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Obese adipose tissue is characterized by increased macrophage infiltration, which results in chronic
inflammation in adipose tissue and leads to obesity-related diseases such as type 2 diabetes mellitus
and atherosclerosis. The regulation of macrophage infiltration into adipose tissue is an important strategy
for preventing and treating obesity-related diseases. In this study, we report that naringenin, a citrus fla-

Key}""’rdsf vonoid, suppressed macrophage infiltration into adipose tissue induced by short-term (14 days) feeding
Naringenin of a high-fat diet in mice; although naringenin did not show any differences in high-fat diet-induced
;\\A?E;S;]:;ue changes of serum biochemical parameters in this short administration period. Naringenin suppressed
MCP-1 monocyte chemoattractant protein-1 (MCP-1) in adipose tissue, and this effect was mediated in part

through inhibition of c-Jun NH,-terminal kinase pathway. Naringenin also inhibited MCP-1 expression
in adipocytes, macrophages, and a co-culture of adipocytes and macrophages. Our results suggest a
mechanism by which daily consumption of naringenin may exhibit preventive effects on obesity-related

diseases.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Obesity is considered a chronic inflammatory disease, which
results from macrophage infiltration into adipose tissue [1-3]. Adi-
pocyte-macrophage interaction augments inflammatory changes
in adipose tissue, which contribute to the development of insulin
resistance and type 2 diabetes mellitus [3,4]. A variety of chemo-
kines are expressed in adipose tissue, and expression increases as
early as a few days after the start of feeding mice a high-fat diet
(HFD) [5]. Among these, monocyte chemoattractant protein-1
(MCP-1) plays a pivotal role in obesity-related macrophage infiltra-
tion into adipose tissue [6]. Transgenic mice overexpressing MCP-1
in adipose tissue exhibit macrophage accumulation in adipose tis-
sue and insulin resistance, while MCP-1 homozygous knockout
mice show the opposite phenotypes [7,8]. The regulation of macro-

Abbreviations: MCP-1, monocyte chemoattractant protein-1; JNK, c-jun N-
terminal kinase; IxB-o, inhibitor of kB-o; NF-xB, nuclear factor-kB.
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phage infiltration and MCP-1 expression in adipose tissue during
the early phase of obesity is an important strategy for preventing
obesity-related diseases.

The number of obese individuals and the prevalence of obesity-
related diseases are increasing worldwide. Consequently, the
annual healthcare costs of obesity-related diseases are increasing,
which is a serious social issue. In these circumstances, preventive
care has attracted attention, and the development of a novel pro-
phylactic approach is required.

Food-derived biomolecules such as flavonoids have a variety of
pharmacological properties and are thought to be useful in the pre-
vention and improvement of various diseases. A cohort study
reported that intake of flavonoids reduced the risk of chronic dis-
eases such as cerebrovascular disease, asthma, and type 2 diabetes
[9]. However, the molecular mechanisms by which food-derived
biomolecules exert beneficial effects remain largely unknown.

Naringenin is a predominant flavanone in grapefruit, and has
various pharmacological effects, including antioxidant, anti-
inflammatory, and anti-proliferative activities. Studies have shown
that naringenin improves obesity-related diseases such as
atherosclerosis in disease-model animals [10,11]. In addition, our
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previous studies have shown that naringenin exerts anti-inflam-
matory effects in adipocytes [12,13], and have also shown that
long-term (16 weeks) treatment with naringenin inhibits HFD-
induced inflammation in mouse adipose tissue [13]. However,
the effects of naringenin on HFD-induced macrophage infiltration
and MCP-1 expression in adipose tissue, especially during the early
phase of obesity, remain unknown.

In this study, we investigated the effects of naringenin on mac-
rophage infiltration into adipose tissue during 1-14 days of feeding
a HFD to mice, and sought to elucidate the mechanisms of these
processes.

2. Materials and methods
2.1. Reagents

We purchased the following reagents: dimethyl sulfoxide
(DMSO) (Nacalai Tesque, Kyoto, Japan); methyl cellulose (Wako
Pure Chemical Industries, Osaka, Japan); naringenin, isobutylmeth-
ylxanthine (IBMX), and dexamethasone (DEX) (Sigma, St. Louis,
MO); insulin (Cell Science & Technology Institute, Sendai, Japan);
phosphate-buffered saline (PBS), Dulbecco’s modified Eagle’s med-
ium (DMEM), bovine serum and fetal bovine serum (FBS) (Invitro-
gen, Carlsbad, CA); SP600125 (BIOMOL, Plymouth Meeting, PA).

2.2. Animals and animal care

Experiments were approved by the animal care committee of
Kyushu University of Health and Welfare. Male C57BL/6] mice
(age, 7 weeks; weight, 20-22 g) were purchased from the Kyudo
Animal Laboratory (Kumamoto, Japan). Mice were housed 5-6/
cage and maintained at 24 + 2 °C on a 12-h light/dark cycle, and
were acclimatized for 1 week prior to experimental use. Mice at
8 weeks of age were randomly divided into the following groups:
(1) non-treated control mice at 8 weeks of age (day 0); (2) standard
diet (STD)-fed mice treated with 0.2 mL vehicle control (0.5 w/v%
methyl cellulose solution, p.o. once daily) for 1, 7, or 14 days; (3)
HFD-fed mice treated with vehicle control (methyl cellulose, p.o.
once daily) for 1, 7, or 14 days; and (4) HFD-fed mice treated with
naringenin (100 mg/kg/day, p.o. once daily) for 1, 7, or 14 days.
Mice were fed STD (10% of calories from fat, D12450B; Research
Diets, New Brunswick, NJ) or HFD (60% of calories from fat,
D12492; Research Diets) and water ad libitum for each period (1,
7, or 14 days). Mice (n=5-6) were used for each group for each
period. Food intake was measured daily, and body weight was
measured before dissection.

2.3. Real-time PCR analysis

The epididymal fat pads were minced and vessels removed. Tis-
sue (100 mg) was homogenized and lysed in TRIzol reagent (Invit-
rogen) to isolate total RNA. Reverse transcription was performed
(ReverTra Ace qPCR RT Master Mix; Toyobo, Osaka, Japan), in
accordance with the manufacturer’s instructions. PCR amplifica-
tion was performed using TagMan Fast Advanced Master Mix
(Applied Biosystems, Carlsbad, CA) in a StepOne Plus Real Time
PCR System. Primers and TagMan probes were: Mac-2 (Lgals3),
Mm00802901-m1; MCP-1 (Ccl2), Mm00441242-m1; 18S (Rn18s),
MmO03928990-g1. The relative quantity of mRNA was determined
using the comparative Ct method and was normalized using 18S
ribosomal RNA as an endogenous control.

2.4. Immunohistochemical staining

Epididymal fat pads were dissected, immersed in 4% parafor-
maldehyde, and embedded in paraffin. Sections were incubated

in xylene, followed by ethanol, and washed with DH,O0. Sections
were rinsed in PBS and incubated in 1% hydrogen peroxide for
30 min. After three washes in PBS for 5 min each, sections were
blocked with PBS containing 5% normal goat serum, followed by
incubation with a 1:3800 dilution of primary antibody (Anti-
Mac-2 [CL8942AP]; Cedarlane, Burlington, Canada) for 60 min.
After another three washes in PBS, sections were incubated with
a 1:100 dilution of biotinylated secondary antibody (Anti-Rat IgG
[BA-9400]; Vector, Burlingame, CA) for 30 min. Sections were
washed in PBS before incubating in VECTASTAIN ABC solution
(PK-4000; Vector). After further PBS washes, a diaminobenzidine
substrate kit (K3466; Dako, Glostrup, Denmark) was used to visu-
alize the reaction product, and nuclear staining was performed
using hematoxylin. Sections were dehydrated in a graded series
of ethanol solutions, followed by xylene and mounted with cover-
slips. Mac-2 positive cells/10 mm? were counted using an eyepiece
fitted with a grid ruler. We excluded perivascular positive cells and
localized clumps of positive cells.

2.5. Biochemical analysis of serum

Mice were fasted overnight before intervention. Each parameter
was determined using the following kits: glucose, total cholesterol,
and triglyceride, Cholestech LDX (Alere Medical, Tokyo, Japan); free
fatty acid, NEFA-V2 (Alfresa, Osaka, Japan); insulin, AKRIN-031
(Shibayagi, Gunma, Japan).

2.6. Western blot analysis

Epididymal fat pads (100 mg) were homogenized and lysed in
PRO-PREP Protein Extraction Solution (iNtRON Biotechnology,
Kyungki-Do, Korea). Cell culture media (1.8 mL) were concentrated
using centrifugal filter devices (Amicon Ultra 3K Device; Millipore,
Darmstadt, Germany), following the manufacturer’s instructions.
Tissue extracts and concentrated culture media were separated
on 10% SDS-PAGE gels and transferred to polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA). Membranes were blocked
with TBS solution containing 0.1% Tween 20 (TBS-T) and 2% block-
ing agent (GE Healthcare, Buckinghamshire, UK). After five washes
(2,2,15,5,and 5 min) in TBS-T, membranes were incubated with a
1:2000 dilution of primary antibody. After another five washes in
TBS-T, membranes were incubated with a 1:10,000 dilution of
the corresponding secondary antibody. Chemiluminescence
reagent ECL Advance (GE Healthcare) was used to visualize blots.
Anti-MCP-1  (#2029), anti-p-actin (#4967), anti-phospho-
JNK (#4668), and anti-IkB-o (#9242) were obtained from Cell Sig-
naling Technology (Beverly, MA). Protein bands were quantified by
signal intensity analysis with ImageQuant TL software (GE
Healthcare).

2.7. Cell culture and treatments

3T3-L1 cells (Health Science Research Resources Bank, Osaka,
Japan) were maintained in DMEM supplemented with 10% bovine
serum. After pre-adipocytes reached confluence in 12-well plates,
they were induced to differentiate into mature adipocytes by
replacing medium with 10% FBS-supplemented DMEM containing
0.5 mM IBMX, 0.25 uM DEX, and 5 pg/mL insulin for 2 days. Med-
ium was then replaced with 10% FBS-supplemented DMEM con-
taining 5 pg/mL insulin, and this was changed every 2-3 days for
the next 6-7 days. RAW 264 cells (RIKEN BioResource Center, Tsu-
kuba, Japan) were cultured in DMEM supplemented with 10% FBS.
Adipocytes and macrophages were co-cultured in a contact system,
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Fig. 1. Effects of naringenin on macrophage infiltration into adipose tissue in HFD-fed mice. C57BL/6] mice (n = 5-6) were used for each group for each administration period.
(A) Body weight. (B) Epididymal fat pad weight. (C) Real-time PCR analysis of Mac-2 expression in adipose tissue. (D) Immunohistochemical analysis of Mac-2 positive cells in
adipose tissue from mice administered for 14 days. (E) Quantified data of immunohistochemical analysis. **P < 0.01 and ***P < 0.001 for STD vs. HFD. 3P < 0.05, $*P < 0.01 and
888p < 0.001 for STD vs. HFD + Nar. *P < 0.05 for HFD vs. HFD + Nar. STD, standard diet; HFD, high-fat diet; Nar, naringenin.

as described previously [4]. Briefly, RAW 264 cells (1 x 10° cells/ 2.8. ELISA

mL) were plated onto dishes with differentiated 3T3-L1 adipocytes.

For each experiment, we treated cells with naringenin or SP600125 MCP-1 levels in cell culture media were measured using a spe-
(SP), a JNK inhibitor. We used 0.5% DMSO as vehicle control. cific ELISA kit (88-7391, eBioscience, Santa Clara, CA) according to



98 H. Yoshida et al./Biochemical and Biophysical Research Communications 454 (2014) 95-101

the manufacturer’s instructions. The lower limit of detection of the
kit was 15 pg/mL for MCP-1. The intra- and inter-assay coefficients
of variation for ELISA results were less than 10%.

2.9. Statistical analysis

Data are presented as mean * SE, and analysis was performed
using GraphPad Prism 5. Differences between groups were
assessed by an unpaired t-test, one-way ANOVA, or two-way
ANOVA. Multiple comparisons were made using a post hoc Bonfer-
roni’s test. Differences between groups were considered to be sig-
nificant at P < 0.05.

3. Results

3.1. Naringenin suppresses HFD-induced macrophage infiltration into
mouse adipose tissue in the early pathological process of obesity-
related disease

To determine if naringenin affects macrophage infiltration into
adipose tissue in the early phase of obesity, we administered
naringenin to HFD-fed mice for 1, 7, or 14 days. Although naringe-
nin did not affect HFD-induced body weight gains and epididymal
fat pad weight gains, it did suppress gene expression of Mac-2, a
marker of macrophages [14], in epididymal fat pads on day 14
(Fig. 1A-C). We also confirmed the effects of naringenin by immu-
nohistochemical staining. As shown in Fig. 1D and E, administra-
tion of naringenin for 14 days reduced HFD-induced Mac-2
positive cells in adipose tissue. During the 14-day administration
period, HFD significantly increased serum glucose, total choles-
terol, and triglyceride levels compared with the STD, but not free
fatty acid and insulin. Naringenin did not affect HFD-induced
changes of serum biochemical parameters (Table 1).

3.2. Naringenin suppresses MCP-1 expression by inhibiting JNK
pathway in adipose tissue of HFD-fed mice

To elucidate the mechanism by which naringenin suppresses
HFD-induced macrophage infiltration into adipose tissue, we
examined the effect of naringenin on MCP-1 expression. As shown
in Fig. 2A, administration of naringenin for 14 days inhibited HFD-
induced MCP-1 gene expression in adipose tissue. We also mea-
sured the effects of naringenin on MCP-1 expression at the protein
level. Naringenin inhibited the expression of protein on day 14
(Fig. 2B and C). Previous studies have shown that c-Jun NH,-terminal
kinase (JNK) and nuclear factor-kappaB (NF-kB) pathways are
involved in the regulation of MCP-1 expression in adipocytes
[6,15]. Thus, we determined whether naringenin influences the
activation of JNK and NF-kB pathways by assessing JNK phosphor-
ylation and inhibitor of kappaB-a (IkB-a) degradation. Administra-
tion of naringenin inhibited HFD-induced JNK phosphorylation in

Table 1
Biochemical parameters of C57BL/6] mice administered for 14 days.
STD HFD HFD + Nar
Glucose (mg/dL) 93.8+3.46 135.8 £7.81** 127.2 £3.65*

T-CHO (mg/dL) 118.6 £4.03 143.3 £2.86™* 145.5 £ 338"
TG (mg/dL) 130.5 +5.97 170.7 £11.0° 172.0£5.91%
NEFA (uEq/L) 1595 +123.8 1388 £ 67.5 1406 + 109.9
Insulin (pg/mL) 3362 +130.0 348.8 + 66.65 427.7 £111.1

Data are mean # SE (n =5-6).

**P<0.01 and ** P <0.001 vs. STD.

STD, standard diet; HFD, high-fat diet; Nar, naringenin; T-CHO, total cholesterol;
TG, triglyceride, NEFA, free fatty acid.
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Fig. 2. Effects of naringenin on MCP-1 expression in adipose tissue of HFD-fed mice.
(A) Real-time PCR analysis of MCP-1 expression in adipose tissue. C57BL/6] mice
(n=5-6) were used for each group for each administration period. (B) Western blot
analysis of MCP-1 in adipose tissue from mice administered for 14 days (n = 3 mice
in each group). (C) Quantified data of Western blot analysis. Signals for each protein
was normalized to B-actin and quantified. *P < 0.05, **P < 0.01 and ***P < 0.001 for
STD vs. HFD. **#P < 0.001 for HFD vs. HFD + Nar. g-MCP-1, glycosylated MCP-1; t-
MCP-1, total MCP-1 (MCP-1 + g-MCP-1).

adipose tissue. However, neither HFD feeding nor naringenin
administration affected the expression of IkB-a (Fig. 2B and C).

3.3. Naringenin suppresses MCP-1 production in vitro

Adipose tissue comprises adipocytes and stromal vascular cells.
Therefore, to elucidate the source of MCP-1 in adipose tissue and
also to determine whether naringenin affects MCP-1 production
at the source, we first used 3T3-L1 adipocytes. Naringenin inhib-
ited MCP-1 mRNA expression and secretion in a dose-dependent
manner (Fig. 3A and B). We next used RAW 264 cells, because
monocytes/macrophages are also known to be the major source
of MCP-1 [16]. As shown in Fig. 3C and D, naringenin suppressed
MCP-1 production; however, MCP-1 secretion from RAW 264 cells
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Fig. 3. Effects of naringenin on MCP-1 expression in vitro. (A) Real-time PCR analysis of MCP-1 expression in 3T3-L1 adipocytes treated with naringenin for 3 h. (B) ELISA of
MCP-1 in culture media of 3T3-L1 adipocytes treated with naringenin for 3 or 6 h. (C) Real-time PCR analysis of MCP-1 expression in RAW 264 cells treated with naringenin
for 3 h. (D) ELISA of MCP-1 in culture media of RAW 264 cells treated with naringenin for 6 or 24 h. (E) Real-time PCR analysis of MCP-1 expression in RAW 264 cells and 3T3-
L1 adipocytes. (F) ELISA of MCP-1 in culture media of 3T3-L1 adipocytes treated with SP600125 for 3 or 6 h. (G) Real-time PCR analysis of MCP-1 expression in co-culture of
3T3-L1 adipocytes and RAW 264 cells. 3T3-L1 adipocytes were pre-treated with naringenin for 30 min and then co-cultured with RAW 264 cells for 3 h. (H) ELISA of MCP-1 in
culture media of co-culture of 3T3-L1 adipocytes and RAW 264 cells for 3 h. Data are mean + SE (n = 3) of two independent experiments (A-H). (I) Western blot analysis of
MCP-1 levels in culture media from 3T3-L1 adipocytes and RAW 264 cells co-cultured for 24 h. (J) Quantification of western blot data. The signal for each protein was
normalized to non-specific bands (NS) and quantified. Data are presented as means * SE of three independent experiments (J). *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle
control of each treatment period. $33P < 0.001 vs. RAW 264 cells. *#P < 0.01, *##P < 0.001 vs. vehicle-treated co-cultures. SP, SP600125; RAW, RAW 264 cells; NS, non-specific
bands.

was lower than that from 3T3-L1 adipocytes. In addition, we com- and 3T3-L1 adipocytes, and the latter showed the higher expres-
pared mRNA expression levels of MCP-1 between RAW 264 cells sion level (Fig. 3E). These results suggest that adipocytes are the
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Fig. 3 (continued)

major source of MCP-1 in adipose tissue, and naringenin decreases
MCP-1 production in adipocytes, which contributes largely to sup-
press macrophage infiltration into adipose tissue.

Because our in vivo data showed that naringenin inhibited the
activation of JNK pathway in mouse adipose tissue (Fig. 2B and
C), we examined whether the JNK pathway is involved in the reg-
ulation of MCP-1 secretion from adipocytes using SP600125, an
inhibitor of JNK pathway. As shown in Fig. 3F, JNK inhibitor sup-
pressed MCP-1 secretion from 3T3-L1 adipocytes.

As adipocyte-macrophage interaction induces the abundant
production of inflammatory adipokines including MCP-1 in adi-
pose tissue, we next determined the effects of naringenin on adipo-
cyte-macrophage interaction using a co-culture system of 3T3-L1
adipocytes and RAW 264 cells. As shown in Fig. 3G-], naringenin
suppressed co-culture-induced MCP-1 mRNA expression and
secretion. These results suggest that naringenin inhibits the exac-
erbation of MCP-1 production stimulated by interaction between
adipocytes and infiltrated macrophages.

4. Discussion

Macrophage infiltration into adipose tissue is a key pathological
process, which induces chronic inflammation in adipose tissue and
leads to obesity-related diseases such as type 2 diabetes and ath-
erosclerosis. The regulation of macrophage infiltration into adipose
tissue is an important strategy for preventing and treating these
diseases. In the current study, we report, for the first time, that
the citrus flavonoid naringenin suppressed HFD-induced macro-
phage infiltration into adipose tissue via inhibition of MCP-1 pro-
duction in the early phase of obesity. This result reveals a
mechanism by which daily consumption of naringenin may exhibit
preventive effects on obesity-related diseases.

Naringenin did not affect HFD-induced body weight gains or
epididymal fat pad weight gains on day 14, although it significantly
reduced HFD-induced changes in body weight on day 7 temporar-
ily (Fig. 1A and B). In our previous study, we observed that admin-
istration of naringenin for 16 weeks protected HFD-fed mice from
adipose tissue inflammation and hyperglycemia without signifi-
cant changes in body weight and epididymal fat pad weight [13].
These results suggest that naringenin exerts beneficial effects by
regulating the functions of adipose tissue or adipocytes, although
it does not reduce body weight or the amount of fat.

Studies have reported that various flavonoids exert beneficial
effects against obesity-related diseases, accompanied by the reduc-
tion of macrophage infiltration into adipose tissue [17-19]. In
these studies, the effects of flavonoids were determined after
long-term (more than 12 weeks) treatment and it is unclear if
the flavonoids affected macrophage infiltration or MCP-1 expres-

sion in the early phase of obesity. In the current study, we observed
that naringenin did not block the initiation of macrophage infiltra-
tion into adipose tissue on day 1, but naringenin suppressed HFD-
induced accumulation of macrophages by degrees during the 14-
day administration period (Fig. 1C-E). Naringenin also caused sup-
pression of MCP-1 expression in adipose tissue (Fig. 2A), although
it did not show any effect on HFD-induced changes of serum bio-
chemical parameters on day 14 (Table 1). These findings suggest
that our experimental model makes it possible to conduct screen-
ing of useful biomolecules in the short term by measuring expres-
sion changes of Mac-2 and MCP-1 before pathophysiological
changes appear.

It has been reported that the bioavailability of naringenin is low,
and the mean peak plasma concentration was 4.6-10.2 uM after a
single oral administration of 135 mg of naringenin in six healthy
volunteers [20]. In our preliminary experiment, we measured the
serum concentration after a single oral administration of 100 mg/
kg of naringenin in C57BL/6] mice, and the mean peak concentra-
tion was 4.9-10.0 uM (data not shown). Our in vitro data showed
that 10 uM of naringenin significantly suppressed MCP-1 produc-
tion in adipocytes (Fig. 3A and B). These results suggest that the
physiological concentration of naringenin exerts suppressive activ-
ity on MCP-1 expression in adipocytes.

MCP-1 is highly glycosylated in human and murine cells, and
this post-translational modification affects the biological activity
of MCP-1. The glycosylated form of MCP-1 shows lower chemotac-
tic activity for monocytes and lymphocytes [21,22], but exhibits
enhanced functional stability compared with unglycosylated
MCP-1 [23]. Our results indicate that naringenin can significantly
suppress the production of glycosylated MCP-1 in adipose tissue
from HFD-fed mice and in adipocyte and macrophage co-cultures.
By contrast, naringenin did not induce significant changes in the
production of unglycosylated MCP-1 (Figs. 2B,C and 31,]J). However,
the expression of unglycosylated MCP-1 is much lower than that of
the glycosylated MCP-1; a large fraction of the MCP-1 pool appears
to be glycosylated. Additionally, naringenin significantly sup-
pressed the mRNA expression levels of MCP-1 (Figs. 2A and 3G).
These results suggest that naringenin reduces MCP-1 expression
at the transcriptional level, which reflects the reduction of glycos-
ylated MCP-1 protein. However, we cannot exclude the possibility
that naringenin affects post-translational modifications of the
MCP-1 protein. Further studies using recombinant MCP-1 will be
needed to distinguish these possibilities.

Obese adipose tissue is characterized by the recruitment of not
only macrophages but also other leukocytes. T lymphocytes are
known to accumulate in HFD-induced obese adipose tissue, and
CD8" T cells contribute to macrophage recruitment and adipose tis-
sue inflammation [5,24]. A recent study reported that the fraction
and function of regulatory B cells, which restrain immune
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responses, are reduced in obese adipose tissue [25]. Further studies
using these cells are necessary to clarify the effects of naringenin
on leukocyte recruitment and function in adipose tissue.

The results of this study suggest that naringenin suppresses
macrophage infiltration into HFD-induced obese adipose. Our find-
ings provide evidence for the usefulness of naringenin in obesity-
related metabolic disorders.
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