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Abstract Obesity-induced inflammation, characterized by augmented infiltration and
altered balance of macrophages, is a critical component of systemic insulin resistance.
Chemokine-chemokine receptor system plays a vital role in the macrophages accumulation.
CC-Chemokine Receptor-like 2 (Ccrl2) is one of the receptors of Chemerin, which is a member
of atypical chemokine receptors (ACKR) family, reported taking part in host immune responses
and inflammation-related conditions. In our study, we found ccrl2 expression significantly
elevated in visceral adipose tissue (VAT) of high fat diet (HFD) induced obese mice and ob/
ob mice. Systemic deletion of Ccrl2 gene aggravated HFD induced obesity and insulin resis-
tance and ccrl2�/� mice showed aggravated VAT inflammation and increased M1/M2 macro-
phages ratio, which is due to the increase of macrophages chemotaxis in Ccrl2 deficiency
mice. Cumulatively, these results indicate that Ccrl2 has a critical function in obesity and
obesity-induced insulin resistance via mediating macrophages chemotaxis.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Introduction

Obesity is becoming prevalent worldwide in not only
western societies but also in Asian countries because of a
sedentary lifestyle and overnutrition.1 It is well known
that obesity is related to chronic, low-grade tissue
inflammation that can reduce insulin sensitivity and
eventually contributes to insulin resistance and type 2
diabetes.2e4 The inflammatory response triggers immune
cells into adipose tissue and ultimately impairs adipocyte
function.5 Among these immune cells, macrophages
and hosting by Elsevier B.V. This is an open access article under the
4.0/).
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account for the highest proportion up to about 40%e60%,
which are named as adipose tissue macrophages(ATMs).6

The ATMs can release proinflammatory cytokines, such as
TNFa, IL1b, and IL6. These cytokines have paracrine ef-
fects in the adipose tissue and may also be transported via
the systemic circulation, impairing insulin sensitivity in
other tissues.7,8

It is reported that the chemokine-chemokine receptors
system plays a crucial role in the differentiation and acti-
vation of mononuclear phagocytes.9 For example, mono-
cyte chemoattractant proteine1 (MCP1), reported
increasing in obesity, causes bone marrow-derived macro-
phages (BMDMs) infiltrating into obesity adipose tissue via
binding to the CCR2 receptor and is involved in the devel-
opment of insulin resistance.10,11 Chemokine receptors,
with seven transmembrane domains, belong to the G-pro-
tein-coupled receptors (GPCRs) superfamily. Chemokine
receptors are differentially expressed by all leukocytes and
can be divided into the following two groups: a more sig-
nificant subgroup of G protein-coupled leukocyte chemo-
tactic receptors and a smaller subgroup of atypical
chemokine receptors (ACKRs).12e14 Compared to G protein-
coupled chemokine receptors, ACKRs do not signal through
G proteins, but instead, they promote ligand internalization
and degradation.15 ACKR family comprises five receptors:
ACKR1, ACKR2, ACKR3, ACKR4, and CC-Chemokine Recep-
tor-like 2.16ACKRs are regulators of leukocyte traffic,
inflammation, and immunity.17

ACKR5-Ccrl2 is expressed by a variety of leukocytes,
including macrophages, dendritic cells, neutrophils,
microglia, and is rapidly upregulated following stimulation
with pro-inflammatory stimuli, such as LPS and TNF-a.18e21

Ccrl2 is thought to bind several chemokines, such as
Chemerin, CCL2, CCL5, CCL7, and CCL8.22,23 Among these
ligands, Ccrl2 is reported to connect tightly with Chemerin,
an adipokine produced by visceral adipose tissue (VAT),
placenta, and liver.24 Ccrl2 was shown to bind and present
the adipokine Chemerin to the functional receptor
ChemR23, a function that may be relevant for leukocyte
extravasation.18 The Chemerin system is tightly associated
with obesity, diabetes, and adipogenesis. As a receptor of
Chemerin, functional studies have shown that Ccrl2 may
play an essential role in the NAFLD, dendritic cells transport
to secondary immune organs, tumor metastasis, and
invasion.25e28 However, there was no report about whether
Ccrl2 takes a role in obesity and related inflammation by
affecting macrophages in adipose tissue.

We report, for the first time, that mice lacking chemo-
kine receptor Ccrl2 displayed aggravated insulin resistance
and inflammation, which is due to the exaggerated in-
flammatory monocyte recruitment to VAT.

Materials and methods

Animals

C57BL/6J mice were purchased from the Experimental
Animal Center of Chongqing Medical University (Chongqing,
China). Male ob/ob and db/db mice used in the research
were purchased from the Model Animal Research Center of
Nanjing University at the age of four-five weeks. Cyagen
Biosciences Inc created Ccrl2 deficiency mice in C57BL/6
mice by microinjection of TALENs in fertilized eggs.
Littermate mice (ccrl2þ/þ)/heterozygous (ccrl2þ/�)/Ho-
mozygous (ccrl2

�/�
) mice were obtained by mating between

heterozygotes. Mice were housed in colony cages under 12h
light-dark cycles with free access to food and water at
22e24 �C. Male C57BL/6J ccrl2þ/þ/ccrl2þ/�/ccrl2�/� mice
were fed a high-fat diet (60% fat; Research Diet)for 13e15
weeks since the eighth week or fed with a normal diet since
weaning. Male ob/ob and db/db mice were fed a normal
diet. All the experiments were performed under the
approved guidelines of the institutional Animal Care and
Use Committee of Chongqing medical university and follow
the national institute of health guidelines on the care and
use of animals.

Glucose tolerance tests and insulin tolerance tests

For glucose tolerance test (GTT), mice were fasted for 14 h
(from 19:00 to 9:00). After that, the mice were intraperi-
toneally injected with glucose (2 mg/g glucose, 50% glucose
solution). The glucose level was monitored at the indicated
time points(30min,60min,90min,120min). For insulin toler-
ance test (ITT), mice were fasted for four hours (from 9:00
to 13:00). After that, mice were intraperitoneally injected
with insulin (0.75 mU/g). The glucose level was monitored
at the indicated time points(15min,30min,45min,60min).

Western blot analyses and antibodies

Cells were scraped into lysis buffer and tissue samples need
to be ground in lysis buffer (70HZ, 90s). Then the lysates
were degenerated under 100 �C and centrifugated and then
quantitated, equal amounts of protein were electro-
phoresed, blotted, and then incubated with corresponding
antibodies and appropriate secondary HRP-conjugated an-
tibodies. Antibodies used for our experiments were shown
in Table 1.

RNA isolation, a quantitative real-time polymerase
chain reaction

Total RNA was isolated by using TRIzol� Reagent (Thermo
Scientific, 15596026). For quantitative real time polymer-
ase chain reaction (qRT-PCR), 1 mg total RNAs were reverse
transcribed by using a Revert Aid first-strand cDNA synthesis
kit (Thermo Scientific, 00698284). The samples were
analyzed by using the Power SYBR Green PCR Master Mix
(Thermo Scientific, 00736756) with the Quantstudio3/5
(Thermo Scientific). Target gene expression levels were
calculated after normalization to the standard house-
keeping gene 18s using the DDCT method and expressed as
relative mRNA levels compared with internal control. The
primers used for qRT-PCR in this study were synthesized by
sangon biotech and were shown in Table 2.

H&E staining and immunohistochemistry

For H&E staining or immunohistochemistry, adipose tissue
tissues were fixed by using 4%(vol./vol.) formaldehyde,
embedded in paraffin and cut. H&E staining was performed



Table 1 Antibodies used in this study.

Antibody
Name

Catalog
No.

Host
Species

MW
(KDa)

Working
Dilition

Company

B-Actin 4967S Rabbit 45 1:1000 Cell Signaling
Technology

P-Akt 4058S Rabbit 60 1:1000 Cell Signaling
Technology

Akt 9272S Rabbit 60 1:1000 Cell Signaling
Technology

SAPK/JNK 9252S Rabbit 46,54 1:1000 Cell Signaling
Technology

P44/
22MAPK
ERK

9102S Rabbit 42,44 1:1000 Cell Signaling
Technology

p-P44/
42MAPK
ERK

9101S Rabbit 42,44 1:1000 Cell Signaling
Technology

p-STAT3 9145S Rabbit 79,86 1:1000 Cell Signaling
Technology

STAT3 9139S mouse 79,86 1:1000 Cell Signaling
Technology

p-NF-Kb
P65

3033S Rabbit 65 1:1000 Cell Signaling
Technology

NF-Kb P65 8242S Rabbit 65 1:1000 Cell Signaling
Technology

p-P38
MAPK

9216S mouse 43 1:1000 Cell Signaling
Technology

P38 MAPK 9212S Rabbit 40 1:1000 Cell Signaling
Technology

Table 2 Primers used in this study.

Primer Name sequence(50 to 30)

18S-F CGCCGCTAGAGGTGAAATTCT
18S-R CATTCTTGGCAAATGCTTTCG
F4/80-F CTTTGGCTATGGGCTTCCAGTC
F4/80-R GCAAGGAGGACAGAGTTTATCGTG
CD11C-F GGAAGGGATAAGAGCCAGTTTG
CD11C-R CCCGGAATCTCTCACTTGGA
IL-1b-F GCTGCTTCCAAACCTTTGACC
IL-1b-R GAGTGATACTGCCTGCCTGAA
IL-6-F GACAACCACGGCCTTCCCTAC
IL-6-R TCATTTCCACGATTTCCCAGA
MCP-1-F CTGGATCGGAACCAAATGAG
MCP-1-R CGGGTCAACTTCACATTCAA
Mrc1-F CTCTGTTCAGCTATTGGACGC
Mrc1-F TGGCACTCCCAAACATAATTTGA
TNFa-F CGTCGTAGCAAACCACCAA
TNFa-R GGGCAGCCTTGTCCCTTGA
Ccrl2-F GCCCCGGACGATGAATATGAT
Ccrl2-R CACCAAGATAAACACCGCCAG

Ccrl2 deficiency deteriorates obesity and insulin resistance 431
on the slices after rehydration staining with hematoxylin
and eosin. Immunohistochemistry was performed to eval-
uate the macrophages recruitment to adipose tissues by
immunostaining against antibody F4/80 and DAPI. Images
were obtained with an optical microscope.
SVF isolation and flow cytometry analysis

Adipose tissue tissues were excised and minced in PBS,
containing 0.075% collagenase (Sigma, C2139). After incu-
bated at 37 �C for 30min and filtrated with 100 mm filter,
cell suspensions were centrifuged at 1500 rpm for 5 min to
remove adipocyte. Isolated stromal vascular fraction (SVF)
pellet was collected from the bottom. The SVF pellet was
resuspended in PBS containing 3% BSA, then red blood cell
lysis buffer was added and incubated for 3 min. After
washing in 3% FBS, bottom cells were incubated with Fc
Block (CD16/32,12-0161-85,ebioscience) for 20 min at 4 �C.
Antibodies against CD45-FITC (11-0451-82, ebioscience),
F4/80-PE (123110,Biolegend), CD11b-PerCP/Cy5.5 (101227,
Biolegend), CD206-APC (141707, Biolegend) and CD11c-APC
(117310, Biolegend) were added, and incubated for 20 min
followed by washing in PBS containing 3% FBS. The analysis
was determined by flow cytometry (BD Biosciences).

Peritoneal macrophages isolation, culture, and
polarization

Peritoneal macrophages were isolated from 1640 that
containing 50% FBS injected mice. Mice were injected 5 ml
1640 containing 50% FBS, 30 min later, the injection was
obtained then centrifuged at 1200 rpm for 5 min. Pellets
were pooled from 4 or 5 mice per group, resuspended in red
blood cell lysis buffer, and then the cells seeded in the
same medium as for 1640. After 1e2h, unattached cells
were removed, and the adherent cells were washed twice
with medium alone before the addition of fresh culture
medium. The next day, Macrophages were treated with
10 ng/ml LPS for polarization.

BMDMs isolation, culture and polarization

To isolate BMDMs, femur tibias of four-six weeks old male
C57BL/6J mice were collected. Bone marrow was cultured
and differentiated for seven days, in DMEM medium with
10% fetal bovine serum (FBS), 1% penicillin/streptomycin
(P/S), and M-SCF (10 ng/ml). On the last day, macrophages
were treated with 10 ng/ml LPS for M1 polarization.

Monocyte preparation and vivo migration

After red blood cell lysis, Leukocyte pools from 12 weeks
male C57BL/6 WT, ccrl2�/�mice were obtained. Then
monocyte subsets were enriched with the EasySep mouse
monocyte enrichment kit (STEMCELL Technologies),
following the manufacturer’s instructions.

Isolated monocytes (5 � 106 to 10 � 106) were washed
once in serum-free medium (RPMI-1640) at 1200 rpm for
5 min and then suspended in 2 mL diluent solution C (PKH26
labeling kit, PKH67 labeling kit, Sigma). A total of 2 mL
PKH26/PKH67 (Sigma) at 2 � 10�3 mol/L in diluent C was
added and mixed, incubated for 10 min at room tempera-
ture in the dark. The staining reaction was stopped by the
addition of an equal volume (2 mL) of 1% BSA in PBS. After
1 min, the mixture was centrifuged at 1200 rpm for 10 min,
and the cells were washed once and resuspended in a
serum-containing medium. After labeled with PKH26/
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PKH67, the monocytes were counted, equal monocytes
about 1 � 106 were mixed (WT-PKH26/ccrl2�/�-PKH67) and
suspended in 0.2 mL PBS and then injected into HFD C57/
BL6 WT mice via the femoral vein. Seven days after the
injection, the ATMs were immediately isolated from VAT
and analyzed by using fluorescence microscope.

In vitro chemotaxis assay

For the migration assay, 100,000 Peritoneal Macrophages
were taken out, as previously mentioned, obtained from
WT or ccrl2�/� mice. The Peritoneal Macrophages were
placed in the upper chamber of an 8 mm polycarbonate
filter (24-transwell format; Corning), whereas the MCP1
conditioned medium was placed in the lower chamber.
After three hours of migration, cells were fixed in formalin
and stained with crystal violet and observed.

Immunofluorescence staining

Adipose tissue was cut and snap-frozen in optimum cutting
temperature (O.C.T., Fisher Healthcare). 15 mm cryo-
sections of tissue sections were cut and fixed with pre-
cold acetone for 20 min. Before adding primary mAbs,
sections were blocked with 5% normal donkey serum for 2h.
Shake off the blocking solution and add F4/80 antibody
(PBST dilution: 0.1% Tween-20 and 0.5% BSA, 1: 100 dilu-
tion) dropwise, and incubate the slides in a wet box at 4 �C
overnight (>8h). Take out and rewarming for more than
30min the next day, soak and shake the sections in PBS
buffer for 3min three times, dry the remaining PBS buffer,
and add Ki67 fluorescent dye (PBST dilution: 0.1% Tween-20
and 0.5% BSA, 1: 100 dilution) and Incubate for 1h at room
temperature. Soak and shake the sections in PBS buffer for
3min three times, wipe off the remaining PBS buffer, and
stain the nuclei with DAPI (40,6-Diamidino-2-28 phenyl-
indole dihydrochloride) for 10 min at room temperature.
Soak and shake the sections in PBS buffer solution for 3min
three times, dry the remaining PBS buffer solution, cover
with 50% glycerol (diluted with PBS), and use nail polish on
the surrounding map to block the air. Observe immediately
by a fluorescence microscope.

ATMs isolated from SVF

SVF isolation was according to the previous method and
resuspended in 2 ml of medium (1640 þ 10% FBS þ P/S),
Then gently add 2 ml of 50% percoll, 2 ml of 25% percoll in a
new test tube. Cell suspension (percoll preparation ac-
cording to the instructions, SigmaeAldrich, P1644-500ML),
centrifugation at 4 �C, 1800g for 15min, suck the middle
cloud-like suspension, then centrifuge at 650g for 5min,
wash the pellet with 3 ml culture medium twice, discard
the supernatant, add TRIzol� Reagent (Invitrogen) for RNA
isolation.

ELISA

Serum insulin levels and IL-6 levels were analyzed by ELISA
kit buying from MULTI SCIENCES and the specific operation
steps were according to the manufacturer’s protocol.
Statistical analysis

All data are presented as mean � SEM. Mean value differ-
ences between two groups were assessed by two-tailed
Student t-test. P values of 0.05 or less were considered to
be statistically significant. Statistical analyses were per-
formed with Graph Pad Prism 5.
Results

The ccrl2 expression is upregulated in adipose
tissues of obesity and diabetic mice

In obesity, the expansion of VAT (visceral adipose tissue) is
closely linked to metabolic diseases, including insulin
resistance.29,30 To address the potential role of Ccrl2 in
obesity and diabetes in mice, the ccrl2 expression was
detected in VAT of obesity mice. Data showed that ccrl2
expression was up-regulated in VAT of high-fat diet (HFD)-
induced obese (DIO) mice and ob/ob mice comparing with
control mice (Fig. 1A). In diabetic db/db mice, ccrl2 was
also significantly up-regulated (Fig. 1B). Besides VAT, the
ccrl2 expression was also up-regulated in the subcutane-
ous adipose tissue (SAT) in both obesity and diabetic mice
(Fig. S1A, B), while no difference in the liver of HFD mice
(Fig. S1C). These results indicate that Ccrl2 might play
roles in obesity and diabetes especially by affecting adi-
pose tissue.

Ccrl2 deficiency mice showed deteriorated obesity
and insulin sensitivity on normal chow diet

To elucidate the roles of Ccrl2 in metabolism, we created
ccrl2�/� mice in C57BL/6 mice by microinjection of TAL-
ENs, which is the target of Exon 2 in fertilized eggs. The
ccrl2�/� mice were fertile, with no apparent develop-
mental defects. The gene deletion of ccrl2 was identified
by sequencing analysis (Single base knockout) in the pre-
sent study (Fig. 2A). From the 8th week, ccrl2�/�mice,
ccrl2þ/-mice and WT littermates were fed with normal
diet (ND) for 15 weeks, the bodyweight of mice was
measured weekly, statistics showed that the gain of the
bodyweight of ccrl2�/�mice was significantly higher than
that of WT littermates since the 4th week on ND, while no
difference showed between ccrl2þ/� mice and WT litter-
mates (Fig. 2B). Systemic ccrl2 deletion had no significant
effect on rectal temperature (Fig. 2C). To further assess
body composition changes accompanying this increase in
obesity, the weight of organs that are prone to lipid
accumulation was weighed, ccrl2�/� mice exhibited an
increased mass in VAT rather than SAT or liver (Fig. 2D,
Fig. S2A). H&E staining revealed that ccrl2�/� mice
exacerbated the increase in adipocyte size of VAT rather
than the SAT or the liver after 15-weeks ND-fed (Fig. 2E,
Fig. S2B). These data showed that Ccrl2 deficiency had a
more significant effect on VAT. Strong epidemiologic data
demonstrate that excess VAT, comparing with SAT, is a
significant contributor to metabolic risk.31,32 Fig. 2F, G
showed that although ccrl2�/� mice displayed no signifi-
cance in glucose tolerance test (GTT) on ND, insulin



Figure 1 ccrl2 gene expression is positively correlated with obesity and type 2 diabetes. (A) qPCR analysis of ccrl2 mRNA
expression in viscera adipose tissue of C57BL/6J mice fed with ND or HFD for 12 weeks (n Z 9), and ob/ob mice (n Z 8) and their
wild-type (WT) littermates (n Z 8). (B) qPCR analysis of ccrl2 mRNA expression in viscera adipose tissue of db/db mice(n Z 8) and
their wild type(WT) littermates(n Z 8). Data are expressed as Mean � SEM, **P < 0.01, ***P < 0.001.
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tolerance test (ITT) indicated ccrl2�/�mice showed a
deteriorated insulin sensitivity. This founding suggested
that Ccrl2 deficiency leads to a deterioration of obesity,
increased VAT adipocyte size and impaired insulin
sensitivity.
Ccrl2 deficiency exacerbated HFD-induced obesity
and insulin resistance

Then we assessed the susceptibility of ccrl2�/� mice to
high-fat diet (HFD)-induced obesity. The mice were fed
with HFD since the eighth week, the bodyweight of the
mice was measured weekly, the body-weight gain was
significantly increased on HFD ccrl2�/� mice relative to HFD
WT mice with no significant effect on rectal temperature
(Fig. 3A, B). Fig. 3C showed that HFD exacerbated the
obesity of ccrl2�/� mice. The ccrl2�/� mice exhibited an
increased mass in SAT, VAT, and liver, the weight ratio of
SAT of ccrl2�/�mice was significantly increased but no dif-
ference in the weight ratio of VAT or the liver (Fig. 3D, E,
and Figs. S3A, B). H&E staining results showed that ccrl2�/�

mice exacerbated the increase in adipocyte size of VAT and
showed conspicuous crown-like structure (CLS), which
stands for an accumulation of macrophages rather than in
the SAT(Fig. 3F). GTT and ITT showed that Ccrl2 deficiency
aggravated the HFD-induced insulin sensitivity impairment
rather than glucose tolerance (Fig. 3G, H). HOMA-IR value
and Akt pathway also showed that ccrl2�/�mice had worse
insulin sensitivity than WT mice(Fig. 3I, J). These data
indicated that Ccrl2 deficiency aggravated diet-induced
obesity and insulin resistance.
Ccrl2 deficiency aggravated VAT macrophages
accumulation and increased the ratio of M1/M2

Response to obesity, VAT exhibits increased expression of
inflammatory markers and increased ATM infiltration
compared to SAT.5,33,34 Macrophage-induced inflammation
is an important turning point in the development of obesity-
related insulin resistance.35 To better understand the roles
of Ccrl2 played in the inflammation, firstly we confirmed
that ccrl2 was highly expressed in stromal vascular fraction
(SVF) isolated from VAT rather than mature adipocytes (Fig.
S4A). Comparing with mature adipocytes, ccrl2 was signif-
icantly increased in macrophages isolated from SVF (Fig.
S4B). Flow cytometry analysis showed accumulation of
macrophages in VAT of ccrl2�/� mice was increased
comparing with WT by counting the number of CD45þF4/
80þCD11bþ macrophages while there was no difference in
SAT in both ND and HFD (Fig. 4A, Fig. S4C). Furthermore,
F4/80 immunofluorescent staining showed more accumu-
lation of macrophages in VAT from ccrl2�/� mice (Fig. 4B).
These data showed that Ccrl2 deficiency aggravates
inflammation in adipose tissue, especially by influencing
adipose tissue macrophages (ATMs).

Obesity is a state of chronic inflammation with infil-
tration of macrophages, characterized by an increased
M1/M2 macrophages ratio, contributing to insulin resis-
tance.36 Macrophages associated inflammation markers
were detected in ccrl2�/� mice and WT mice and qPCR
showed that proinflammation markers (CD11C, MCP1,
TNFa) were significantly increased in VAT While no sig-
nificant difference in SAT (Fig. 4C, Fig. S4D). Flow
cytometry analysis showed the increased percentage of



Figure 2 Ccrl2 deficiency mice showed aggravated obesity and insulin resistance on ND. (A) Gene sequencing results of knock out
(one base knockout). (B) Body weight gain of Littermates ccrl2þ/� ccrl2�/� mice fed with normal diet (n Z 7, 10, 10). (C) core
temperature of ND fed WT ccrl2þ/� ccrl2�/� mice. (D) ratio of VAT/SAT to body weight in Littermates ccrl2þ/� ccrl2�/� mice
(n Z 7, 10, 10). (E) HE and line length statistics of VAT and SAT, scale bar Z 100 mm. (F) GTT (n Z 7, 10, 10). (G) ITT (n Z 7, 10,
10). Data are expressed as Mean � SEM, ns Z not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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proinflammation M1 macrophages in ccrl2�/� mice than
WT mice by counting the ratio of CD45þF4/
80þCD11bþCD11Cþ pro-inflammation M1 macrophages to
total CD45þF4/80þCD11bþ macrophages. Meanwhile, the
ratio of CD45þF480þCD11bþCD206þ anti-inflammation M2
macrophages to total CD45þF4/80þCD11bþ macrophages
was downregulated in the VAT rather than the SAT on HFD
(Fig. 5D, E).
Obesity contributes to the development of insulin resis-
tance through the so-called obesity-associated low-grade
inflammation or metaflammation. Clamp experiments indi-
cating that IL-6 infusion causes insulin resistance and obesity
have a positive correlation with and the circulation IL6, IL-6
takes part in the connection between insulin resistance and
inflammation.37e40 Other studies showed IL-6 took park in
the infiltration of macrophages.41 IL-6 level was detected



Figure 3 Ccrl2 deficiency exacerbates diet-induced obesity and insulin resistance. (A) weight gain of WT ccrl2þ/� ccrl2�/�mice
fed with HFD (n Z 7, 6, 7). (B) core temperature of HFD WT ccrl2þ/� ccrl2�/�mice (n Z 7, 6, 7). (C) The general picture of the
mice’s body. (D) The general picture of the SAT and VAT. (E) ratio of VAT/SAT to body weight in WT ccrl2þ/� ccrl2�/�mice
(n Z 7, 6 ,7). (F) HE and adipocyte area statistics of VAT and SAT, scale bar Z 100 mm. (G) GTT (n Z 7, 6, 7). (H) ITT (n Z 7, 6, 7).
(I) HOMO-IR (nZ 7, 6, 7). (J) The protein levels of p-Akt, Akt in VAT of different groups on HFD were evaluated by western blotting.
Data are expressed as Mean � SEM, *P < 0.05, **P < 0.01, ***P < 0.001.
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both in the serum of WT and ccrl2�/� mice on ND and HFD
and found that IL-6 of ccrl2 deficiency mice were more than
that of WT mice, which could explain the impaired insulin
sensitivity in ccrl2�/� mice (Fig. S4E, F). Taken together,
these results suggested that ccrl2�/� mice showed impaired
insulin sensitivity accompanying increased serum IL6 level
and M1/M2 ratio in VAT in HFD induced obesity.

No difference on polarization or proliferation
between ccrl2�/� and WT mice derived
macrophage

Considering the VAT of ccrl2�/� mice had increased M1/M2
ratio, to confirm the direct effect of Ccrl2 on the macro-
phages polarization, the bone marrow derived macrophages
(BMDMs) were isolated from WT and ccrl2�/� mice. Lipo-
polysaccharide (LPS) (100 ng/ml) was used to drive mac-
rophages polarizing to M1 macrophages. Western blot
showed no difference between ccrl2�/� mice derived
macrophages and WT derived macrophages (Fig. 5B). Flow
cytometry analysis was consistent with Western blot results
in the case of LPS stimulation, while M1 macrophages
showed a significant increase without LPS stimulation
(Fig. 5A). Besides BMDMs, peritoneal macrophages were
taken from WT or ccrl2�/� mice, FCM and Western blot
showed no difference between WT and ccrl2�/� mice in
polarization (Fig. S5A, B).

Then, we tried to explore why the accumulation of ATM
increased in VAT of ccrl2�/� mice. ATM accumulation could
be determined by proliferation.5 The ATM proliferation was
detected through Ki67, a protein expressed during all active
phases of the cell cycle. The data showed no significant
difference between ccrl2�/� mice and WT mice in the
macrophages proliferation (Fig. 5C). These data indicated
that Ccrl2 deficiency aggravated macrophages accumula-
tion was not through proliferation and the M1/M2 ratio in-
crease was not due to the polarization of macrophages.

The absence of Ccrl2 contributed to adipose tissue
inflammation was depending on the chemotaxis of
macrophages

Besides proliferation, infiltration is another important
reason for macrophages accumulation.42,43 Monocytes were
isolated from the peripheral blood, monocytes derived
from WT mice were dyed with PKH67 (green fluorescence)
while monocytes from ccrl2�/� mice were dyed with PKH26
(red fluorescence). Dyed monocytes were mixed with equal
cells and injected into WT mice through the tail vein, which
was fed on HFD for two weeks. VAT was prepared after
injection for seven days. Using fluorescence microscope,
Fig. 6A showed that PKH26 positive monocytes derived from
ccrl2�/� mice were more than WT derived monocytes
stained with PKH67. To further confirm the chemotaxis of
Figure 4 Ccrl2 deficiency mice showed aggravated VAT inflamma
M1/M2 ratio. (A) FCM analysis of proportion of macrophages in VAT
immunofluorescence staining of VAT. (C) ATMs associated inflamma
M1 M2 macrophage ratio of VAT (nZ 7, 6, 7). (E) FCM results of the M
as Mean � SEM,*P < 0.05, **P < 0.01, ***P < 0.001.
macrophages, in vitro trans-well chemotaxis assay was
employed to detect the migratory capacity of peritoneal
macrophages from ccrl2�/� mice and WT littermates. As
shown in Fig. 6B, macrophages from ccrl2�/� mice migrated
rapidly than WT mice. These data suggested that more
macrophages accumulation in VAT of ccrl2�/� mice was due
to the increased chemotaxis of macrophages.

Discussion

It is well known that obesity contributes to the develop-
ment of insulin resistance through the obesity-associated
low-grade inflammation and increased accumulation of
proinflammatory macrophages in adipose tissue and liv-
er.44e46 Inflammation triggered by macrophages constitutes
a turning point in the development of obesity-related in-
sulin resistance.35 Chronic inflammation is mainly sup-
ported by chemokine-chemokine receptor systems like
CCL2-CCR2 and some other essential combinations.47 In the
present study, we found that deficiency of Ccrl2, which is a
member of ACKRs, led to a robust deterioration in systemic
insulin sensitivity as well as obesity. The deterioration in
insulin sensitivity was traced to a marked increase in VAT
inflammation, with more ATMs infiltration and increased
M1/M2 ratio in adipose tissue of HFD-fed ccrl2�/� mice. Our
data shed light on the impact of Ccrl2 in the inflammation
and suggest that Ccrl2 may be a new target in the inter-
vention of inflammation and insulin resistance in obesity.

Firstly, the ccrl2 expression was found significantly
increased in both obesity and diabetic mice models. It is
well known that obesity is associated with an increased
risk of type 2 diabetes, and in the process of obesity to
diabetes, insulin resistance played a very important role.2

Evidence showed with the progression of obesity, excess
adiposity secretes some adipokines like MCP1 that could
promote the infiltration of macrophages.48 These ATMs
are a prominent source of proinflammatory cytokines like
IL-6 and TNFa and further induce systemic insulin resis-
tance.49,50 Ccrl2 is a receptor of many inflammation
associated adipokines like chemerin, MCP1, and could
adaptive change along with these adipokines. Thus, the
increased expression of ccrl2 in obesity and diabetes may
mainly associate with the development of obesity-related
inflammation and insulin resistance. In our article, we
showed that Ccrl2 deficiency deteriorates obesity and
insulin resistance while it was interesting to find that the
ccrl2 expression was significantly increased in the adipose
tissue of obesity (HFD and ob/ob mice) and diabetes mice
(db/db mice). The results could be explained by a
compensatory mechanism. During obesity development
process, the chemokine like MCP1 increased and promotes
more macrophage accumulation into the adipose tissue,
the infiltrated macrophages may in turn secrete a variety
of chemokines and other cytokines that thus further
promote adipose tissue inflammatory response, resulting
tion manifested in accumulation of macrophages and increased
and SAT of mice of different genotypes (n Z 6, 8, 8). (B) F4/80
tion markers in VAT (n Z 6 in per group). (D) FCM results of the
1 M2 macrophage ratio of SAT (nZ 7, 6, 7). Data are expressed



Figure 5 Accumulation of macrophage and the ratio of M1/M2 had nothing to do with polarization and proliferation. (A) FCM
results of LPS Statistical stimulated bone marrow-derived macrophage from WT and ccrl2�/� mice. (B) Western Blot of inflam-
mation associated protein of LPS stimulated bone marrow-derived macrophage from WT and ccrl2�/� mice. (C) results of VAT of
WT/ccrl2þ/�/ccrl2�/� mice containing CLS stained with antibodies against Ki67 (red) and F4/80 (green), scale bar Z 50 mm. Data
are expressed as Mean � SEM,*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6 The absence of Ccrl2 increases macrophage chemotaxis. (A) fluorescence microscope results of vivo migration results of
monocytes derived from WT and ccrl2�/� mice, scale bar Z 100 mm. (B) transwell results of peritoneal macrophage, scale
bar Z 100 mm. Data are expressed as Mean � SEM, ***P < 0.001.
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in systemic insulin resistance.10 Our results showed that
Ccrl2 deficiency increased adipose tissue macrophages
infiltration, as a member of ACKRs, Ccrl2 lacks the
structure of signal transmission and could not transduct
the ligand signals into the cells, in the situation of
obesity, to counteract the process of macrophages accu-
mulation, the expression of ccrl2 may increase and reduce
the macrophages infiltration through competitively bind-
ing to ligands, thereby weakening the role of functional
receptors which similar to the process of combining with
Chemerin.15,18 However, this compensation mechanism
did not be strong enough to result in a retrograde change
in the number of adipose tissue macrophages in obese and
diabetic mice. This compensatory response is common in
the body, for example, leptin, which is an important
adipokine reported to inhibit feeding thereby to resistant
obesity and also has a correlation with adipose tissue
inflammation while a study showed the serum leptin
levels were approximately four times higher in obese
compared to normal subjects.51e54

Chemerin is the most crucial ligand of Ccrl2, plays an
essential role in adipogenesis and adipocyte metabolism,
shows a great importance in obesity.55 Many reports show
that Chemerin plays different roles in different tissues or
experimental models.56e58 In obesity, Chemerin is elevated
in the serum of obese patients.59 Chemerin deficiency mice
fed with normal diets and high-fat diets have lower insulin
sensitivity.60 Insulin sensitivity is also worse in CMKLR1 defi-
ciency mice.61 In our study, ITT and AKT signaling pathways
indicated that insulin sensitivity of ccrl2�/� mice was
impaired, which was consistent with the results of Chemerin
deficiency and CMKLR1 deficiency results, but it seemed that
the specific mechanism was different. In the Chemerin
knockout mice and chemR23 knockout mice, the infiltration
of macrophages is reduced.60,61 Our results showed macro-
phages accumulation in VAT of ccrl2�/� mice was more than
that in control mice in both ND and HFD and M1 proin-
flammatory macrophages were increased in ccrl2 �/� mice
whichwas responsible for theworseningof insulin sensitivity.
Besides, the weight of Chemerin deficiency mice was similar
to the WT mice, and CMKLR1 deficiency mice were signifi-
cantly reduced while our research showed the weight gain of
ccrl2�/�micewas significantly higher than that ofWTcontrol
mice. It is reported that Ccrl2 enriches Chemerin after
binding, further presents it to the critical receptor-CMKLR1,
and thus helps magnify the function of Chemerin. However,
in our research, it seemed that Ccrl2 was not through
magnifying the function of Chemerin-CMKLR1.CCL2 is also a
ligand of Ccrl2 and has been shown to play an important role
in obesity and insulin resistance.11,62 Lei-Ping Wang et al
showed overexpression of Ccrl2 inhibits CCL2-induced
chemotaxis and invasion in breast cancer which could indi-
cate a relationship between Ccrl2 and CCL228. In the adipose
tissue, it is reported that CCL2(MCP1) could regulate the
migration and infiltration ofmonocytes, in this way, whether
Ccrl2 could lead to a decrease in monocyte chemotaxis by
competitive binding to CCL2 with CCR2 needs to be studied.
However, another research showed CCL2 is released by adi-
pocytes in crown-like structure and could stimulate the
proliferation of surrounding ATMs, but in our study, ATMs
proliferation in VAT of ccrl2�/� mice had no significant dif-
ference from WT mice which (Fig. 5C).5 As for another
receptor-CCL5, although CCL5 takes part in diseases that are
closely related to inflammation like systemic lupus erythe-
matosus (SLE), autoimmune nephritis, atherosclerosis and
liver fibrosis, and CCL5/CCR5 axis directs infiltration and
interactions with monocytes/macrophages and mesen-
chymal stem cells.63,64 But there is no evidence that CCL5
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takes part in ATMs infiltration, whether in adipose tissues
Ccrl2 affects macrophage chemotaxis by interrupting CCL5/
CCR5 needs further research. Another reported ligand of
Ccrl2 is CCL19. Themost crucial functional receptor of CCL19
is CCR7, andmice lack CCR7 are protected fromdiet-induced
obesity and insulin resistance.65 Considering this, it was
possible that Ccrl2 could internalize CCL19 binding, Ccrl2
knock out might led to more CCL19-CCR7 connection, which
resulted in obesity and IR, but this needs to be further
explored in the future.23

Ccrl2 is expressed by a variety of leukocytes, especially
macrophages. In the process of obesity, adipose tissue
macrophages played important roles, imbalance of proin-
flammatory M1 macrophages and anti-inflammatory M2
macrophages is well correlated with inflammation and insu-
lin resistance in obesity.66 In our study, FCM and gene
expression showed an increased M1/M2 macrophages ratio.
Besides, we found that the pro-inflammatory cytokines IL-6
level of ccrl2�/�mice was more than that of WT mice in the
serum of HFD mice, which could further explain the insulin
sensitivity of ccrl2�/�mice was impaired. ITT and Akt
signaling pathways indicated that insulin sensitivity of
ccrl2�/� mice became worse. However, it was interesting
that there was no difference in GTT between ccrl2�/� mice
andWTmice.We know that GTTmainly shows the sensitivity
of body insulin to glucose, while ITT mainly focuses on tissue
sensitivity to insulin, which means that in ccrl2�/� mice,
tissue sensitivity to insulin is impaired. On HFD, the primary
affected tissue is VAT rather than SAT, which manifested in
the size of adipocytes while the weight of SATwas more than
VAT. Compared to SAT, VAT hypertrophy is positively related
to insulin sensitivity impairment.31,32 We found the p-Akt
protein did not change in SAT (Fig. S3D). Whether long-term
HFD stimulated obesity will affect GTT is unclear.

The process of ATM accumulation in the adipose tissue is
multifactorial; among these factors, proliferation and infil-
tration are of the most importance. Proliferation results of
Ki67 immunofluorescence staining Showed no significant
difference between ccrl2�/�mice andWTmice. Depends on
thedata from in vivomigration and in vitro chemotaxis assay,
we found that monocytes or macrophages isolated from
ccrl2�/�mice showedmore chemotaxis thanWTmice,which
might explain why in the situation of both ND and HFD, the
number of macrophages was more in VAT of ccrl2�/� mice
than that in WT mice. In addition to macrophages regionali-
zation ability, adipose tissue secretes some adipokine to
affect the chemotaxis of macrophages. Our experimental
results showed that the cell size of visceral adipocytes was
significantly enlarged rather than hyperplasia, both in ND or
HFD. It is known that hypertrophic adipocytes, especially
viscera adipose tissue, could secrete chemokines to attract
various inflammatory cells and promote chronic adipose tis-
sue inflammation.67 However, in our research, an essential
macrophage-related chemokine-MCP1 expression was not
significantly different between the two groups ofmice at ND,
so we excluded the possibility that increased secretion of
chemokines led to macrophages accumulation. MCP1
increased in HFD might indeed help more macrophages
infiltrate into VAT, but it is not the starting factor.

The recruitment of macrophages in adipose tissue is the
first event and primary contributor to inflammation in
obesity.68 On HFD, some proinflammation markers like
CD11C, MCP1, TNFa were upregulated, but it was inter-
esting that although the number of macrophages was
significantly increased during ND, the qPCR results showed
that the expression of pro-inflammatory chemokines
related genes in VAT was not significantly increased. How-
ever, Like HFD, ND fed ccrl2�/� mice showed significant
deterioration in ITT results. Therefore, we tested the pe-
ripheral blood IL-6 levels in ND mice and found that the
peripheral blood IL-6 levels in ND mice were indeed upre-
gulated (Fig. S4E). It is speculated that in the case of ND,
there is compensatory regulation of mRNA levels.

Conclusion

The study firstly demonstrated that Ccrl2 played an
essential role in the pathogenesis of obesity and obesity-
associated insulin assistance and has shown that Ccrl2 takes
part in the migration of macrophages into VAT.
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