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1 Leptin, a pleiotropic hormone believed to regulate body weight, has recently been associated with
in¯ammatory states and immune activity. Here we have studied the e�ect of leptin on expression of
IFN-g-induced nitric oxide synthase (iNOS) and cyclo-oxygenase-2 (COX-2), both prominent
markers of macrophage activation, using the murine macrophage J774A.1 cell line.

2 After 24 h of incubation, leptin (1 ± 10 mg ml71) potently synergized with IFN-g (100 U ml71) in
nitric oxide (NO) release, evaluated as nitrite and nitrate (NOx), and prostaglandin E2 (PGE2)
production in culture medium.

3 The observed increase of NO and PGE2 was related to enhanced expression of the respective
inducible enzyme isoforms, measured in mRNA and protein by RT±PCR and Western blot
analysis, respectively.

4 When cells were stimulated only with leptin, a weak induction of NO and PGE2 release and of
the expression of related inducible enzymes was observed.

5 Moreover IFN-g increased the expression of the functional form of leptin receptor (Ob-Rb) and
this e�ect was potentiated by leptin in a concentration-dependent manner.

6 These data suggest that macrophages, among the peripheral immune cells, represent a target for
leptin and con®rm the relevance of this hormone in the pathophysiology of in¯ammation.
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Introduction

Recent studies clearly indicate that leptin, originally related
only to the regulation of body weight and energy expenditure,

plays a role as an immunoregulatory hormone (Fantuzzi &
Faggioni, 2000). Leptin stimulates the in¯ammatory response,
T-lymphocyte proliferation, and Th1 cytokine production
during fasting in normal and in fed ob/ob mice, indicating

that leptin is an important link between nutrition and the
immune system (Lord et al., 1998). Studies of rodents with
genetic abnormalities in leptin or leptin receptors revealed

obesity-related de®cits in macrophage phagocytosis and
expression of pro-in¯ammatory cytokines both in vivo and in
vitro, which were reversed by exogenous leptin treatment

(Lo�reda et al., 1998). On the other hand, a variety of
cytokines, such as tumour necrosis factor (TNF), leukaemia
inhibitory factor (LIF) and interleukin-1 (IL-1) induced leptin

synthesis (Grunfeld et al., 1996; Sarraf et al., 1997; Janik et al.,
1997), contributing to anorexia and weight loss in several
in¯ammatory diseases (Sarraf et al., 1997; Janik et al., 1997;
Schwartz & Seeley, 1997).

Moreover, immunocompetent cells, such as lymphocytes
and macrophages (Bennet et al., 1996; Bouloumie et al., 1998;
Gainsford et al., 1996; O'Rourke et al., 2001), express the

transmembrane form of leptin receptor (Ob-R) and the
primary structure of this receptor shows homologies to the

class I cytokine receptor family (Tartaglia et al., 1995;
Tartaglia, 1997).
Macrophages modulate in¯ammatory and immune re-

sponses by synthesizing several cytokines and mediators,

which alone or in combination with LPS have been found to
induce the co-expression of pro-in¯ammatory enzymes such
as nitric oxide synthase (iNOS) and cyclo-oxygenase-2 (COX-

2) (Di Rosa et al., 1996). These inducible isoform enzymes
are responsible for the production of large amounts of nitric
oxide (NO) and prostaglandins (PGs) at the in¯ammatory

site (Nussler & Billiar, 1993; Lee et al., 1992).
In light of the involvement of leptin in immune and

in¯ammatory response, we have investigated the pro-

in¯ammatory e�ect of this hormone in in vitro studies.
In particular, the aim was to study the e�ect of leptin alone

or in combination with IFN-g on the induction of the
expression of iNOS and COX-2 and the synthesis of their

metabolites, NO and PGE2, using the macrophage cell line
J774A.1, where functional leptin receptor (Ob-Rb) is
expressed (O'Rourke et al., 2001). It is well known that

IFN-g, whose production is induced by leptin in lymphocytes
(Lord et al., 1998), stimulates innate cell-mediated immunity
and, above all, the activation of macrophages.
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Methods

Materials

The murine macrophage cell line J774A.1 was obtained from
the European Collection of Animal Cell Cultures (Salisbury,
Wiltshire, U.K.). Recombinant mouse leptin was from

NIDDK's National Hormone & Peptide Program. Foetal
bovine serum (FBS), tissue culture media, and supplements
were purchased from Hy-Clone (Road Logan, UT, U.S.A.).

Bovine serum albumin, Bio-Rad protein assay, 3-(4,5di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
and anti-b- actin antibody (clone AC-15) were from Sigma

(St. Louis, MO, U.S.A.). Recombinant mouse IFN-g was
obtained from Calbiochem (La Jolla, CA, U.S.A.). PCR
primers were synthesized by `Servizio di Biologia Moleco-

lare, Stazione Zoologica A. Dohrn' (Naples, Italy). iNOS
and COX-2 were detected on Western blot with monoclonal
antibodies (N39120, clone 54, and C22420, clone 33,
respectively) from Transduction Laboratories (Lexington,

KY, U.S.A.); the polyclonal antibody against the extra-
cellular membrane portion of leptin receptor (Ob-R) raised
in rabbit was obtained from A�nity Bioreagents (Golden,

CO, U.S.A.); the peroxidase conjugated secondary anti-
bodies were purchased from Jackson (West Grove, PA,
U.S.A.). Agarose conjugate (Protein A/G Plus-agarose) was

obtained from Santa Cruz Biotechnology, Inc (Santa Cruz,
CA, U.S.A.). EIA kit for prostaglandin E2 was provided by
Cayman (Ann Arbor, MI, U.S.A.); Detoxi-gelTM endotoxin

removing gel columns were obtained from Pierce (Rockford,
IL, U.S.A.).

Cell culture

The murine macrophage J774A.1 cell line was cultured in 75-
cm2 ¯asks in DMEM supplemented with 10% FBS, 2 mM L-

glutamine, 100 U ml71 penicillin, and 100 mg ml71 strepto-
mycin, 130 mg ml71 pyruvate, 25 mM HEPES at 378C under
5% CO2 humidi®ed air.

Cell treatments

J7774A.1 cells were plated in complete medium (10%

FBS) in P-60 well plates (1.56106 dish). After 2 h to
allow adhesion, cells were treated with leptin (1, 3 and
10 mg ml71) alone or in combination with IFN-g
(100 U ml71) in medium at 5% FBS. Before use, leptin
solutions were ®ltered with Detoxi-gelTM columns in order
to remove pyrogens. After 24 h of incubation, thereafter

the supernatants were separated and kept frozen at 7808C
until assayed for NO and PGE2 measurement, while cells
were lysed. In another set of experiments cells were

stimulated as before and mRNAs were extracted after
16 h of incubation.

NOx and PGE2 assay

NO3
7 and NO2

7 (NOx), stable metabolites of NO, present in
the supernatant of cells, were measured according to

Thomsen et al. (1991). After reducing nitrate (NO3
7) to

nitrite (NO2
7) with the use of acid-washed cadmium powder,

NO2
7 amounts were measured by Griess reaction. In brief,

100 ml of cell culture medium were mixed with 100 ml of
Griess reagent (equal volumes of 1% (w v71) sulphanilamide
in 5% (v v71) phosphoric acid and 0.1% (w v71)

naphtylethylenediamine-HCl) and incubated at room tem-
perature for 10 min, and then the absorbance at 550 nm was
measured in a microplate reader Titertek (Dasit, Cornaredo,
Milan, Italy). The amount of NO2

7 in the samples (in

micromolar units) was calculated from a sodium nitrite
standard curve.

PGE2 levels in macrophage supernatants were quanti®ed

by EIA kit according to manufacturer's instructions.

MTT assay for cell viability

Proliferation studies were performed in a 96-well plate.
J774A.1 cells were plated 60,000 well71 and, after 120 min,

treated with leptin at increasing concentrations (0.03, 0.1, 0.3,
1, 3 and 10 mg ml71) in DMEM 5% FBS. Before use, leptin
solutions were ®ltered with Detoxi-gelTM columns in order to
remove pyrogens. After 24 h of incubation at 378C, 3-

(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT, 5 mg ml71) was added to each well; 3 h later the
cells were lysed with lysis bu�er 20% SDS and 50% DMF,

pH 4.7). After an incubation of 18 h at 378C, the optical
densities (OD620) for the serial dilutions of leptin were
compared to the OD of the control wells to assess cell

viability (Mosmann, 1983).

RT±PCR analysis

Total RNA was extracted by a modi®ed method of
Chomczynski & Sacchi (1987), using TRIzol Reagent (Life
Technologies, Milan, Italy) according to the manufacturer's

instructions. Reverse transcription was performed by a
standard procedure (Brenner et al., 1989) using 2 mg of total
RNA. After reverse transcription, 2 ml of RT products were

diluted in 48 ml of PCR mix, to give a ®nal concentration of
50 U ml71 of Taq DNA polymerase (Life Technologies, Milan,
Italy), 4 mM of 5' and 3' primers, 50 mM of each dNTP, 1.5 mM

MgCl2, and 16PCR bu�er (20 mM Tris-HCl, pH 8.4, 50 mM

KCl). cDNAs underwent the number of cycles as indicated: 35
cycles for COX-2, 28 cycles for iNOS and b-actin, and 34 cycles
for Ob-Rb transcript, each one performed at 948C for 1 min,

Tm8C for 1 min, and 728C for 1 min. After this treatment 10 ml
of RT ±PCR products were separated by 1.5% agarose gel
electrophoresis in TBE 16(Tris-base 0.089 M, boric acid

0.089 M) containing 0.2 mg ml71 of ethidium bromide. Frag-
ments of DNA were seen under UV light. b-actin was used as
an internal reference.

Speci®c primer sequences were as follows:

5' primer

b-actin TCACCCACACTGTGCCCATCTACGA
iNOS TGCCCTTCAATGGTTGGTA
COX-2 TTTGTTGAGTCATTCACCAGACAGAT
Ob-Rb GATATTTGGTCCTCTTCTTCTGG

3' primer
b-actin GGATGCCACAGGATTCCATACCCA

iNOS ACTGGAGGGACCAGCCAAAT
COX-2 CAGTATTGAGGAGAACAGATGGGATT
Ob-Rb AGTTGTGGTGAAATCATGGTGGG
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Western blot analysis

After 24 h of incubation, cells were washed twice with ice

cold phosphate-bu�ered saline (PBS), harvested, and resus-
pended in Tris-HCl (20 mM pH 7.5), 10 mM NaF, 150 mM

NaCl, 1% Nonidet P-40, 1 mM phenylmethylsulphonyl
¯uoride, 1 mM Na3VO4, leupeptin and trypsin inhibitor

(10 mg ml71). After 1 h, cell lysates were obtained by
centrifugation at 100,000 g for 15 min at 48C. Protein
concentrations were estimated by the Bio-Rad protein assay

using bovine serum albumin as standard.
Fifty micrograms of protein (cell lysates) were subjected

to 8% SDS±PAGE and transferred to polyvinylidene

di¯uoride membrane. The ®lter was then blocked with
16PBS, 5% non fat dried milk and incubated with
speci®c antibodies in 16PBS, 5% non fat dried milk,

0.1% Tween 20 overnight at 48C. We used the speci®c
mAbs against iNOS (1 : 10,000) or COX-2 (1 : 500). Leptin
receptor (Ob-R) was demonstrated by a polyclonal anti-
body (1 : 2000. Thereafter, ®lters were incubated with the

secondary antibody (anti-mouse IgG or anti-rabbit IgG
peroxidase conjugate 1 : 10,000 dilution) for 1 h at room
temperature. Subsequently, blots were developed using

enhanced chemiluminescence detection reagents (Amer-
sham), and exposed to Kodak X-Omat ®lm. To ascertain
that blots were loaded with equal amounts of protein

lysates, they were also incubated in the presence of the
antibody against the b-actin protein. The protein bands of
iNOS (*130 kDa), and COX-2 (*70 kDa) on X-ray ®lm

were scanned and densitometrically analysed with a model
GS-700 imaging densitometer (Bio-Rad Laboratories,
Segrate, Milan, Italy).

Immunoprecipitation

To evaluate leptin-induced iNOS expression, immunoprecipi-

tation of iNOS was performed on lysates (0.5 mg 0.3 ml71)
from leptin-stimulated cells (1, 3, 10 mg ml71). Each lysate
was precleared with normal mouse serum (1 mg) and 20 ml of
agarose conjugate (Protein A/G Plus-agarose, Santa Cruz
Biotechnology, Inc.) for 2 h at 48C. Precleared lysates were
then incubated overnight with 1 mg of anti-iNOS at 48C.
Subsequently 50 ml of agarose conjugate were added and

incubated 2 h at 48C. The immunoprecipitates were washed
and resuspended in Laemmli's sample bu�er, subjected to 6%
SDS-polyacrylamide gel and immunoblotted as described

above.

Data analysis

Data are reported as mean+s.e.mean values of independent
experiments, which were done at least three times, each time

with three or more independent observations. Statistical
analysis was performed by ANOVA test, and multiple
comparisons were made by Bonferroni's test.

Results

As shown in Figure 1A, leptin (1 ± 10 mg ml71) induced a
weak concentration-dependent increase in NOx accumulation
in J774A.1 cell supernatant, which became signi®cant at

10 mg ml71 (P50.05). Incubation of macrophages with
increasing concentrations of leptin potentiated signi®cantly
IFN-g (100 U ml71)-induced NO release at 3 and 10 mg ml71

(P50.05 and P50.001, respectively; Figure 1B). Moreover,
leptin induced an increase of PGE2 production (P50.05 at
10 mg ml71; Figure 2A) and potentiated IFN-g-induced PGE2

release (Figure 2B). This e�ect was signi®cant at 3 and

10 mg ml71 leptin (P50.05, and P50.001, respectively vs
IFN-g).
Since NO and PGE2 production is proportional to cell

number, to exclude a possible interference of leptin
proliferative e�ect on mediator release, leptin activity on cell
viability was seen. Following leptin incubation (0.03 ±

10 mg ml71), no change in cell proliferation was seen. An
inhibitory e�ect on cell proliferation was seen only at the
highest concentration used (22.85+2.64% of inhibition,

P50.01 vs controls).
Since elevated production of NOx and PGE2 in activated

macrophages requires induction of iNOS and COX-2
enzymes, we have evaluated their expression on proteins

and mRNA. Lysates, prepared from the same cells used to
generate the data presented in Figures 1 and 2, were
subjected to SDS ±PAGE and analysed for iNOS and

COX-2 expression by Western blot analysis (Figure 3A).
For iNOS, no bands were observed in lysates from
unstimulated or leptin-stimulated cells. Predominant expres-

sion of iNOS (130 kDa) was observed in cell lysates
prepared from cells stimulated with IFN-g that was

Figure 1 E�ect of leptin on NO release. Leptin signi®cantly
increases NOx production (A) and enhances NOx induced by IFN-g
in J774A.1 macrophage supernatant (B). Data are expressed as
mean+s.e.mean of at least three experiments; *P50.05 vs control;
#P50.05, and ###P50.001 vs IFN-g.
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upregulated when cells were treated with increasing

concentrations of leptin. The densitometric analysis was
performed on three di�erent experiments. IFN-g-induced
iNOS expression was increased by 95.8+33.8%,

338.0+73.4%, and 546.7+48.2% when cells were incubated
with leptin 1, 3 or 10 mg ml71, respectively (P50.001 at
10 mg ml71). A similar pattern was observed for COX-2

expression (70 kDa), even if the hormone alone already
induced the enzyme expression. Densitometric analysis,
performed on three di�erent experiments, showed an
increase of COX-2 expression by leptin (1, 3 and

10 mg ml71) of 42.0+11.0%, 56.3%+6.2%, and
149.0+22.8% vs IFN-g (P50.01 at 10 mg ml71). Using
semi-quantitative RT±PCR analysis, we showed a weak

concentration-dependent increase in iNOS (383 bp) and
COX-2 (371 bp) mRNA expression by leptin stimulation.
Moreover, leptin potentiated IFN-g-induced expression of

both enzyme mRNA (Figure 3B).
Since iNOS bands were not detected by Western blot on

crude lysates prepared from leptin-stimulated cells, we

performed an immunoprecipitation using an antibody
against iNOS; the immune-complexes were then subjected
to SDS ±PAGE and blotted with the anti-iNOS. iNOS
expression was now well evident at all concentrations used

(Figure 3C).
To verify whether the mechanism behind the synergistic

e�ect of leptin with IFN-g might be related to an increase of

Ob-R expression, we evaluated its modulation by the
di�erent cell treatments. With Western blot analysis no
bands of the long form of Ob-R (*125 kDa) were revealed

in unstimulated or leptin-treated cells, while, when the cells

were stimulated with IFN-g, Ob-Rb was expressed and
upregulated by leptin. No modulation was seen in short
form expression of Ob-R (*100 kDa) (Figure 4A). RT ±
PCR with a speci®c primer for Ob-Rb (Caprio et al., 1999),

showed the leptin receptor in untreated and leptin
(10 mg ml71)-treated cells and con®rmed the upregulation
of Ob-Rb by IFN-g stimulation and its potentiation by

leptin.

Discussion

During in¯ammation, such as in the process of host defence,

endotoxins and cytokines induce rapid alterations in cellular
immediate-early gene expression leading to the de novo
synthesis of COX-2 (Maier et al., 1990; Mitchell et al.,
1995) and iNOS (Moncada et al., 1991). Co-induction of

iNOS and COX-2 has been shown in several cell types,
including murine macrophages (Salvemini et al., 1993;

Figure 3 Leptin induction of iNOS and COX-2 expression in
macrophage J774A.1. Western blot analysis (A): leptin modulates
IFN-g-induced iNOS in a concentration-dependent manner. The
hormone induces COX-2 and increases the enzyme expression
induced by IFN-g. Representative blots show untreated and leptin-
stimulated cells in presence or not of IFN-g. Similar results were
obtained in three additional independent experiments. RT±PCR
analysis (B): Leptin, alone and in combination with IFN-g,
modulates both iNOS and COX-2 mRNA expression in a
concentration-dependent manner. b-actin was used as internal
control. The cells were extracted and reverse-transcribed as described
in the Methods section. Similar results were obtained in four
additional separate experiments. No bands were observed in absence
of cDNA. Immunoprecipitation of leptin-induced iNOS (C). A
representative blot of three independent experiments is shown. After
incubation with leptin, cells were lysated and 0.5 mg of each lysate
was immunoprecipitated and blotted with anti-iNOS antibody.

Figure 2 E�ect of leptin on PGE2 release. Leptin alone (A) or in
combination with IFN-g (B) increases PGE2 production in J774A.1
macrophage supernatant. Data are expressed as mean+s.e.mean of
at least three experiments; *P50.05 vs conrol; #P50.05, and
###P50.001 vs IFN-g.
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Akarasereenont et al., 1994; Swierkosz et al., 1995) with

similarities in the signal transduction pathways. It is now
evident that NOS and COX pathways are interrelated and
the cross-talk between the two pathways is important in the

regulation of the in¯ammatory process.
Several in vivo studies show that di�erent in¯ammatory

stimuli, endotoxin, and cytokines induce the expression of

leptin or an increase of circulating levels of this hormone
(Sarraf et al., 1997; Gualillo et al., 2000; Grunfeld et al.,
1996). Although originally believed to be expressed
exclusively by adipocytes, leptin mRNA and protein have

recently been shown to be expressed in other areas
(Masuzaki et al., 1997; Hoggard et al., 1997; Bado et al.,
1998) and several studies have recently shown that this

hormone plays a regulatory role in immunity, in¯ammation
and hematopoiesis (Fantuzzi & Faggioni, 2000; Lord et al.,
1998; Lo�reda et al., 1998). Leptin up-regulates murine

macrophagic phagocytic activity and enhances the secretion
of in¯ammatory cytokines such as TNF-a, IL-6 and IL-12
from rat isolated macrophages and human monocytes in

response to lipopolysaccharide (Lo�reda et al., 1998;
Santos-Alvarez et al., 1999). In addition, leptin promotes
CD4+ helper T-cell (Th) activity in vitro, which orches-

trates most immune responses. In particular leptin increases
the proliferation of naive T cells, increases Th1 (IFN-g and
IL-2) and suppresses Th2 (IL-4) cytokine production (Lord

et al., 1998).
Here we have demonstrated that in vitro leptin induces

selected in¯ammatory mediators. Moreover, leptin markedly
increases IFN-g-induced NO and PGE2 production in a

concentration-dependent manner by increasing iNOS and
COX-2 expression in J774 macrophages. During in¯amma-
tion, activated T-lymphocytes could be the main source of

di�erent in¯ammatory cytokines such as IFN-g, TNF-a, and
IL-6. Thus, leptin, released following the in¯ammatory state,
could induce in co-operation with IFN-g, NO and PGE2

release, contributing to sustaining the ongoing in¯ammatory
response. Actually leptin exhibits a more potent activity on
COX-2 than on iNOS expression. Anyway the capability to

induce both enzymes could also involve other features
besides those common to the two pathways implied to their
expression. This major e�ect on COX-2 pathway activation
is more evident when leptin is combined with IFN-g where

the synergic e�ect on PGE2 production appears stronger
than that on NOx release. This preferential activity of leptin
on PGE2 release confers to leptin a clear pro-in¯ammatory

role.
Moreover, we showed that IFN-g induces Ob-Rb expres-

sion in J774A.1 cells, which posses the molecular machinery

required to respond to leptin stimulation. Evidence indicates
that leptin signals inside the cell when the long form (Ob-Rb)
of this receptor is expressed (Bauman et al., 1996; Banks et

al., 2000; Kim et al., 2000). A previous report clearly
established that Ob-Rb is the major form of leptin receptor
present in J774 macrophages and that signalling pathways
downstream of leptin receptor are activated in these cells

(O'Rourke et al., 2001). Also the short form Ob-Ra, which
mediates transport of leptin, is capable of leptin-mediated
signalling but much less e�ective than the full length receptor

(Murakami et al., 1997).
The mechanism underlying the observed synergic e�ect

could be due to the increased expression of Ob-Rb: IFN-g by

itself was able to induce an upregulation of Ob-Rb expression
and this e�ect was potentiated by leptin in a concentration-
dependent manner.
Our observation that leptin synergized with IFN-g in

in¯ammatory mediators release and Ob-Rb induction
suggests that leptin is an important in¯ammatory signal
between endocrine and immune response, conferring a novel

role for this hormone in the pathophysiology of wasting and
in the proper functioning of the immune system in infectious
and in¯ammatory diseases.

We thank NIDDK's National Hormone & Peptide Program and
the Scienti®c Director A.F. Parlow for providing recombinant
mouse leptin. This study was supported in part by a grant from the
Ministero dell'Istruzione, dell'UniversitaÁ e della Ricerca, Italy.

Figure 4 Western blot analysis of Ob-R (A). Long form of Ob-R
(*125 kDa) is induced by IFN-g and upregulated by leptin in a
concentration-dependent manner. No modulation of short form
expression of Ob-R (*100 kDa) was evident. Lysates were obtained
from untreated or 24-h-stimulated cells with IFN-g and/or leptin at
the indicated concentrations. A representative immunoblot from
three separate experiments is shown. RT±PCR analysis of Ob-Rb
(B). Leptin and IFN-g induced Ob-Rb mRNA expression in J774A.1
macrophages. A synergistic e�ect is well evident when cells were
stimulated with their combination. b-actin was used as internal
control and no bands were observed in absence of cDNA. RT±PCR
analysis is referred to a single experiment representative of four
separate experiments.
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