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High-Dose Leptin Activates Human Leukocytes Via Receptor
Expression on Monocytes1

Hamid Zarkesh-Esfahani,* Graham Pockley,* Russell A. Metcalfe,* Martin Bidlingmaier,†

Zida Wu,† Abolghasem Ajami,* Anthony P.Weetman,* Christian J. Strasburger,†

Richard J. M. Ross2*

Leptin is capable of modulating the immune response. Proinflammatory cytokines induce leptin production, and we now dem-
onstrate that leptin can directly activate the inflammatory response. RNA expression for the leptin receptor (Ob-R) was detectable
in human PBMCs. Ob-R expression was examined at the protein level by whole blood flow cytometry using an anti-human Ob-R
mAb 9F8. The percentage of cells expressing leptin receptor was 25� 5% for monocytes, 12� 4% for neutrophils, and 5 � 1%
for lymphocytes (only B lymphocytes). Incubation of resting PBMCs with leptin induced rapid expression of TNF-� and IL-6
mRNA and a dose-dependent production of TNF-� and IL-6 by monocytes. Incubation of resting PBMCs with high-dose leptin
(250 ng/ml, 3–5 days) induced proliferation of resting cultured PBMCs and their secretion of TNF-� (5-fold), IL-6 (19-fold), and
IFN-� (2.5-fold), but had no effect on IL-4 secretion. The effect of leptin was distinct from, and additive to, that seen after exposure
to endotoxin or activation by the mixed lymphocyte reaction. In conclusion, Ob-R is expressed on human circulating leukocytes,
predominantly on monocytes. At high doses, leptin induces proinflammatory cytokine production by resting human PBMCs and
augments the release of these cytokines from activated PBMCs in a pattern compatible with the induction of Th1 cytokines. These
results demonstrate that leptin has a direct effect on the generation of an inflammatory response. This is of relevance when
considering leptin therapy and may partly explain the relationship among leptin, proinflammatory cytokines, insulin resistance,
and obesity. The Journal of Immunology, 2001, 167: 4593–4599.

L eptin, the product of the ob gene (1), is a peptide hormone
derived mainly from adipocytes and genetic deficiency
results in obesity (2). Leptin signals through the leptin

receptor, which is a member of the class I cytokine receptor family
(3). The Ob-R is widely distributed and expressed in both human
and murine hemopoietic stem cell populations (4). Leptin has mul-
tiple biological actions on feeding, metabolism, and the neuro-
endocrine axis, and more recently leptin has been demonstrated to
modulate the immune system toward the Th1 immune response (5,
6). Leptin-deficient children have an impaired cell-mediated im-
mune response, an increased incidence of infectious diseases, and
an associated increase in mortality (7).

Expression of the leptin receptor by PBMCs and CD4� T lym-
phocytes has been reported at the mRNA level (5) and direct ef-
fects of leptin have been demonstrated in a number of studies.
Human PBMCs and murine splenocytes show marked cellular
clumping when incubated with leptin (7), and leptin increases Th1
(IFN-� and IL-2) and suppresses Th2 (IL-4) cytokine production
from activated human lymphocytes (5). Circulating concentrations
of TNF-� and IL-6 strongly correlate with leptin levels in humans
(8), and leptin levels rise after surgical stress (9). Leptin receptors

are expressed on human umbilical cord leukocytes (10), and leptin
activates umbilical cord monocytes, polymorphonuclear cells, and
lymphocytes (11). Rodents with genetic abnormalities in leptin and
leptin receptor expression have deficits in macrophage phagocy-
tosis and endotoxin-mediated induction of TNF-� and IL-6 (12).

High-dose leptin is now being used as a potential therapy for
obesity (13), and high levels of leptin are found in extreme obesity
due to leptin resistance and also in renal failure (14, 15). Injection
of leptin elicits a mild localized inflammation (16), but the phys-
iological basis for this reaction has not been established. To date,
studies have focused on the effects of physiological levels (as de-
termined by circulating plasma levels) of leptin on activated lym-
phocytes. In this study, we confirm the specificity of a mAb for the
leptin receptor and demonstrate that monocytes are the predomi-
nant cells expressing Ob-R in the peripheral blood. Our results
demonstrate that high-dose leptin induces the production of proin-
flammatory cytokines in resting PBMCs, which is compatible with
the observed expression of Ob-R on peripheral blood monocytes.

Materials and Methods
All the materials were purchased from Sigma-Aldrich (Poole, U.K.) unless
otherwise stated.

Blood samples

Peripheral blood (50 ml) was collected into heparinized tubes from healthy
adult volunteers (aged 20–45 years).

Measurement of endotoxin activity in recombinant human leptin
and blocking of endotoxin activity

Endotoxin activity in recombinant human leptin was measured using a
QCL-1000 pyrogen testing kit (BioWhittaker, Walkersville, MD) accord-
ing to the manufacturer’s instructions. The potential influence of endotoxin
contamination on observed effects was excluded by the addition of poly-
myxin-B in control experiments (17). This was added at the same time as
endotoxin and leptin.
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Leptin functional assay

Biological activity of recombinant leptin was tested in transcription assays
performed in human epithelial kidney (HEK293) cells transiently trans-
fected with the leptin receptor long form and a reporter construct contain-
ing a Stat3-binding element fused to a minimal thymidine kinase promoter and
luciferase. Luciferase activity was measured as previously reported (18).

RT-PCR

For the analysis of leptin receptor and cytokine gene expression, total RNA
was extracted from 4 � 107 PBMCs using TRIzol reagent (Life Technol-
ogies, Paisley, U.K.). Total RNA (1 �g) was reverse-transcribed and PCR
amplification was performed using previously published primers for Ob-Ra
and Ob-Rb (4). For cytokine gene analysis, mRNA was extracted at the
indicated time points, cDNA was prepared, and PCR amplifications were
performed using previously characterized primers for IL-6, TNF-�, IFN-�,
and GAPDH (19).

Anti-leptin receptor mAb

A mAb (9F8) raised against the recombinant human leptin receptor extra-
cellular domain (20) was used for the study. Specificity of mAb 9F8 was
shown by the lack of cross-reactivity with extracellular domains from other
closely related receptors of the same class I cytokine receptor superfamily
(growth hormone and prolactin receptors).

Transfection of HEK293 cells with Ob-R

The leptin receptor expression plasmid was a kind gift from A. Welcher
(Amgen, Thousand Oaks, CA). HEK293 cells were transfected with 9 �g
of leptin receptor cDNA using a calcium phosphate transfection kit (Life
Technologies). Receptor expression was confirmed by assessing the bind-
ing of 125I-labeled leptin (Biogenesis, Poole, U.K.).

Validation of 9F8 by flow cytometric analysis of transfected and
nontransfected HEK293 cells

Transfected and nontransfected HEK293 cells were suspended in PBS/
BSA (washing buffer) at a density of 1 � 107 cells/ml. Cells (106; 100 �l)
were transferred to 12 � 75 mm polycarbonate tubes (BD Biosciences,
Oxford, U.K.) and incubated with 5 �g of an anti-leptin receptorAb (9F8)
or isotype-matched negative control Ab (R&D Systems, Abingdon, U.K.)
for 30 min on ice. Primary Ab binding was detected by incubation with
biotinylated goat anti-mouse IgG polyclonal Ab (1 �g; Calbiochem, Not-
tingham, U.K.), followed by incubation with streptavidin-R-PE (SAV-R-
PE)3 conjugate (10 �l; Serotec, Oxford, U.K.) for 30 min on ice. Cells were
washed before flow cytometric analysis. The specificity of 9F8 was tested
by preincubation with a recombinant form of the extracellular domain of
the human leptin receptor rhOb-R (R&D Systems).

Detection of Ob-R on peripheral blood leukocytes by whole
blood flow cytometry

Heparinized whole blood (150 �l) and 10 �l of goat serum (Serotec) were
incubated for 15 min on ice, after which 1 �g of 9F8 or isotype-matched
negative control Ab were added. Cells were washed in PBS containing
7.5% v/v goat serum, incubated with 0.2 �g of biotinylated goat anti-
mouse IgG, and finally incubated with 10 �l of the SAV-R-PE conjugate.
Incubations were conducted for 30 min on ice and cells were washed twice
with washing buffer. Erythrocytes were lysed with 2 ml of Erythrolyse
(Serotec) before flow cytometry on a FACScan flow cytometer (BD Bio-
sciences) using CellQuest data acquisition and analysis software. Polymor-
phonuclear leukocytes (neutrophils), lymphocytes, and monocytes exhibit
characteristic light scatter properties that can be identified on a forward vs
side light scatter plot. Leukocyte populations were located using these pa-
rameters and a live analysis gate was set around this population. Data were
acquired from 10,000 cells (events) and the proportion of given cell pop-
ulations expressing the leptin receptor was determined. For two-color flow
cytometry, after staining with 9F8, cells were incubated with PBS contain-
ing 2% v/v normal mouse serum (Serotec) for 30 min on ice, washed, and
incubated with 10 �l of FITC-conjugated anti-human CD (CD14, CD15,
CD3, CD4, CD8, and CD20) Abs (Serotec) for another 30 min on ice.
Staining with mAbs specific for cell subsets revealed that the monocyte
region contained 94.8 � 1.8% CD14� cells and the polymorphonuclear

cell region contained 92.2 � 1.7% CD15� cells. The lymphocytes region
contained 70.4 � 1.7% CD3�, 34.5 � 0.8% CD4�, 42.4 � 1.06% CD8�,
and 4.4 � 0.3% CD20� cells.

Flow cytometry cytokine production assay

Heparinized whole blood (100 �l) was treated with 10 �l of either endo-
toxin, PBS, or leptin. Brefeldin A (BD Biosciences), a pharmacological
inhibitor of secretion, was added, and cells were incubated for 6 h followed
by surface staining of monocytes using FITC-conjugated mouse anti-
human CD14 (Serotec). Cells were fixed and permeabilized, and intracel-
lular staining of accumulated cytokines was performed using either PE-
anti-human TNF-� mAb or PE -anti-human IL-6 mAb (BD Biosciences).

Isolation and culture of PBMCs

PBMCs were isolated by density gradient (Lymphoprep Nyegaard, Oslo,
Norway), washed twice in normal saline and once in medium, and sus-
pended at 1 � 106 cells/ml in medium RPMI 1640 growth medium sup-
plemented with L-glutamine (2 mM), penicillin/streptomycin (100 U/ml
penicillin, 100 �g/ml streptomycin), and 2% v/v heat-inactivated normal
human AB serum. The leptin concentration in this medium was below the
sensitivity of the leptin ELISA kit (7.6 pg/ml; R&D Systems). The cell
suspension (2 ml) was transferred to each well of a 24-well plate for the
cytokine secretion studies. Cells were incubated with endotoxin (LPS from
Escherichia coli, serotype 0111:B4) or leptin (recombinant human leptin,
R&D Systems), at the concentrations indicated, for 72 h in 100% humidity,
5% CO2, after which media were centrifuged at 400 g for 10 min. Super-
natants were collected and stored at �70°C until assay. Control cultures
were incubated with PBS or medium alone.

Proliferation assay

The PBMCs suspension (200 �l) was transferred to each well of a 96-well
plate (Costar, Cambridge, U.K.), treated according to the protocol, and
incubated for 5 days. During the last 24 h, 0.1 �Ci [3H]thymidine was
added and proliferation, on the basis of thymidine incorporation, was as-
sessed by liquid scintillation counting. The influence of leptin on MLR-
induced proliferation and cytokine production was also assessed. For MLR
studies, cultures were established using equal numbers of responder and
irradiated (30 Gy) allogeneic PBMCs as stimulator cells. Cells were incu-
bated in the presence or absence of leptin for 3 (cytokine production) or 5
(proliferation) days.

Enzyme-linked immunosorbent assays

Cytokines (IL-6, TNF-�, IL-4, and IFN-�) and leptin in media were mea-
sured using ELISA kits (R&D Systems). Intra-assay coefficient of variation
values were 4.4, 8.7, 0.59, 3.7, and 3.3%, respectively.

MAPK inhibitors

To determine signaling pathways, PBMCs in whole blood were incubated
with or without 0.01 nM of either extracellular-regulated protein kinase
(ERK) inhibitor PD98059 (Calbiochem) or p38 kinase inhibitor
SB2035580 (Calbiochem) 1 h before the addition of leptin or endotoxin.
After an additional 6-h incubation, production of TNF-� on monocytes was
assessed using flow cytometry.

Statistics

The paired t test was used to compare the effects of leptin on lymphocyte
proliferation and cytokine production and ANOVA for the dose response.
A value of p � 0.05 was considered to indicate statistically significant
differences.

Results
Ob-R gene expression of PBMCs

PCR products for both short (Ob-Ra) and long (Ob-Rb) isoforms
of leptin receptor were detectable in human PBMCs (Fig. 1).

Validation of 9F8 for detection of Ob-R expression by flow
cytometry

HEK293 cells were transfected with Ob-R and expression of leptin
receptor was confirmed by incubation with 125I-labeled leptin in
the presence or absence of unlabeled leptin. Ob-R-transfected
HEK293 cells had high levels of leptin-specific binding (8 � 1%),

3 Abbreviations used in this paper: SAV-R-PE, streptavidin-R-PE; ERK, extracellu-
lar-regulated protein kinase; rh, recombinant human; MAPK, mitogen-activated pro-
tein kinase; Ob-Ra, short isoform of Ob-R; Ob-Rb, long isoform of Ob-R.
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but nontransfected cells also showed a low level of specific bind-
ing (0.7 � 0.1%). Ob-R-transfected cells were used in flow cy-
tometry to test the anti-leptin receptor Ab (9F8). Transfected and
nontransfected HEK293 cells were incubated with either 9F8 or
isotype-matched control Ab, and Ab binding was detected by flow
cytometry. Binding of 9F8 to transfected cells was apparent, but
9F8 also bound to nontransfected cells, confirming that HEK293
cells express low levels of the leptin receptor (Fig. 2). The spec-
ificity of 9F8 for the leptin receptor was further tested by prein-
cubation of Ab with recombinant human (rh)Ob-R, which com-

pletely abolished binding of 9F8 Ab to HEK293 cells (data not
shown).

Leptin receptor expression on peripheral blood leukocytes

Whole blood flow cytometric analysis of samples from 10 subjects
using 9F8 revealed that 25 � 5% of monocytes, 12 � 4% of
polymorphonuclear cells, and 5 � 1% of lymphocytes express the
Ob-R (Fig. 3). Two-color flow cytometry revealed that lymphocyte
expression was primarily related to CD20� cells (B lymphocytes,

FIGURE 1. Ob-R gene expression in PBMCs. Results of RT-PCR
mRNA expression for Ob-Ra and Ob-Rb in isolated human PBMCs. Pos-
itive controls are Ob-Ra and Ob-Rb plasmids and negative control is water.
Expression of both Ob-Ra and Ob-Rb are detectable in human PBMCs.

FIGURE 2. Detection of Ob-R on HEK293 cells by flow cytometry.
HEK293 cells nontransfected (a) or transfected (b) with Ob-R plasmid
were incubated with either 9F8 (thick lines) or control (thin lines) Ab and
SAV-R-PE; fluorescence was detected by FACScan. Specific binding was
detectable in the nontransfected and transfected cells with higher binding in
transfected cells.

FIGURE 3. Ob-R expression on human blood leukocytes. A typical
flow cytometry analysis of the cells obtained from the whole blood is
represented. Whole blood was incubated with either isotype control (thin
lines) or 9F8 (thick lines). After adding biotinylated secondary Ab and
SAV-R-PE, fluorescence was detected by FACScan. Specific binding was
mainly detectable in monocytes and to lesser extents in neutrophils.

4595The Journal of Immunology
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50 � 6%) with T lymphocytes showing no expression. Activation
of PBMCs by incubation with endotoxin (10 ng/ml) for 2 h re-
sulted in no change in Ob-R expression on monocytes, and incu-
bation up to 3 days with endotoxin, PHA, or MLR did not alter
Ob-R expression on lymphocyte populations.

Leptin bioassay

The biological activity of the recombinant leptin was tested in a
function assay using a Stat3-luciferase reporter (Fig. 4a). Leptin
showed a dose response between 1 and 100 ng/ml.

Effect of leptin on intracellular cytokine production by
peripheral blood monocytes

Whole blood was incubated with leptin in doses of 10–1000 ng/ml
and production of IL-6 and TNF-� by CD14� monocytes was
determined using flow cytometry. Leptin at doses of 50–1000
ng/ml induced the production of both IL-6 and TNF-� ( p � 0.01;
Fig. 4b). The observed effects were not due to endotoxin contam-
ination of the leptin preparation, as levels of endotoxin (�0.00036
ng/ml) were below those that we have previously shown to be the
minimum dose (0.01 ng/ml) required to induce IL-6 (21). The
possibility of endotoxin contamination was further excluded by the
demonstration that polymyxin-B, an endotoxin inhibitor (17),
completely inhibited the induction of TNF-� by 0.1 ng/ml endo-
toxin, yet it had no effect on leptin-induced TNF-� production
(Fig. 5).

Effect of leptin on proinflammatory cytokine mRNA expression

PBMCs were incubated in the presence or absence of leptin for
between 1 and 24 h and cytokine gene expression was determined
by RT-PCR using cytokine-specific primers. Leptin induced IL-6
and TNF-� gene expression within 1 h (Fig. 6). IFN-� was barely
detectable in control samples and showed little induction.

Measurement of cytokine production from isolated PBMCs
incubated with leptin

To confirm the activation of PBMCs by leptin, the effects of leptin
(250 ng/ml) and endotoxin on cytokine secretion by PBMCs from
six subjects were determined by ELISA. Medium from cells incu-
bated without leptin showed very low levels of TNF-�, IL-6, IL-4,
and IFN-�. Leptin caused a 5-fold induction of TNF-�, a 19-fold
increase in IL-6, and a 2.5-fold increase in IFN-� (Fig. 7), whereas
it had no effect on induction of IL-4. The IL-4 levels in samples
from both resting and leptin-activated PBMCs were below the de-
tection limit of the assay, although PHA-stimulated PBMCs pro-
duced high levels of IL-4 (122 � 14 pg/ml). Leptin also signifi-
cantly increased the proliferation of PBMCs (PBMCs only, 923 �
178; PBMCs plus leptin, 1253 � 254 cpm [3H]thymidine uptake,
p � 0.01). When coincubated with endotoxin, leptin augmented

FIGURE 4. a, Dose response of luciferase activity to leptin stimulation
in HEK293 cells. Cells were transiently transfected with Ob-R plasmid and
a Stat3-luciferase reporter construct, and stimulated with varying doses of
leptin. Luciferase activity was measured after 6-h incubation and was cor-
rected for �-galactosidase levels, which were used as a transfection control.
The results are represented as fold induction over unstimulated cells. b,
Flow cytometry characterization of the dose response for the induction of
IL-6 and TNF-� on CD14�-gated monocytes. Whole blood was incubated
with or without increasing doses of leptin or endotoxin for 6 h and cyto-
kines were detected by intracellular staining in gated CD14� monocytes
using two-color flow cytometry. The results are expressed as the percent-
age of CD14� cells positive for IL-6 or TNF-�. Leptin induced TNF-� and
IL-6 production in a dose-dependent manner. The response to leptin is
compared with a maximal response to endotoxin. It should be noted that
induction is presented in a logarithmic scale and the response to leptin is
less than that seen after endotoxin.

FIGURE 5. Effects of polymyxin-B on TNF-� production by endotox-
in- and leptin-activated monocytes. Whole blood was treated with either
endotoxin or leptin with and without polymyxin-B (1 �g/ml) for 6 h and
TNF-� was detected by intracellular staining in gated CD14� monocytes
using two-color flow cytometry. The results are expressed as the percent-
age of CD14� cells positive for TNF-�. Polymyxin-B blocked endotoxin
induction of TNF-� but had no effect on leptin activation.
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the cytokine response to endotoxin with a pattern similar to the
induction of cytokines by leptin alone. Endotoxin alone at the dose
of 0.01 ng/ml did not induce IFN-� (Fig. 7).

Effect of leptin on PBMCs activated by MLR

Leptin augmented the production of TNF-�, IL-6, and IFN-�, but
not IL-4 from MLR-activated PBMCs in a similar pattern to that
seen in nonactivated PBMCs (Fig. 8). In addition, the MLR-in-
duced proliferation was augmented by leptin (PBMCs only, 923 �
178; MLR only, 3867 � 372; MLR plus leptin, 6350 � 584 cpm
[3H]thymidine uptake, p � 0.001).

MAPK inhibitors and leptin activation of PBMCs

PBMCs were preincubated with two mitogen-activated protein ki-
nase (MAPK) inhibitors, PD98059 (inhibits ERK) and SB203580
(inhibits p38), and then exposed to either endotoxin or leptin. The
p38 inhibitor, SB203580, consistently inhibited both the endotoxin
and leptin induction of TNF-� by �30%, whereas PD98059 had
no effect (Fig. 9). The biological activity of the ERK inhibitor
PD98059 had previously been demonstrated in our functional
bioassay.

Discussion
We have examined the possibility that high-dose leptin can induce
proinflammatory cytokines in resting PBMCs and explored the
mechanism by which this could occur. Our results confirm that

human circulating leukocytes express mRNA for both the long and
short forms of the leptin receptor (5). We carefully validated the
specificity of a mouse monoclonal anti-human Ob-R Ab and used
this to examine Ob-R expression in human PBMCs. Ob-R expres-
sion was predominantly found on monocytes with low levels on
neutrophils. Only a very small proportion of resting lymphocytes
expressed Ob-R, and these were exclusively B cells. Compatible
with monocyte expression of Ob-R was our demonstration that in
vitro leptin rapidly induces the production of TNF-� and IL-6, this

FIGURE 6. Results of RT-PCR for IL-6, TNF-�, and IFN-� in PBMCs.
PBMCs were isolated from whole blood and were incubated with leptin for
periods of time up to 24 h and mRNA expression for IL-6, TNF-�, and
IFN-� were assessed using RT-PCR. Controls are lanes 1 and 2 (water and
no RT step), and lane 7 incubated for 24 h in the absence of leptin. The
lower panel shows RT-PCR in the same reactions with GAPDH. Leptin
induced TNF-� and IL-6 mRNA expression.

FIGURE 7. Cytokine production from cultured PBMCs incubated with
leptin alone or leptin plus endotoxin. Mean (�SEM) levels of TNF-�,
IFN-�, and IL-6, in medium from PBMCs of six normal subjects. PBMCs
were isolated from whole blood and were incubated with or without either
leptin (250 ng/ml), endotoxin (0.01 ng/ml), or leptin plus endotoxin for 3
days. (�, p � 0.03 PBMCs plus leptin vs PBMCs incubated in the absence
of hormone, ��, p � 0.01 PBMCs plus endotoxin vs PBMCs with endo-
toxin and leptin). Leptin induced production of TNF-�, IL-6, and IFN-�.

FIGURE 8. Leptin effects on cytokine production from PBMCs acti-
vated by MLR. Mean (�SEM) levels of TNF-�, IFN-�, and IL-6 in me-
dium from MLR-activated PBMCs of six normal subjects in the presence
or absence of leptin (250 ng/ml) for 3 days. PBMCs were isolated from
whole blood and were activated by MLR using PBMCs as responders and
MHC-mismatched PBMCs as stimulator cells. (�, p � 0.02 MLR only vs
MLR in the presence of leptin). Leptin augmented the cytokine response to
MLR.

FIGURE 9. Effects of ERK inhibitor and p38 inhibitor on TNF-� pro-
duction by either endotoxin- or leptin-activated monocytes. Whole blood
was treated with and without ERK inhibitor (PD98059) and p38 inhibitor
(SB203580) for 1 h before addition of either endotoxin (0.1 ng/ml) or leptin
(250 ng/ml) for 6 h. TNF-� was detected by intracellular staining in gated
CD14� monocytes using two-color flow cytometry. The results are ex-
pressed as the percentage of CD14� cells positive for TNF-�. The p38
inhibitor but not the ERK inhibitor partially inhibited the induction of
TNF-� by both endotoxin- and leptin-activated monocytes. (�, p � 0.01
endotoxin only vs endotoxin plus p38 inhibitor, ��, p � 0.01 leptin only vs
leptin plus p38 inhibitor).
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occurs in nonactivated as well as activated PBMCs, and the effect
of leptin was seen to be additive to the actions of endotoxin.

The expression of Ob-R on human umbilical cord blood leuko-
cytes has been reported using flow cytometry (10). In this study the
proportion of monocytes expressing the Ob-R was comparable to
that reported in this work (23 � 4%); however, the proportion of
lymphocytes expressing the receptor was greater (16 � 4%) (10).
The difference in results may be relate to the different source of
leukocytes. In our data, activation of monocytes and lymphocytes
did not alter Ob-R expression.

Leptin treatment of activated PBMCs (MLR), in an experimen-
tal design similar to that reported in this study, has been shown to
increase Th1 (IFN-�) and suppress Th2 (IL-4) cytokine production
(5). In the previous study, IL-6 and TNF-� were not measured and
there was no effect of leptin on resting PBMCs. Our finding that
leptin can activate resting PBMCs may relate to the higher dose of
leptin used and confirms a study demonstrating that leptin can
activate and stimulate the proliferation of resting human PBMCs
(22). Leptin has been shown to have a direct effect on activated T
lymphocytes (5), suggesting that leptin directly acts on T lympho-
cytes. We found no evidence of Ob-R on resting T lymphocytes by
whole blood flow cytometry, and our data suggest that the pre-
dominant action on resting PBMCs is through activation of
monocytes.

Our RT-PCR experiments demonstrate that there is an acute
stimulation of cytokines by leptin, and the longer incubation stud-
ies confirm cytokine production by nonactivated PBMCs. Leptin
treatment also enhanced the cytokine response to endotoxin and
the MLR. Results from rodent studies confirm our observations in
the human. In mice, thioglycollate-elicited peritoneal macrophages
produce no detectable TNF-� or IL-6, whereas leptin pretreatment
augments proinflammatory cytokine release from endotoxin-stim-
ulated macrophages (12). In the RAW murine macrophage cell,
leptin at a high dose of 1 �g/ml activates resting cells to produce
significant levels of IL-1R antagonist after 24 h and also aug-
mented the response to endotoxin in an additive manner (23). In-
tracerebroventricular and i.p. injection of leptin into rats induces
the production of IL-1� and increases body temperature (24).

Contamination of any component of the cell incubation by en-
dotoxin could activate cells and induce the production of inflam-
matory cytokines. This seems unlikely in our experiments because
endotoxin levels in the leptin preparation were well below that
which is required to activate PBMCs (21). In addition, polymyx-
in-B (an inhibitor of endotoxin) treatment inhibited the response to
endotoxin but had no effect on leptin. The profile of cytokine in-
duction by leptin was different from that of endotoxin, with leptin
inducing significant levels of IFN-�, an effect not seen with low
levels of endotoxin.

We performed a dose response for the effect of leptin on TNF-�
and IL-6 production. The biological activity of the recombinant
leptin was tested in a functional bioassay measuring leptin signal-
ing. This confirmed the biological activity of leptin at doses as low
as 1 ng/ml. Higher doses of leptin were required to induce cytokine
production (50–1000 ng/ml) than are usually found in venous
blood under physiological conditions (1–100 ng/ml). Our repeated
experiments on PBMCs were performed with a leptin dose of 250
ng/ml. This dose was chosen because it was clear from our dose
response studies that this dose of leptin could activate PBMCs.
Similar higher serum leptin levels are found in some nonphysi-
ological conditions, such as in children with chronic renal failure
(leptin levels up to 400 ng/ml are reported in Ref. 15) and follow-
ing leptin treatment (25). Treatment of a patient with genetic leptin
deficiency with low levels of leptin (0.028 mg/kg of lean body
mass) increased the serum leptin up to 107 ng/ml (26). In obese but

otherwise healthy subjects treated with leptin (1 mg/kg/day), se-
rum leptin levels up to 736 ng/ml have been reported (25). Thus
the high leptin doses we used in our study were similar to those
found in some nonphysiological conditions and may lead to acti-
vation of PBMCs.

The high dose response of leptin in our study may reflect the
insensitivity of our method for measuring cytokine production
from incubated PBMCs, although in activated PBMCs a lower
dose of leptin was reported as effective (5). Another possibility is
that incubation of PBMCs with leptin over time may result in
degradation of leptin and/or loss of cytokines. The higher dose of
leptin may be relevant, because leptin levels could vary between
tissues and leptin levels in fat tissue may be greater than those
found in serum. There are other possibilities for the high dose-
dependent activation of PBMCs by leptin. It is recognized that
short forms of the leptin receptor can activate the MAPK signaling
pathway, and it may be that either the dose response of these re-
ceptors is different from that of the long form of the receptor (27)
or that leptin is activating another receptor. Recombinant leptin is
known to have a lower potency than native leptin, which may be
due to a different pattern of glycosylation (28).

The class I cytokine receptors are known to act through the
Janus kinase/STAT and MAPK pathways (29). Both long and
short leptin receptor isoforms can activate the MAPK pathway
(30). The major MAPK pathways are: ERK, c-Jun NH2-terminal
kinase, and p38 MAPK. A wide variety of inflammatory media-
tors, such as cytokines, activate p38 MAPK in several cell types.
In neutrophils, TNF-� activates p38 MAPK specifically, whereas
others, such as GM-CSF, fMLP, IL-8, and PMA preferentially
phosphorylate ERK 1/2 (31). To determine which MAPK signal-
ing pathway is recruited by leptin to produce TNF-� in monocytes,
PD98059 and SB203580 were used to block ERK and p38 respec-
tively. PD98059 did not show any effect on either endotoxin-stim-
ulated or leptin-activated monocytes, despite its inhibitory effects
on leptin induction of serum response element transfected cells
(data not shown). SB203580 reduced the percentage of activated
monocytes by 30% in leptin-activated cells, showing involvement
of p38 MAPK signaling in leptin induction of TNF-� in mono-
cytes. Currently there is no specific inhibitor of the Janus kinase/
STAT signaling pathway, so we were unable to examine the po-
tential role of this pathway in PBMCs.

The physiological significance of leptin-induced proinflamma-
tory cytokine production requires investigation. Leptin-deficient or
-resistant rodents are more susceptible to the toxic effects of TNF
(32). Although one might therefore expect that leptin would reduce
levels of TNF, the reverse appears to be true. It is possible that
leptin induces a negative regulator of TNF, and that the rise in TNF
levels occurs in response to partial TNF resistance and is therefore
compensatory. It may be that the local induction of proinflamma-
tory cytokines provides a pathway for some metabolic actions of
leptin. The production of IL-6 in the hypothalamus is known to
activate the hypothalamo-pituitary axis (33), and TNF alone can
produce an anorectic action (34). Another possibility is that the
high leptin levels seen in obesity could be responsible for some of
the adverse effects of central obesity. The local activation of TNF
could play a role in atherogenesis or insulin resistance (35). Our
data suggest that leptin directly activates monocytes and that the
activation of T lymphocytes may be in response to the release of
inflammatory cytokines. To date, the presence of Ob-R on human
B lymphocytes has not been demonstrated. It has been proposed
that leptin treatment may augment the immune response in mal-
nourished individuals (6).
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The fact that leptin can increase the response to endotoxin and
promote proinflammatory cytokine release from apparently non-
activated PBMCs should be further investigated in humans. Par-
ticular care should be taken in human therapeutic trials that leptin
therapy does not activate an unwanted inflammatory response, and
leptin-treated patients may be more susceptible to an inflammatory
response following infection.

In conclusion, human blood leukocytes express leptin receptor,
and the predominant leptin receptor-expressing cell type is the
monocyte. In vitro, leptin modulates the immune response, induc-
ing the production of inflammatory cytokines, and has an additive
action on cytokine production from PBMCs exposed to endotoxin.

Acknowledgments
We are grateful for support from Serono Laboratories and the Northern
General Hospital Research Trust.

References
1. Zhang, Y., R. Proenca, M. Maffei, M. Barone, L. Leopold, and J. M. Friedman.

1994. Positional cloning of the mouse obese gene and its human homologue.
Nature 372:425.

2. Montague, C. T., I. S. Farooqi, J. P. Whitehead, M. A. Soos, H. Rau,
N. J. Wareham, C. P. Sewter, J. E. Digby, S. N. Mohammed, J. A. Hurst, et al.
1997. Congenital leptin deficiency is associated with severe early-onset obesity in
humans. Nature 387:903.

3. Baumann, H., K. K. Morella, D. W. White, M. Dembski, P. S. Bailon, H. Kim,
C. F. Lai, and L. A. Tartaglia. 1996. The full-length leptin receptor has signaling
capabilities of interleukin 6-type cytokine receptors. Proc. Natl. Acad. Sci. USA
93:8374.

4. Bennett, B. D., G. P. Solar, J. Q. Yuan, J. Mathias, G. R. Thomas, and
W. Matthews. 1996. A role for leptin and its cognate receptor in hematopoiesis.
Curr. Biol. 6:1170.

5. Lord, G. M., G. Matarese, J. K. Howard, R. J. Baker, S. R. Bloom, and
R. I. Lechler. 1998. Leptin modulates the T-cell immune response and reverses
starvation-induced immunosuppression. Nature 394:897.

6. Flier, J. S. 1998. Lowered leptin slims immune response. Nat. Med. 4:1124.
7. Matarese, G. 2000. Leptin and the immune system: how nutritional status influ-

ences the immune response. Eur. Cytokine Network 11:7.
8. Yudkin, J. S., C. S. Yajnik, V. Mohamed-Ali, and K. Bulmer. 1999. High levels

of circulating proinflammatory cytokines and leptin in urban, but not rural, In-
dians: a potential explanation for increased risk of diabetes and coronary heart
disease. Diabetes Care 22:363.

9. Stratton, R. J., O. Dewit, E. Crowe, G. Jennings, R. N. Villar, and M. Elia. 1997.
Plasma leptin, energy intake and hunger following total hip replacement surgery.
Clin. Sci. 93:113.

10. Garcia, A. H., H. Rivera, D. Radzioch, I. Blanca, N. E. Bianco, and
J. B. De Sanctis. 1999. Leptin receptor expression in human umbilical cord leu-
kocytes. Med. Sci. Res. 27:231.

11. Garcia, A. H., H. Rivera, D. Radzioch, I. Blanca, N. E. Bianco, and
J. B. De Sanctis. 1999. Leptin enhances peroxide production in human umbilical
cord leukocytes. Med. Sci. Res. 27:245.

12. Loffreda, S., S. Q. Yang, H. Z. Lin, C. L. Karp, M. L. Brengman, D. J. Wang,
A. S. Klein, G. B. Bulkley, C. Bao, P. W. Noble, M. D. Lane, and A. M. Diehl.
1998. Leptin regulates proinflammatory immune responses. FASEB J. 12:57.

13. Hukshorn, C. J., W. H. M. Saris, M. S. Westerterp-Plantenga, A. R. Farid,
F. J. Smith, and L. A. Campfield. 2000. Weekly subcutaneous pegylated recom-
binant native human leptin (PEG-OB) administration in obese men. J. Clin. En-
docrinol. Metab. 85:4003.

14. Lahlou, N., K. Clement, J. C. Carel, C. Vaisse, C. Lotton, Y. Le Bihan,
A. Basdevant, Y. Lebouc, P. Froguel, M. Roger, and B. Guy-Grand. 2000. Sol-
uble leptin receptor in serum of subjects with complete resistance to leptin: re-
lation to fat mass. Diabetes 49:1347.

15. Daschner, M., B. Tonshoff, W. F. Blum, P. Englaro, A. M. Wingen, F. Schaefer,
E. Wuhl, W. Rascher, and O. Mehls. 1998. Inappropriate elevation of serum

leptin levels in children with chronic renal failure: European Study Group for
Nutritional Treatment of Chronic Renal Failure in Childhood. J. Am. Soc. Neph-
rol. 9:1074.

16. Mantzoros, C. S. 1999. The role of leptin in human obesity and disease: a review
of current evidence. Ann. Intern. Med. 130:671.

17. Petsch, D., and F. B. Anspach. 2000. Endotoxin removal from protein solutions.
J. Biotechnol. 76:97.

18. Ross, R. J., N. Esposito, X. Y. Shen, S. Von Laue, S. L. Chew, P. R. Dobson,
M. C. Postel-Vinay, and J. Finidori. 1997. A short isoform of the human growth
hormone receptor functions as a dominant negative inhibitor of the full-length
receptor and generates large amounts of binding protein. Mol. Endocrinol. 11:
265.

19. Ajjan, R. A., R. S. McIntosh, E. A. Waterman, P. F. Watson, C. D. Franklin,
C. M. Yeoman, and A. P. Weetman. 1998. Analysis of the T-cell receptor V�
repertoire and cytokine gene expression in Sjögren’s syndrome. Br. J. Rheum.
37:179.

20. Liu, C., X. J. Liu, G. Barry, N. Ling, R. A. Maki, and E. B. De Souza. 1997.
Expression and characterization of a putative high affinity human soluble leptin
receptor. Endocrinology 138:3548.

21. Zarkesh-Esfahani, S. H., O. Kolstad, R. A. Metcalfe, P. F. Watson, S. Von Laue,
S. Walters, A. Revhaug, A. P. Weetman, and R. J. Ross. 2000. High-dose growth
hormone does not affect proinflammatory cytokine (tumor necrosis factor-�, in-
terleukin-6, and interferon-�) release from activated peripheral blood mononu-
clear cells or after minimal to moderate surgical stress. J. Clin. Endocrinol.
Metab. 85:3383.

22. Santos-Alvarez, J., R. Goberna, and V. Sanchez-Margalet. 1999. Human leptin
stimulates proliferation and activation of human circulating monocytes. Cell. Im-
munol. 194:6.

23. Faggioni, R., G. Fantuzzi, C. Gabay, A. Moser, C. A. Dinarello, K. R. Feingold,
and C. Grunfeld. 1999. Leptin deficiency enhances sensitivity to endotoxin-in-
duced lethality. Am. J. Physiol. 276:R136.

24. Luheshi, G. N., J. D. Gardner, D. A. Rushforth, A. S. Loudon, and N. J. Rothwell.
1999. Leptin actions on food intake and body temperature are mediated by IL-1.
Proc. Natl. Acad. Sci. USA 96:7047.

25. Fujioka, K., J. Patane, J. Lubina, and D. Lau. 1999. CSF leptin levels after
exogenous administration of recombinant methionyl human leptin. JAMA 282:
1517.

26. Farooqi, I. S., S. A. Jebb, G. Langmack, E. Lawrence, C. H. Cheetham,
A. M. Prentice, I. A. Hughes, M. A. McCamish, and S. O’Rahilly. 1999. Effects
of recombinant leptin therapy in a child with congenital leptin deficiency.
N. Engl. J. Med. 341:879.

27. Yamashita, T., T. Murakami, S. Otani, M. Kuwajima, and K. Shima. 1998. Leptin
receptor signal transduction: OBRa and OBRb of fa type. Biochem. Biophys. Res.
Commun. 246:752.

28. Cohen, S. L., J. L. Halaas, J. M. Friedman, B. T. Chait, L. Bennett, D. Chang,
R. Hecht, and F. Collins. 1996. Human leptin characterization. Nature 382:589.

29. Ihle, J. N., B. A. Witthuhn, F. W. Quelle, K. Yamamoto, and O. Silvennoinen.
1995. Signaling through the hematopoietic cytokine receptors. Annu. Rev. Im-
munol. 13:369.

30. Bjorbaek, C., S. Uotani, B. da Silva, and J. S. Flier. 1997. Divergent signaling
capacities of the long and short isoforms of the leptin receptor. J. Biol. Chem.
272:32686.

31. Zu, Y. L., J. Qi, A. Gilchrist, G. A. Fernandez, D. Vazquez-Abad, D. L. Kreutzer,
C. K. Huang, and R. I. Sha’afi. 1998. p38 mitogen-activated protein kinase ac-
tivation is required for human neutrophil function triggered by TNF-� or FMLP
stimulation. J. Immunol. 160:1982.

32. Takahashi, N., W. Waelput, and Y. Guisez. 1999. Leptin is an endogenous pro-
tective protein against the toxicity exerted by tumor necrosis factor. J. Exp. Med.
189:207.

33. Navarra, P., S. Tsagarakis, M. S. Faria, L. H. Rees, G. M. Besser, and
A. B. Grossman. 1991. Interleukins-1 and -6 stimulate the release of corticotrop-
in-releasing hormone-41 from rat hypothalamus in vitro via the eicosanoid cy-
clooxygenase pathway. Endocrinology 128:37.

34. Beutler, B., and A. Cerami. 1986. Cachectin and tumour necrosis factor as two
sides of the same biological coin. Nature 320:584.

35. Uysal, K. T., S. M. Wiesbrock, M. W. Marino, and G. S. Hotamisligil. 1997.
Protection from obesity-induced insulin resistance in mice lacking TNF-� func-
tion. Nature 389:610.

4599The Journal of Immunology

 by guest on A
ugust 4, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/

