Change of Cytokine Balance in Diet-Induced Obese Mice
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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) «
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)-y and IL-4 production was
increased. Exogenous lepitn regulated the cytokine production by cultured splenocytes from control and obese mice,
respectively (upregulation of IFN-y 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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BESITY IS frequently associated with increased suscepti-control. Diets were manufactured by Oriental Yeast (Tokyo, Japan). The
bility to infections and several types of canééThese  composition of the diets is listed on Table 1.
complications may be caused by changes in immune functionﬁzxpelrimental Procedures
Indeed, in recent studies of obese subjects and genetically obese
animals, lymphocyte numbers and proliferative responses were Both groups of mice were initially fed a standard diet for 1 week
lower than in control4:° Moreover, lymphocyte subsets have before the high-fat or control diets were started. All mice were

been shown to be altered in obegifjHowever, most immune maintained on their allotted diet for 13 weeks (weeks 2 to 14 of the
functions in obesity are not fully understood ’ study). At the end of every week in the entire study period, body weight

) A . and food consumption were measured. Mice were killed by cervical
Recent studies have shown that leptin, the protein coded b¥isiocation at the end of week 14.

theobesegene, is involved in some pathophysiological aspects

of obesityl0-12 Leptin is mainly derived from adipocytes and Splenocyte Culture

regulates appetite and energy expenditd#é.Serum leptin After killing the mice, spleens were aseptically removed and placed
concentration is increased in obesity and is strongly correlateth RPMI 1640 medium (NISSUI, Tokyo, Japan). Single cell suspen-
with total body fat mas&6 There are indications of a sionswere made by teasing spleens apart with a stainless steel mesh and
resistance to the effect of leptin in obesity8 The leptin filtering through a 250-um nylon mesh. Cell suspensions were collected
receptor is expressed in several immune cell ty#&5and in sterile conical tubes and were washed 3 times in RPMI 1640 medium
leptin can affect the proliferation and cytokine production in T containing 5% heat-inactivated fetal calf serum (JRH, Lenaxa, Austra-

I d tedd,22 H it i tai heth lia), L-glutamine (2 mmol/L, GIBCO, Grand Island, NY), penicillin
CEllS and monocytes: owever, It IS uncertain whether any (100 U/mL, GIBCO), and streptomycin (100 pg/mL, GIBCO), followed

role that leptin may play in obesity is linked to changes in thep, centrifugation at 1,200 rpm for 10 minutes at 4°C. Cells were
immune system. Genetically obesi#/ol¥3 anddb/dbmice?*as  counted using a hemocytemeter and diluted in medium to a density of 4
well as Zucker fatty rat3; have mutations in the leptin or leptin - x 106 cells/mL. Splenocytes were cultured in the presence of phytohe-
receptor gene, but no equivalent mutations have been detectedagglutinin (PHA; 1 pg/mL, DIFCO, Detroit, M) or lipopolysaccha-

in the majority of humans with obesi#:2”It has been reported ride (LPS; 10 pg/mL, Sigma, St Louis, MO) stimulation for 24 hours or
that C57BL/6J mice given a high-fat diet developed obesity and’2 hours at 37°C in a 5% GQ@tmosphere.

hyperlnsullnemla'z.a_30 _Consequently, we have adopted t_hl_s Proliferative Response of Splenocytes

rodent model of diet-induced obesity as a means of examining

the underlying causes of human obesity and have examined After 72 hours of culture, tht_a prolifer:_:xtive response o_f splenocytes
immune functions and the effect of leptin in this model by 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
culturing splenocytes taken from normal or obese mice and theﬂg/ml_)’ the cells were incubated for 3 hours at 37°C. The MTT-

measuring proliferative responses and cytokine production afteformazon product formation was dissolved by the addition of 10%
treatment with leptin and various mitogens.

MATERIALS AND METHODS From the Division of Clinical Nutrition, Department of Food and
Nutrition, Japan Women'’s University, Tokyo, Japan.
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Twenty-four male C57BL/6J mice were obtained from Sankyo Address reprint requests to Kazuto Sato, MD, PhD, Division of
Laboratories (Tokyo, Japan) at 4 weeks of age. Animals were housed &linical Nutrition, Department of Food and Nutrition, Japan Women’s
per cage in a temperature-controlled room with a 12-hour light/darkUniversity, 2-8-1, Mejirodai, Bunkyo-ku, Tokyo 112-8681, Japan.
cycle. They were allowed free access to water and diets. For induction Copyright© 2000 by W.B. Saunders Company
of obesity, 12 mice were given a high-fat diet (AIN 93 supplemented 0026-0495/00/4910-0018$10.00/0
with lard) and the other 12 mice were given a standard diet (AIN 93) as doi:10.1053/meta.2000.9523
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Table 1. Composition of the Two Experimental Diets TNF-a Production by Adipocytes
) Control High-fat TNF-a production by adipocytes was determined by ELISA using an
Variable Diet Diet ELISAKit (Biosource International). Supernatants of adipocyte cultures
Ingredients (g/100 g) were collected after incubation for 120 hours, centrifuged, and stored at
Casein 14.0 14.0 —30°C until analysis.
L-cystine 0.2 0.2
Corn starch 46.6 17.6 Statistical Analysis
a-corn starch 155 15.5

Results are expressed as the mearSE. Statistical comparisons

Sucrose 10.0 10.0 were made between obese and control mice for body weight, food and
Soybean oil 4.0 4.0 energy intakes, proliferative response, and cytokine production using
Cellulose powder 5.0 5.0 the unpaired Student’s test. Differences between cultures of cells
AIN-93M mineral mix 35 35 incubated with and without leptin were analyzed by the paired Student’s
AIN-93M vitamin mix 1.0 1.0 t test.
Heavy tartaric acid choline 0.3 0.3
Tertiary butyl hydroquinone 0.0008 0.0008 RESULTS

kc;’;;%o g 3 42_2 SEZ:Z Body Weights, Fat Pad Weights and Energy Intakes

Caloric basis (as % of total calories) Mice fed a high-fat diet (obese) had a significantly higher
Fat 10.3 50.3 body weight in comparison to mice fed the control diet (control)
Cafbéhydfate 73.6 38.9 from week 3 onwards until the end of the study. At the end of the

Fa‘:tr;’;i'i’; 1000) 161 108 study, the mean body weight of obese mice was 30824 g
Saturated fatty acid 06 121 (n=12), vyhereas in control mice, it was 235 0.43 g
Monounsaturated fatty acid 0.9 141 (n=12) (Fig 1A, and Table Z? < .001, obese control.).

Polyunsaturated fatty acid 23 5.3 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 285 g

. ) ) in obese mice and 0.6 0.09 g in control mice (= 12).
sodium dodecyl sulfatg (SDS) 0.01N-HCI. The optical density of eaChSimiIarly, the mean visceral fat pad weight was 2.4.32 g in

well was measured using test and reference wavelengths of 550 nm an ; . ;
650 nm. Data are expressed as the ratio of the absorbency o? ese mice and 0.5 0.06 g in control mice (r= 12) (Table 2,
mitogen-stimulated cultures to the absorbency of nonstimulated cuI—P < .0001, obese control.).

tures (referred to as the stimulation index). Culture time of splenocytes Although daily energy intakes in obese mice were elevated

for the maximum response was determined before the assay and was r@fadually and significantly higher than in control mice at week
different between 2 groups. 14, the average of daily energy intakes in experimental periods
showed no significant difference between the 2 groups (Fig 1B
and Table 2).

Cytokine Production

For measurement of cytokine production, enzyme-linked immunosor-TNF-« Production by Visceral Adipocytes

bent assays (ELISA) were performed on supematants of PHA or TNF-a concentrations in the culture supernatants of visceral
LPS-stimulated splenocytes in the presence or absence of recombinant o P

leptin (Pepro Tech EC, London, England). Supernatants were collecteadlpocytes |sqlated_fr0m obese mice were higher than those
after incubation for 24 hours, centrifuged, and stored-80°C until  from control mice (Fig 2P < .05, obese control.).

analysis. Mouse-matched antibody pairs (Endogen, Cambridge, MA)P . .

for interleukin (IL)-2 and IL-5 measurement and enzyme-linked roliferative Response of Splenocytes

immunosorbent assay (ELISA) kit (Biosource International, Camarillo, Splenocytes isolated from obese mice had greater prolifera-
CA) for interferon (”:N)‘Y, IL-4, and tumor necrosis factor (TN@' tive responses to LPS than those from control mice (Flg 3,

measurement were used. Optimal incubation time of splenocytes forthp < .001), but there was no difference in their responses to
cytokine production was decided before the assay. PHA '

Adipocyte Culture Cytokine Production by Splenocytes

Subcutaneous and visceral fat pads from each mouse were dissected|L-2 production by splenocytes isolated from obese mice was
and weighed separately. Adipocytes were isolated according to dower than that from control miceP(< .05). However, IL-4
previously published method:32 Briefly, after washing by phosphate- (P < .01) and IFNy (P < .05) production by splenocytes from
buffered saline (PBS), visceral adipose tissue was cut into small pieceshese mice was higher than that from control mice. Although
and digested with collagenase solution while shaking at 37°C. The cell§NF-o and IL-5 production did not change significantly
were filtered through nylon mesh (250 pm). After centrifugation and patween the two groups of mice, obese mice tended to show a

washing with Hanks medium, the cells were counted using a haemocyh- f : : .
) : . igh level of cytokine production compared with control mice
tometer. Cells were adjusted to a density of 20° cells/mL in Ham’s g vt P P

F12 (NISSUI) and Dulbecco’'s Modified Eagle’s (NISSUI) medium (Fig 4).
containing 10% heat-inactivated fetal calf serum (JRFjlutamine (2
mmol/L), penicillin (100 U/mL), and streptomycin (100 pg/mL).
Adipocyte suspensions (0.5 mL) were placed in 24-well plates and To understand the effect of leptin on cytokine production by
cultured for 120 hours at 37°C in a 5% g&mosphere. splenocytes from obese and control mice, we added leptin to the

The Effect of Leptin on Cytokine Production by Splenocytes
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Fig1l. (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 vcontrol, *P < .05, **P < .01, ***P < .001). Values are mean %=
SE (n = 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 < .05, **P < .01). Values are mean = SE (n = 12 per group).

culture medium (500 ng/mL) and measured cytokine activities The C57BL/6J mice fed a high-fat diet in this study are a
in supernatants. The optimal concentration of leptin was chosegood model of human obesity and type |l diabetes, developing
from previous studies and confirmed before the assay (data nateight gain and hyperinsulinemi&3° It might be pointed out
shown). that not only was the fat intake different, but also the micronutri-
The addition of leptin to the culture medium suppressed IL-2ents and the protein intake of these obese mice, as compared
(P < .01) and increased IFN{P < .05) production by spleno- with the control. Impaired immunity can be ascribed to the
cytes stimulated with PHA in control mice. In contrast, produc- associated deficiency of protein or micronutrients intake in
tion of both cytokines was not changed by the addition of leptinhuman and animaf§;3¢ although selected nutrients in the diet
in obese mice (Fig 5). IL-4 production by splenocytes stimu-used were completely removed or excessively reduced in those
lated with PHA was higher in obese mice than in control miceanimal studies. Furthermore, there are a large number of reports
and was significantly suppressed by leptin (Fid®5x .05). In on the effect of dietary lipids, both the amount and type of fat,
control mice, leptin slightly increased IL-4 production, although on immune functior$3-3738Dietary lipids, particularly polyun-
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 500 %
shown). 450
DISCUSSION 400 -

As a means of understanding immune functions in human 3¢
obesity, we have characterized immune functions and the
influence of leptin on cytokine production in mice with and 300 |-

. . . . ]
without diet-induced obesity.
Y £ 250 -
o
o
Table 2. Energy Intake, Body Weight, and Fat Pad Weight 200
Obese Control 150
Group Group
(n=12) (n=12) P 100 +
Energy intake (kcal/ 50
mouse/d) 14.28 14.08 4 3
Final body weight (g) 30.8+1.24 235*043  <.001 0 :
Body weight gain (g) 18.5 = 1.18 11.6 = 0.43 <.0001
Subcutaneous fat pad Obese Control
weight (g) 2.4+ 0.35 0.6 = 0.06 <.0001
Visceral fat pad weight Fig2. TNF-a production by cultured adipocytes of visceral fat cells
) 24+ 032 0.5 + 0.09 <.0001 from control mice (control) and mice with diet-induced obesity

(obese) (obese v control, *P < .05). Values are mean = SE (n = 8 per
NOTE. Obese v control. Values are means + SE. group).
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Fig 5. Effect of supplementation of medium with leptin (500
PHA L.PS ng/mL) on the production of IL-2, IFN-y, and IL-4 by splenocytes
isolated from control mice (control) and mice with diet-induced
Fig 3. Proliferative responses of splenocytes isolated from control obesity (obese) (*P < .05, **P < .01). Values are mean * SE (n =8
mice (control) and mice with diet-induced obesity (obese) after per group).

stimulation with PHA or LPS (obese v control, **P < .01). Values are
mean * SE (n = 8 per group). Unstimulated base line responses were

not different between the 2 groups. Recent studies have reported that TiFan immunoregula-

tory cytokine, was produced by adipocyt@$? In human

saturated fatty acids (PUFA), may influence immune functionsebesity and animal obese models, expression of this cytokine in
by changing cell membrane fluidity or the production of adipose tissue and its levels in serum are higher than in lean
eicosanoids and cytokingsL As we used lard for high-fat CONtrols?#>We have now also shown an increased T&IF-
diets, because of a low level of PUFA in the present study, nd°roduction by cultured adipocytes from mice with diet-induced
significant difference was observed in PUFA intake betweerPPeSity. Because TNE-can inhibit the tyrosine kinase of the
obese and control mice. Therefore, alteration of immunity iniNSUlin receptor in muscle and fé&.it is possible that an
this study could be associated with induction of obesity itself.Ncréase in this cytokine may be one of the factors contributing
However, the effect of difference in nutrient intake (macro and!© Obesity-related insulin resistance.

micro) may also have contributed to the results observed. Changes in cytokine balance within the immune system are
correlated with many diseases. CDRcells (Th) are subcatego-

400 . 4 4000 rized into Thl and Th2 cells, which have specific, but different
functions. Th1l cells secrete cytokines, such as IL-2 andVFN-
B Obese and function in cellular immunity, whereas Th2 cells secrete
[ Control cytokines, such as IL-4 and IL-5, and act to support antibody
13000 productiont’ A predominance of Th2 cells results in an altered
cytokine balance that is frequently observed in allergic dis-
eased$®50 Some surveys have found that obesity was more
prevalent in children and adults with symptoms of astffh¥a.
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 BM% In this study,
development of obesity in mice induced a change in cytokine
profile as evidenced by a decreased IL-2 and increasedylFN-
11000 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 IFNy were produced by Thl cells,
0 : B 11 g we observed opposite results in cytokine production in these
IL-2 IFN-7 IL-4 IL-5 TNF-c obese mice. IL-2 (Th1) production by splenocytes was sup-
) ) . ) pressed in this obese mice. Conversely HNFhl) and IL-4
Flg 4. Cytokine prijuctlo.n by .splgnocytes |sola.ted from control (Th2) production was increased in obese mice. fplays an
mice (control) and mice with diet-induced obesity (obese) after A X X ) | X N
stimulation with PHA (IL-2, IFN-y, IL-4, IL-5), and LPS (TNF-a) (obese v important role, which protects against microbiological infec-
control, *P < .05, **P < .01). Values are mean = SE (n = 8 per group). tion, however the high level of this cytokine may suppress

300

IFN-7 pg/ml

200 1 2000

IL-2, IL-4, IL-5, TNF- e pg/mi

100 r




CYTOKINE BALANCE IN OBESITY 1299

T-cell function after antigenic stimulatiod. Alteration of  of human obesity cases studi®éd’ Therefore, it is possible that
cytokine production profile in obese mice in this study was alsoimpaired immunity in obesity is related to the change of
consistent with previous reports in aged animals. IL-2 produc-sensitivity of immune cells to leptin.
tion by lymphocytes was lower in old animals compared with  In the present study, we found that the effects of leptin on the
those in controf>5’while an enhanced IFN-and Th2 cytokine  response of splenocytes were altered in diet-induced obese
production by the old group was report@dS585 Previous  mice. Exogenous leptin had different effects on cytokine
analysis showed that production of IFNand IL-4 is predomi-  production between obese and control mice. Leptin attenuated
nantly, if not exclusively, restricted to the CD45RO high |L-4 production by splenocytes from obese mice, but not from
memory/effector T-cell subset, whereas IL-2 may be producectontrol mice, and suppressed IL-2 and increased{fMeduc-
by both the CD45RA high and CD45RO low subs¥ts. tion by the cells from control mice, but not from obese mice. It
An impaired proliferative response of splenocyte from diet- was reported that leptin modulated IL-4 production only in
induced obese mice was not obtained in this study, which is nOﬁnemory T cells (CD45RO) producing a measurable amount of
consistent with previous reports using human obesity andhis cytokine from normal subjects, whereas IL-2 and HFN-
genetically obese animals. This may be due to the differences gfroduction was affected in most T-cell subsétghese observa-
body weight, level of serum factors, and T-cell subset profilestions suggest that more sensitive responsiveness of IL-4 to
between this obese model and genetically obese animaleptin might occur in obesity. Changes in cytokine balance in
Moreover, it is possible that lymphocyte proliferation can be mice with diet-induced obesity in this study may be related to
regulated by not only IL-2, but other factors, which might be sensitivity to leptin. It was reported that fasting increased leptin
changed by obesity. receptor RNA expression in normal C57BL/6J mice b#4in.
Leptin regulates appetite and energy expenditure througfyence, it is possible that functional defects of leptin receptors
binding to leptin receptors in the hypothalamus. Recent studie;‘hay explain the change of sensitivity to leptin in obesity. In any
reported that leptin receptors are expressed not only in thgase, the number and function of leptin receptors on immune
hypothalamus, but also in peripheral tissée%.and it has been g5 during obesity should be further investigated.
suggested that leptin plays important roles in peripheral tissues, |, conclusion, this study has shown that obesity is associated
including immune cells. Indeed, leptin affects proliferation and ity alterations in cytokine balance and sensitivity to leptin on
differentiation of hematopoietic cells and T celi€'?2Leptin  jmune cells. These results suggest that changes of cytokine
administration protected lymphoid atrophy in mice with 10w ro4yction in obesity are indicative of altered immune functions

leptin level by starvation and increased lymphocyte cellularity y,4¢ might contribute to related complications.
in ob/ob mice, which could not produce normal lepfh.

However, elevations in serum leptin and resistance to the effects

of leptin in hypothalamus develop in human obesity and ACKNOWLEDGMENT

diet-induced obese mié&1¥No mutation in the genes encoding  The authors thank M. Abe, T. Noda, and K. Takahashi for technical
leptin or the leptin receptor have been detected in the majorityassistance.
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