vation in response to LPS (30), we studied the effects of A; and A,
agonists on LPS-evoked activation of NF-kB in vitro. Finally, we
studied the effect of the new A, receptor agonist 1-deoxy-1-[6-[[(3-
iodophenyl)methyl]amino]-9H-purin-9-yl]-N-methyl-3-p-ribofuranu-
ronamide (IB-MECA), on LPS-induced II.-10 and TNF-« production.

Materials and Methods

Animals

Male BALB/c mice (20—25 g) were purchased from Charles River Labo-
ratories (Budapest, Hungary). Animals received food and water ad libitum,
and lighting was maintained on a 12-h cycle.

Materials

CGS, CCPA, and IB-MECA were obtained from Research Biochemicals,
Inc. (Natick, MA). DMEM was purchased from Life Technologies (Grand
Island, NY). LPS from Escherichia coli 055:B5 and all other drugs were
obtained from Sigma Chemical Co. (St. Louis, MO).

In vivo experiments

Experimental design for plasma IL-10 and TNF-« measurements. An-
imals were injected i.p. with drug vehicle, CGS, CCPA, or IB-MECA in a
volume of 0.1 ml/10 g body weight. Thirty minutes later, they were chal-
lenged with 4 mg/kg of LPS administered i.p. The animals were killed 45
to 360 min after LPS treatment. Blood was collected in ice-cold Eppendorf
tubes containing EDTA and centrifuged for 10 min at 4°C. The plasma was
stored at —70°C until assayed.

Experimental design for plasma NO measurements. Animals were in-
jected i.p. with drug vehicle, CGS, or CCPA (as described above), followed
by an i.p. LPS challenge (4 mg/kg) 30 min later. Control animals that did
not receive LPS were injected with the same volume of physiologic saline.
Blood was taken 8 h after LPS injection and processed in a manner similar
to that for determinations of IL-10 and TNF-a.

Cytokine assays. Cytokine levels in plasma and cell culture supernatants
were determined by ELISA. Plasma levels of IL-10 were measured using
ELISA kits purchased from Endogen (Boston, MA). Concentrations of
TNF-« in plasma and of TNF-« and IL-10 in cell culture supernatants were
determined using ELISA kits obtained from Genzyme (Genzyme Corp.,
Boston, MA). Assays were performed according to the manufacturer’s
instructions.

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 for 120 min, and then nitrite was measured by the Griess reaction
(see below).
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In vitro experiments

Cell culture. The mouse macrophage cell line RAW 264.7 was cultured in
DMEM. Cells were treated with LPS (10 ug/ml) for 24 h in the presence
or the absence of various concentrations (10-300 uM) of CCPA or CGS.
Measurement of IL-10 and TNF-a. 1L-10 and TNF-a production 24 h
after LPS stimulation was measured in samples of cell culture supernatant
using ELISA kits as described above.

Measurement of nitrite concentration. Nitrite in culture supernatants at
24 h or in plasma (after conversion of nitrate to nitrite, see above) was
measured, as previously described (31), by adding 100 ul of Griess reagent
(1% sulfanilamide and 0.1% naphthylethylenediamide in 5% phosphoric
acid) to 100-ul samples of medium or diluted plasma samples, respec-
tively. The OD at 550 nm (ODs5,) was measured using a Spectramax 250
microplate reader (Molecular Devices, Sunnyvale, CA).

Measurement of mitochondrial respiration. Mitochondrial respiration, an
indicator of cell viability, was assessed by the mitochondria-dependent
reduction of 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) to formazan (31). Cells in 96-well plates were incubated with MTT
(0.2 mg/ml) for 60 min at 37°C. Culture medium was removed by aspira-
tion, and cells were solubilized in DMSO (100 ul). The extent of reduction
of MTT to formazan within cells was quantitated by measurement of
ODss, using a Spectramax microplate reader.

Preparation of nuclear extracts and NF-xB Western blotting. Cells were
treated with LPS in the presence and the absence of CGS or CCPA (300
uM) for 90 min. Mininuclear extracts were prepared as previously de-
scribed (32). Briefly, cells were scraped, and pellets were resuspended in
400 wl of cold buffer A (HEPES, pH 7.9 (10 mM); KCI (10 mM); EDTA
(0.1 mM); EGTA (0.1 mM); DTT (1 mM); PMSF (0.5 mM); pepstatin A (1
wg/ml); leupeptin (10 pg/ml); and aprotinin (10 pg/ml)) on ice for 15 min in
the presence of 25 jul 1% Nonidet P-40. Then, samples were vortexed, cen-
trifuged for 1 min at 10,000 X g, and the pellet was resuspended with 100 ul
of buffer B (HEPES, pH 7.9 (20 mM); NaCl (400 mM); EDTA (1 mM);
EGTA (1 mM); DTT (1 mM); PMSF (0.5 mM); pepstatin A (1 ug/ml); leu-
peptin (10 wg/ml); and aprotinin (10 ug/ml)). After shaking on a rocker plat-
form for 15 min at 4°C, samples were centrifuged for 15 min at 10,000 X g
at 4°C. Seventy-microliter aliquots were then treated with 150 ul of SDS-
PAGE sample buffer. Western blotting was performed (as described above)
with rabbit anti-mouse NF-kB as the primary Ab (Santa Cruz Biotechnology,
Santa Cruz, CA; 1/750 in Tween/Tris-buffered saline (0.02%)).

Statistical evaluation

Values in the figures and text are expressed as mean = SEM of n obser-
vations. Statistical analysis of the data was performed by one-way analysis
of variance followed by Dunnett’s test, as appropriate. p < 0.05 was con-
sidered statistically significant.

Results
Effects of CGS, CCPA, and IB-MECA on LPS-induced plasma
IL-10 and TNF-a in mice

Intraperitoneal injection of LPS (4 mg/kg) resulted in the elevation
of plasma IL-10 concentrations, which peaked at 90 min and had
almost returned to baseline levels at 6 h (Fig. la). Intraperitoneal
pretreatment of animals with CGS, a selective agonist of A, re-
ceptors, 30 min before LPS injection resulted in a significant aug-
mentation of LPS-induced plasma IL-10 90 and 180 min after the
LPS challenge (Fig. 1a). Peak levels of IL-10 were shifted to the
180 min point in CGS-treated animals (Fig. 1a). The potentiation
of LPS-induced IL-10 levels was dose dependent, as determined at
90 min (Fig. 1b). In addition, there was a dose-dependent inhibi-
tion of LPS-induced TNF-« levels by CGS pretreatment 90 min
following LPS injection (Fig. lc). Similarly, pretreatment of mice
with IB-MECA, a selective A, receptor agonist (0.2 and 0.5 mg/
kg) enhanced LPS-induced plasma IL-10 levels and reduced
plasma concentrations of LPS-induced TNF-«, as measured 90
min following the LPS challenge (Table I).

Pretreatment of animals with CCPA, an agonist of A, receptors,
30 min before LPS injection resulted in an increase in LPS-in-
duced plasma IL-10 concentrations 90 min after the LPS treatment
only at the highest dose of the drug used (2 mg/kg; Fig. 2a). A
similar pretreatment of mice with CCPA caused a dose-dependent
reduction of LPS-induced TNF-a plasma concentrations 90 min
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FIGURE 1. a, Effect of pretreatment with the A, receptor agonist CGS

(2 mg/kg) on LPS-induced plasma IL-10 levels at different points after
LPS administration. b, Effects of pretreatment with various doses of
CGS on the LPS-induced plasma IL-10 concentrations 90 min after LPS
administration. ¢, Effects of pretreatment with various doses of CGS on
LPS-induced plasma TNF-a concentrations 90 min after LPS adminis-
tration. LPS was injected i.p. at a dose of 4 mg/kg. Data are the mean =
SEM of six to nine mice per group. *, Indicates p < 0.05; **, indicates
p < 0.01; ***, indicates p < 0.005.

after LPS administration (Fig. 2b). The dose dependency of this
effect was similar to that of CGS.

Effects of CGS and CCPA on plasma levels of nitrite/nitrate
in LPS-treated mice

In response to LPS at 4 mg/kg (i.p.), a marked (>10-fold) signif-
icant increase in plasma nitrite/nitrate concentrations was observed
at 8 h (Table II). Pretreatment of animals with CGS or CCPA (at
1 or 2 mg/kg) significantly suppressed LPS-induced nitrite/nitrate
production (Table II).

CGS and CCPA inhibit the production of IL-10 and TNF-a
and the formation of nitrite in LPS-stimulated RAW 264.7
macrophage cells

Treatment of the RAW 264.7 cells with CGS or CCPA (10-300
uM) caused a dose-dependent inhibition of IL-10 and TNF-« and

ADENOSINE AGONISTS AND CYTOKINE AND NO PRODUCTION

Table I.  Effect of two doses of the selective A; adenosine receptor
agonist IB-MECA on LPS-induced IL-10 and TNF-a plasma levels®

IL-10 TNF-a
Plasma Levels Plasma Levels
Pretreatment (ng/ml) (ng/ml)
Vehicle + LPS 2.95 £ 0.31 13.84 = 1.22
200 pg/kg IB-MECA + LPS 12.15 = 3.45% 6.60 = 1.84*
500 upg/kg IB-MECA + LPS 16.94 = 4.43** 3.82 £ 0.57**

2 Mice were injected i.p. with either drug vehicle or IB-MECA followed by an
i.p. LPS challenge (4 mg/kg) 30 min later. IL-10 and TNF-« levels from plasma
were determined 90 min after LPS injection. Pretreatment of mice with IB-MECA
caused a significant enhancement of LPS-induced IL-10 and a significant sup-
pression of LPS-induced TNF-a production. Data are means * SEM of 6 to 9
mice per group (*p < 0.05, **p < 0.01).
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FIGURE 2. Effects of pretreatment with different doses of the A; re-
ceptor agonist CCPA on LPS-induced plasma TNF-« (b) and plasma
IL-10 (a) concentrations 90 min after i.p. administration of 4 mg/kg
LPS. Data are the mean *= SEM of six to nine mice per group. **,
Indicates p < 0.01; ***, indicates p < 0.005.

the formation of nitrite in RAW 264.7 cells stimulated with LPS
(10 ug/ml) for 24 h (Fig. 3, a—c). There were no significant dif-
ferences in the potency of inhibition between the A; and A, ago-
nists used. At the highest concentration used (300 uM), both CGS
and CCPA ameliorated the LPS-induced suppression of mitochon-
drial respiration, as assessed by the reduction of MTT to formazan
(Fig. 3d).

Effects of CGS and CCPA on LPS-induced nuclear
translocation of NF-kB

Stimulation of RAW 264.7 cells with LPS (10 ug/ml) for 90 min
resulted in an increase in the nuclear translocation of the transcrip-
tion factor NF-«B (Fig. 4). However, pretreatment of the cells with
both CGS and CCPA did not affect the LPS-induced nuclear trans-
location of this transcription factor (Fig. 4).






