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Obesity is associated with systemic low-grade inflammation and
obesity-related metabolic disorders. Considering that obesity de-
creases the expression of proinflammatory cytokines in the spleen,
we assessed the role of interleukin (IL)-10, an anti-inflammatory
cytokine produced by the spleen, in the pathogenesis of obesity.
Changes in obesity-related pathogenesis, including inflammatory
responses in multiple organs, were assessed after systemic admin-
istration of exogenous IL-10 to splenectomy (SPX)-treated obese
wild-type and IL-10 knockout (IL-10KO) mice. Obesity resulted in
the inability of the spleen to synthesize cytokines, including IL-10,
and proinflammatory cytokines in obesity are then likely to
emerge from tissues other than the spleen because serum levels
of IL-10, but not proinflammatory cytokines, decreased despite
the expression of these cytokines in the spleen being reduced in
high fat–induced obese mice. SPX aggravated the inflammatory
response in white adipose tissue (WAT) and the liver and sup-
pressed adiposity in WAT. However, it accentuated adiposity in
the liver. These SPX-induced changes were inhibited by systemic
administration of IL-10. Moreover, SPX had little effect on the
inflammatory responses in WAT and the liver of IL-10KO mice.
These data show the role of spleen-derived IL-10 in diet-induced
changes as a result of inflammatory responses in WAT and the
liver. Diabetes 61:1994–2003, 2012

A
n important recent development in the under-
standing of obesity is that it is characterized by
chronic systemic low-grade inflammation (1–4).
Many proinflammatory-related cytokines, such

as tumor necrosis factor (TNF)-a, interleukin (IL)-1b, and
monocyte chemoattractant protein (MCP)-1, are released
from macrophage-infiltrated white adipose tissue (WAT) in
the obese state (1,5). Obesity also leads to the progression
of TNF-a– or MCP-1–induced nonalcoholic steatohepatitis
and insulin resistance (6–8). Recent studies regarding
crosstalk between the immune system and WAT in obese
subjects have attracted a great deal of attention (3,4). The
spleen is the largest lymphoid organ in the body, and it
plays an important role in host immune function. Obese
rats show decreased gene expression of proinflammatory
cytokines, such as IL-6 and TNF-a, in the spleen (9). IL-10,

which is synthesized by several cell types within multiple
organs including the spleen, is a potent anti-inflammatory
cytokine that inhibits the synthesis of proinflammatory
cytokines. Large amounts of IL-10 are produced by acti-
vated B cells, which mature in the marginal zone of the
spleen. New evidence shows that IL-10–producing B cells
play a regulatory role in suppressing harmful immune
responses (10). In fact, low IL-10 production capacity has
been demonstrated in obesity (11,12).

On the basis of these findings, obesity is hypothesized to
suppress the synthesis of IL-10 and result in chronic in-
flammation in WAT and the liver. Our data show that
obesity reduced IL-10 expression in the spleen and that
spleen-derived IL-10 protected against inflammatory
responses in WAT and the liver in obese mice.

RESEARCH DESIGN AND METHODS

Male C57Bl/6J mice (wild-type mice, 22–25 g; KBT Oriental, Saga, Japan) and
IL-10–deficient mice (IL-10KO mice, 002251-B6.129P2-Il10tm1Cgn/J, a gift from
Sandy Morse, The Jackson Laboratory, Bar Harbor, ME) were housed in
a room at Oita University under a 12-h light/dark cycle with lights on from 0700 h
to 1900 h. IL-10KO mice maintained at our university were used for back-
crossing. PCR primers of 59-CCACACGCGTCACCTTAATA-39 (mutant forward),
59-GTTATTGTCTTCCCGGCTGT-39 (wild-type reverse), and 59-CTTGCACTAC-
CAAAGCCACA-39 (common) were used for genotyping. All studies were con-
ducted in accordance with Oita University guidelines, based on the Guide for
the Care and Use of Laboratory Animals published by the National Institutes of
Health. All mice were handled for 5 min each on 4 successive days before the
experiment (13).
Experimental protocol

Experiment 1. Wild-type mice were assigned to one of two groups (n = 6 in
each group) as follows: group 1 mice were fed standard chow (Standard; 20%
fat, 56% carbohydrate, 24% protein; Clea, Tokyo, Japan) for 8 weeks and then
subjected to sham operation (Sham); group 2 mice were fed Standard for 8
weeks and then underwent splenectomy (SPX). Anesthesia was then induced
by intraperitoneal injection of sodium pentobarbital (50 mg/kg), the abdominal
cavity was opened, and the spleen was carefully removed. The abdomen was
opened, but the spleen was not removed in the Sham group.
Experiment 2. Wild-type mice were assigned to one of five groups (n = 6 in
each group) as follows: group 1 mice were fed Standard for 8 weeks and
administered mouse serum albumin (m-albumin), group 2 mice were fed a high-
fat diet (HF; 60% fat, 20% carbohydrate, 20% protein; Research Diets, New
Brunswick, NJ) for 8 weeks and then given m-albumin, group 3 mice were fed
HF for 8 weeks after SPX and then given m-albumin, group 4 mice were fed HF
for 8 weeks after SPX and then given recombinant mouse IL-10 (r-IL-10; 0.5
ng/day; Wako Chemicals, Osaka, Japan), and group 5 mice (pair-fed group)
were fed the amount of food consumed by the SPX-treated group for 8 weeks
and then given m-albumin.
Experiment 3. Wild-type and IL-10KO mice were assigned to one of three
groups (n = 6 in each group) as follows: group 1 mice were fed HF for 8 weeks
and administered m-albumin, group 2 mice were fed HF for 8 weeks after SPX
and administered m-albumin, and group 3 mice were fed HF for 8 weeks after
SPX and administered r-IL-10 (0.5 ng/day; Wako Chemicals). Food intake
during 24 h was calculated by weighing the remaining food, and body weight
was determined between 1700 h and 1800 h every day. Food intake was
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normalized by body weight. All mice were housed for an additional 4 weeks
after completion of the interventions.
Cytokine levels in the spleen,WAT, liver, and serum.ELISA kits (Invitrogen,
Carlsbad, CA) were used to measure TNF-a, IL-1b, MCP-1, and IL-10 levels in the
spleen, epididymal WAT, liver, and serum. Protein concentrations of each organ
were analyzed using the Lowry method. The ratio of IL-10 to TNF-a was cal-
culated from the above measurements.
Western blotting. Frozen tissue preparations were homogenized with sample
buffer, centrifuged, and boiled. Total protein concentration of the tissue was
quantified using the Bradford method. Equal amounts of total protein were
loaded onto 8% SDS-PAGE and then electrophoretically transferred onto
polyvinylidene difluoride membranes (Bio-Rad, Richmond, CA). The mem-
branes were blocked with 5% nonfat milk for 1 h, incubated overnight with
primary antibodies at 4°C, and then incubated with the secondary antibody for
1 h at room temperature. The primary antibody solution consisted of poly-
clonal antiserum with specificity for rabbit F4/80 (Santa Cruz Biotechnology,
Santa Cruz, CA). F4/80 was detected by enhanced chemiluminescence (Amersham
Life Sciences, Piscataway, NJ) and quantified using Quantity One imaging
software (Bio-Rad).
Histological and immunohistochemical analyses. Epididymal WAT and
liver samples were examined with Mayer hematoxylin-eosin (H-E) (Wako
Chemicals). Liver samples were also examined with Oil-Red-O staining and
lightly stained with hematoxylin (Wako Chemicals). For immunohistochemical
staining of F4/80, the slides were incubated with primary antibodies overnight
at 4°C with rabbit anti-mouse F4/80 antibody (Santa Cruz Biotechnology).
Slides were incubated with biotin-conjugated goat anti-rabbit IgG (ABC reagent;
Vector Laboratories, Burlingame, CA). The immunoreactivity of each sample
was visualized with diaminobenzidine tetrahydrochloride (Nacalai Tesque,
Kyoto, Japan). In addition, normal rabbit serum was used instead of the
aforementioned antibodies, and a further incubation with secondary antibody
was performed as a negative control. These tests yielded negative staining.
Triglyceride contents in liver and WAT. Triglyceride (TG) contents in
epididymal WAT and liver samples were determined using a commercially
available kit (Wako Chemicals).
Serum TG, free fatty acid, total cholesterol, alanine transaminase, and

adiponectin levels. Serum TG, free fatty acid (FFA), total cholesterol (TC),
and alanine transaminase (ALT) concentrations were determined using com-
mercially available kits (Wako Chemicals), and serum adiponectin levels were
measuredwith an adiponectin ELISA kit (Otsuka Pharmaceutical, Tokyo, Japan).
Glucose tolerance test. After an overnight fast, mice were injected in-
traperitoneally with glucose (2.0 g/kg body wt), and blood samples were taken
at 0, 15, 30, 60, and 120 min. Blood glucose concentrations were measured using
the glucose oxidase method and a glucose analyzer (MS-GR101; Terumo,
Tokyo, Japan). Serum insulin concentrations were determined using an insulin
ELISA kit (Shibayagi, Gunma, Japan).
Measurement of VO2. VO2 was calculated using an indirect calorimetry sys-
tem (Oxymax; Columbus Instruments, Columbus, OH). VO2 and VCO2 were
measured during a 24-h period at room temperature and normalized by body
weight. The respiratory quotient (RQ) is the ratio of VCO2 to VO2. Total VO2 and
VCO2 were determined during a period of 24 h by integrating the areas under
the VO2 and VCO2 curves (AUC VO2 and AUC VCO2) according to the trapezoidal
rule. The AUC RQ was also calculated.
Measurement of visceral and subcutaneous fat. Visceral and subcutaneous
fat areas were quantified by abdominal computed tomography (CT) scans
(RmCT; Rigaku, Tokyo, Japan). CT slice scans were acquired at the lower
margin of the L4 vertebra with mice in the supine position to measure the
amounts of visceral and subcutaneous fat at a single level. We defined the level
of the L4 vertebra as the line between the two highest points on the iliac crest.
The images were converted to files compatible with the commercial software
program i-Dixel-R (J. Morita Corporation, Kyoto, Japan).
Statistics. Results are expressed as the means 6 SEM. Statistical tests in-
cluded the two-tailed Student t test and two-way ANOVA followed by the
Scheffé test. Differences in splenic and serum levels of cytokines between
Standard- and HF-fed groups and differences in WAT and liver data between
Standard Sham– and Standard SPX–treated groups were analyzed using Stu-
dent t test. For comparison of data among more than three groups, ANOVA was
performed. In all analyses, P, 0.05 was taken to indicate statistical significance.

RESULTS

Effects of HF feeding on splenic and serum levels of
pro- and anti-inflammatory cytokines. Despite the ob-
servation that the levels of TNF-a, IL-1b, MCP-1, and IL-10
expression in the spleen were significantly lower in the HF
group than in the Standard group (t test, P, 0.05), serum
levels of IL-10, but not TNF-a, IL-1b, or MCP-1, were

significantly lower in the HF group than the Standard
group (t test, P, 0.05) (Table 1). Serum cytokine levels,
except IL-10, are probably maintained by other organs,
such as WAT and the liver, when splenic cytokine ex-
pression is downregulated by HF feeding. However, serum
IL-10 levels remained low, suggesting that large amounts of
serum IL-10 are derived from the spleen.
SPX causes hypophagia and body weight loss. We ex-
amined the effects of SPX on energy metabolism. SPX
decreased energy intake, body weight, and the weight of
epididymal WAT compared with the Sham treatment group
(t test, P , 0.05) (Supplementary Table 1). SPX also in-
creased AUC VO2 and VCO2 and decreased AUC RQ com-
pared with the Sham treatment group (t test, P , 0.05)
(Supplementary Table 1) and increased serum ALT, TG,
and FFA but not TC levels. Serum adiponectin levels were
lower compared with the Sham treatment group (t test,
P , 0.05) (Supplementary Table 1).
SPX reduces lipid accumulation in WAT but accelerates
lipid accumulation in the liver and induces inflammatory
responses in WAT and the liver. The effects of SPX on fat
accumulation and the proinflammatory response in WAT
were evaluated. Adipocytes tended to be smaller after SPX
treatment, which was probably due to SPX-induced hypo-
phagia and increased energy expenditure (Fig. 1A). SPX
treatment also lowered TG content in WAT compared with
the Sham treatment group (t test, P, 0.05) (Fig. 1B) and
promoted infiltration of macrophages in WAT, as illustrated
by immunohistochemical staining for F4/80, a glycoprotein
whose levels increase as macrophages mature (Fig. 1A). In
addition, SPX treatment increased F4/80 expression (t test,
P, 0.05) (Fig. 1C) as well as TNF-a, IL-1b, MCP-1, and IL-10
levels (t test, P, 0.05) (Fig. 1D) in WAT but down-
regulated the ratio of IL-10 to TNF-a in WAT compared with
that in the Sham treatment group (t test, P, 0.05) (Fig. 1E).
Abdominal CT scans indicated that visceral fat accumula-
tion, including epididymal WAT but not subcutaneous fat,
was significantly lower in SPX-treated mice than in Sham-
treated controls (t test, P, 0.05) (Fig. 1F–H).

Next, we investigated whether SPX would result in
similar inflammation in the liver as in WAT. First, the ef-
fects of SPX on fat accumulation in the liver were evalu-
ated because a previous study indicates an important link
between chronic inflammation and fat accumulation in the
liver (14). In contrast to WAT, however, the morphological
findings of Oil-Red-O staining (Fig. 1J) and hepatic TG

TABLE 1
HF-induced obesity decreases serum levels of IL-10 but not
TNF-a, IL-1b, or MCP-1

TNF-a IL-1b MCP-1 IL-10

Spleen (pg/mg
protein)

Standard 81.6 6 7.5 39.8 6 4.2 19.7 6 1.2 21.5 6 1.5
HF 54.1 6 8.3* 21.4 6 3.1* 10.3 6 1.4* 8.8 6 1.1*

Serum
(pg/mL)

Standard 22.4 6 7.8 13.7 6 3.4 18.6 6 3.1 30.5 6 4.8
HF 29.7 6 6.8 15.1 6 2.6 19.4 6 2.4 18.5 6 2.7*

Protein levels of TNF-a, IL-1b, MCP-1, and IL-10 in the spleen and
serum from each group. Treatment groups: Standard, fed Standard,
administered m-albumin, and given sham operation; HF, fed HF, ad-
ministered m-albumin, and given sham operation. *P , 0.05 vs. Stan-
dard group.
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content analysis (Fig. 1K) showed that SPX treatment ac-
celerated HF feeding–induced hepatic fattiness despite
concurrent hypophagia and body weight loss compared
with the Sham treatment group (t test, P , 0.05). SPX
promoted infiltration of F4/80+ cells (Fig. 1J), including
Kupffer cells (KCs), which are thought to participate in
hepatic lipid storage, compared with the Sham treatment
group (15). Moreover, SPX also increased F4/80 expres-
sion and pro- and anti-inflammatory cytokine levels (t test,
P , 0.05) (Fig. 1L and M) in the liver but reduced the he-
patic ratio of IL-10 to TNF-a compared with the Sham
treatment group (t test, P , 0.05) (Fig. 1N), which is con-
sistent with a previous report that the ratio of IL-10 to TNF-a
is low in nonalcoholic steatohepatitis (16).
IL-10 treatment suppresses SPX-induced catabolic
effects. SPX significantly attenuated the HF feeding–
induced increase in energy intake, whereas IL-10 treatment
suppressed this effect (Supplementary Fig. 1). A corre-
sponding pair-feeding experiment was used to assess the

net effects of SPX on energy metabolism. SPX di-
minished the HF-induced increase in body weight, but
weight did not decline to the same level as in the Stan-
dard group. IL-10 treatment abolished the SPX-induced
decreases in body weight, which were greater than those
of the pair-fed intact controls (Supplementary Fig. 1).
Furthermore, SPX accelerated the HF-induced increase
in AUC VO2 and VCO2 and decrease in AUC RQ, whereas
IL-10 inhibited this effect (Supplementary Fig. 1).
IL-10 treatment inhibits the SPX-induced reduction in
adiposity and improves the SPX-induced inflammatory
condition in WAT. The effects of IL-10 on SPX-induced
changes in fat accumulation in WAT were evaluated. IL-10
treatment tended to inhibit the SPX-induced decrease in
adipocyte size (Fig. 2A). The SPX-induced reduction in TG
content was diminished by IL-10 treatment, consistent with
previous observations indicating that IL-10 treatment re-
versed the SPX-induced reduction in food intake and body
weight (Fig. 2B). The pair-fed intact controls also tended to

FIG. 1. SPX reduces fat deposition in WAT but elevates fat in the liver and accelerates HF feeding–induced inflammation in WAT and the liver.
A: Representative H-E staining and immunostaining for F4/80 performed with WAT sections derived from each group. B: TG contents in WAT of
each group (n = 6). C: Expression of F4/80 in WAT of each group (n = 6). D: Protein levels of TNF-a, IL-1b, MCP-1, and IL-10 in WAT of each group
(n = 6). E: The ratio of IL-10 to TNF-a in WAT of each group (n = 6). F–H: CT images of the abdomen (red arrows; iliac crest) (F), including
visceral fat (G) and subcutaneous fat (H) in each group (n = 6). J: Representative Oil-Red-O staining and immunostaining for F4/80 in liver
sections from each group. Scale bar = 100 mm. K: TG content in the liver of each group (n = 6). L: Expression of F4/80 in the liver of each group
(n = 6). M: Protein levels of TNF-a, IL-1b, MCP-1, and IL-10 in the liver of each group (n = 6). N: The ratio of IL-10 to TNF-a in the liver of each
group (n = 6). *P < 0.05 vs. Standard Sham group. Scale bar = 100 mm. Treatment groups: Standard Sham, fed Standard and given sham operation;
Standard SPX, fed Standard and given splenectomy. (A high-quality digital representation of this figure is available in the online issue.)
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show decreased lipid accumulation in WAT; however, the
reduction in TG content was greater after SPX treatment
than in the pair-fed intact control, which was probably
the result of SPX-enhanced energy expenditure (Fig. 2A
and B).

We also investigated whether SPX might accelerate the
HF-induced inflammatory response in WAT. SPX treatment
promoted the HF-induced infiltration of macrophages in
WAT, as illustrated by immunohistochemical staining for
F4/80 (Fig. 2A). It also elevated the HF-induced increase in
F4/80 expression (Fig. 2C) as well as TNF-a, IL-1b, MCP-1,
and IL-10 contents (Fig. 2D–G) in WAT but downregulated
the HF-induced decrease in the ratio of IL-10 to TNF-a in
WAT (Fig. 2H). IL-10 treatment suppressed the SPX-
induced increase in F4/80 expression (Fig. 2A and C) and
related cytokine levels (Fig. 2D–G) in WAT and inhibited
the SPX-induced decrease in the ratio of IL-10 to TNF-a
(Fig. 2H). Thus, IL-10 may ameliorate SPX-induced in-
flammation in WAT. Conversely, the pair-fed intact con-
trols showed reduced expression and an elevated ratio of

IL-10 to TNF-a in WAT compared with the HF-fed Sham
treatment group (Fig. 2).
IL-10 treatment inhibits SPX-induced lipid accumulation
and inflammatory responses in the liver. The morphol-
ogical findings (Fig. 3A) and results of hepatic TG content
analysis (Fig. 3B) indicate that SPX promoted HF-induced
fat accumulation in the liver, despite concurrent hypo-
phagia and body weight loss. These changes were abol-
ished by IL-10 treatment (Fig. 3A and B). In contrast, pair-fed
intact controls showed reduced fat accumulation in the
liver (Fig. 3A and B), suggesting that this fat accumula-
tion may have been caused by factors other than nutrient
excess.

We found that SPX extended the HF-induced elevation
in serum ALT level (Fig. 3C), F4/80 expression (Fig. 3D),
and pro- and anti-inflammatory cytokine levels (Fig. 3E–H)
in the liver and reduced the hepatic ratio of IL-10 to TNF-a
(Fig. 3J). Similar to the findings in WAT, IL-10 treatment
improved SPX-induced inflammatory responses in the liver
(Fig. 3D–J). Conversely, pair-fed intact controls showed

FIG. 2. Systemic administration of IL-10 diminishes SPX-induced proinflammation in WAT. A: Representative H-E staining and immunostaining for
F4/80 (red arrows) performed with WAT sections derived from each group. Scale bar = 100 mm. B: TG contents in WAT of each group (n = 6). C:
Expression of F4/80 in WAT of each group (n = 6). D–G: Protein levels of TNF-a (D), IL-1b (E), MCP-1 (F), and IL-10 (G) in WAT of each group
(n = 6). H: The ratio of IL-10 to TNF-a of WAT in each group (n = 6). *P< 0.05 vs. Standard Sham group, #P < 0.05 vs. HF Sham group, $P < 0.05
vs. HF SPX group. Treatment groups: Standard Sham, fed Standard, administered m-albumin, and given sham operation; HF Sham, fed HF, ad-
ministered m-albumin, and received sham operation; HF SPX, fed HF, administered m-albumin, and given splenectomy; HF SPX+IL-10, fed HF,
administered IL-10, and given splenectomy; Pair-fed, administeredm-albumin, given sham operation, and fed the same amount of food as consumed
by the HF SPX group. (A high-quality digital representation of this figure is available in the online issue.)
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reduced expression and an increase in the ratio of IL-10 to
TNF-a in the liver compared with the HF-fed Sham treat-
ment group (Fig. 3).
SPX reduces serum IL-10 levels to a greater extent than
other proinflammatory cytokines, and IL-10 treatment
improves SPX-induced disorders in glucose and lipid
metabolism. We examined serum cytokine levels between
Sham and SPX groups with Standard and HF feeding. SPX
decreased both serum pro- and anti-inflammatory cytokine
levels irrespective of Standard or HF treatment (Fig. 4A).
However, SPX reduced serum IL-10 level by ;60% on
Standard and HF feeding, and the ratio of decrease in IL-10
by SPX was greater than those of proinflammatory cyto-
kines in both the Standard and HF groups (Fig. 4B).

An intraperitoneal glucose tolerance test was performed
to evaluate the effects of IL-10 treatment on SPX and
glucose tolerance. SPX significantly extended HF-induced
impaired glucose tolerance, and IL-10 treatment inhibited
SPX-induced increases in blood glucose and serum insulin
concentrations 15 and 30 min after glucose loading (Fig. 4C).

Moreover, the HF-induced decrease in fasting serum
adiponectin, an adipocyte-derived hormone that may be an
insulin sensitizing factor with an antidiabetic effect, was
significantly accelerated after SPX, and IL-10 treatment
suppressed the SPX-induced change in serum adiponectin
level (Fig. 4D). In addition, the HF-induced increases in
fasting serum TG (Fig. 4E) and FFA levels (Fig. 4F), but
not those of TC (Fig. 4G), were significantly potentiated
after SPX treatment, whereas they decreased in the pair-
fed intact controls. Furthermore, IL-10 treatment improved
the SPX-induced increases in serum TG and FFA levels.
These results are consistent with previous findings in-
dicating that serum TG levels were increased in SPX-
treated rats (17).
SPX does not influence IL-10 deficiency–induced
catabolic effects. We examined whether IL-10 deficiency
would affect SPX-induced inflammation in WAT and the
liver using IL-10KO mice to better understand the influence
of spleen-derived IL-10 protection. IL-10KO mice fed HF
showed growth retardation (Fig. 5A), similar to previously

FIG. 3. Systemic administration of IL-10 improves SPX-induced proinflammatory responses of the liver and liver dysfunction. A: Representative
H-E staining and immunostaining for F4/80 in liver sections derived from each group. Scale bar = 100 mm. B: TG contents of the liver in each group
(n = 6). C: Serum ALT levels in each group (n = 6). D: Expression of F4/80 in the liver of each group (n = 6). E–H: TNF-a (E), IL-1b (F), MCP-1 (G),
and IL-10 (H) contents of the liver in each group (n = 6). J: The ratio of IL-10 to TNF-a in the liver of each group (n = 6). *P< 0.05 vs. Standard
Sham group, #P< 0.05 vs. HF Sham group. Treatment groups: Standard Sham, fed Standard, administered m-albumin, and given sham operation;
HF Sham, fed HF, administered m-albumin, and given sham operation; HF SPX, fed HF, administered m-albumin, and given splenectomy; HF SPX
+IL-10, fed HF, administered IL-10, and given splenectomy; Pair-fed, administered m-albumin, given sham operation, and fed the same amount of
food as consumed by the HF SPX group. (A high-quality digital representation of this figure is available in the online issue.)
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reported results (18). In addition, no SPX-induced reductions
in food intake (Fig. 5B) or body weight (Fig. 5C) were seen in
IL-10KO mice. However, IL-10 treatment increased food in-
take and body weight in both SPX-treated wild-type and IL-
10KO mice (Fig. 5B and C). SPX decreased the accumulation
of visceral fat, including epididymal WAT, but not sub-
cutaneous fat in wild-type mice, but it showed no significant
effect in IL-10KO mice (Fig. 5D–G). Furthermore, IL-10 ad-
ministration facilitated the accumulation of visceral fat but
not subcutaneous fat (Fig. 5D–G). In addition, we examined
the changes in spleen weight between wild-type and IL-10KO
mice on Standard and HF. The spleens of IL-10KO mice were
heavier than those of wild-type controls in both Standard and
HF groups, and HF increased the weight of the spleen in both
wild-type and IL-10KO mice (Fig. 5H). Considering our ob-
servation that obesity induces splenomegaly, there may be an
association between the size of the spleen and its ability to
produce IL-10 (19).
SPX has little effect on the inflammatory response in
WAT or on glucose metabolism in IL-10KO mice. We
investigated whether SPX would alter fat accumulation
and inflammatory responses in WAT of IL-10KO mice. Fat

accumulation in WAT decreased in IL-10KO mice (Fig. 6A).
SPX-induced decreases in adipocyte size, weight of epi-
didymal WAT, and TG contents in WAT (Fig. 6A–C) and
increases in F4/80 expression and TNF-a, IL-1b, and MCP-1
protein levels (Fig. 6D–G) were not observed in IL-10KO
mice. However, IL-10 treatment tended to restore these
factors in both SPX-treated mice. In addition, no SPX-
induced decrease in fasting serum adiponectin level was
observed in IL-10KO mice (Fig. 6H). We also examined the
effects of IL-10 treatment on SPX and glucose tolerance in
IL-10KO mice. SPX treatment had no effect on glucose
tolerance in IL-10KO mice, and IL-10 treatment decreased
blood glucose and serum insulin concentrations 15 min
after glucose loading (Supplementary Fig. 2).
SPX does not affect the proinflammatory state in the
liver of IL-10KO mice. HF-induced hepatic fat accumula-
tion increased in IL-10KO mice but was not influenced by SPX
treatment (Fig. 7A and B). Furthermore, IL-10 treatment sup-
pressed the activation of F4/80+ cells in the liver of both SPX-
treated mice (Fig. 7A and C). Overall, changes in the above
protein levels (Fig. 7D–F) and serum ALT levels (Fig. 7G) in
the liver were similar to those seen in WAT in all groups.

FIG. 4. SPX reduces serum IL-10 level to a greater extent than other proinflammatory cytokines, and systemic administration of IL-10 improves SPX-
induced disorders in glucose and lipid metabolism. A: Serum levels of TNF-a, IL-1b, MCP-1, and IL-10 in Sham and SPX groups on Standard and HF.
*P< 0.05 vs. Standard Sham group and HF Sham group, #P< 0.05 vs. Standard Sham group. B: The ratio of serum cytokine change relative to Sham
group. *P< 0.05 vs. TNF-a, IL-1b, and MCP-1. C: Blood glucose and plasma insulin levels during glucose tolerance tests in each group (n = 6). D:
Fasting serum adiponectin levels in each group (n = 6). E–G: Fasting serum TG (E), FFA (F), and TC (G) levels in each group (n = 6). *P< 0.05 vs.
Standard Sham group, #P< 0.05 vs. HF Sham group; NS, not significant. Treatment groups: Standard Sham, fed Standard, administered m-albumin,
and given sham operation; HF Sham, fed HF, administeredm-albumin, and given sham operation; HF SPX, fed HF, administeredm-albumin, and given
splenectomy; HF SPX+IL-10, fed HF, administered IL-10, and given splenectomy; Pair-fed, administeredm-albumin, given sham operation, and fed the
same amount of food as consumed by the HF SPX group.
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DISCUSSION

Obesity is associated with a low-grade, chronic, proin-
flammatory condition (1–4). However, the primary cause
of obesity-induced inflammation is not well understood.
This is the first study to systematically characterize the
lack of IL-10 induction from the spleen as a result of HF-
induced obesity and SPX in rats with respect to individual
organs (e.g., WAT and liver), serum cytokines, and glucose
and lipid metabolism. IL-10 is synthesized by several cell
types within multiple organs, including the spleen. We paid
special attention to spleen-derived IL-10 because the se-
rum levels of IL-10 are specially and significantly de-
creased despite the significant decreases in expression
levels of all cytokines in the spleen in the HF group com-
pared with the Standard group, suggesting that HF feeding
reduces IL-10 secretion from the spleen. Our previous
study shows that compared with Standard feeding, HF
downregulated the expression of CD20, a surface molecule
present on B cells that produces IL-10 mainly in the spleen
(20). Moreover, splenocyte proliferation stimulated by
T-cell and B-cell mitogen was significantly lower in obese
subjects; not only T-cell but also B-cell function in the

spleen may be impaired in obesity (21). Thus, it was hy-
pothesized that obesity-induced reduction of IL-10 syn-
thesis in the spleen may lead to inflammatory responses in
multiple organs and to metabolic disorders.

We demonstrated that IL-10 treatment abolished SPX-
induced hypophagia, body weight loss, and increase in
energy expenditure, consistent with previous data showing
that administration of IL-10 attenuates inflammation-
induced anorexia (22). We previously reported that a re-
duction of spleen-derived IL-10 resulted in activation of
microglia and induction of hypothalamic inflammation and
that mild reduction of spleen-derived IL-10 by HF causes
hyperphagia, whereas severe reduction of splenic IL-10 by
SPX causes hypophagia, which may explain why anorexia
and body weight loss occur in the setting of sepsis-induced
hypothalamic inflammation (20). A recent study shows
that intrahypothalamic infusion of r-IL-10 blocked inhibitor
of kB kinase/nuclear factor-kB signaling and endoplasmic
reticulum stress and restored Akt and signal transducer
and activator of transcription 3 phosphorylation, pro-
moting an antiobesity effect (23). These observations
suggest that modulation of hypothalamic IL-10 expression

FIG. 5. IL-10 deficiency induces an anorectic effect and suppresses adiposity in WAT. A: Growth appearance in wild-type (Wild) and IL-10KO mice
fed HF. B and C: Comparison of daily food intake (B) and body weight (C) in each group shown as percentages relative to Sham values (n = 6). D:
CT images of the abdomen, including subcutaneous and visceral fat, in wild-type and IL-10KO mice fed HF. E–G: Comparison of epididymal WAT
weight (E) and accumulation of visceral fat (F) and subcutaneous fat (G) in each group (n = 6). *P< 0.05 vs. Sham (Wild or IL-10KO), #P < 0.05
vs. SPX (Wild); NS, not significant. H: Weight of spleen in each group (n = 6). *P < 0.05 vs. Standard (Wild), #P< 0.05 vs. Standard (IL-10KO),
$P< 0.05 vs. HF (Wild). Treatment groups: Sham, fed HF, administeredm-albumin, and given sham operation; SPX, fed HF, administeredm-albumin,
and given splenectomy; SPX+IL-10, fed HF, administered r-IL-10, and given splenectomy. (A high-quality color representation of this figure is
available in the online issue.)
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may constitute a promising alternative to reduce hypo-
thalamic inflammation and endoplasmic reticulum stress
related to obesity.

Inflammation is generally accepted as being closely re-
lated to adiposity in WAT; however, our results show that
SPX treatment reduced adiposity but increased the in-
flammatory responses in WAT (24). Furthermore, IL-10
treatment restored the SPX-induced reduction of WAT
adiposity, although it suppressed SPX-induced inflammation
in WAT, suggesting that SPX-induced inflammation may be
independent of adiposity in WAT. In contrast, SPX treat-
ment facilitated both adiposity and inflammatory responses
in the liver compared with Sham treatment, and treatment
with IL-10 suppressed these SPX-induced responses, sug-
gesting that TNF-a expression in the liver is related to he-
patic inflammation and fattiness (15). Our data indicate that
spleen-derived IL-10 has a protective effect against patho-
logical fat deposition and inflammation in the liver, sup-
porting previous reports that treatment with the anti–TNF-a
antibody infliximab significantly reduces fat deposition in
the liver of obese rats and that exogenous IL-10 improves
liver fibrosis caused by carbon tetrachloride (16,25). Taken
together, these findings suggest that IL-10 originating in the

spleen may prevent chronic low-level inflammation induced
by obesity in WAT and the liver, although it may increase fat
accumulation in WAT while decreasing accumulation in the
liver.

We examined whether IL-10 deficiency would affect
SPX-induced inflammation in WAT and liver using IL-10KO
mice. We observed that food intake and body weight de-
creased in IL-10KO mice compared with wild-type con-
trols, in agreement with previous findings that spontaneous
weight loss occurs in IL-10KO mice (18). However, the SPX-
induced hypophagia and body weight loss observed in wild-
type mice were not seen in IL-10KO mice, although IL-10
treatment restored these changes in both SPX-treated mice.
These results indicate that spleen-derived IL-10 may affect
the regulation of energy metabolism. We observed that SPX-
induced reduction of adiposity and proinflammatory effects
in WAT observed in wild-type mice were not seen in IL-
10KO mice. IL-10 treatment restored these alterations in
WAT of both SPX-treated mice. In the liver, SPX treatment
promoted adiposity as well as inflammatory responses in
wild-type mice, but no such effects were observed in IL-
10KO mice. In addition, IL-10 treatment improved adiposity
and inflammation in the liver of both SPX-treated mice.

FIG. 6. SPX had little effect on adiposity and inflammatory responses in WAT of IL-10KO mice. A: Representative H-E staining performed with WAT
sections derived from each group. Scale bar = 100 mm. B: The weight of epididymal WAT in each group (n = 6). *P < 0.05 vs. Sham (Wild or IL-10)
group. C: TG contents in WAT of each group (n = 6). D: Expression of F4/80 in WAT of each group (n = 6). E–G: TNF-a (E), IL-1b (F), and MCP-1
(G) contents in WAT of each group (n = 6). H: Serum adiponectin levels in each group (n = 6). *P< 0.05 vs. Sham (Wild) group, #P< 0.05 vs.
SPX (Wild and IL-10) group. Treatment groups: Sham, fed HF, administered m-albumin, and given sham operation; SPX, fed HF, administered
m-albumin, and given splenectomy; SPX+IL-10, fed HF, administered r-IL-10, and given splenectomy. Wild, wild-type mice. (A high-quality
digital representation of this figure is available in the online issue.)
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Therefore, spleen-derived IL-10 may be closely related to
the adiposity and inflammatory responses in multiple
organs.

We found that IL-10 treatment suppressed the SPX-
induced glucose metabolism disorder and the reduction
in serum adiponectin levels, suggesting that TNF-a represses
the synthesis of adiponectin in adipocytes and that IL-10
interferes with macrophage function and the production of
proinflammatory cytokines, including TNF-a (26,27).
Moreover, the SPX-induced abnormalities in glucose tol-
erance observed in wild-type mice were not seen in IL-10KO
mice, and administration of IL-10 to both SPX-treated mice
improved glucose tolerance, suggesting that spleen-derived
IL-10 may be involved in glucose metabolism. The inhibition
of TNF-a activity by infliximab improves insulin signaling
in the liver of HF-fed rats (18). Moreover, depleting KCs
prevents the development of insulin resistance, and KC-
derived TNF-a plays a role in mediating the detrimental
effects of KCs on insulin action (28).

We examined serum cytokine levels between Sham and
SPX groups on Standard and HF. Serum IL-10 level was
reduced by more than half by SPX treatment, which
induces a strong systemic inflammatory response, whereas

SPX treatment elevated the expression of IL-10 as well as
proinflammatory cytokines in WAT and the liver, sup-
porting the suggestion that spleen-derived IL-10 is more
relevant to systemic inflammation than IL-10 produced
locally in WAT or the liver. Indeed, SPX eliminates both
pro- and anti-inflammatory cytokines produced by the
spleen. However, we identified that SPX had little effect on
lipid accumulation or inflammation in WAT and the liver of
IL-10KO mice, indicating that SPX-induced changes in
WAT and the liver of wild-type mice are not due to the
elimination of proinflammatory cytokines. Thus, obesity
may be characterized by promotion of proinflammatory
pathways accompanied by diminished anti-inflammatory
mediators, such as IL-10, adiponectin, M2 macrophages
that produce high levels of the anti-inflammatory cytokine
IL-10, and others.

In conclusion, we demonstrated a critical role of spleen-
derived IL-10 in the inflammation of multiple organs and
insulin resistance in the obese state. Although additional
studies are required to determine why obesity elicits an
inflammatory response, the results of this study indicate
that targeting the spleen may be a potential therapeutic
strategy for treating metabolic syndrome.

FIG. 7. SPX does not affect fat accumulation or inflammatory responses in the liver of IL-10KO mice. A: Representative H-E staining and immu-
nostaining for F4/80 in liver sections derived from each group. Scale bar = 100 mm. B: Comparison of hepatic TG contents in each group (n = 6). C:
F4/80 expression in the liver of each group (n = 6). D2F: Protein levels of TNF-a (D), IL-1b (E), and MCP-1 (F) in the livers of each group (n = 6).
G: Comparison of serum ALT levels in each group (n = 6). *P< 0.05 vs. Sham (Wild) group. Treatment groups: Sham, fed HF, administered
m-albumin, and given sham operation; SPX, fed HF, administered m-albumin, and given splenectomy; SPX+IL-10, fed HF, administered r-IL-10,
and given splenectomy. Wild, wild-type mice. (A high-quality digital representation of this figure is available in the online issue.)
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