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Although decreased T-cell function has been observed in obese human subjects and genetically obese animals, the precise role

of immune functions in obesity is still unclear. To investigate immune functions in obesity, we examined the proliferative

responses of splenic lymphocytes and their capacity to produce cytokines in the presence or absence of leptin, the protein

produced by the obese gene, in diet-induced obese and control mice. For induction of obesity, C57BL/6J mice were fed a

high-fat diet for 13 weeks. In mice fed the high-fat diet, body weight, fat pad weight, and tumor necrosis factor (TNF) a
production by adipocytes were significantly increased relative to mice fed the normal diet. Lipopolysaccharide (LPS)

stimulated proliferation of cultured splenocytes from diet-induced obese mice was also increased. However, production of

interleukin (IL)-2 by splenic lymphocytes from obese mice was suppressed, whereas interferon (IFN)-g and IL-4 production was

increased. Exogenous lepitn regulated the cytokine production by cultured splenocytes from control and obese mice,

respectively (upregulation of IFN-g and downregulation of IL-2 in control mice, and downregulation of IL-4 in obese mice).

These results suggest that changes in cytokine production by splenic lymphocytes in obesity are indicative of altered immune

functions that might contribute to related complications, although the effect of difference in nutrient intake (macro and micro)

may also have contributed to the changes.
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OBESITY IS frequently associated with increased suscepti-
bility to infections and several types of cancer.1-3 These

complications may be caused by changes in immune functions.
Indeed, in recent studies of obese subjects and genetically obese
animals, lymphocyte numbers and proliferative responses were
lower than in controls.4-9 Moreover, lymphocyte subsets have
been shown to be altered in obesity.8,9 However, most immune
functions in obesity are not fully understood.

Recent studies have shown that leptin, the protein coded by
theobesegene, is involved in some pathophysiological aspects
of obesity.10-12 Leptin is mainly derived from adipocytes and
regulates appetite and energy expenditure.13,14 Serum leptin
concentration is increased in obesity and is strongly correlated
with total body fat mass.15,16 There are indications of a
resistance to the effect of leptin in obesity.17,18 The leptin
receptor is expressed in several immune cell types,19-21 and
leptin can affect the proliferation and cytokine production in T
cells and monocytes.21,22 However, it is uncertain whether any
role that leptin may play in obesity is linked to changes in the
immune system. Genetically obeseob/ob23 anddb/dbmice,24 as
well as Zucker fatty rats,25 have mutations in the leptin or leptin
receptor gene, but no equivalent mutations have been detected
in the majority of humans with obesity.26,27It has been reported
that C57BL/6J mice given a high-fat diet developed obesity and
hyperinsulinemia.28-30 Consequently, we have adopted this
rodent model of diet-induced obesity as a means of examining
the underlying causes of human obesity and have examined
immune functions and the effect of leptin in this model by
culturing splenocytes taken from normal or obese mice and then
measuring proliferative responses and cytokine production after
treatment with leptin and various mitogens.

MATERIALS AND METHODS

Animal and Diets

Twenty-four male C57BL/6J mice were obtained from Sankyo
Laboratories (Tokyo, Japan) at 4 weeks of age. Animals were housed 4
per cage in a temperature-controlled room with a 12-hour light/dark
cycle. They were allowed free access to water and diets. For induction
of obesity, 12 mice were given a high-fat diet (AIN 93 supplemented
with lard) and the other 12 mice were given a standard diet (AIN 93) as

control. Diets were manufactured by Oriental Yeast (Tokyo, Japan). The
composition of the diets is listed on Table 1.

Experimental Procedures

Both groups of mice were initially fed a standard diet for 1 week
before the high-fat or control diets were started. All mice were
maintained on their allotted diet for 13 weeks (weeks 2 to 14 of the
study). At the end of every week in the entire study period, body weight
and food consumption were measured. Mice were killed by cervical
dislocation at the end of week 14.

Splenocyte Culture

After killing the mice, spleens were aseptically removed and placed
in RPMI 1640 medium (NISSUI, Tokyo, Japan). Single cell suspen-
sions were made by teasing spleens apart with a stainless steel mesh and
filtering through a 250-µm nylon mesh. Cell suspensions were collected
in sterile conical tubes and were washed 3 times in RPMI 1640 medium
containing 5% heat-inactivated fetal calf serum (JRH, Lenaxa, Austra-
lia), L-glutamine (2 mmol/L, GIBCO, Grand Island, NY), penicillin
(100 U/mL, GIBCO), and streptomycin (100 µg/mL, GIBCO), followed
by centrifugation at 1,200 rpm for 10 minutes at 4°C. Cells were
counted using a hemocytemeter and diluted in medium to a density of 4
3 106 cells/mL. Splenocytes were cultured in the presence of phytohe-
magglutinin (PHA; 1 µg/mL, DIFCO, Detroit, MI) or lipopolysaccha-
ride (LPS; 10 µg/mL, Sigma, St Louis, MO) stimulation for 24 hours or
72 hours at 37°C in a 5% CO2 atmosphere.

Proliferative Response of Splenocytes

After 72 hours of culture, the proliferative response of splenocytes
was measured by an [3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetra-
zolium bromide] (MTT) assay. After the addition of MTT solution (200
µg/mL), the cells were incubated for 3 hours at 37°C. The MTT-
formazon product formation was dissolved by the addition of 10%
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sodium dodecyl sulfate (SDS) 0.01N-HCl. The optical density of each
well was measured using test and reference wavelengths of 550 nm and
650 nm. Data are expressed as the ratio of the absorbency of
mitogen-stimulated cultures to the absorbency of nonstimulated cul-
tures (referred to as the stimulation index). Culture time of splenocytes
for the maximum response was determined before the assay and was not
different between 2 groups.

Cytokine Production

For measurement of cytokine production, enzyme-linked immunosor-
bent assays (ELISA) were performed on supernatants of PHA or
LPS-stimulated splenocytes in the presence or absence of recombinant
leptin (Pepro Tech EC, London, England). Supernatants were collected
after incubation for 24 hours, centrifuged, and stored at230°C until
analysis. Mouse-matched antibody pairs (Endogen, Cambridge, MA)
for interleukin (IL)-2 and IL-5 measurement and enzyme-linked
immunosorbent assay (ELISA) kit (Biosource International, Camarillo,
CA) for interferon (IFN)-g, IL-4, and tumor necrosis factor (TNF)-a

measurement were used. Optimal incubation time of splenocytes for the
cytokine production was decided before the assay.

Adipocyte Culture

Subcutaneous and visceral fat pads from each mouse were dissected
and weighed separately. Adipocytes were isolated according to a
previously published method.31,32 Briefly, after washing by phosphate-
buffered saline (PBS), visceral adipose tissue was cut into small pieces
and digested with collagenase solution while shaking at 37°C. The cells
were filtered through nylon mesh (250 µm). After centrifugation and
washing with Hanks medium, the cells were counted using a haemocy-
tometer. Cells were adjusted to a density of 23 105 cells/mL in Ham’s
F12 (NISSUI) and Dulbecco’s Modified Eagle’s (NISSUI) medium
containing 10% heat-inactivated fetal calf serum (JRH),L-glutamine (2
mmol/L), penicillin (100 U/mL), and streptomycin (100 µg/mL).
Adipocyte suspensions (0.5 mL) were placed in 24-well plates and
cultured for 120 hours at 37°C in a 5% CO2 atmosphere.

TNF-a Production by Adipocytes

TNF-a production by adipocytes was determined by ELISA using an
ELISA kit (Biosource International). Supernatants of adipocyte cultures
were collected after incubation for 120 hours, centrifuged, and stored at
230°C until analysis.

Statistical Analysis

Results are expressed as the mean6 SE. Statistical comparisons
were made between obese and control mice for body weight, food and
energy intakes, proliferative response, and cytokine production using
the unpaired Student’st test. Differences between cultures of cells
incubated with and without leptin were analyzed by the paired Student’s
t test.

RESULTS

Body Weights, Fat Pad Weights and Energy Intakes

Mice fed a high-fat diet (obese) had a significantly higher
body weight in comparison to mice fed the control diet (control)
from week 3 onwards until the end of the study. At the end of the
study, the mean body weight of obese mice was 30.86 1.24 g
(n 5 12), whereas in control mice, it was 23.56 0.43 g
(n 5 12) (Fig 1A, and Table 2;P , .001, obesev control.).

The weights of both subcutaneous and visceral fat pads were
heavier in obese mice. After feeding of experimental diets for
13 weeks, subcutaneous fat pad weights averaged 2.46 0.35 g
in obese mice and 0.66 0.09 g in control mice (n5 12).
Similarly, the mean visceral fat pad weight was 2.46 0.32 g in
obese mice and 0.56 0.06 g in control mice (n5 12) (Table 2,
P , .0001, obesev control.).

Although daily energy intakes in obese mice were elevated
gradually and significantly higher than in control mice at week
14, the average of daily energy intakes in experimental periods
showed no significant difference between the 2 groups (Fig 1B
and Table 2).

TNF-a Production by Visceral Adipocytes

TNF-a concentrations in the culture supernatants of visceral
adipocytes isolated from obese mice were higher than those
from control mice (Fig 2;P , .05, obesev control.).

Proliferative Response of Splenocytes

Splenocytes isolated from obese mice had greater prolifera-
tive responses to LPS than those from control mice (Fig 3;
P , .001), but there was no difference in their responses to
PHA.

Cytokine Production by Splenocytes

IL-2 production by splenocytes isolated from obese mice was
lower than that from control mice (P , .05). However, IL-4
(P , .01) and IFN-g (P , .05) production by splenocytes from
obese mice was higher than that from control mice. Although
TNF-a and IL-5 production did not change significantly
between the two groups of mice, obese mice tended to show a
high level of cytokine production compared with control mice
(Fig 4).

The Effect of Leptin on Cytokine Production by Splenocytes

To understand the effect of leptin on cytokine production by
splenocytes from obese and control mice, we added leptin to the

Table 1. Composition of the Two Experimental Diets

Variable
Control

Diet
High-fat

Diet

Ingredients (g/100 g)
Casein 14.0 14.0
L-cystine 0.2 0.2
Corn starch 46.6 17.6
a-corn starch 15.5 15.5
Sucrose 10.0 10.0
Soybean oil 4.0 4.0
Cellulose powder 5.0 5.0
AIN-93M mineral mix 3.5 3.5
AIN-93M vitamin mix 1.0 1.0
Heavy tartaric acid choline 0.3 0.3
Tertiary butyl hydroquinone 0.0008 0.0008
Lard 0 29.0

kcal/100 g 348.2 518.4
Caloric basis (as % of total calories)

Fat 10.3 50.3
Carbohydrate 73.6 38.9
Protein 16.1 10.8

Fatty acid (g/100 g)
Saturated fatty acid 0.6 12.1
Monounsaturated fatty acid 0.9 14.1
Polyunsaturated fatty acid 2.3 5.3
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culture medium (500 ng/mL) and measured cytokine activities
in supernatants. The optimal concentration of leptin was chosen
from previous studies and confirmed before the assay (data not
shown).

The addition of leptin to the culture medium suppressed IL-2
(P , .01) and increased IFN-g (P , .05) production by spleno-
cytes stimulated with PHA in control mice. In contrast, produc-
tion of both cytokines was not changed by the addition of leptin
in obese mice (Fig 5). IL-4 production by splenocytes stimu-
lated with PHA was higher in obese mice than in control mice
and was significantly suppressed by leptin (Fig 5;P , .05). In
control mice, leptin slightly increased IL-4 production, although
no statistically significant difference was observed. IL-5 and
TNF-a production by splenocytes from both groups of mice
was not altered by supplementation with leptin (data not
shown).

DISCUSSION

As a means of understanding immune functions in human
obesity, we have characterized immune functions and the
influence of leptin on cytokine production in mice with and
without diet-induced obesity.

The C57BL/6J mice fed a high-fat diet in this study are a
good model of human obesity and type II diabetes, developing
weight gain and hyperinsulinemia.28-30 It might be pointed out
that not only was the fat intake different, but also the micronutri-
ents and the protein intake of these obese mice, as compared
with the control. Impaired immunity can be ascribed to the
associated deficiency of protein or micronutrients intake in
human and animals,33-36 although selected nutrients in the diet
used were completely removed or excessively reduced in those
animal studies. Furthermore, there are a large number of reports
on the effect of dietary lipids, both the amount and type of fat,
on immune function.33,37,38Dietary lipids, particularly polyun-

Fig 1. (A) Time course of changes in body weight of control mice (control) and mice with diet-induced obesity (obese). The difference between

the 2 groups of mice was highly significant at all points from weeks 3 to 14 (obese v control, *P F .05, **P F .01, ***P F .001). Values are mean 6

SE (n 5 12 per group). (B) Time course of changes in energy intake of control mice (control) and mice with diet-induced obesity (obese) (obese v

control, *P F .05, **P F .01). Values are mean 6 SE (n 5 12 per group).

Table 2. Energy Intake, Body Weight, and Fat Pad Weight

Obese
Group

(n 5 12)

Control
Group

(n 5 12) P

Energy intake (kcal/
mouse/d) 14.28 14.08 .4

Final body weight (g) 30.8 6 1.24 23.5 6 0.43 ,.001
Body weight gain (g) 18.5 6 1.18 11.6 6 0.43 ,.0001
Subcutaneous fat pad

weight (g) 2.4 6 0.35 0.6 6 0.06 ,.0001
Visceral fat pad weight

(g) 2.4 6 0.32 0.5 6 0.09 ,.0001

NOTE. Obese v control. Values are means 6 SE.

Fig 2. TNF-a production by cultured adipocytes of visceral fat cells

from control mice (control) and mice with diet-induced obesity

(obese) (obese v control, *P F .05). Values are mean 6 SE (n 5 8 per

group).
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saturated fatty acids (PUFA), may influence immune functions
by changing cell membrane fluidity or the production of
eicosanoids and cytokines.39-41 As we used lard for high-fat
diets, because of a low level of PUFA in the present study, no
significant difference was observed in PUFA intake between
obese and control mice. Therefore, alteration of immunity in
this study could be associated with induction of obesity itself.
However, the effect of difference in nutrient intake (macro and
micro) may also have contributed to the results observed.

Recent studies have reported that TNF-a, an immunoregula-
tory cytokine, was produced by adipocytes.42-44 In human
obesity and animal obese models, expression of this cytokine in
adipose tissue and its levels in serum are higher than in lean
controls.42-45 We have now also shown an increased TNF-a
production by cultured adipocytes from mice with diet-induced
obesity. Because TNF-a can inhibit the tyrosine kinase of the
insulin receptor in muscle and fat,46 it is possible that an
increase in this cytokine may be one of the factors contributing
to obesity-related insulin resistance.

Changes in cytokine balance within the immune system are
correlated with many diseases. CD41 T cells (Th) are subcatego-
rized into Th1 and Th2 cells, which have specific, but different
functions. Th1 cells secrete cytokines, such as IL-2 and IFN-g,
and function in cellular immunity, whereas Th2 cells secrete
cytokines, such as IL-4 and IL-5, and act to support antibody
production.47 A predominance of Th2 cells results in an altered
cytokine balance that is frequently observed in allergic dis-
eases.48-50 Some surveys have found that obesity was more
prevalent in children and adults with symptoms of asthma.51,52

Recent reports have also shown that morbidity from atopy and
rhinitis symptoms were higher in teen-age girls of high body
mass index (BMI) than in girls of low BMI.53 In this study,
development of obesity in mice induced a change in cytokine
profile as evidenced by a decreased IL-2 and increased IFN-g,
IL-4, and possibly IL-5 production, which supports the hypoth-
esis that obesity is a risk factor for allergic diseases, as well as
for infectious diseases.

Although both IL-2 and IFN-g were produced by Th1 cells,
we observed opposite results in cytokine production in these
obese mice. IL-2 (Th1) production by splenocytes was sup-
pressed in this obese mice. Conversely IFN-g (Th1) and IL-4
(Th2) production was increased in obese mice. IFN-g plays an
important role, which protects against microbiological infec-
tion, however the high level of this cytokine may suppress

Fig 4. Cytokine production by splenocytes isolated from control

mice (control) and mice with diet-induced obesity (obese) after

stimulation with PHA (IL-2, IFN-g, IL-4, IL-5), and LPS (TNF-a) (obese v

control, *P F .05, **P F .01). Values are mean 6 SE (n 5 8 per group).

Fig 3. Proliferative responses of splenocytes isolated from control

mice (control) and mice with diet-induced obesity (obese) after

stimulation with PHA or LPS (obese v control, **P F .01). Values are

mean 6 SE (n 5 8 per group). Unstimulated base line responses were

not different between the 2 groups.

Fig 5. Effect of supplementation of medium with leptin (500

ng/mL) on the production of IL-2, IFN-g, and IL-4 by splenocytes

isolated from control mice (control) and mice with diet-induced

obesity (obese) (*P F .05, **P F .01). Values are mean 6 SE (n 5 8

per group).
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T-cell function after antigenic stimulation.54 Alteration of
cytokine production profile in obese mice in this study was also
consistent with previous reports in aged animals. IL-2 produc-
tion by lymphocytes was lower in old animals compared with
those in control,55-57while an enhanced IFN-g and Th2 cytokine
production by the old group was reported.55,56,58,59 Previous
analysis showed that production of IFN-g and IL-4 is predomi-
nantly, if not exclusively, restricted to the CD45RO high
memory/effector T-cell subset, whereas IL-2 may be produced
by both the CD45RA high and CD45RO low subsets.60

An impaired proliferative response of splenocyte from diet-
induced obese mice was not obtained in this study, which is not
consistent with previous reports using human obesity and
genetically obese animals. This may be due to the differences of
body weight, level of serum factors, and T-cell subset profiles
between this obese model and genetically obese animals.
Moreover, it is possible that lymphocyte proliferation can be
regulated by not only IL-2, but other factors, which might be
changed by obesity.

Leptin regulates appetite and energy expenditure through
binding to leptin receptors in the hypothalamus. Recent studies
reported that leptin receptors are expressed not only in the
hypothalamus, but also in peripheral tissues,61,62and it has been
suggested that leptin plays important roles in peripheral tissues,
including immune cells. Indeed, leptin affects proliferation and
differentiation of hematopoietic cells and T cells.19,21,22Leptin
administration protected lymphoid atrophy in mice with low
leptin level by starvation and increased lymphocyte cellularity
in ob/ob mice, which could not produce normal leptin.63

However, elevations in serum leptin and resistance to the effects
of leptin in hypothalamus develop in human obesity and
diet-induced obese mice.15,16No mutation in the genes encoding
leptin or the leptin receptor have been detected in the majority

of human obesity cases studied.26,27Therefore, it is possible that
impaired immunity in obesity is related to the change of
sensitivity of immune cells to leptin.

In the present study, we found that the effects of leptin on the
response of splenocytes were altered in diet-induced obese
mice. Exogenous leptin had different effects on cytokine
production between obese and control mice. Leptin attenuated
IL-4 production by splenocytes from obese mice, but not from
control mice, and suppressed IL-2 and increased IFN-g produc-
tion by the cells from control mice, but not from obese mice. It
was reported that leptin modulated IL-4 production only in
memory T cells (CD45RO) producing a measurable amount of
this cytokine from normal subjects, whereas IL-2 and IFN-g
production was affected in most T-cell subsets.21These observa-
tions suggest that more sensitive responsiveness of IL-4 to
leptin might occur in obesity. Changes in cytokine balance in
mice with diet-induced obesity in this study may be related to
sensitivity to leptin. It was reported that fasting increased leptin
receptor RNA expression in normal C57BL/6J mice brain.64

Hence, it is possible that functional defects of leptin receptors
may explain the change of sensitivity to leptin in obesity. In any
case, the number and function of leptin receptors on immune
cells during obesity should be further investigated.

In conclusion, this study has shown that obesity is associated
with alterations in cytokine balance and sensitivity to leptin on
immune cells. These results suggest that changes of cytokine
production in obesity are indicative of altered immune functions
that might contribute to related complications.
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