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Naringenin suppresses neutrophil infiltration into adipose tissue
in high-fat diet-induced obese mice
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Abstract

Recruitment of immune cells to adipose tissue is altered dramatically in obesity, which results in chronic inflammation of
the adipose tissue that leads to metabolic disorders, such as insulin resistance and type 2 diabetes mellitus. The regulation
of immune cell infiltration into adipose tissue has prophylactic and therapeutic implications for obesity-related diseases. We
previously showed that naringenin, a citrus flavonoid, suppressed macrophage infiltration into adipose tissue by inhibiting
monocyte chemoattractant protein-1 (MCP-1) expression in the progression phase to high-fat diet (HFD)-induced obesity.
In the current study, we evaluated the effects of naringenin on neutrophil infiltration into adipose tissue, because neutrophils
also infiltrate into adipose tissue in the progression phase to obesity. Naringenin suppressed neutrophil infiltration into adi-
pose tissue induced by the short-term (2 weeks) feeding of a HFD to mice. Naringenin tended to inhibit the HFD-induced
expression of several chemokines, including MCP-1 and MCP-3, in adipose tissue. Naringenin also inhibited MCP-3 expres-
sion in 3T3-L1 adipocytes and a co-culture of 3T3-L1 adipocytes and RAW264 macrophages. However, naringenin did not
affect the expression of macrophage inflammatory protein-2 (MIP-2), an important chemokine for neutrophil migration and
activation, in macrophages or in a co-culture of adipocytes and macrophages. Our results suggest that naringenin suppresses

neutrophil infiltration into adipose tissue via the regulation of MCP-3 expression and macrophage infiltration.
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Introduction

Obesity-related diseases, such as type 2 diabetes mellitus,
are associated with chronic inflammation caused by an
increase in the expression of proinflammatory adipokines,
including chemokines, in adipose tissue [1, 2]. Chemokines
attract various immune cells to adipose tissue, which aug-
ments inflammation resulting in the initiation and pro-
gression of obesity-related diseases [3]. Among immune
cells, macrophages have an important role in the induc-
tion of inflammation in adipose tissue. A paracrine loop
of inflammatory adipokines, including free fatty acids and
tumor necrosis factor-o (TNF-at), between adipocytes and
macrophages aggravates inflammation [4—6]. In addition
to macrophages, other immune cells such as neutrophils,
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CD8* T cells, and B cells also infiltrate adipose tissue dur-
ing high-fat diet (HFD)-induced obesity, and contribute to
the development of adipose tissue inflammation and insulin
resistance. Of note, the recruitment of neutrophils to adipose
tissue occurs as early as a few days following HFD feeding
[3, 7-10].

Naringenin, a flavonoid abundant in citrus fruits, was
reported to have various pharmacological effects, includ-
ing antioxidant, anti-inflammatory, and antidiabetic activity
[11]. In addition, naringenin influenced immune cell infil-
tration and function in several disease models. Naringenin
reduced T cell infiltration in skin lesions of an atopic der-
matitis model and in the spinal cord of an encephalomy-
elitis model [12, 13]. Naringenin also reduced neutrophil
infiltration in the peritoneal cavity of lipopolysaccharide-
induced hyperalgesia and in the bronchoalveolar lavage fluid
of lipopolysaccharide-induced lung injury [14, 15]. We pre-
viously reported that naringenin exerted anti-inflammatory
effects in adipocytes in vitro and adipose tissue from HFD-
induced obese mice [16, 17]. Moreover, we showed that
naringenin suppressed macrophage infiltration into mouse
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«Fig. 1 Effects of naringenin on neutrophil infiltration into adipose
tissue in HFD-fed mice. a The chemical structural formula of narin-
genin. b Body weight change. ¢ Epididymal fat pad weight. d Flow
cytometric analysis of neutrophils from the SVF of epididymal fat. e
Quantified data of flow cytometric analysis. C57BL/6J mice (n=4-5)
were used for each group. Data are the mean+SE. *P<0.05 for
STD vs HFD. P <0.05 for STD vs HFD + Nar. *P<0.05 for HFD vs
HFD + Nar. STD standard diet, HFD high-fat diet, Nar naringenin

adipose tissue in the progression phase (within 2 weeks) to
HFD-induced obesity [18]. However, the effects of narin-
genin on other immune cell infiltration into the adipose tis-
sue of HFD-induced obese mice remains unknown.

In this study, we focused on the effects of naringenin on
neutrophil infiltration into mouse adipose tissue in the pro-
gression phase to HFD-induced obesity.

Material and methods
Reagents

We purchased the following reagents: NaCl, KH,PO,,
MgSO,, CaCl,, NaHCO;, HEPES buffer solution, glucose,
and dimethyl sulfoxide (DMSO) (Nacalai Tesque, Kyoto,
Japan); methyl cellulose (Wako Pure Chemical Industries,
Osaka, Japan); naringenin, bovine serum albumin (BSA),
isobutylmethylxanthine (IBMX), and dexamethasone (DEX)
(Sigma, St. Louis, MO); insulin (Cell Science & Technology
Institute, Sendai, Japan); phosphate-buffered saline (PBS),
Dulbecco’s modified Eagle’s medium (DMEM), bovine
serum, fetal bovine serum (FBS), and type-1 collagenase
(Gibco, Grand Island, NY). The chemical structural formula
of naringenin is shown in Fig. la.

Animals and animal care

Experiments were approved by the animal care commit-
tee of the Kyushu University of Health and Welfare. Male
C57BL/6J mice (aged 7 weeks; weight, 20-22 g) were pur-
chased from the Kyudo Animal Laboratory (Kumamoto,
Japan). Mice were housed at 5-6 per cage and maintained
at 24+2 °C on a 12-h light/dark cycle, and were acclima-
tized for 1 week prior to experimental use. Mice at 8 weeks
of age were randomly divided into the following groups:
(1) standard diet (STD)-fed mice treated with 0.2 mL vehi-
cle control (0.5% (w/v) methyl cellulose solution, p.o. once
daily) for 14 days; (2) HFD-fed mice treated with vehicle
control (methyl cellulose, p.o. once daily) for 14 days; and
(3) HFD-fed mice treated with naringenin (100 mg/kg/day,
p-o. once daily) for 14 days. Mice were fed STD (10% of cal-
ories from fat, D12450B; Research Diets, New Brunswick,
NJ) or HFD (60% of calories from fat, D12492; Research
Diets) and water ad libitum. Five to six mice were used in

each group. Body weight was measured weekly, and epididy-
mal fat pad weight was measured at dissection.

Preparation of the stromal vascular fraction (SVF)
from adipose tissue and flow cytometric analysis

The preparation of the SVF from adipose tissue was per-
formed as previously reported [19]. In brief, epididymal
fat pads were cut into small pieces and rinsed in a buffer
containing 120 mM NaCl, 4 mM KH,PO,, 1 mM MgSO,,
750 uM CaCl,, 10 mM NaHCO;, and 30 mM HEPES (pH
7.4). The pieces of fat were incubated at 37 °C for 30 min
in 20 mL of the above buffer supplemented with 1% BSA,
280 uM glucose, and 20 mg of type-1 collagenase. The SVF
was collected by centrifugation for 15 min at 200xg, and
resuspended in Stain Buffer (FBS) (BD Biosciences, Frank-
lin Lakes, NJ). After filtration through a 100-pm strainer, the
cells were counted and adjusted to 1x 107 cells/mL. Single
cell suspensions (10° cells) were incubated with Fc block
CD16/32 (clone 2.4G2) (BD Biosciences) at 4 °C for over-
night, then stained with FITC- and PerCP-Cy5.5-conjugated
antibodies at 4 °C for 30 min. After three washes, the labeled
cells were analyzed on a FACSCalibur (BD Biosciences).
Antibodies were: FITC rat anti-mouse CD11b (M1/70);
PerCP-Cy5.5 rat anti-mouse Ly-6G (1A8); FITC rat IgG2b
Kk isotype control; and rat IgG2a «x isotype control (all from
BD Biosciences).

Real-time PCR analysis

The epididymal fat pads (100 mg) were homogenized and
lysed in TRIzol reagent (Invitrogen) to isolate total RNA.
3T3-L1 adipocytes and RAW264 macrophages were cul-
tured in 12-well plates, and then lysed in TRIzol reagent.
Reverse transcription was performed (ReverTra Ace gPCR
RT Master Mix; Toyobo, Osaka, Japan), in accordance with
the manufacturer’s instructions. PCR amplification was per-
formed using TagMan Fast Advanced Master Mix (Applied
Biosystems, Carlsbad, CA) in a StepOne Plus Real Time
PCR System. Primers and TagMan probes were: MCP-1
(CCL2), Mm00441242-m1; MCP-3 (CCL7), Mm00443113_
ml; MIP-1a (CCL3), Mm00441259_g1; MIP-2 (CXCL2),
MmO00436450_m1; TNF-a, Mm00443258 m1l; and IL-6,
MmO00446190_m1; 18S (Rn18s), Mm03928990-g1 (all
from Applied Biosystems). The relative quantity of mRNA
was determined using the comparative Ct method and was
normalized using 18S ribosomal RNA as an endogenous
control.

Cell culture and treatments

3T3-L1 cells (Health Science Research Resources Bank,
Osaka, Japan) were maintained in DMEM supplemented
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with 10% bovine serum. After pre-adipocytes reached con-
fluence 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. Medium was then
replaced with 10% FBS-supplemented DMEM containing
5 pg/mL insulin, and this was changed every 2—3 days for
the next 6-7 days. RAW264 cells (RIKEN BioResource
Center, Tsukuba, Japan) were cultured in DMEM supple-
mented with 10% FBS. Adipocytes and macrophages were
co-cultured in a contact system, as described previously
(5). Briefly, RAW264 cells (1 x 10° cells/mL) were plated
onto dishes with differentiated 3T3-L1 adipocytes. For each
experiment, we treated cells with naringenin and used 0.5%
DMSO as the vehicle control. The total volumes of culture
media used for the single cell line and the co-culture system
treated with naringenin or vehicle control were 0.6 mL and
1.0 mL, respectively.

ELISA

MCP-3 and MIP-2 levels in cell culture media were meas-
ured using specific ELISA kits: Mouse MCP-3 Instant
ELISA (BMS6006INST, eBioscience, Santa Clara, CA)
and Mouse CXCL2/MIP-2 Quantikine ELISA kit (MM200,
R&D Systems, Minneapolis, MN), according to the manu-
facturer’s instructions. The lower limits of detection of these
kits were 15.6 pg/mL and 7.8 pg/mL, respectively. The intra-
and inter-assay coefficients of variation for ELISA results
were less than 10%.

Cytotoxicity assay

The cytotoxicity assay was performed using a Cyto Tox 96
Assay Kit (Promega, Madison, WI), according to the manu-
facturer’s instructions. The cells were treated with narin-
genin for 6 h, and lactate dehydrogenase (LDH) released
upon cell lysis in culture media was measured. Percentage
activity was determined by performing a total lysis control
in which cells were lysed with the lysis solution included in
the kit. The percentage of cytotoxicity was determined using
the following formula:

Percent (%) cytotoxicity = 100 X (experimental LDH release (ODyq))/

(total lysis LDH release (OD q()).

Statistical analysis

Data are presented as the mean +,SE and analysis was
performed using GraphPad Prism 5. Differences between
groups were assessed by unpaired ¢ test, one-way ANOVA,
or two-way ANOVA. Multiple comparisons were made
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using a post hoc Bonferroni test. Differences between groups
were considered significant at P <0.05.

Results

Naringenin suppresses HFD-induced neutrophil
infiltration into mouse adipose tissue

via the regulation of adipokine expression

in the progression phase to obesity

To determine whether naringenin affects neutrophil infiltra-
tion into adipose tissue in the progression phase to obesity,
we administered naringenin to HFD-fed mice for 2 weeks.
We previously found that naringenin (100 mg/kg/day) sup-
pressed the macrophage infiltration into adipose tissues in
HFD-induced obese mice [18]. Therefore, we used narin-
genin (100 mg/kg/day) to evaluate the neutrophil infiltra-
tion in this study. Similar to our previous study, HFD, but
not naringenin, significantly increased the body weight and
epididymal fat pad weight (Fig. 1b, c). We also confirmed
that HFD significantly increased neutrophil infiltration into
adipose tissue, and revealed that naringenin suppressed this
HFD-induced neutrophil infiltration (Fig. 1d, e). We next
examined the effects of naringenin on HFD-induced changes
in adipokine expression in adipose tissue. We analyzed the
expressions of MCP-1, MCP-3, MIP-1a, MIP-2, IL-6, and
TNF-a by real-time PCR analysis. These chemokines and
cytokines were previously reported to be increased in obese
adipose tissues [2, 3]. As shown in Fig. 2, HFD tended to
induce the expression of MCP-1, MCP-3, MIP-1a, MIP-2,
and IL-6. Naringenin reduced the expressions of these HFD-
induced chemokines and/or cytokines especially MCP-3,
which was significantly reduced. However, the expression
of TNF-a was not affected.

Naringenin suppresses MCP-3 expression
in adipocytes

Chemokines such as MCP-1 and MCP-3 derived from adi-
pocytes contribute to obesity-related macrophage infiltra-
tion into adipose tissue [20]. In addition, MCP-3 also has
a low neutrophil chemotactic potency [21, 22]. Thus, to
elucidate the mechanism by which naringenin suppresses
HFD-induced neutrophil infiltration into adipose tissue, we
next examined the effect of naringenin on MCP-3 expression
in vitro. As shown in Fig. 3a, b, naringenin reduced MCP-3
expression at the transcription and secretion level in 3T3-L1
adipocytes. Moreover, to examine the effects of naringenin
under conditions of obese adipose tissue, we used a co-cul-
ture of 3T3-L1 adipocytes and RAW?264 macrophages. Nar-
ingenin inhibited the co-culture-induced MCP-3 expression
(Fig. 3¢, d). Naringenin-induced cytotoxicity was negligible
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Fig.2 Effects of naringenin on 4
adipokine expression in adipose
tissue of HFD-fed mice. Real-
time PCR analysis of MCP-1,
MCP-3, MIP-1-a, MIP-2,

IL-6, and TNF-« expression

in adipose tissue. C57BL/6J
mice (n=4-5) were used

for each group. Data are the
mean + SE. #P <0.05 for HFD
vs HFD 4+ Nar. STD standard
diet, HFD high-fat diet, Nar
naringenin
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in 3T3-L1 adipocytes and a co-culture of 3T3-L1 adipocytes
and RAW264 macrophages (Fig. 3e, ).

Naringenin does not affect MIP-2 expression
in macrophages

We analyzed the expressions of several adipokines in adi-
pose tissues (Fig. 2). Similar to MCP-3, MIP-2 is an impor-
tant chemokine for neutrophil recruitment, and is mainly
produced from tissue-resident macrophages [23-25].
Although the results showed no significant difference, HFD
and naringenin tended to affect MIP-2 expression. Thus,
considering the importance of MIP-2 for neutrophil infil-
tration, we examined the effects of naringenin on MIP-2
expression using RAW264 macrophages. As shown in
Fig. 4a, naringenin did not affect MIP-2 expression at the
transcriptional level. In addition, 50 pM naringenin tended
to increase MIP-2 expression, but there was no significant
difference compared with vehicle control. Moreover, narin-
genin did not affect the secretion of MIP-2 (Fig. 4b). These
results suggest that naringenin did not affect MIP-2 expres-
sion in macrophages. In addition, although the co-culture
of 3T3-L1 adipocytes and RAW264 macrophages induced
the upregulation of MIP-2 expression, naringenin did not
affect the co-culture-induced MIP-2 expression (Fig. 4c, d).
Naringenin-induced cytotoxicity was negligible in RAW?264
macrophages (Fig. 4e).

Discussion

The recruitment of a variety of immune cells is observed
in obese adipose tissue, and these events contribute to the
initiation and progression of obesity-related diseases, such
as insulin resistance and type 2 diabetes mellitus [3]. The
regulation of immune cell infiltration into adipose tissue
might be a prophylactic and therapeutic target. In the pro-
gression phase to obesity, neutrophil infiltration into adi-
pose tissue occurs as early as a few days following HFD

MCP-3

I

feeding [3]. Our previous study showed that HFD increased
macrophage infiltration into adipose tissue within 7 days
compared with STD-fed mice, and naringenin reduced the
HFD-induced macrophage infiltration via the inhibition of
MCP-1 expression [18]. In this study, to clarify the effects
of naringenin on immune cell infiltration into adipose tis-
sue in the progression phase to obesity, we focused on
neutrophil infiltration. Naringenin suppressed neutrophil
infiltration into adipose tissue and the expression of several
HFD-induced chemokines (Figs. 1, 2). Moreover, narin-
genin reduced MCP-3 expression in adipocytes, but did not
affect MIP-2 expression in macrophages (Figs. 3, 4). Results
from our previous and current studies suggest the following
mechanism (Fig. 5): (1) naringenin suppresses neutrophil
infiltration into adipose tissue via the inhibition of MCP-3
expression in adipocytes; however, the influence of changes
in MCP-3 expression on neutrophil infiltration will be low,
because the neutrophil attraction potency of MCP-3 is weak;
(2) naringenin suppresses MCP-1 and MCP-3 expression in
adipocytes, which results in the reduction of macrophage
infiltration into adipose tissue. Because macrophages are a
major source of MIP-2, which is important for neutrophil
infiltration, a reduction in macrophage infiltration by nar-
ingenin will result in the reduction of neutrophil infiltration
into adipose tissue.

In this study, we analyzed the effects of naringenin on
the expressions of several adipokines in adipose tissues
from mice fed HFD for 2 weeks (Fig. 2). MCP-1, MCP-3,
MIP-1a, and MIP-2 are chemokines involved in the infiltra-
tion of macrophages and/or neutrophils. IL-6 and TNF-a
are proinflammatory cytokines involved in the induction
of insulin resistance [2, 3]. Our results showed that narin-
genin might reduce the HFD-induced expressions of MCP-1,
MCP-3, MIP-1a, MIP-2, and IL-6. These results suggest that
naringenin affects the expression of various adipokines, and
regulates the infiltration of various immune cells as well as
inflammation in adipose tissues during the progression phase
to obesity. Of note, HFD tended to induce the expressions
of these adipokines except for TNF-a, although there was

MIP-10 MIP-2 TNF-a
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Fig.3 Effects of naringenin on MCP-3 expression in vitro. a Real-
time PCR analysis of MCP-3 expression in 3T3-L1 adipocytes
treated with naringenin for 3 h. b ELISA results of MCP-3 levels in
culture media from 3T3-L1 adipocytes treated with naringenin for
6 h. ¢ Real-time PCR analysis of MCP-3 expression in a 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
RAW264 cells for 3 h. d ELISA results of MCP-3 levels in culture

no significant difference compared with STD. A previous
study reported that the long-term feeding of HFD (more than
4 months) significantly increased adipokine expression in
adipose tissues [17, 20]. Thus, the short-term feeding of
HFD tended to increase adipokine expression, but might
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be of insufficient duration to show significant differences
compared to STD feeding because of individual variation.
The expression of TNF-a was not affected in this study;
however, we previously reported that 4 months feeding of
HFD significantly increased TNF-a expression in adipose
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Fig.4 Effects of naringenin on MIP-2 expression in vitro. a Real-
time PCR analysis of MIP-2 expression in RAW264 cells treated
with naringenin for 3 h. b ELISA of MIP-2 levels in culture media
from RAW264 cells treated with naringenin for 6 h. ¢ Real-time
PCR analysis of MIP-2 expression in a co-culture of 3T3-L1 adipo-
cytes and RAW264 cells. 3T3-L1 adipocytes were pre-treated with

tissues [17]. A paracrine loop of free fatty acids and TNF-a
between matured adipocytes and infiltrated macrophages
exists in obese adipose tissues [4—6]. Therefore, insufficient
adipocyte hypertrophy and macrophage infiltration related to
the short-term feeding of HFD might not affect the expres-
sion of TNF-a.

naringenin for 30 min and then co-cultured with RAW264 cells for
3 h. d ELISA of MIP-2 levels in culture media from a co-culture of
3T3-L1 adipocytes and RAW264 cells for 6 h. e Cytotoxicity anal-
ysis of RAW264 cells treated with naringenin for 6 h. Data are the
mean+SE (n=4-6). “P<0.05 vs vehicle control. Nar naringenin,
RAW RAW264 cells, ND not detected, TL total lysis control

MCP-3 expression is upregulated by the activation of
nuclear factor-kappa B (NF-kB) and c-Jun N-terminal
kinase (JNK) signaling pathways in adipocytes [20]. We
previously showed that naringenin inhibited the activation
of NF-xB and JNK signaling pathways in adipocytes [16,
17]. Thus, naringenin likely suppresses MCP-3 expression
via the inhibition of these signaling pathways. However, the
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the results of our previous and current studies

current study showed that naringenin did not affect MIP-2
expression in macrophages or a co-culture of adipocytes and
macrophages. A variety of cytokines and signaling pathways
regulate MIP-2 production in macrophages including the IL-
6-mediated induction of MIP-2 through the NF-kB/mitogen-
activated protein kinase (MAPK) signaling pathway, and the
TNF-a-mediated induction of MIP-2 through the NF-xB/
MAPK, caspase-3 signaling pathway [26]. Furthermore,
naringenin inhibited activation of the NF-kB signaling path-
way in macrophages [14, 27], whereas naringenin increased
the activation of caspase-3 in THP-1 monocytic cells [28,
29]. These studies suggest that the effect of naringenin on
MIP-2 expression may be counteracted by the regulation of
diverse signaling pathways exerting an opposite effect on
MIP-2 expression.

Neutrophils have a critical role in innate immunity,
especially during microbial infection, by producing anti-
microbial reagents, including lysozyme, neutrophil elastase,
myeloperoxidase, and defensins. Neutrophils also produce
various cytokines and chemokines involved in the recruit-
ment of other immune cells and increased tissue inflamma-
tion. Studies reported that neutrophils were present in obese
adipose tissue. The recruitment of neutrophils to adipose
tissue was observed within the first week of HFD feed-
ing [7, 30]. In addition, neutrophil elastase was involved
in the development of obesity-induced insulin resistance
as demonstrated in neutrophil elastase knockout mice [8].
Although naringenin had a weak inhibitory effect on neu-
trophil elastase [31, 32], it remains unclear whether narin-
genin affects the production/secretion of neutrophil elastase.
Further studies to verify the effects of naringenin on elastase
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production in adipose tissue may provide additional evi-
dence for the use of naringenin in obesity-related diseases.

The results of this study indicate that naringenin sup-
presses neutrophil infiltration into adipose tissue in the
progression phase to HFD-induced obesity. Our findings
suggest that naringenin exerts its therapeutic effects in
obesity-related diseases via the regulation of immune cell
functions.

Acknowledgements We are grateful to Ms. Yukiko Shimoda and the
members of our laboratory (Department of Biochemistry, Kyushu
University of Health and Welfare) for their kind support and helpful
suggestions. We thank Edanz Group (www.edanzediting.com/ac) for
editing a draft of this manuscript.

Funding This work was supported in part by a Grant-in-Aid for Scien-
tific Research (Grant No. JP15K18949 to H. Yoshida) from the Japan
Society for the Promotion of Science, by a Nagai Memorial Research
Scholarship (Grant No. N-177401 to R. Tsuhako) from the Pharmaceu-
tical Society of Japan, and by a Research Grant (Grant No. H30-06 to
H. Yoshida) from Kyushu University of Health and Welfare.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J,
Nichols A, Ross JS, Tartaglia LA, Chen H (2003) Chronic inflam-
mation in fat plays a crucial role in the development of obesity-
related insulin resistance. J Clin Invest 112:1821-1830



Journal of Natural Medicines

11.

12.

13.

15.

16.

17.

18.

Balistreri CR, Caruso C, Candore G (2010) The role of adipose
tissue and adipokines in obesity-related inflammatory diseases.
Mediat Inflamm 2010:802078

Surmi BK, Hasty AH (2010) The role of chemokines in recruit-
ment of immune cells to the artery wall and adipose tissue. Vasc
Pharmacol 52:27-36

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL,
Ferrante AW Jr (2003) Obesity is associated with macrophage
accumulation in adipose tissue. J Clin Invest 112:1796—-1808
Suganami T, Nishida J, Ogawa Y (2005) A paracrine loop between
adipocytes and macrophages aggravates inflammatory changes:
role of free fatty acids and tumor necrosis factor alpha. Arterio-
scler Thromb Vasc Biol 25:2062-2068

Suganami T, Ogawa Y (2010) Adipose tissue macrophages: their
role in adipose tissue remodeling. J Leukoc Biol 88:33-39
Elgazar-Carmon V, Rudich A, Hadad N, Levy R (2008) Neutro-
phils transiently infiltrate intra-abdominal fat early in the course
of high-fat feeding. J Lipid Res 49:1894-1903

Talukdar S, Oh DY, Bandyopadhyay G, Li D, Xu J, McNelis J, Lu
M, Li P, Yan Q, Zhu Y, Ofrecio J, Lin M, Brenner MB, Olefsky
JM (2012) Neutrophils mediate insulin resistance in mice fed a
high-fat diet through secreted elastase. Nat Med 18:1407-1412
Kintscher U, Hartge M, Hess K, Foryst-Ludwig A, Clemenz M,
Wabitsch M, Fischer-Posovszky P, Barth TF, Dragun D, Skurk T,
Hauner H, Bluher M, Unger T, Wolf AM, Knippschild U, Hom-
bach V, Marx N (2008) T-lymphocyte infiltration in visceral adi-
pose tissue: a primary event in adipose tissue inflammation and
the development of obesity-mediated insulin resistance. Arterio-
scler Thromb Vasc Biol 28:1304-1310

. Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi

M, Otsu M, Hara K, Ueki K, Sugiura S, Yoshimura K, Kadowaki
T, Nagai R (2009) CD8"effector T cells contribute to macrophage
recruitment and adipose tissue inflammation in obesity. Nat Med
15:914-920

Salehi B, Fokou PVT, Sharifi-Rad M, Zucca P, Pezzani R, Martins
N, Sharifi-Rad J (2019) The therapeutic potential of naringenin: a
review of clinical trials. Pharm (Basel) 12:11

Kim TH, Kim GD, Ahn HJ, Cho JJ, Park YS, Park CS (2013) The
inhibitory effect of naringenin on atopic dermatitis induced by
DNFB in NC/Nga mice. Life Sci 93:516-524

Wang J, Qi Y, Niu X, Tang H, Meydani SN, Wu D (2018) Dietary
naringenin supplementation attenuates experimental autoimmune
encephalomyelitis by modulating autoimmune inflammatory
responses in mice. J Nutr Biochem 54:130-139

. Pinho-Ribeiro FA, Zarpelon AC, Mizokami SS, Borghi SM,

Bordignon J, Silva RL, Cunha TM, Alves-Filho JC, Cunha FQ,
Casagrande R, Verri WA Jr (2016) The citrus flavonone narin-
genin reduces lipopolysaccharide-induced inflammatory pain and
leukocyte recruitment by inhibiting NF-kappaB activation. J Nutr
Biochem 33:8-14

Zhao M, Li C, Shen F, Wang M, Jia N, Wang C (2017) Narin-
genin ameliorates LPS-induced acute lung injury through its anti-
oxidative and anti-inflammatory activity and by inhibition of the
PI3 K/Akt pathway. Exp Ther Med 14:2228-2234

Yoshida H, Takamura N, Shuto T, Ogata K, Tokunaga J, Kawai
K, Kai H (2010) The citrus flavonoids hesperetin and naringenin
block the lipolytic actions of TNF-alpha in mouse adipocytes.
Biochem Biophys Res Commun 394:728-732

Yoshida H, Watanabe W, Oomagari H, Tsuruta E, Shida M,
Kurokawa M (2013) Citrus flavonoid naringenin inhibits TLR2
expression in adipocytes. J Nutr Biochem 24:1276-1284
Yoshida H, Watanabe H, Ishida A, Watanabe W, Narumi K,
Atsumi T, Sugita C, Kurokawa M (2014) Naringenin suppresses
macrophage infiltration into adipose tissue in an early phase of

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

high-fat diet-induced obesity. Biochem Biophys Res Commun
454:95-101

Bertola A, Ciucci T, Rousseau D, Bourlier V, Duffaut C, Bon-
nafous S, Blin-Wakkach C, Anty R, Iannelli A, Gugenheim J,
Tran A, Bouloumie A, Gual P, Wakkach A (2012) Identification
of adipose tissue dendritic cells correlated with obesity-associ-
ated insulin-resistance and inducing Th17 responses in mice and
patients. Diabetes 61:2238-2247

Jiao P, Chen Q, Shah S, Du J, Tao B, Tzameli I, Yan W, Xu H
(2009) Obesity-related upregulation of monocyte chemotactic
factors in adipocytes: involvement of nuclear factor-kappaB and
c-Jun NH2-terminal kinase pathways. Diabetes 58:104—115

Xu LL, McVicar DW, Ben-Baruch A, Kuhns DB, Johnston J,
Oppenheim JJ, Wang JM (1995) Monocyte chemotactic protein-3
(MCP3) interacts with multiple leukocyte receptors: binding and
signaling of MCP3 through shared as well as unique receptors on
monocytes and neutrophils. Eur J Immunol 25:2612-2617
Struyf S, Gouwy M, Dillen C, Proost P, Opdenakker G, Van
Damme J (2005) Chemokines synergize in the recruitment
of circulating neutrophils into inflamed tissue. Eur J Immunol
35:1583-1591

De Filippo K, Dudeck A, Hasenberg M, Nye E, van Rooijen N,
Hartmann K, Gunzer M, Roers A, Hogg N (2013) Mast cell and
macrophage chemokines CXCL1/CXCL2 control the early stage
of neutrophil recruitment during tissue inflammation. Blood
121:4930-4937

Schiwon M, Weisheit C, Franken L, Gutweiler S, Dixit A, Meyer-
Schwesinger C, Pohl JM, Maurice NJ, Thiebes S, Lorenz K, Quast
T, Fuhrmann M, Baumgarten G, Lohse MJ, Opdenakker G, Bern-
hagen J, Bucala R, Panzer U, Kolanus W, Grone HJ, Garbi N,
Kastenmuller W, Knolle PA, Kurts C, Engel DR (2014) Cross-
talk between sentinel and helper macrophages permits neutrophil
migration into infected uroepithelium. Cell 156:456—468

Kim ND, Luster AD (2015) The role of tissue resident cells in
neutrophil recruitment. Trends Immunol 36:547-555

Qin CC, Liu YN, Hu Y, Yang Y, Chen Z (2017) Macrophage
inflammatory protein-2 as mediator of inflammation in acute liver
injury. World J Gastroenterol 23:3043-3052

Hamalainen M, Nieminen R, Vuorela P, Heinonen M, Moilanen
E (2007) Anti-inflammatory effects of flavonoids: genistein,
kaempferol, quercetin, and daidzein inhibit STAT-1 and NF-
kappaB activations, whereas flavone, isorhamnetin, naringenin,
and pelargonidin inhibit only NF-kappaB activation along with
their inhibitory effect on iNOS expression and NO production in
activated macrophages. Mediat Inflamm 2007:45673

Shi D, Xu Y, Du X, Chen X, Zhang X, Lou J, Li M, Zhuo J
(2015) Co-treatment of THP-1 cells with naringenin and curcumin
induces cell cycle arrest and apoptosis via numerous pathways.
Mol Med Rep 12:8223-8228

Park JH, Jin CY, Lee BK, Kim GY, Choi YH, Jeong YK (2008)
Naringenin induces apoptosis through downregulation of Akt and
caspase-3 activation in human leukemia THP-1 cells. Food Chem
Toxicol 46:3684-3690

Lee BC, Lee J (2014) Cellular and molecular players in adipose
tissue inflammation in the development of obesity-induced insulin
resistance. Biochim Biophys Acta 1842:446-462

Siedle B, Hrenn A, Merfort I (2007) Natural compounds as inhibi-
tors of human neutrophil elastase. Planta Med 73:401-420
Melzig MF, Loser B, Ciesielski S (2001) Inhibition of neutrophil
elastase activity by phenolic compounds from plants. Pharmazie
56:967-970

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



