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A B S T R A C T

Objective: The role of iNKT cells was investigated in chronic adipose tissue inflammation in obese mice after
administration of α-GalCer in different pathways.
Methods: C57BL/6J mice were fed high-fat diet (HFD) for 12weeks to establish the obese mouse model. The
pathology of adipose tissue was observed by H&E staining. The rates of iNKT cells, macrophages and cell subsets
in adipose tissue were detected by FCM. Cytokine levels in serum and adipose tissue lymphocyte-stimulated
supernatants were assessed with the CBA kit. The expression levels of related transcription factor in adipose
tissue were detected by Western blot.
Results: The proportions of iNKT cells, iNKT10 cells and M2 macrophages were decreased, while those of iNKT1
and M1 macrophages were increased in adipose tissue of HFD-fed mice. The expression levels of the related
transcriptional proteins E4BP4 and Arg-1 were decreased while iNOS expression was increased in adipose tissue.
Administration of α-GalCer by subcutaneous injection resulted in increased rates of iNKT10 cells and M2
macrophages, and decreased amounts of M1 macrophages in adipose tissue of HFD-fed mice. The expression of
E4BP4 and Arg-1 were up-regulated, but iNOS was down-regulated. Meanwhile, infiltration of inflammatory
cells into adipose tissue was further reduced.
Conclusion: The imbalance between the proportions of iNKT1 and iNKT10 cells may be involved in the devel-
opment of chronic inflammation in obese adipose tissue. Administration of α-GalCer by subcutaneous injection
in HFD-fed mice activates adipose tissue iNKT10 cells, which promote M2 macrophage polarization and improve
chronic inflammation in obese adipose tissue.

1. Introduction

Obesity refers to an increase in body weight caused by excessive
accumulation or abnormal distribution of body fat, which is a chronic
metabolic disease involving multiple factors [1,2]. YUDKIN et al. first

proposed obesity as a chronic low-grade inflammation in 1999 [3]. It
has been demonstrated that chronic inflammation of adipose tissue is
closely related to the occurrence of insulin resistance, fatty liver, type 2
diabetes, hyperlipidemia, and cardiovascular and cerebrovascular dis-
eases [4–6]. It is known that a variety of immune cells such as
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macrophages, NK cells, T cells, B cells and Treg cells are involved in the
chronic inflammatory process of obese adipose tissue [7–13]. Previous
studies have shown that immune cell dysfunction and imbalanced
proportion of immune cells in adipose tissue are associated with chronic
inflammation of adipose tissue, although the trigger mechanism of
obesity inflammation is still unclear.

In recent years, it has been found that invariant natural killer T cells
(iNKT) play an important role in chronic inflammation of obese adipose
tissue. A previous work showed that the number of iNKT cells in obese
patients is reduced [7], as also found in obese mice. Thus, obesity de-
velopment might be inhibited by restoring the proportion of iNKT cells
in the mouse [8–10]. However, it has also been reported that iNKT cells
aggravate chronic inflammation of adipose tissue by releasing in-
flammatory cytokines in the presence of excess lipid [11,12]. At pre-
sent, it is generally believed that iNKT cells are the key regulators of
inflammation. However, it is still a contradiction whether iNKT cells are
ameliorating in obesity. α-GalCer is a sphingolipid that was first ex-
tracted from the marine sponge Agelas mauritianas in 1994 by
chloroform extraction and HPLC purification techniques [13,14]. As a
classical iNKT cell-specific activator, which effectively activates iNKT1,
iNKT2, iNKT17 and iNKT10, it has been widely used in the intervention
studies of models such as tumors, infections and autoimmune diseases
[15–17]. Studies have shown that specific activation of iNKT cell sub-
populations more effectively causes immune regulation and im-
munotherapeutic effects [18,19]. The type of immune response medi-
ated by iNKT cell activation is influenced by many factors, such as the
structure of the ligand (α-GalCer, PBS57, C-glycoside activates iNKT
cells to mediate Th1-type immune responses; whereas OCH, acC8:0,
acC20:2 activation of iNKT cells mediated Th2-type immune response)
[20–22], microenvironment in which iNKT cells are located, and the
type of antigen-presenting cells [23]. Whether activation of different
iNKT cell subtypes and the immune response type could be affected by
α-GalCer administration through different routes is rarely reported. Our
previous study found that α-GalCer can selectively activate different
subpopulations of hepatic iNKT cells by diverse injection routes. iNKT2
cells in the liver and spleen of mice can be effectively activated by in-
traperitoneal injection with α-GalCer [24], while the iNKT1 cells can be
effectively activated by subcutaneous injection with α-GalCer. In ad-
dition, we also found that the third day after intraperitoneal injection
with α-GalCer, the rates of activated iNKT cells in relevant immune
organs (liver and spleen) are highest. Meanwhile, the proportions of
activated iNKT cells in relevant immune organs peaked the fifth day
after subcutaneous injection with α-GalCer.

It is unclear whether various injection routes can selectively activate
different subpopulations of adipose tissue iNKT cells, thereby affecting
the chronic inflammatory process in obese adipose tissue. In the current
study, C57BL/6J mice were fed a high fat diet to establish an obesity
model, and α-GalCer was administered by intraperitoneal or sub-
cutaneous injection to analyze proportion changes of iNKT cells and
macrophage subpopulations in adipose tissue, further clarify the role of
iNKT cells in chronic inflammation of obese adipose tissue.

2. Material and methods

2.1. Mice

Four- to five-week-old male C57BL/6J mice, whose average weight
was 21.4 ± 0.67 g, were provided by Beijing Vital River Laboratory
Animal Technology Co., Ltd. (SCXK (Beijing) 2016-0006). The mice
were maintained under specific pathogen-free conditions (23 ℃±2 ℃
with 50 ± 5% relative humidity) in the animal facility at Animal Lab
of Medical Experiment Center, Hebei University, and all experiments
were approved by the Animal Welfare and Ethical Committee of Hebei
University (IACUC-2017009). The mice were provided free access
water and food (standard-fat diet). Under a 12 h/12 h light/dark cycle
with for at least 7 days before the experiment. Animal activities are

monitored daily to ensure that the animals meet the experimental re-
quirements. No mice died unexpectedly except experimental require-
ments.

2.2. Materials

High fat feed-H10060 (SCXK (Beijing) 2016-0008, was purchased
from Beijing Huafukang Biotechnology Co., Ltd.); Glucose and insulin
were from Solarbio (Beijing, China); PE-T-selected-CD1d tetramer was
purchased from MBL International (Japan). FITC-hamster anti-mouse
TCR β chain (553170), Alexa Fluor® 647-mouse anti-PLZF (563490)
and PercP-Cy TM5.5 mouse anti-T-bet (561316) were obtained from BD
Pharmingen (San Diego, CA, USA). PE-F4/80 (565410), FITC-CD11b
(557396), Percp-CyTM5.5-CD11c (560584), Alexa Fluor®647-CD206
(565250), APC-IL-10 (561059) were from Becton Dickinson. Foxp3
Staining Buffer Set was purchased from eBioscience (California, USA).
The α-GalCer (KRN7000) used in the current study is biosynthesis and
was manufactured from Enzo Life Sciences (Farmingdale, NY, USA).
TranscriPtion Factor Buffer Set was acquired from BD Pharmingen (San
Diego, CA, USA). Accuri C6 flow cytometry was purchased from BD
Pharmingen (San Diego, CA, USA).

2.3. Method

2.3.1. Groups
Male C57BL/6J mice were randomly selected as control groups and

fed with standard-fat diet (SFD) (n= 15), the remaining 45 mice were
fed with high-fat diet (HFD) for 12 weeks. The HFD-fed mice were then
randomly divided into three groups: HFD-fed (n= 15) as model group,
intraperitoneal injection (I.p) with α-GalCer group (The mice were sa-
crificed on the third day after injection with α-GalCer, n= 15), and
subcutaneous injection (S.c) with α-GalCer group (The mice were sa-
crificed on the fifth day after injection with α-GalCer, n= 15).

2.3.2. General condition assessment of mice
The body weight, activity, mental state and coat gloss of the mice

was recorded. We weighed the mice in each group per week. And
judged their mental state by observing the activity status of the mice
(excited or less active) and eating status (exuberant, good, low, and
disappearing). The gloss of the hair was judged by observing the fur of
the mouse (gloss, whether it was depilated), and whether it was greasy.

2.3.3. Glucose tolerance (GTT) and insulin tolerance test (ITT)
For glucose tolerance tests, the mice were fasted for 12 h and re-

ceived 2 g glucose per kilogram body weight intraperitoneally and
glucose levels were measured at 0, 15, 30, 60, and 120min. For insulin
resistance tests, the mice were fasted 6 h mice received 0.75U insulin
per kilogram body weight intraperitoneally and glucose levels were
measured at 0, 15, 30, 60, and 120min. The fasting blood glucose was
measured as blood glucose levels at 0min.

2.3.4. Adipose tissue index and histopathology
The mice were weighed before the experiment. All mice were an-

esthetized with 50mg sodium pentobarbital per kilogram of body
weight by intraperitoneal injection and humanely sacrificed by cervical
dislocation while under deep anesthetic conditions. Epididymal adipose
tissue was harvested from HFD-fed mice and blotted on a blotting paper
and weighted. The adipose tissue index was calculated as the percen-
tage of the adipose tissue weight to the body weight of mice. Then,
adipose tissue fixed in 10% formalin for 24 h, and subjected to micro-
tome sectioning to generate 5-μm sections. H&E staining of tissue sec-
tions (5-mm) was performed for Microscopy.

We used the ImageJ software to quantify the images of adipose
tissue pathology. The percentage of inflammatory cell infiltration area
in the entire micrograph as a histological score was recorded. Three
visual fields were randomly selected from adipose tissue sections of
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mice for quantitative analysis, representing the degree of adipose tissue
inflammation of the mice. Adipose tissue sections from 5 mice ran-
domly selected in each group were quantified to indicate the degree of
adipose tissue inflammation of each group. All mice in each group were
reported in a summary plot with stats.

2.3.5. Quantitation of immune cells in adipose tissue using flow cytometric
analysis

The peripheral blood (about 120 μL) was added in a flow tube,
followed by blocking with BSA. Then, 2 μL of FITC-labeled Anti-TCR β
and PE-labeled α-GalCer/CD1d-tetramer were used in 50 μL of the PBS
reaction system. Incubation was conducted in the dark for 30min at
4 °C. Erythrocyte lysis by red blood cell lysis buffer, then washing twice
with PBS, resuspension of the cells in 500 μL PBS for iNKT cells de-
tection by FCM.

Isolation of epididymal adipose tissue from mice, dissect the adipose
tissue using a sterile scalpel and digested with type II collagenase for
1 h. Place the adipose tissue into 200 mesh cell filters, which were
washed with 5mL PBS solutions in petri dish. And gently mash adipose
tissue fragment through the cell filter by 2mL syringe plungers and
centrifuge at 1000 rpm for 5min at 4 °C. Wash adipose tissue mono-
nuclear cell twice with PBS. Lymphocytes were isolated from adipose
tissue mononuclear cells using lymphocyte separation medium and
washed twice with PBS.

Further, 1× 106 cells were placed in each flow tube and treated
with mouse Abs (clones) were as follows: anti-TCR-β, and α-GalCer/
CD1d tetramers, anti-F4/80、anti-CD11b, anti-CD11c. They were in-
cubated at 4 °C for 30min in the dark and washed twice with PBS. Then,
the cells were re-suspended in 500 μL of PBS and iNKT cells and mac-
rophages detected by flow cytometry.

Next, cells were fixed and permeabilized using BD Perm/WashTM

Buffer and stained with the following fluorochrome labeled mAbs:
Alexa Fluor®647-CD206. Then, incubated in the dark for 30min, wa-
shed twice with PBS, and re-suspended in 500 μL of PBS, followed M1
macrophages and M2 macrophages were detected by FACS measure-
ment.

Adjusting the cell density to 2×106 cell/ml, inoculate the 12-well
plate. Cultured system: RPMI-1640 complete medium (10% fetal bovine
serum, FBS), Phorbol 12-myristate 13-acetate (PMA) (50 ng/mL), io-
nomycin (1 μg/mL) and Monensin-containing GolgiStop (4 µL/mL cul-
ture system). The cells were then cultured for 5 h and centrifuged at
1000 rpm for 5min at room temperature. Then, FITC labeled anti-TCR-
β (2 µL) and PE-labeled α-GalCer-loaded CD1d tetramers (2 µL) were
incubated in 500 μL PBS reaction systems for 30min in the dark at 4 °C,
washed twice with PBS. The cells were permeabilized and fixed ac-
cording to the specific procedure of Transcription Factor Buffer Set.
Then, 5 μL each of PerCP-CyTM5.5 mouse anti-T-bet and APC mouse
anti-IL-10 were added at room temperature in the dark for at least
30 min. After two washes with PBS, the cells were re-suspended in
500 μL PBS and iNKT subsets were assessed by FACS. PE-conjugated α-
GalCer/CD1d-tetramers were generated in our laboratory, and α-
GalCer (1 mg/mL) was diluted to 200 μg/mL with 0.5% Tween-20 and
0.9% NaCl. Then, 5 μL of the diluted α-GalCer was added per 100 μL of
CD1d-tetramer solution, followed by incubation at room temperature
for 12 h.

2.3.6. Adipose tissue lymphocyte culture supernatant and serum cytokines
Serum and adipose tissue lymphocytes were collected. Lymphocytes

were isolated from adipose tissue cell suspension of mice using lym-
phocyte separation medium and washed twice with PBS. Then,
Lymphocytes were stimulated in vitro with PMA and ionomycin for 5 h
and cytokines in lymphocyte culture supernatant were analyzed by flow
cytometry. The levels of cytokines (IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-γ
and TNF-α) were identified by cytometric bead array (CBA) kit.
Cytokine detection steps are performed according to the CBA Kit in-
structions.

2.3.7. Western blot
The cell lysates were extracted with an extraction reagent. Whole

cell lysates of epididymal adipose tissue (0.1 g) were separated on a
gradient (4–20%) polyacrylamide NuPAGE gel and transferred onto
polyvinylidene fluoride and blotted with anti-β-actin, anti-T-bet/Tb21,
anti-Arg-1, anti-iNOS, anti-E4BP4. Fluorescence chemiluminescence
detector was used to detect the expression of T-bet, E4BP4, Arg-1 and
iNOS in each group. The adipose tissue was β-actin as the internal re-
ference. Expression intensity was quantified by Image Lab.

2.3.8. Acquisition of macrophages
Six- to eight-week-old male C57BL/6J mice were intraperitoneally

injected with sterile RPMI-1640 (1mL). After three days, the peritoneal
fluid was collected. The abdominal cavity was washed twice with PBS.
The washing solution was collected, centrifuged at 1000 r/min for
10min, washed twice with PBS, centrifuged at 1000 r/min for 5min,
and the supernatant was discarded.

2.3.9. Acquisition and purification of iNKT cells
Male C57BL/6J mice (6–7weeks old) were injected in-

traperitoneally with α-GalCer (100 ng/g body weight) for 3 days.
Spleen lymphocytes were obtained from mice under sterile conditions,
washed twice with PBS, and counted. After cell density adjustment to
1×107 cells/100 μL, PE-α-GalCer/CD1d Tetramer was added and in-
cubated for 15min at 4 °C in the dark, followed by two PBS washes.
Next, the cells were incubated with anti-PE MicroBeads at 4 °C for
20min in the dark, washed twice with PBS, and resuspended in PBS
(500 μL). Purified iNKT cells were obtained by MS column separation
using a MACS sorter. Cell density (2× 105 cell/mL) was adjusted in
RPMI-1640 containing 10% FBS, 100 U/mL penicillin and 100 μg/mL
streptomycin, and cell were seeded in 12-well flat-bottom culture
plates.

2.3.10. Co-culture of iNKT cells with macrophages in vitro
The co-culture experiment set one control group (only macro-

phages) and two co-culture groups (iNKT cells and macrophages) in
which the ratios of iNKT cells to macrophages were 1:1 and 1:5, re-
spectively. The cell density was adjusted to 2×105 cells per milliliter
of RPMI-1640 culture medium, and a-GalCer (100 ng/mL) was added to
activate iNKT cells. Triplicate wells were set in each experiment. The
cells were cultured in a 5% CO2 incubator at 37 °C for 48 h, and mac-
rophage frequency and subpopulations were detected by FCM.
Cytokines in supernatant were detected by CBA.

2.4. Statistical analyses

Data were analyzed using SPSS version 19.0. (SPSS Inc, Chicago, IL,
USA). For all analyses, data were presented as mean ± SEM. For
comparison among the three groups, one-way ANOVA or nonpara-
metric test was applied. For comparison between the two groups, un-
paired t-test was conducted. Differences were considered statistically
significant at P < 0.05.

3. Results

3.1. Effects of α-GalCer on general status and body weight of obese mice

The SFD-fed mice had smooth and glossy hair, were sensitive and
fit. HFD-fed mice had larger body size, less activity, a greasy appear-
ance, and hair loss (Fig. 1A). Food and drink consumptions were normal
in all experimental mice. The average body weight of HFD-fed mice for
12 weeks increased by 39.9% (P < 0.05) compared with SFD-fed mice,
reaching the body mass level requirement of obese model mice [25].
After 12 weeks of high-fat feeding, intraperitoneal injection with α-
GalCer resulted in decreasing body weight of HFD-fed mice, whereas
subcutaneous injection with α-GalCer resulted in increasing body
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weight of HFD-fed mice (P < 0.05) (Fig. 1B, C).

3.2. Effects of α-GalCer on GTT and ITT in obese mice

GTT results showed that blood glucose levels in HFD-fed mice were
higher than those of SFD-fed mice at all time points, but there were no
significant differences (P > 0.05), indicating that there was no ob-
viously impaired glucose tolerance in HFD-fed mice for 12 weeks
(Fig. 1D). The ITT results indicated that blood glucose levels in mice
injected intraperitoneally with α-GalCer were lower than those of HFD-
fed mice at 15min after insulin injection (P < 0.05), indicating an
increased sensitivity to insulin in HFD-fed mice treated with α-GalCer.
After 120min, there were no difference in blood glucose levels of mice
in each group (Fig. 1E). The above results suggest that α-GalCer has no
significant effect on glucose tolerance and insulin tolerance curves in
HFD-fed mice.

3.3. Effects of α-GalCer on organ index and adipose tissue pathology in mice

Compared with SFD-fed mice, the HFD-fed mice had increased
adipose tissue volume and adipose tissue index (P < 0.05). There were
no significant changes in adipose tissue volume and adipose tissue
index after intraperitoneal and subcutaneous treatments with α-GalCer
in HFD-fed mice (P > 0.05) (Fig. 2A, B).

Adipocytes were increased in volume in HFD-fed mice compared
with SFD-fed mice, and there was obvious inflammatory cell infiltration
surrounding the adipocytes. Inflammatory cell infiltration was sig-
nificantly increased following intraperitoneal α-GalCer injection in
HFD-fed mice, but subcutaneous injection with α-GalCer resulted in a
marked decrease in pro-inflammatory cell infiltration around the adi-
pocytes (Fig. 2C, D). Pathological results indicated that α-GalCer

injected subcutaneously in HFD-fed mice could improve chronic in-
flammation of adipose tissue.

3.4. Effects of α-GalCer on iNKT cells and subpopulations in adipose tissue
of obese mice

3.4.1. Peripheral blood
There were no significant differences in frequency of peripheral

blood iNKT cells between HFD-fed mice and SFD-fed mice (P > 0.05).
Compared with HFD-fed mice, intraperitoneal injection with α-GalCer
resulted in increasing of peripheral blood iNKT cells in HFD-fed mice
(P < 0.05), whereas subcutaneous injection with α-GalCer has little
effect on peripheral blood iNKT cells in HFD-fed mice (Fig. 3A, C).

3.4.2. Adipose tissue
The frequency of iNKT cells in adipose tissue of HFD-fed mice was

significantly lower than that of SFD-fed mice (P < 0.05). Compared
with HFD-fed mice, both intraperitoneal and subcutaneous injections
with α-GalCer resulted in increasing of adipose tissue iNKT cells in
HFD-fed mice (P < 0.05). Intraperitoneal injection with α-GalCer in
HFD-fed mice resulted in increased frequency of iNKT cells in adipose
tissue compared with subcutaneous injection (Fig. 3A; Fig. 3D). Further
analysis of iNKT cell subsets revealed that the percentage of iNKT1 cells
in adipose tissue of HFD-fed mice was significantly increased
(P < 0.05), whereas that of iNKT10 cells was significantly decreased
(P < 0.05) (Fig. 3B; Fig. 3E, F). The above results indicated that im-
balance of the ratio of iNKT1 cells to iNKT10 cells in adipose tissue may
be involved in the development of adipose tissue inflammation. After
subcutaneous treatment with α-GalCer, the percentages of iNKT1 and
iNKT10 cells in adipose tissue of HFD-fed mice were significantly in-
creased (P < 0.05), especially iNKT10 cells. However, after

Fig. 1. The HFD-fed mice obtained more weight than SFD-fed mice, and administration of α-GalCer surely had no impact on glucose tolerance and insulin resistance
in HFD-fed mice. (A): status of the mice in each group. Body weight changes in (B) SFD-fed mice, HFD-fed mice, HFD-fed mice of injected intraperitoneally with α-
GalCer, (C) SFD-fed mice, HFD-fed mice and HFD-fed mice of injected subcutaneously with α-GalCer. n= 12–15 mice with three repeats. Blood glucose levels during
(D) GTT and (E) ITT in mice of each group. n= 5 mice with three repeats. aP < 0.05 vs SFD, bP < 0.05 vs HFD.
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intraperitoneal injection with α-GalCer in HFD-fed mice, the proportion
of iNKT1 cells in adipose tissue was decreased, while iNKT10 cells had
no significant change (Fig. 3B; Fig. 3E, F). It indicated that injection
with α-GalCer in different routes selectively activated iNKT cell subsets
in adipose tissue, and subcutaneous injection with α-GalCer mainly
activated adipose tissue iNKT10 cells.

3.5. Effects of α-GalCer on macrophage cells and subpopulations in adipose
tissue of obese mice

The proportion of macrophages in adipose tissue of HFD-fed mice
was increased significantly due to high-fat diet feeding for 12 weeks,
especially pro-inflammatory M1 macrophages (P < 0.05).
Administration of α-GalCer by intraperitoneal injection had no marked
effects on macrophage proportion and subpopulations in adipose tissue
of HFD-fed mice (P > 0.05). Injection with α-GalCer subcutaneously
significantly reduced the proportions of total and M1 macrophages in
adipose tissue, and significantly increased the proportion of M2 mac-
rophages (P < 0.05) (Fig. 4A–E). These findings have important im-
plications for improving chronic inflammation of adipose tissue. It is
generally believed that α-GalCer is a specific activator of iNKT cells.
Therefore, we hypothesized that subcutaneous injection with α-GalCer
activates adipose tissue iNKT10 and induced polarization of M1 mac-
rophages to M2 macrophages, thereby improving chronic inflammation
of adipose tissue.

3.6. Effects of α-GalCer on secretion of cytokines in serum and adipose
tissue

3.6.1. Serum
The levels of serum pro-inflammatory cytokine (IL-2, IL-17A, TNF-α

and IFN-γ) were significantly increased in HFD-fed mice, whereas anti-
inflammatory cytokine (IL-10 and IL-4) levels were significantly de-
creased compared with SFD-fed mice (P < 0.05). Intraperitoneal in-
jection with α-GalCer in HFD-fed mice induced a decrease in pro-in-
flammatory cytokines (IL-17A and TNF-α) but an increased anti-
inflammatory cytokine as IL-4 (P < 0.05). In addition, the level of IL-2
is further increased (P < 0.05). After subcutaneous injection with α-
GalCer in HFD-fed mice, only serum IL-2 was significantly increased
(P < 0.05), other cytokines were significantly decreased (P < 0.05).
In addition to IL-10, subcutaneous injection with α-GalCer in HFD-fed
mice had lower levels of cytokines (IL-2, IL-4, IL-6, IL-17A, TNF-α and
IFN-γ) in serum (P < 0.05) than intraperitoneal injection with α-
GalCer (Fig. 5A–G), these results further indicate that injected with α-
GalCer subcutaneously could improve the overall inflammatory en-
vironment of obese mice.

3.6.2. Adipose tissue lymphocyte culture supernatant
The pro-inflammatory cytokines of adipose tissue in HFD-fed mice

were significantly increased (P < 0.05), and anti-inflammatory cyto-
kines were significantly decreased (P < 0.05) compared with SFD-fed
mice. After intraperitoneal injection with α-GalCer in HFD-fed mice,
the levels of pro-inflammatory cytokines (IL-2, TNF-α and IFN-γ) in
adipose tissue were significantly increased (P < 0.05), while the levels
of anti-inflammatory cytokines (IL-10 and IL-4) were significantly de-
creased (P < 0.05). In contrast, the pro-inflammatory cytokines (TNF-
α, IL-17A and IL-6) of the adipose tissue in HFD-fed mice that sub-
cutaneous injection with α-GalCer were significantly decreased
(P < 0.05), while the anti-inflammatory cytokines were significantly
elevated (P < 0.05); In addition to IL-2, subcutaneous injection with α-
GalCer resulted in a significant decrease in pro-inflammatory cytokines
compared with intraperitoneal injection with α-GalCer in HFD-fed mice

Fig. 2. The adipocytes volume of the epididymal adipose tissue in HFD-fed mice was larger than that of the other groups, and infiltration of inflammatory cell was
also more serious than other groups. Adipose tissue inflammation was being improved well by subcutaneous injection with α-GalCer. (A): The appearance of adipose
tissue in mice of each group. (B): Bar graph shows the comparison of organ index of epididymal adipose tissue in mice of each group. (C): Representative pictures
from H&E‐stained adipose tissue section of mice in each group. Photomicrographs were prepared at original magnification×100 and×400. (D): Bar graph showing
the score of adipose tissue inflammation. Each group included five mice. Data representative of three independent experiments. *P < 0.05, “ns” indicates no
statistical significance.
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(P < 0.05), whereas anti-inflammatory cytokines were significantly
elevated (P < 0.05) (Fig. 5H-N). It is suggestion that subcutaneous
injection with α-GalCer could improve the inflammatory state in adi-
pose tissue of obese mice.

3.7. Effects of α-GalCer on the expression of adipose tissue related
transcription proteins in obese mice

The expression of transcription factor E4BP4 and Arg-1 in adipose
tissue of HFD-fed mice was significantly decreased (P < 0.05), and
expression of iNOS was significantly increased compared with SFD-fed
mice (P < 0.05). There were no significant differences in expression of
related transcription factor in adipose tissue after intraperitoneal in-
jection with α-GalCer in HFD-fed mice (P > 0.05). After subcutaneous
injection with α-GalCer, the expression of E4BP4 and Arg-1 was

significantly increased (P < 0.05), while the expression of iNOS pro-
tein was significantly decreased in adipose tissue of HFD-fed mice
(P < 0.05). The expression level of related transcriptional proteins was
consistent with the trend of the flow cytometry results (Fig. 6A–E).

3.8. Effect of iNKT cells on macrophage subtype polarization

We isolated and purified spleen-derived iNKT cells for co-culture
with macrophages to ensure that activated iNKT cells can influence
polarization direction in macrophages. Our previous findings demon-
strated that a large number of iNKT cells are obtained from the spleen in
SFD-fed mice on the third day after intraperitoneal injection with α-
GalCer, especially iNKT2 cells (about 58%). Mouse spleen lymphocytes
were purified by MACS sorting, and the frequency of iNKT cells reached
about 80%. Among these, iNKT2 cells accounted for about 94%

Fig. 3. Subcutaneous injection with α-GalCer in HFD-fed mice resulted in an increase in the number of iNKT10 cells in adipose tissue, whereas intraperitoneal
injection with α-GalCer resulted in a decrease in the number of iNKT1 cells. Adjust the lymphocyte density to 1× 106 per sample tube before detected by flow
cytometry. For detecting the iNKT frequency, the flow cytometer was set to absorb 1×104 lymphocytes. For detecting the frequency of the iNKT subpopulation
(iNKT1 and iNKT10), the flow cytometer was set to absorb 1× 105 lymphocytes. iNKT cells were identified as double TCRβ- and α-GalCer/mCD1d tetramer-positive
cells (TCRβ+/α-GalCer/CD1d-tetramer+) in the lymphocyte gate. Numbers on dot plots indicate percentage of iNKT cells on the lymphocyte gate and iNKT1 and
iNKT10 cells on the iNKT gate. Representative dot plot of (A) peripheral blood iNKT cells, adipose tissue iNKT cells and (B) adipose tissue iNKT1 and iNKT10 cells in
mice of each group. Bar graph shows the percentage of (C) peripheral blood iNKT cells, (D) adipose tissue iNKT cells, (E) adipose tissue iNKT1 cells and (F) adipose
tissue iNKT10 cells in mice of each group. Each group included three mice. Data representative of three independent experiments. *P < 0.05, “ns” indicates no
statistical significance.
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(Fig. 7A, B). Cytokines analysis of culture supernatant of purified iNKT
cells showed that IL-4 was significantly more secreted than the other
cytokines. (Fig. 7C).

The peritoneal macrophages (purity 96%) obtained were mainly of
the M1 subtype (about 95%) and co-cultured with spleen-derived
iNKT2 cells (Fig. 7D). Compared with the control group (only macro-
phages), M2 macrophages were significantly increased in the co-culture
group (iNKT: macrophages= 1:1) (P < 0.05), and the frequency of M1
macrophages was significantly decreased (P < 0.05) (Fig. 7E, F). Cy-
tokines analysis of the co-culture’s supernatant showed that anti-in-
flammatory cytokines (IL-4 and IL-10) were increased, while pro-in-
flammatory cytokines (TNF-α, IFN-γ, IL-6) were decreased significantly
(P < 0.05) (Fig. 7G). When iNKT cells were co-cultured with macro-
phages at a ratio of 1:5, macrophage subpopulations did not change

significantly. This indicated that activated iNKT2 cells can regulate the
polarization direction of macrophages only at certain proportions (iNKT
cells: macrophages= 1:1). Therefore, we hypothesized that iNKT10
cells, as an anti-inflammatory subgroup similar to iNKT2 cells, may
affect macrophage polarization in adipose tissue, thereby improving
chronic inflammation in obese adipose tissue, which is consistent with
in vivo date.

4. Discussion

Feeding mice with a high-fat diet is a common method for estab-
lishing an obesity model [26]. The above data showed that body weight
and organ index in mice fed high fat diet for 12 weeks were increased
significantly, and the body weight reached the obesity standard (more

Fig. 4. Subcutaneous injection with α-GalCer resulted in decreasing of macrophages and M1 macrophages in adipose tissue of HFD-fed mice, while the frequency of
M2 macrophages was increased. Macrophages were identified as double F4/80- and CD11b-positive cells (F4/80+CD11b+) in the lymphocyte gate. Meanwhile, M1
macrophages and M2 macrophages were identified as CD11c+CD206− and CD11c−CD206+ in the macrophages gate, respectively. Adjust the lymphocyte density to
1×106 per sample tube before detected by flow cytometry. For detecting the macrophages frequency, the flow cytometer was set to absorb 1×104 lymphocytes.
For detecting the frequency of the M1 macrophages and M2 macrophages, the flow cytometer was set to absorb 1×105 lymphocytes. Numbers on dot plots indicate
the percentage of macrophages on the lymphocyte gate and M1 and M2 macrophages on the macrophages gate. Representative dot plot of (A) macrophages and (B)
M1 and M2 macrophages in adipose tissue of mice. Bar graph shows the percentage of (C) macrophages, (D) M1 macrophages and (E) M2 macrophages in mice of
each group. Each group included three mice. Data representative of three independent experiments. MΦ: macrophages. *P < 0.05, “ns” indicates no statistical
significance.
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than 20% of the normal mouse body weight) [25]. A large number of
inflammatory cytokines are present in serum and adipose tissue lym-
phocyte-stimulated supernatants, and alongside significant in-
flammatory cell infiltration in epididymal adipose tissue, which in-
dicates that low-grade inflammatory status is present in high-fat-fed
mice, consistent with previous reports [27,28]. HFD-fed mice did not
show significantly impaired glucose tolerance and insulin resistance,
which may be related to dietary composition, dietary fat content,
dietary feeding duration, and experimental sites. Subsequently, we
analyzed the percentage of peripheral blood iNKT cells, and the pro-
portions of iNKT cells, macrophages and subpopulations in adipose
tissue, as well as the expression levels of key transcriptional proteins in
each group of mice.

Infiltration of macrophages was observed in adipose tissue of both
obese patients and obese mice models [4,29–31]. Adipose tissue mac-
rophages (ATM) are considered to be the main source of inflammatory
mediators and are the most important cells that mediate inflammatory
responses in obese conditions [32,33]. Recent studies have revealed
increased percentage of adipose tissue macrophages in obese condi-
tions, with accelerated transformation of anti-inflammatory M2 mac-
rophages to pro-inflammatory M1 macrophages. Functionally, the

expression levels of IL-10 and arginase-1 genes in M2 macrophages are
decreased, while TNF-α and inducible nitric oxide synthase (iNOS)
genes in M1 macrophages are up-regulated. This suggests that an in-
crease in the number of macrophages is closely related to chronic in-
flammation of adipose tissue [32]. Our study showed that the propor-
tions of adipose tissue macrophages and M1 macrophages were
increased, whereas the rate of M2 macrophages was decreased sig-
nificantly in HFD-fed mice. We could determine Arg-1 down-regulation
and iNOS up-regulation at the protein level in adipose tissue of HFD-fed
mice by Western blot, which is consistent with an increase in pro-in-
flammatory cytokines and a decrease in anti-inflammatory cytokines in
adipose tissue. It can be observed that infiltration of macrophages in
adipose tissue, especially the massive infiltration of the inflammatory
M1 subpopulation, is a key factor in the development of obesity.

NKT cells are specific lymphocytes originally defined as the cells
expressing both the characteristic T-cell marker and natural killer cell
markers [34]. NKT cells exclusively recognize lipid antigens presented
by the MHC-Ⅰ molecule CD1d, mainly glycolipids and glycerol lipids
[15,35]. iNKT rapidly responding with the secretion of large amounts of
Th1 and Th2 type cytokines upon antigen recognition, including IL-2,
IL-4, IL-6, IL-10, IL-17, IFN-γ, TNF-α [35–37], which regulate the

Fig. 5. Effects of injection with α-GalCer by different routes on secretion of cytokines in serum and adipose tissue. Bar graph shows the levels of serum (A) IL-2, (B)
IL-6, (C) IL-17A, (D) TNF-α, (E) IFN-γ, (F) IL-4, (G) IL-10 and adipose tissue lymphocyte culture supernatant (H) IL-2, (I) IL-6, (J) IL-17A, (K) TNF-α, (L) IFN-γ, (M) IL-
4, (N) IL-10 in mice of each group. Each group included three mice. Data representative of three independent experiments. *P < 0.05, “ns” indicates no statistical
significance.
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functions of dendritic cells, macrophages, B cells, T cells, and NK cells,
and play a critical role in tumors, infections, and autoimmune diseases
[38,39]. According to the difference in expression of transcription
factor and secretion of cytokine, iNKT cells can be divided into iNKT1,
iNKT2, iNKT17, and iNKT10 subpopulations [40]. iNKT cells sub-
populations have tissue-specific distribution: iNKT1 express T-bet and
low promyelocytic leukemia zinc finger (PLZF), secreted IFN-γ and IL-4,
mainly distributed in liver and spleen. iNKT2 express GATA binding
protein-3 (GATA-3) and high PLZF, secreted IL-4, mainly distributed in
the lung. iNKT10 express transcription factor E4BP4, secretes IL-10, and
mainly distributed in adipose tissue. iNKT17 express RORγt and inter
PLZF, secreted IL-17 It is mainly distributed in lymph nodes
[35,36,41,42]. It is reported that adipose tissue of mice is abundant of
iNKT cells and iNKT cells account for 10–25% of adipose T cells, or
2–8% of adipose lymphocytes [8,9,43]. As a unique type of tissue-re-
sided natural immune lymphocytes, iNKT cells may play an important
role in maintaining the immune homeostasis of adipose tissue. Studies
have reported that iNKT cells in adipose tissue presenting a Th2-biased
cytokine profile, which is different from iNKT cells in the spleen and
liver [8,9]. Similarly, cytokines of iNKT cells in the obese mice are
gradually biased toward Th2-type cytokines [44]. Studies have also
reported that NKT-deficient mice fed high fat diet gain more weight
compared with HFD-fed (or low-fat diet) wild-type mice [11,45]. These
conflicting results indicate that the role of iNKT cells in chronic in-
flammation of obese adipose tissue remains unclear. In this study, the
frequencies of adipose tissue iNKT and iNKT10 cells were decreased,
while iNKT1 cell proportion was significantly increased, indicating that
decreased iNKT cell frequency in adipose tissue and imbalanced of
subpopulation ratio may be involved in the development of obesity.

As a classical iNKT cell-specific activator [15], α-GalCer can effec-
tively activate iNKT1, iNKT2, iNKT10 and iNKT17, and has been widely
used in intervention studies of tumor, infection and autoimmune dis-
eases [16,17]. Our previous experiments found that the different in-
jection routes of α-GalCer had great differences in the activation of
distinct subsets of iNKT cells in different immune organs of normal
mice. To assess whether iNKT cells affect chronic inflammatory pro-
cesses in obese adipose tissue, we injected mice with α-GalCer by both
subcutaneous and intraperitoneal routes for immunological interven-
tion. The results showed that injection with α-GalCer by both routes
resulted in increased frequency of iNKT cells in epididymal adipose
tissue, but had different effects on iNKT subpopulations. Subcutaneous
injection with α-GalCer resulted in increased iNKT10 and iNKT

amounts in adipose tissue. Up-regulation of the E4BP4 in adipose tissue
was determined by Western blot, but there was no significant change in
HFD-fed mice which intraperitoneal injection with α-GalCer. This in-
dicates that different routes of α-GalCer injection may affect the acti-
vation levels of various subpopulations of iNKT cells in tissues and
organs. The effects of these two injection routes on epididymal adipose
tissue inflammation also showed very different results. After in-
traperitoneal injection with α-GalCer in HFD-fed mice, inflammatory
cell infiltration in adipose tissue was increased significantly, which
resulted in elevated pro-inflammatory cytokines in adipose tissue and
decreased anti-inflammatory cytokines. However, infiltration of in-
flammatory cells around adipocytes was significantly reduced, while
anti-inflammatory cytokines were increased and pro-inflammatory cy-
tokines reduced in adipose tissue in HFD-fed mice after subcutaneous
injection of α-GalCer. We speculate that this may be related to sub-
cutaneous injection with α-GalCer activating iNKT10 cells in adipose
tissue. Previous studies have shown that macrophages have an indis-
pensable role in adipose tissue. To further confirm that α-GalCer-in-
duced iNKT cells have a regulatory effect on adipose tissue macro-
phages, we examined the frequency of macrophages and
subpopulations in epididymal adipose tissue. Intraperitoneal injection
with α-GalCer had no significant effect on frequency of macrophages
and subpopulations in adipose tissue, and subcutaneous injection with
α-GalCer significantly reduced the proportion of macrophages and M1
macrophages in adipose tissue, and increased the proportion of M2
macrophages. We found that expression of iNOS in macrophages was
decreased dramatically, while expression of Arg-1 was significantly
increased. We can speculate that subcutaneous injection with α-GalCer
increased the proportion of adipose tissue iNKT10 cells, which pro-
motes polarization of M2 macrophage and improves the local in-
flammatory state of adipose tissue. In addition, we found the serum
anti-inflammatory cytokines increased and pro-inflammatory cytokines
decreased after intraperitoneal injection with α-GalCer in HFD-fed
mice. This also suggests that different injection routes of α-GalCer may
be a good treatment strategy for different diseases.

It has been reported that IL-4 can promote polarization of M2
macrophages. IL-10 promotes expression of IL-4Rα in IL-4-induced M2
macrophages by STAT3 pathway. Meanwhile, IL-10 enhances the ex-
pression of Arg-1 (characteristic molecule of M2 macrophages) and
promotes polarization of M2 macrophages [46,47]. To further confirm
the hypothesis that iNKT10 subpopulation activation promotes the
polarization of M2 macrophages, we selected spleen-derived iNKT cells

Fig. 6. Subcutaneous injection with α-GalCer in HFD-fed mice resulted in increasing of E4BP4 and Arg-1 expression and decreasing of iNOS expression in adipose
tissue. (A): Expression of T-bet, E4BP4, iNOS, Arg-1 were determined in adipose tissue of mice per group by Western blot. Bar graph shows the expression of adipose
tissue (B) T-bet, (C) E4BP4, (D) iNOS and (E) Arg-1 in mice of each group. Each group included three mice. Data representative of three independent experiments.
*P < 0.05, “ns” indicates no statistical significance.
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(the frequency of iNKT2 cells reached 94%, similar to iNKT10 in in-
hibition of inflammation) co-cultured with peritoneal macrophages (M1
macrophages account for the majority) for 48 h. In the co-culture group
(iNKT cells: macrophage=1:1), the frequency of M2 macrophages
increased significantly and M1 macrophages decreased dramatically.
The detection of cytokines secreted in the co-culture supernatant re-
vealed that anti-inflammatory cytokines (IL-10 and IL-4) was sig-
nificantly increased. However, IL-4 was not detected in the culture

supernatant of the control group, probably because the levels of IL-4
were too low to reach the minimum detection limit of the instrument.
And the levels of pro-inflammatory cytokines (TNF-α, IFN-γ, and IL-6)
were significantly reduced. It is worth noting that when iNKT2 cells
were co-cultured with macrophages at a ratio of 1:5. No polarization of
M2 macrophages was occurred. This suggests that polarization of
macrophages can occur when the sufficient activated iNKT2 subsets are
available at a certain proportion (iNKT cells: macrophages= 1:1).

Fig. 7. iNKT cells and macrophages were co-cultured at a ratio of 1:1. iNKT2 induces polarization of M1 macrophages to M2 macrophages and increased secretion of
anti-inflammatory cytokines. Representative dot plot of (A) iNKT cells and (B) iNKT subpopulations derived from spleen of SFD-fed mice. Control group: iNKT cells
from spleen of SFD-fed mice; α-GalCer group: iNKT cells from spleen of SFD-fed mice, which intraperitoneal injection with α-GalCer for three days; After purification:
the spleen iNKT cells was isolated and purified from the SFD-fed mice, which intraperitoneal injection with α-GalCer for three days. Bar graph shows the (C):
Cytokines in the culture supernatant of purified iNKT cells were detected by CBA kit. Representative dot plot of (D) peritoneal macrophages (left) and subpopulations
(right), and (E) macrophage subpopulation in co-culture experiments. Numbers on dot plots indicate the percentage of macrophages on the lymphocyte gate and M1
and M2 macrophages on the macrophages gate. Control group: only macrophage; Co-culture group: iNKT2 cells and macrophages was co-cultured at a ratio of 1:1
and 1:5, respectively. (F) Bar graph shows the percentage of M1 and M2 macrophages in each co-culture group. (G) CBA kit detects cytokines in co-culture
supernatants of iNKT cells and macrophages (1:1). *P < 0.05, “ns” indicates no statistical significance.
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It has been reported that intraperitoneal injection with α-GalCer in
mice activates adipose tissue iNKT cells and reduces the body weight of
obese mice [8,43–45,48]. Our results showed that the body weight of
the mice was greatly decreased after intraperitoneal injection with α-
GalCer in HFD-fed mice, but the body weight was higher than that of
HFD-fed mice after subcutaneous injection with α-GalCer. Although
subcutaneous injection with α-GalCer improved the inflammatory state
of adipose tissue, but did not reduce the body weight of the mice.

In summary, the occurrence of chronic inflammation of obese adi-
pose tissue is closely related to decreased iNKT cell frequency and an
imbalance of iNKT subsets. Subcutaneous injection with α-GalCer ef-
fectively increased the frequencies of iNKT cells and the iNKT10 sub-
population in adipose tissue, promoted macrophage polarization to-
wards the M2 subtype, and corrected the imbalance between pro-
inflammatory and anti-inflammatory cytokines.
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