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Leptin acts not only as an anorexigenic hormone but also
regulates cell-mediated immunity via leptin receptors (Ob-R)
expressed on T and B lymphocytes. However, the impact of
leptin on natural killer (NK) cells is currently elusive. We
evaluated leptin effects on NK cells in relation to the body
weight in rats using in vivo and in vitro approaches. Leptin
was injected iv in male lean and diet-induced obese Lewis and
F344 rats. NK cell numbers were analyzed in blood and spleen
by fluorescence activated cell sorting and immunohistochem-
istry, and the activity of NK cells was measured by chromium
release assay. Ob-R expression was investigated by confocal
laser scanning and quantitative RT-PCR. To compare leptin-
dependent intracellular signaling under basal and leptin- and
tumor cell (MADB106)-stimulated conditions, intracellular
target proteins of NK cells were evaluated by Western blot-
ting. Number and distribution pattern of splenic NK cells were

significantly different in lean and obese animals. Leptin ad-
ministration resulted in a 4-fold higher stimulation of the NK
activity in lean than obese animals. This was not due to a
decreased expression of Ob-R because quantitative RT-PCR
revealed significantly higher Ob-Rb mRNA levels in NK cells
from obese rats. In contrast, postreceptor signaling is differ-
entially abrogated in obese animals with significantly lower
activation of postreceptor signaling components (Janus
kinase-2p, protein kinase B pT308, AMP�pT172) after an in
vivo leptin challenge. In conclusion, the results for the first
time assign leptin a central role as a modulator of NK cell
number and activity only in lean but not obese subjects. The
differential role of leptin has important implications for the
influence of body weight in the response to systemic inflam-
mations and in the immunological defense of cancer. (Endo-
crinology 149: 3370–3378, 2008)

LEPTIN, THE PRODUCT of the ob gene, is primarily
secreted by adipocytes, acting as a hormonal feedback

signal to hypothalamic nuclei and herewith regulating en-
ergy homeostasis by decreasing energy intake and increasing
energy expenditure (1, 2). Signal transduction in the leptin
pathway is mediated via the full-length leptin receptor
(Ob-Rb), but in addition, several alternatively spliced iso-
forms of the Ob-R either with a short cytoplasmic domain
(Ob-Ra, c, d, f) or lacking the transmembrane and cytoplas-
mic domain (Ob-Re) and capable of binding leptin in the
serum have been characterized (3, 4). Effects of leptin on food
consumption and energy expenditure appear to be depen-
dent on the activation of Ob-Rb linked to the Janus kinase

(JAK)-2-mediated activation of signal transducer and acti-
vator of transcription (STAT) 3-3, the JAK-STAT pathway (5).
Additionally, both Ob-Rb and Ob-Ra can transduce signals
through MAPK (ERK-1)-dependent pathways (5, 6). Previ-
ous studies in rodents and humans demonstrated that the
increase of leptin in obesity is reflected in a selective increase
in free leptin and a relative deficiency in receptor-bound
leptin and revealed an independent physiological role of
bound leptin (7, 8). Apart from its impact on energy ho-
meostasis, important functions of leptin for the regulation of
immunocompetence have been unraveled (9, 10). Leptin re-
ceptors are expressed on T lymphocytes (11), suggesting a
role for leptin in these cells. A role of leptin in immune
modulation is further strengthened by the structural simi-
larities of the hormone to cytokines namely to IL-2, IL-6, and
IL-15 (12) and the high homology of Ob-Rb to members of the
class I cytokine receptor family (such as IL-6) (13). Especially
for the proinflammatory cytokine IL-6 interaction between
both pathways have been demonstrated. Leptin increases the
proliferation of naive T lymphocytes, increases Th1, and
suppresses Th2 cytokine production (9). Thus, leptin defi-
ciency or receptor mutation causes a reduction in T lym-
phocyte numbers and an alteration in monocyte responsive-
ness (14). This leptin-dependent regulation of the immune
system has been confirmed in several in vivo models. Leptin-
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deficient animals have been shown to be protected in ex-
perimental autoimmune encephalitis (15), ConA-induced
hepatitis (16), and several models of experimental colitis
(17, 18). In contrast, leptin deficiency in vivo is associated with
an increased susceptibility in endotoxin-induced shock (19).

Natural killer (NK) cells are an integral component of the
innate immune system, in both the production of cytokines
(e.g. interferon-�) to stimulate other immune cells and the
direct destruction of infected or transformed cells (20, 21).
NK cells express a variety of activating and inhibitory re-
ceptors the composite effects of which determine their spec-
ificities for divergent targets (22). In contrast to the effect of
leptin on T and B lymphocytes, only few data exist on its
modulatory role in NK cell proliferation, activation, or mi-
gration. Very little information is available concerning the
expression of Ob-Rs on NK cells, and it is not yet known
whether body weight and herewith an altered leptin system
can modulate the expression and consecutive signaling.
Obese patients have an independent risk for the develop-
ment of severe inflammations (14) and several types of cancer
(e.g. colon and breast cancer) (23). Because several studies
propose altered NK cell numbers and NK cell function in
obese compared with normal-weight individuals (24, 25), we
speculated that the increased serum leptin levels in obese
subjects may directly interact with NK cells and alter their
migration patterns or activity in the obese.

Materials and Methods
Animals

Male Lewis and F344 rats were obtained from Charles River GmbH
(Sulzfeld, Germany) and individually housed in plastic-based cages
(40 � 26 � 15 cm), in sound-proofed, air-conditioned, and artificially
lighted rooms (lights on from 0700 to 1900 h) at an ambient temperature
of 24.0 � 0.5 C. The animals were kept under specific pathogen-free
conditions. Standard rat chow (50% carbohydrate, 19% protein, 12%
water, 4% fat, and 2.1 kcal/g) and tap water were available ad libitum.
Animals were randomized into two groups. One group was fed a
high-calorie diet containing 34% carbohydrate, 17% protein, 4% water,
35% fat, and 5.2 kcal/g for 8 wk, after which the experiments started.
Figure 1A shows that rats in the obese group weighed significantly more
than the lean littermates (292 g � 18 vs. 397 g � 19 g; P � 0.01). All
research and animal care procedures had been approved by the Lower
Saxony district government in Hannover, Germany.

Leptin and MADB106 tumor cells

For both rat strains, a bolus injection of human recombinant (hrec)-
leptin was used to stimulate leptin-dependent signaling. hrec-leptin
(Natutec, Frankfurt, Germany) was dissolved in 0.9% NaCl, and a dose
of 500 �g/kg in 0.2 ml NaCl was applied.

MADB106 tumor cells are a selected cell line obtained from a pul-
monary metastasis of a mammary adenocarcinoma chemically induced
in the inbred F344 rat. In the present study, the challenge with these
tumor cells was used to further activate NK cells. MADB106 tumor cells
were stored in 5% CO2 at 37 C in monolayer cultures in RPMI 1640
medium (Life Technologies, Inc., Invitrogen, Carlsbad, CA) supple-
mented with 10% heat-inactivated fetal calf serum, 45 U/ml penicillin,
0.045 mg/ml streptomycin, 2 mm l-glutamine, 0.1 mm nonessential
amino acids, and 1 mm sodium pyruvate. Immediately before starting
the experiments, cells, derived from the log phase of tumor growth, were
separated using 0.25% trypsin, washed, and resuspended in RPMI 1640.
For injection 1 � 106 cells per 300 g were used.

Intravenous cannulation

Under im ketamine-hydrochloride (10%, 0.35 ml) and medetomidine
hydrochloride (0.001%, 0.05 ml) anesthesia, Lewis rats received a central

venous catheter in the right external jugular vein as described before
(26). The animals were allowed to recover for 4 d postoperatively to
avoid interference with surgical stress. The F344 rats were anesthetized
and the right external jugular vein was short-term cannulated.

Experimental design

Lewis rats were divided into six groups (n � 5/group): groups
1 � 2, NaCl-treated lean and obese animals (killed 4 h after the injection);
groups 3 � 4, leptin-treated lean and obese animals (killed 4 h after the
injection); groups 5 � 6, lean and obese animals exsanguinated without
surgical intervention [for the quantitative RT-PCR (qRT-PCR) analysis].

For the immunoblot analyses, an additional NK cell challenge with
MADB106 tumor cells was performed. Because these tumor cells activate
only NK cells from F344 rats, the experimental animal strain was
changed. F344 were randomized into eight groups (n � 1–3/group).
Experiments started with the first iv injection. Five minutes later, the
second injection was performed. Animals were killed 15 min later:

FIG. 1. Serum levels of free and receptor-bound leptin are significantly
different in obese animals. A, Changes in body weight (BW) were mon-
itored (n � 15/group). Significant post hoc effects between obese and lean
animals are indicated by an asterisk. *, P � 0.001. The photo shows
representative Lewis rats at 8 wk. B, Both the basal and leptin stimu-
lated (4 h after iv injection of hrec-leptin) levels of leptin measured by
RIA are significantly increased (free leptin) and decreased (receptor
bound leptin) in diet-induced obese animals, compared with lean litter-
mates (n � 5 in each group). Significant post hoc effects vs. the corre-
sponding NaCl controls within the lean or the obese animal group are
indicated by an asterisk. *, P � 0.001. Significant post hoc effects of
receptor-bound vs. free leptin in corresponding groups are indicated by
a rhomb. #, P � 0.001. Significant post hoc effects of free or receptor-
bound leptin of obese animals vs. the corresponding lean littermates in
the same treatment group (NaCl or leptin) are indicated by a paragraph
sign, §, P � 0.001. Data are expressed as mean � SEM.
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groups 1 � 2, NaCl � NaCl-treated lean and obese animals; groups 3
� 4, leptin � NaCl-treated lean and obese animals; groups 5 � 6, NaCl
� MADB106-treated lean and obese animals; groups 7 � 8, leptin �
MADB106-treated lean and obese animals.

Blood and tissue sampling

Four hours (Lewis rats) and 15 min (F344 rats) after injection, rats
were anesthetized, the left heart ventricle was punctured, and blood was
collected. One part of the spleen of the Lewis rats was processed for the
in vitro NK cell assay. For the immunohistological investigations, Lewis
rats were perfused transcardially with 100 ml PBS. The spleen and the
intermediate lobe of the liver were removed, and one part was imme-
diately frozen in liquid nitrogen and stored at �80 C for immunohis-
tological analysis.

Flow cytometry

Leukocyte numbers were determined using a Coulter counter. Flu-
orescence activated cell sorting (FACS) analysis (FACS-Scan; Becton
Dickinson, Heidelberg, Germany) was performed using the monoclonal
mouse antirat antibodies (mAb) 10/78 (NK cells/NKR-P1A�/
CD161bright; Serotec GmbH, Düsseldorf, Germany) and R73 (T cell re-
ceptor, CD3; Serotec). Two-color staining (data not shown) using either
mAb ED9/10/78 to exclude monocytes or mAb R73/10/78 to exclude
T cells, revealed that NKR-P1Abright events reflect only NK cells.

Quantification of NK cells in the spleen in situ

Cryostat sections (5–7 �m) were obtained, and immunohistochemical
characterization of NK cells was performed with the alkaline phospha-
tase antialkaline phosphatase technique. In brief, sections were immer-
sion fixed with acetone for 10 min, rehydrated with Tris-phosphatase-
buffered saline (TBS) and incubated with the primary mouse mAb 10/78
(NKR-P1A�; 1:250) overnight. Binding of the primary mAbs was re-
vealed by mouse IgG (1:50 in 5% rat serum in PBS) for 30 min. To
visualize the binding, the alkaline phosphatase antialkaline phosphatase
complex (1:50 in TBS for 30 min; DakoCytomation, Hamburg, Germany)
was used, followed by the repetition of the last two steps for 15 min. The
sections were stained with Fast Red for 25 min, counterstained with
hematoxylin (1:5 in PBS) for 90 sec, and mounted in glycergel (Dako-
Cytomation). Method specificity was tested by omission of the primary
antibody and by corresponding isotype controls. Each experimental
group was composed of five animals, and for the quantitative analysis,
five sections and six visual fields/section (resulting in 150 mm2 inves-
tigated area/group) were examined for each animal by two observers
blinded to the treatment conditions.

In situ detection of Ob-R expression of NK cells by confocal
laser-scanning microscopy

Cryostat sections (6–8 �m) were obtained and NK cells and Ob-R were
detected with immunofluorescence. Sections were immersion fixed with
acetone for 10 min and rehydrated with TBS. Nonspecific protein binding
was blocked by treating the sections for 60 min at room temperature with
5% donkey serum diluted in PBS. Both primary and secondary antibodies
were simultaneously present in the incubation solutions. Incubation with
the primary antibodies (10/78, NKR-P1A�, 1:100; M18, Ob-R, 1:150; Santa
Cruz Biotechnology Inc., Santa Cruz, CA) diluted in PBS was performed
overnight at 4 C in a humid chamber. After rinsing in PBS sections were
incubated likewise with donkey antimouse Cy2 (Jackson ImmunoResearch
Laboratories Inc., West Grove, PA) and donkey antigoat Cy3 diluted 1:50
in PBS. Thereafter nuclei were stained with To-Pro-3 (Molecular Probes,
Eugene, OR) 1:300 in PBS for 30 min. Sections were mounted in fluorescent
mounting medium (DakoCytomation). Confocal laser-scanning micros-
copy was performed with an LSM 510 META microscope equipped with
an Axiovert 200 M (Carl Zeiss, Jena, Germany), an argon laser (30 mW
maximal power), and a He/Ne-Laser (1 mW maximal power). Images were
acquired with the LSM 510 Image Browser software (version 3.5;
Carl Zeiss).

Chromium release assay

For detection of splenic NK cell mediated lysis, one part of the spleen
was minced immediately after removing and mashed through a cell

strainer, yielding single-cell suspensions of splenocytes. The lympho-
cyte fractions in spleen suspension and blood were isolated by a Ficoll
gradient. The murine lymphoma cell line YAC-1 was labeled for 60 min
with 100 �Ci sodium chromate-51 (Amersham, Braunschweig, Ger-
many). Cytotoxicity assays were performed using V-bottomed micro-
titer plates with 5000 51Cr-labeled YAC-1 cells at various effector to
target ratios in triplicates. Release of 51Cr into the supernatant was
measured after 4 h at 37 C. Maximal release was determined by addition
of 1% Triton X-100. Spontaneous release was always less than 10%.
Specific cytotoxicity was calculated according to a standard method and
transformed into lytic units (LU; LU20/107 effector cells) as described
before (27). This value was then divided by the actual NK cell proportion
in each assay, which is expressed as LU/NK cells.

Receptor-bound leptin measurement

The amount of receptor-bound leptin in the blood was measured as
described before (28). In short, antibodies to the N-terminal portion of
the protein (leptin amino acid number 26–38) were generated by cou-
pling to hemocyanine by the carbodiimide method. N-terminal anti-
bodies selectively detect protein bound leptin immunoreactivity.

Sorting of NK cells

For qRT-PCR and immunoblotting, blood cells were incubated con-
secutively with phycoerythrin-labeled anti-CD161 (NKR-P1A) and flu-
orescein isothiocyanate-labeled anti-CD3 (T cell receptor) for 60 min at
4 C. NK�CD3� cells were sorted and collected with a FACSAria (Becton
Dickinson).

qRT-PCR analysis for Ob-Rb

Total RNA from NK-cells from diet-induced obese and lean rats was
extracted with Trifast Gold reagent (Peqlab, Erlangen, Germany) and
thereon reverse transcribed using oligo (deoxythymidine)12–18-primers
(Invitrogen, Karlsruhe, Germany) and Moloney murine leukemia virus
reverse transcriptase (Invitrogen) in a volume of 77.5 �l at 37 C for 55
min. cDNA (1 �l) was subjected to real-time PCR analysis using Plat-
inum SYBR Green qPCR SuperMix-UDG (Invitrogen) and 5 pmol of
gene-specific primers in a total volume of 20 �l. The following primer
sequences were used for detection of Ob-Rb receptor transcripts: for-
ward, 5�-CAC CCA GGG AAC CTG TGA GG-3�, reverse, 5�-GGA ATG
TTT CCT GGC GAT GC-3�. PCR was performed on a Lightcycler (Roche,
Basel, Switzerland) using the following protocol: 2 min Taq-polymerase
activation at 95 C, 50 cycles of 5 sec denaturation at 94 C, 20 sec primer
annealing at 60 C, and 10 sec extension at 72 C followed by a melt point
analysis. For quantification serial dilutions of a cDNA generated from
total RNA extracted from the brain of a Wistar rat were coamplified.
Gene-specific mRNA expression was normalized against glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA, which proved to
be unaltered between obese and lean rats. GAPDH primer sequences:
forward, 5�-TGC ATC CTG CAC CAC CAA CT-3�, reverse, 5�-ACG CCA
CAG CTT TCC AGA GG-3�. All values were expressed as the ratio of
Ob-Rb and GAPDH expression.

Immunoblotting

Frozen NK cells were suspended in buffer L [25 mm Tris/HCl
(pH 7.4), 250 mm sucrose, 100 mm NaF, 10 mm NaPPi, 1 mm Na3VO4,
1 mm EDTA, 20 �g/ml leupeptin, 5 �g/ml pepstatin, 1 mm benzami-
dine, 0.5 mm phenylmethylsulfonyl fluoride, and 100 �m 3-isobutyl-1-
methylxanthine; 100 �l per 100,000 cells] containing 1% Nonidet P-40
and 1% sodium dodecyl sulfate at 4 C. After ultrasonic treatment (Bran-
son B-12, microtip, output 4, 3 � 20 sec with 30 sec intervals, on ice), the
lysates were centrifuged (1500 � g, 5 min, 4 C). The supernatants were
removed and recentrifuged. The supernatants were removed and used
for immunoprecipitation.

Cell lysates (20 �l) were diluted in 500 �l of immunoprecipitation (IP)
buffer [10 mm Tris/HCl (pH 8.0), 150 mm NaCl, 6 mm EDTA, 1%
Nonidet P-40, 1 mm Na3VO4, 100 mm NaF, 10 �g/ml aprotinin, 1 mm
benzamidine, and 100 �m phenylmethylsulfonyl fluoride] and then
precleared with protein G/A-Sepharose (20 �l of 50 mg/ml IP buffer).
After addition of antibodies [anti-JAK-2, 1:200; Upstate (Charlottesville,
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VA); anti-PKB, 1:500; BIOMOL (Hamburg, Germany); antiglycogen syn-
thase kinase (GSK)-3�, 1:100; anti-ERK-1, 1:50, Santa Cruz; anti-ERK-2,
1:50; Rockland (Gilbertsville, PA); anti-AMP-activated protein kinase
(AMPK)�-pan, 1:50, Upstate; caveolin-1, 1:100; Transduction Laborato-
ries, Heidelberg, Germany], each preadsorbed to 20 �l of protein G/A-
Sepharose (50 mg/ml IP buffer), the mixtures were incubated (16 h, 4 C,
under rotation) and then centrifuged (12,000 � g, 2 min, 4 C). The
collected immune complexes were washed four times with 1 ml each of
IP buffer, then two times with IP buffer containing 0.1% Nonidet P-40
and 500 mm NaCl, then two times with IP buffer lacking Nonidet P-40,
and finally two times with IP buffer lacking Nonidet P-40 and NaCl.
After dissolution of the immune complexes in 50 �l of 2-fold Laemmli
sample buffer (5 min, 95 C) and centrifugation (12,000 � g, 2 min), the
supernatant proteins (15 �l portions) were analyzed by SDS-PAGE
(Novex 8–14%, Tris-glycine, precast gels with morpholinopropanesul-
fonic acid-sodium dodecyl sulfate running buffer) and immunoblotting.

Immunoblotting using chemiluminescent detection with primary an-
tibodies against phosphotyrosine, JAK-2, PKBpT308, PKB, GSK-3�pS9,
GSK-3�, AMPK�pT172, AMPK�-pan, phospho-ERK-1/2 (Upstate),
ERK-1, and ERK-2 (Rockland) was performed as described previously
(8). The amounts of protein recovered by the immunoprecipitation were
evaluated by homologous immunoblotting and used for correction.
Lumiimages were processed and quantified by computer-assisted video
densitometry using the Lumiimager system (Roche).

cAMP levels were determined quantitatively from 5-�l portions of the
lysates using a commercially available competitive enzyme-linked im-
munoassay kit according to the instructions of the manufacturer
(Biotrend, Cologne, Germany). Because of the competition between
cAMP in the sample and the cAMP alkaline phosphatase tracer for a
limited amount of cAMP antiserum, the signal obtained with the assay
will be inversely proportional to the amount of cAMP in the sample. This
equilibration is performed in the wells of a 96-well plate precoated with
mouse antirabbit IgG, which binds all of the cAMP antiserum added to
the well. After the equilibration step, the plate is washed, and a solution
of the alkaline phosphatase substrate, para-nitrophenyl phosphate, is
added. Product formation of this enzymic reaction is monitored at
412 nm. The assay permits cAMP measurements within the range of
3–3000 pmol/ml, typically with a limit of quantification of 10 nm, in-
traassay and interassay precisions of 5–20%, and cross-reactivities with
AMP and adenosine of less than 0.05%.

Statistics

Data are expressed as means � sem. To analyze the effect of the leptin
administration and the body weight on the different measured param-
eters, one-way-ANOVA was applied with treatment being the first fac-
tor and the measured parameter being the second factor. Least signif-
icant differences post hoc analysis was implemented to determine
significant differences in the case of main treatment effects. Differences
were considered significant if P � 0.05.

Results
An excess of total leptin but decreased serum levels of
receptor-bound leptin in obese rats cannot be reversed by
exogenous leptin

In the serum, the adipose tissue-derived hormone leptin
circulates as a free hormone and in high-molecular-weight
complexes formed with its soluble receptor (Ob-Re). Recent
evidence reported by our group suggests that free and bound
leptin are differentially regulated in various pathophysio-
logical conditions and that bound leptin may serve inde-
pendent functions (4, 29). Because binding of leptin to its
soluble receptor might be essential for the bioavailability and
the stabilization of the ligand, we performed RIAs and mea-
sured total and receptor-bound leptin fractions in the sera of
chronically iv cannulated lean and diet-induced obese Lewis
rats 4 h after an iv bolus injection of hrec-leptin (500 �g/kg)
or vehicle. In the sera of obese rats, an excess of total leptin

was observed. Figure 1B depicts the high serum levels of total
leptin in obese control animals (410% of lean values) with
only a small influence of the bolus injection of hrec-leptin on
this leptin component. The challenge with hrec-leptin
slightly increased the amount of bound leptin in lean and
obese rats. However, obese animals still had significantly
lower levels, compared with lean rats (64% vs. lean rats
before and only 78% after the leptin administration). These
data document the deficiency in producing receptor-bound
leptin of diet-induced obese subjects and the lack of an effect
of iv leptin administration in obese animals.

Leptin administration enhances blood NK cell numbers

Recent data strongly suggest that apart from its potent
weight-reducing effects leptin can act as an immunomodu-
latory peptide in vitro and in normal weight subjects. The
present study confirmed that leptin components and levels
are differentially regulated by the nutritional status. How-
ever, no data exist showing the influence this has on num-
bers of immunocompetent NK cells in the blood of lean
and obese subjects. To investigate whether NK cell num-
bers in the peripheral blood are modified in diet-induced
obesity and whether they can be modulated by an exog-
enous leptin challenge, NK cell numbers were determined
by monoclonal antibodies against the NKR-P1A and the
T cell receptor in FACS analyses (Fig. 2, A and B). Leptin
administration caused a marked increase in blood NK cells
both in lean and obese animals (Fig. 2, A–C). However,
under both conditions (control and leptin challenged an-
imals), no significant differences between lean and obese
animals were detectable.

Splenic NK cell numbers are increased and differently
distributed in diet-induced obesity

To determine whether the leptin administration exerts
comparable effects on tissue NK cells, the number of splenic
NK cells in the four animal groups was investigated via
immunohistological staining (with the same antibody used
for FACS analyses) and consecutive counting by two scien-
tists blinded to the treatment conditions. In lean animals the
administration of hrec-leptin resulted in an increase of cells
in the spleen. Interestingly, the number of splenic NK cells
was significantly higher in obese vs. lean control animals
(Fig. 3, A and B). The administration of leptin could not
further increase the cell number in obese rats (Fig. 3C). As
expected, the majority of NK cells were diffusely distributed
in the red pulp. Nevertheless, in the sections of the obese
animals, various NK cells could also be found in the white
pulp. Figure 3 shows micrographs of representative spleen
sections taken from lean (Fig. 3A) and diet-induced obese
control animals (Fig. 3B). The significant difference of NK cell
numbers between lean and obese control rats was also seen
in the liver of the experimental animals. Leptin treatment
further enhanced NK cell count in livers of lean and obese
rats, resulting in significantly higher amounts of liver NK
cells in obese leptin-challenged animals compared with cor-
responding lean littermates (Fig. 3D).
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Leptin activates NK cells in vivo exclusively in lean subjects

To evaluate whether the increased accumulation of NK
cells after leptin treatment and the higher amount of NK cells
in the spleen and liver of obese subjects also result in an
increased activity, we measured the specific lysis of target
(YAC-1) cells by blood and splenic NK cells of lean and
diet-induced obese animals. Figure 4 delineates the lytic ac-
tivity dependent on the body weight and treatment of rats.
The iv leptin challenge had negligible effects on the NK cell
activity in the obese experimental animals. However, leptin
administration resulted in a 4-fold increase of NK cell activity
in the blood of lean animals, compared with vehicle-treated
lean animals, and a 2.8-fold enhancement of activity, com-
pared with the corresponding obese littermates (Fig. 4A). The
NK cell activity in the spleen of the obese subjects was like-
wise extremely low, resulting in an increase of the lytic
activity of splenic NK cells from lean animals after leptin
challenge by 405%, compared with the corresponding diet-
induced obese rats (Fig. 4B).

Splenic NK cells of lean and obese animals express Ob-Rs
in vivo

We next asked whether the leptin effects on NK cells solely
seen in lean animals could be direct receptor-mediated ef-
fects. Therefore, we performed confocal laser-scanning mi-
croscopy of spleen tissue stained with a polyclonal antibody
raised against all Ob-R isoforms and a monoclonal antibody
against NKR-P1A. As expected, immunolabeling showed
single positive cells for both antibodies (Fig. 5, A and B). It

has been demonstrated that human NK cell lines express
Ob-Rs (30). However, no data exist evaluating the in vivo
Ob-R expression depending on nutritional status. We found
numerous double-positive cells (NK cells expressing Ob-Rs)
in the spleen tissue of both lean and diet-induced obese rats.
Figure 5C demonstrates an NK cell positive for Ob-R from a
diet-induced obese animal.

The expression of Ob-Rb is dramatically increased in diet-
induced obesity

Because the extracellular domain of all Ob-R isoforms is
identical, a determination of the subtype by antibody stain-
ing is not feasible. Thus, to evaluate the Ob-Rb expression
quantitatively in blood NK cells, quantitative RT-PCR com-
paring the Ob-Rb mRNA expression in NK cells from lean
and diet-induced obese animals was performed. As shown
in Fig. 6, a significant 3.5-fold up-regulation of Ob-Rb mRNA
was demonstrated in the obese rats when compared with
lean littermates.

NK cells of obese animals are leptin resistant

To further test for a possible mechanism to explain the dis-
crepancy between higher circulating leptin levels and increased
leptin receptor expression in obese rats and the decreased ac-
tivity of the cells in the obese, we measured leptin receptor-
dependent intracellular signaling under basal conditions and
after in vivo stimulation with leptin or using MADB106 tumor
cells. Basally JAK-2, PKB, AMPK�, ERK2–2, GSK3�, and ERK-1
expression were evaluated by Western blotting (Fig. 7, A–F).
Expression values compared well between lean and obese rats.
In vivo stimulation with hrec-leptin resulted in a significant
increase of JAK-2p, PKBpT308, and AMPK�-pT172 (Fig. 7,
A–C) in NK cells from lean animals. However, NK cells from
obese animals were markedly resistant to leptin stimulation,
suggesting a functional desensitization of leptin signaling in
NK cells of obese animals. The observed resistance affects dis-
tinct signaling components: JAK-2p, PKBpT308, AMPK�-
pT172, and ERK-2p. Leptin-induced enhancement of GSK3�-
pS9 and ERK-1p (Fig. 7, E and F) was comparable in both
groups of NK cells.

Neither leptin nor tumor cells affected levels of c-AMP (data
not shown). Sensitivity/resistance was not markedly altered by
an additional challenge with tumor cells (supplemental Fig. 8,
published as supplemental data on The Endocrine Society’s
Journals Online Web site at http://endo.endojournals.org).

Discussion

Our detailed in vitro and in vivo analyses show for the first
time the leptin resistance of NK cells from obese rats. NK cells
accumulate in the spleen and liver of obese control animals. A
leptin challenge increased the number of splenic and liver NK
cells in lean animals without reaching the amount in obese
littermates. We demonstrate that the shift from bound to free
leptin observed in obese subjects cannot be modulated by leptin
treatment. Leptin activates NK cells exclusively in lean animals.
Confocal laser-scanning microscopy showed the expression of
Ob-Rs on NK cells from both lean and obese animals. However,
qRT-PCR revealed significantly higher Ob-Rb mRNA levels in

FIG. 2. Leptin enhances blood NK cells. Effect of hrec-leptin iv in-
jections on the number of blood NK cells in chronically iv-cannulated
lean and diet-induced obese Lewis rats 4 h after injection (n � 5 in
each group). Representative dot plots show the NKR-P1A�

(CD161)bright events in a lean control (A), compared with a lean leptin-
treated animal (B). C, Significant post hoc effects vs. the correspond-
ing NaCl controls are indicated by an asterisk. *, P � 0.001. Data are
expressed as mean � SEM.
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NK cells from obese than from lean rats. All these observations
point toward an increased activity of innate immunity in obe-
sity. However, mechanistically, after receptor signaling is ab-
rogated in obese animals with significantly lower activation of
postreceptor signaling components (JAK-2p, PKBpT308,
AMPK�-pT172) after an in vivo leptin challenge.

Excess body weight is directly associated with risk of cancer
at several organ sites, such as colon, breast (in postmenopausal
women), and lung (23, 25, 31). However, the mechanisms by
which obesity promotes the development of cancer are still
unknown. The role of leptin in the modulation of the innate and
acquired immune system is evident (10, 32). Because NK cells
are the central active component of the host’s immune system
in the early phase of cancer development and metastasis, we
focused on NK cell function in obesity.

Leptin was shown to increase the growth of human colon
and breast cancer cell lines by up-regulation of MAPK and
STAT3 signaling pathways (33, 34). In contrast, several re-
ports delineate that leptin has opposite effects in vivo (35).
Because it is known that leptin influences both adaptive and
innate immune functions, i.e. by interaction with its specific
receptors expressed on T lymphocytes (32), it can be assumed
that leptin may also influence NK cells, the multifunctional
effector cells against a variety of neoplastic diseases. Our data
concerning the increase of NK cell activity in normal-weight
animals parallel investigations by Tian and colleagues
(30, 36) and a study of Dovio et al. (37) showing a comparable
enhanced activity of NK cells from lean and obese humans
after IL-2 stimulation. Induction of NK cell proliferation
and activation may be suppressed by leptin, which has
been linked to inhibition of hepatocellular carcinoma cells
in vitro (38). However, our data suggest that this stimu-
latory effect of leptin on NK cells activity is lacking in
diet-induced obese rats.

To further clarify the apparent difference between high
circulating leptin levels but lack of response to a leptin
challenge, we investigated leptin signaling pathways in
both lean and diet-induced animals. Several immune cells,
such as T and B lymphocytes and monoyctes express the
Ob-R(a�b). Thus, it is likely that NK cells also express
isoforms of the Ob-R, so the above-mentioned induction of
proliferation and activation of NK cells may be direct
receptor-mediated effects of leptin. It was shown that the
Ob-Rb isoform is the crucial one for leptin-mediated
changes in the immune system (9). Both RT-PCR and im-
munofluorescence analyses clearly support that Ob-Rb
(mRNA) is expressed on NK cells in vivo. In contrast to
expectations, no receptor down-regulation was found in
NK cells from obese experimental animals, leading to a
reduced responsiveness upon leptin challenge, but Ob-Rb
was substantially up-regulated in diet-induced obesity.

To further explain the discrepancy to the reduced bio-
logical activity of NK cells, we speculated that down-
stream leptin signaling is desensitized. Levels of JAK-2p,
PKBpT308, and AMPK�-pT172 were significantly in-
creased after a bolus injection of hrec-leptin in lean, but no
effect could be detected in obese rats. However, JAK-2-

FIG. 3. Differential distribution of splenic NK cells is dependent on
iv leptin treatment and body weight in Lewis rats. A and B, Repre-
sentative immunohistological detection of NK cells (NKR-P1A�, red)
in cryostat sections of the spleen of a lean (A) and an obese (B) control
animal. In B, several NK cells have infiltrated the white pulp. C and
D, Numbers per square millimeter (mean � SEM) of splenic (C) or liver
(D) NK cells 4 h after iv injection of NaCl or hrec-leptin (n � 5 in each
group). Significant post hoc effects vs. the corresponding NaCl con-
trols are indicated by an asterisk. *, P � 0.001. Significant post hoc

effects of obese vs. lean animals within one treatment group (NaCl or
leptin) are indicated by a rhomb. #, P � 0.001.
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independent signaling components (e.g. ERK-1) were not
altered in NK cells of obese animals, suggesting that an
abrogated JAK/STAT pathway may be the underlying
mechanism for the leptin-resistant NK cells of the obese
experimental animals. Because proliferation and migra-
tion of immune and cancer cells appear to be dependent
on ERK-1/2 signaling (39), our results of a comparable
level of blood NK cells in lean and obese animals are in line
with an unstimulated ERK pathway in obesity. The mech-
anism underlying this dissociation of intracellular leptin
signaling pathways is unclear. In liver-specific insulin re-
ceptor knockout mice, hyperinsulinemia is combined with
high leptin levels and greatly increased levels of Ob-R.
These mice exhibit, in contrast to animals with diet-in-
duced obesity, a normal or even increased leptin sensi-
tivity. Dysregulation of suppressor of cytokine signaling
(SOCS)-3 appears to be the most important regulator be-
cause SOCS-3 is increased in diet-induced obesity as a
mediator of leptin resistance (40), whereas in liver-specific
insulin receptor knockout mice, SOCS-3 levels were not
affected. Our model with increased leptin receptor ex-
pression and a slightly increased formation of leptin bind-
ing fit to such regulatory pattern. The dissociation of lep-
tin-dependent signaling pathways in our model fit,
however, better to the up-regulation of SOCS-3 found in
diet-induced obesity as a basis of SOCS-3-dependent lep-
tin insensitivity (41, 42).

In conclusion, our data are compatible with a model in

which leptin levels increase acutely as part of an acute-phase
response to inflammation (43). This increases through ERK
signaling pathway NK cell numbers but due to the dissoci-
ation of leptin signaling with desensitization of JAK/STAT-
dependent pathways, NK cell activity is stimulated only in
lean but not the obese animals. Thus, as in cancer, the proin-

FIG. 4. Leptin activates NK cells only from lean subjects. NK cell
cytotoxicity assays reveal high lytic activities in the blood (A) and
spleen (B) of lean Lewis rats 4 h after an iv injection of hrec-leptin,
compared with the three other groups (n � 5 in each group). Leptin
treatment produces no effect in obese animals. Significant post hoc
effects vs. the corresponding NaCl controls are indicated by an as-
terisk. *, P � 0.001. Significant post hoc effects of the lean vs. the obese
leptin-treated animals are indicated by a rhomb. #, P � 0.001. Data
are expressed as mean � SEM.

FIG. 5. Splenic NK cells of both lean and obese Lewis rats express the
Ob-R in vivo. Immunofluorescent staining for Ob-R (red, A) and NK
cells (NKR-P1A�, CD161, green, B) in a representative spleen section
of an obese animal. C, Nuclei are stained blue with To-Pro-3. D,
Besides single-positive cells confocal analyses clearly show various
double-positive cells (NK cells expressing Ob-Rs). Single-positive cells
for Ob-R are predominantly T lymphocytes. NK cells expressing
Ob-Rs are also found in lean animals.

FIG. 6. Ob-Rb mRNA expression on blood NK cells is dramatically
increased in diet-induced obesity. NK cells from lean and obese Lewis
rats (n � 5 in each group) were purified, subjected to RNA isolation,
and quantitative RT-PCR was performed as described in detail in the
Materials and Methods. Values are expressed as the ratio of Ob-Rb
and GAPDH expression. Significant post hoc effects of the obese vs.
the lean animals are indicated by an asterisk. *, P � 0.001. Data are
expressed as mean � SEM.
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flammatory state of obesity may induce an attenuated re-
sponse of immune-competent cells to an acute endogenous
or exogenous leptin challenge and inhibit the promigratory
and activating effects of a leptin challenge on NK cells.

Acknowledgments

The excellent technical assistance of S. Kuhlmann, I. Dressendörfer,
and R. Horn is very much appreciated. The authors thank Dr. M.
Ballmaier and Christina Reimer (Department of Pediatric Hematology,

FIG. 7. Resistance of JAK-2-dependent
leptin signaling in NK cells of obese F344
rats. JAK-2p (A), PKBpT308 (B),
AMPK�-pT172 (C), ERK-2p (D), GSK3�-
pS9 (E), and ERK-1p (F) were immuno-
precipitated (IP) with appropriate anti-
bodies (see Materials and Methods) from
NK cells of lean and obese rats that had
been pretreated with hrec-leptin or NaCl.
Quantitative data are presented in
means � SEM corrected for amount of im-
munoprecipitated protein actually ap-
plied onto gel. For the analysis of ERK-2p
(D) and GSK3�-pS9 (E), number of ani-
mals were lower than n � 3 per group;
thus, no SEM could be calculated. Signif-
icant post hoc effects vs. the correspond-
ing NaCl controls are indicated by an as-
terisk. *, P � 0.001. Significant post hoc
effects of the obese leptin-treated animals
vs. the corresponding lean animals are
indicated by a rhomb. #, P � 0.001. Data
of animals receiving an additional chal-
lenge with MADB106 tumor cells are pre-
sented in supplemental Fig. 8.

Nave et al. • NK Cell Dysfunction in Diet-Induced Obesity Endocrinology, July 2008, 149(7):3370–3378 3377

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/149/7/3370/2454961 by guest on 10 April 2024



Hannover Medical School) for the help with the cell sorting. The cor-
rection of the English by S. Fryk is gratefully acknowledged.

Received November 6, 2007. Accepted March 13, 2008.
Address all correspondence and requests for reprints to: Professor

Dr. Heike Nave, M.D., Hannover Medical School, Institute for Func-
tional and Applied Anatomy, Carl-Neuberg Strasse 1, 30625 Hannover;
Germany. E-mail: nave.heike@mh-hannover.de.

This work was supported by a grant from the Eli Lilly Foundation
(Bad Homburg, Germany) and Grant SI749/3-3 from the Emmy-Noether
program of the DFG (to B.S.).

Disclosure Statement: The authors have nothing to disclose.

References

1. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM 1994
Positional cloning of the mouse obese gene and its human homologue. Nature
372:425–432

2. Ahima RS, Flier JS 2000 Leptin. Annu Rev Physiol 62:413–437
3. Tartaglia LA, Dembski M, Weng X, Deng N, Culpepper J, Devos R, Richards

GJ, Campfield LA, Clark FT, Deeds J, Muir C, Sanker S, Moriarty A, Moore
KJ, Smutko JS, Mays GG, Wool EA, Monroe CA, Tepper RI 1995 Identifi-
cation and expression cloning of a leptin receptor, OB-R. Cell 83:1263–1271

4. Brabant G, Nave H, Mayr B, Behrend M, van Hermelen V, Arner P 2002
Secretion of free and protein-bound leptin from subcutaneous adipose tissue
of lean and obese women. J Clin Endocrinol Metab 87:3966–3970

5. Belouzard S, Delcroix D, Rouillé Y 2004 Low levels of expression of leptin
receptor at the cell surface result from constitutive endocytosis and intracel-
lular retention in the biosynthetic pathway. J Biol Chem 279:28499–28508

6. Rouet-Benzineb P, Aparicio T, Guilmeau S, Pouzet C, Descatoire V, Buyse
M, Bado A 2004 Leptin counteracts sodium butyrate-induced apoptosis in
human colon cancer HT-29 cells via NF-�B signaling. J Biol Chem 279:16495–
16502

7. Sinha MK, Opentanova I, Ohannesian JP, Kolaczynski JW, Heiman ML,
Hale J, Becker GW, Bowsher RR, Stephens TW, Caro JF 1996 Evidence of free
and bound leptin in human circulation. Studies in lean and obese subjects and
during short-term fasting. J Clin Invest 98:1277–1282

8. Brabant G, Müller G, Horn R, Anderwald C, Roden M, Nave H 2005 Hepatic
leptin signaling in obesity. FASEB J 19:1048–1050

9. Lord GM, Matarese G, Howard JK, Baker RJ, Bloom SR, Lechler RI 1998
Leptin modulates the T-cell response and reverses starvation-induced immu-
nosuppression. Nature 394:897–901

10. da Rosa V, Procaccini C, Gali G, Pirozzi G, Fontana S, Zappacosta S, La Cava
A, Matarese G 2007 A key role of leptin in the control of regulatory T cell
proliferation. Immunity 26:241–255

11. Martin-Romero C, Santos-Alvarez J, Goberna R, Sanchez-Margalet V 2000
Human leptin enhances activation and proliferation of human circulating T
lymphocytes. Cell Immunol 199:15–24

12. Madej T, Boguski MS, Bryant SH 1995 Threading analysis suggests that the
obese gene product may be a helical cytokine. FEBS Lett 373:13–18

13. Nakashima K, Narazaki M, Taga T 1997 Overlapping and distinct signals
through leptin receptor (OB-R) and a closely related cytokine signal trans-
ducer, gp130. FEBS Lett 401:49–52

14. Fantuzzi G, Faggioni R 2000 Leptin in the regulation of immunity, inflam-
mation, and hematopoiesis. J Leukoc Biol 68:437–446

15. Matarese G, di Giacomo A, Sanna V, Lord GM, Howard JK, di Tuoro A,
Bloom SR, Lechler RI, Zappacosta S, Fontana S 2001 Requirement for leptin
in the induction and progression of autoimmune encephalomyelitis. J Immu-
nol 166:5909–5916

16. Faggioni R, Jones-Carson J, Reed DA, Dinarello CA, Feingold KR, Grunfeld
C, Fantuzzi G 2000 Leptin-deficient (ob/ob) mice are protected from T cell-
mediated hepatotoxicity: role of tumor necrosis factor � and IL-10. Proc Natl
Acad Sci USA 97:2367–2372

17. Siegmund B, Lehr HA, Fantuzzi G 2002 Leptin: a pivotal mediator of intestinal
inflammation in mice. Gastroenterology 122:2011–2025

18. Siegmund B, Sennello JA, Jones-Carson J, Gamboni-Robertson F, Lehr HA,
Batra A, Fedke I, Zeitz M, Fantuzzi G 2004 Leptin receptor expression on T
lymphocytes modulates chronic intestinal inflammation in mice. Gut 53:965–972

19. Faggioni R, Moser A, Feingold KR, Grunfeld C 2000 Reduced leptin levels
in starvation increase susceptibility to endotoxic shock. Am J Pathol 156:1781–
1787

20. Wiltrout RH 2000 Regulation and antimetastatic functions of liver-associated
natural killer cells. Immunol Rev 174:63–76

21. Jacobs R, Hintzen G, Kemper A, Beul K, Kempf S, Behrens G, Sykora KW,
Schmidt RE 2001 CD56bright cells differ in their KIR repertoire and cytotoxic
features from CD56dim NK cells. Eur J Immunol 31:3121–3127

22. Ryan JC, Naper C, Hayashi S, Daws MR 2001 Physiologic functions of acti-
vating natural killer (NK) complex-encoded receptors on NK cells. Immunol
Rev 181:126–137

23. Bianchini F, Kaaks R, Vainio H 2002 Overweight, obesity, and cancer risk.
Lancet Oncol 3:565–574

24. Iorio R, Sepe A, Giannattasio A, Cirillo F, Spagnuolo MI, Franzese A,
Fontana S, Aufiero D, Perna F, Vegnente A, Matarese G 2006 Immune
phenotype and serum leptin in children with obesity-related liver disease.
J Clin Endocrinol Metab 91:341–344

25. Mori A, Sakurai H, Choo MK, Obi R, Koizumi K, Yoshida C, Shimada Y,
Saiki I 2006 Severe pulmonary metastasis in obese and diabetic mice. Int J
Cancer 119:2760–2767

26. Nave H, Helfritz F, Kuhlmann S, Ballof J, Drube J, von Hörsten S, Pabst R
1998 Intravenous cannulation of the freely behaving rat: frequent blood sam-
pling and volume-dependent effect on blood leukocyte counts. J Exp Anim Sci
39:67–77

27. Jacobs R, Stoll M, Stratmann G, Leo R, Link H, Schmidt RE 1992 CD16-
CD56� natural killer cells after bone marrow transplantation. Blood 79:3239–
3244

28. Brabant G, Horn R, von zur Muhlen A, Mayr B, Wurster U, Heidenreich F,
Schnabel D, Gruters-Kieslich A, Zimmermann-Belsing T, Feldt-Rasmussen
U 2000 Free and protein bound leptin are distinct and independently controlled
factors in energy regulation. Diabetologia 43:438–442

29. Brabant G, Nave H, Horn R, Anderwald C, Müller G, Roden M 2004 In vivo
and in vitro evidence for a hepatic modulation of the leptin signal in rats. Eur
J Clin Invest 34:831–837

30. Zhao Y, Sun R, You L, Gao C, Tian Z 2003 Expression of leptin receptors and
response to leptin stimulation of human natural killer cell lines. Biochem
Biophys Res Commun 300:247–252

31. Yakar S, Nunez NP, Pennisi P, Brodt P, Sun H, Faffavollita L, Zhao H, Scavo
L, Novosyadlyy R, Kurshan N, Stannard B, East-Palmer J, Smith NCP,
Perkins SN, Fuchs-Young R, Barrett JC, Hursting SD, LeRoith D 2006 In-
creased tumor growth in mice with diet-induced obesity: impact of ovarian
hormones. Endocrinology 147:5826–5834

32. La Cava A, Matarese G 2004 The weight of leptin in immunity. Nat Rev
Immunol 4:371–379

33. Hardwick JCH, van den Brink GR, Offerhaus GJ, van Deventer SJH,
Peppelenbosch MP 2001 Leptin is a growth factor for colonic epithelial cells.
Gastroenterology 121:79–90

34. Yin N, Wang D, Zhang H, Yi X, Sun X, Shi B, Wu H, Wu G, Wang X, Shang
Y 2004 Molecular mechanisms involved in the growth stimulation of breast
cancer cells by leptin. Cancer Res 64:5870–5875

35. Aparicio T, Kotelevets L, Tsocas A, Laigneau JP, Sobhani I, Chastre E, Lehy
T 2005 Leptin stimulates the proliferation of human colon cancer cells in vitro
but does not promote the growth of colon cancer xenografts in nude mice nor
intestinal tumourigenesis in ApcMin/� mice. Gut 54:1136–1145

36. Tian Z, Sun R, Wei H, Gao B 2002 Impaired natural killer (NK) cell activity
in leptin receptor deficient mice: leptin as a critical regulator in NK cell
development and activation. Biochem Bioph Res Commun 298:297–302

37. Dovio A, Caramello V, Masera RG, Sartori ML, Saba L, Tinivella M, Prolo
P, Termine A, Avagnina P, Angeli A 2004 Natural killer cell activity and
sensitivity to positive and negative modulation in uncomplicated obese sub-
jects: relationships to leptin and diet composition. Int J Obes Relat Metab
Disord 28:894–901

38. Elinav E, Abd-Elnabi A, Pappo O, Bernstein I, Klein A, Engelhardt D,
Rabbani E, Ilan Y 2006 Suppression of hepatocellular carcinoma growth in
mice via leptin, is associated with inhibition of tumor cell growth and natural
killer cell activation. J Hepatol 44:529–536

39. Brand S, Olszak T, Beigel F, Diebold J, Otte JM, Eichhorst ST, Göke B,
Dambacher J 2006 Cell differentiation dependent expressed CCR6 mediates
ERK-1/2, SAPK/JNK, and AKT signaling resulting in proliferation and mi-
gration of colorectal cancer cells. J Cell Biochem 97:709–723

40. Mori H, Hanada R, Hanada T, Aki D, Mashima R, Nishinakamura H, Torisu
T, Chien KR, Yasukawa H, Yoshimura A 2004 Socs3 deficiency in the brain
elevates leptin sensitivity and confers to diet-induced obesity. Nat Med 10:
739–743

41. Cohen SE, Kokkotou E, Biddinger SB, Kondo T, Gebhardt R, Kratzsch J,
Mantzoros CS, Kahn CR 2007 High circulating leptin receptors with normal
leptin sensitivity in liver-specific insulin receptor knockout (LIRKO) mice.
J Biol Chem 282:23672–23678

42. Laubner K, Kieffer TJ, Lam NT, Niu X, Jakob F, Seufert J 2005 Inhibition of
preproinsulin gene expression by leptin induction of suppressor of cytokine
signaling 3 in pancreatic �-cells. Diabetes 54:3410–3417

43. Anderson PD, Mehta NN, Wolfe ML, Hinkle CC, Pruscino L, Comiskey LL,
Tabita-Martinez J, Sellers KF, Rickels MR, Ahima RS, Reilly MP 2007 Innate
immunity modulates adipokines in humans. J Clin Endocrinol Metab
92:2272–2279

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

3378 Endocrinology, July 2008, 149(7):3370–3378 Nave et al. • NK Cell Dysfunction in Diet-Induced Obesity

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/149/7/3370/2454961 by guest on 10 April 2024


