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Abstract

Objective: To investigate the proportion of circulating invariant natural killer T (iNKT) cells in
four body health types.

Methods: In this cross-sectional study, participants were classified into four body health types
according to the body mass index and metabolic status: metabolically healthy and normal weight
(MHNW), metabolically unhealthy but normal weight (MUNW), metabolically healthy but obese
(MHO), or metabolically unhealthy and obese (MUO). Demographic and clinical characteristics
were measured, and the homeostasis model assessment of insulin resistance (HOMA-IR) and
visceral adiposity index (VAl) were calculated. The proportion of circulating iNKT cells was also
evaluated by flow cytometry.

Results: The study enrolled 41 MHNW, 37 MUNW, 30 MHO, and 43 MUO participants.
Compared with the MHNW group, the MUNW, MHO, and MUO groups had significantly lower
iNKT cell proportions. The iNKT cell proportion was significantly higher in the MHO group
than the MUNW and MUO groups. The iNKT cell proportion was inversely correlated with
high-sensitivity C-reactive protein, HOMA-IR, and VAl values.

Conclusion: The proportion of iINKT cells was lower in people (lean or obese) with excessive
visceral fat accumulation, suggesting that iINKT cell deficiency may be involved in the pathophysi-
ology of obesity-related metabolic disorders.
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Introduction

Obesity is characterized by chronic inflam-
mation, immune dysregulation, and insulin
resistance, and is associated with high mor-
tality.! However, obesity is not a homoge-
neous condition. Some patients who have a
normal weight may also present with meta-
bolic disabilities and insulin resistance.’
These individuals are classified as meta-
bolically unhealthy but normal weight
(MUNW).? and the prevalence of MUNW
has been recently reported to be 19.98%
among the general population.® In contrast,
a subgroup of obese individuals is protected
against the development of insulin resist-
ance, chronic inflammation, or metabolic
abnormalities associated with obesity; and
these individuals are classified as metabolic-
ally healthy but obese (MHO).* From 9% to
41% of obese individuals are -classified
as MHO depending on the definition of
metabolically healthy.>® Nevertheless, the
aetiologies underlying the heterogeneous
metabolic phenotypes in individuals with
normal weight or obesity are poorly under-
stood.” The immunometabolic interaction in
obese individuals is currently considered as a
key factor in chronic low degree inflamma-
tion.> However, the link between different
obese phenotypes and immune status
remains unclear.

Invariant natural killer T (iNKT) cells are
a specialized subset of innate T lympho-
cytes.” Unlike conventional opT cells that
recognize the major histocompatibility com-
plex-peptide complex, iNKT cells selectively
recognize lipid ligands on CDI1d through
their semi-invariant T-cell receptor.” The
most important feature of iNKT cells is that

they can produce various types of cytokines,
both rapidly and at high level, which sug-
gests that they can potently transactivate
other immune cells.'® Thus, the iNKT cells
act as an important bridge between innate
and adaptive immunity. Although iNKT
cells only comprise a small proportion of
T cells, their roles have been described in
various diseases, including tumours, auto-
immune diseases, and metabolic dis-
eases.'' 3 Studies have identified a role for
iNKT cells in the regulation of weight and
metabolism in adult obesity.'*'> Moreover,
the depletion of iNKT cells in mice receiving
a high-fat diet is associated with the prolif-
eration of M1 macrophages, enhanced
weight gain, larger adipocytes, fatty liver,
and insulin resistance."*

To the best of our knowledge, only
limited research has evaluated the relation-
ship between circulating iNKT cells and
different metabolic phenotypes in individ-
uals with normal weight or obesity.'® The
present study aimed to assess the frequency
of circulating iNKT cells and related con-
founding factors in participants who were
metabolically healthy normal weight
(MHNW), MUNW, MHO, or metabolic-
ally unhealthy and obese (MUO).

Patients and methods
Study participants

This cross-sectional study evaluated individ-
uals who visited the First Affiliated Hospital,
School of Medicine, Shihezi University,
Xinjiang, China for routine medical examin-
ations between June 2014 and May 2015. All
participants provided written informed con-
sent, and the study design was approved by
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the institutional review board of the
First Affiliated Hospital (No.2014-121-01).
Exclusion criteria included the following:
(1) individuals with cancer; (ii) a history of
cancer in the last 5 years; (iii) pregnancy or
lactation; (iv) immunodeficiency; (v) chronic
organ disease; (vi) infectious disease;
(vii) individuals who were receiving immuno-
suppressive or hormone-containing drugs.

Anthropometric and
biochemical measurements

All participants underwent anthropometric
and body composition measurements, which
were performed before breakfast. The height
and weight were obtained while the partici-
pants wore light clothing without shoes.
Body mass index (BMI) was calculated as
kg/m?. Waist circumference (WC) was mea-
sured at the midpoint between the costal
margin and the iliac crest at the end of a
normal expiration. Blood samples (5ml)
were withdrawn from the cubital vein after
an overnight fast, collected into BD
Vacutainer sample tubes (Becton, Dickinson
& Co., Franklin Lakes, NJ, USA) contain-
ing heparin (95 USP Units) for biochemical
measurements. Sample tubes were centri-
fuged at 1200g for 10min at 4°C. The
plasma was subsequently analysed at the
Central Laboratory of the First Affiliated
Hospital, School of Medicine, Shihezi
University, Xinjiang, China.

The levels of fasting plasma total choles-
terol (TC), triglycerides (TG), high-density
lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C),
high-sensitivity C-reactive protein (hs-CRP),
and fasting plasma glucose (FPG) were
analysed using an Hitachi 7180 clinical
autoanalyser (Hitachi, Tokyo, Japan).
Fasting insulin (FINS) levels were
measured using an electrochemilumines-
cence immunoassay kit and a modular ana-
Iytics E170 analyser (Roche, Basel,
Switzerland). The homeostatic model

assessment of insulin resistance (HOMA-
IR) was used to evaluate insulin resistance,
and was calculated as follows: HOMA-
IR =(FINS [pU/ml] x FPG [mmol/1])/22.5.
The visceral adiposity index (VAI) was
calculated by using the published formula,'’
as follows:

Males: VAI =
ales <39 68 + (1 88 x BMI))

o E 1.31
1.03 HDL - C

Females: VAI =

(36 58 + (1 89 x BMI))

TG\ (152
*\0.81 HDL —C

Defining the study groups

The participants were classified as overweight
or obese (BMI > 25kg/m?) or normal weight
(18.5kg/m* < BMI < 25 kg/m?) based on the
BMI values, as per the World Health
Organization Western Pacific Region defin-
itions."® Thereafter, each body weight
group was further subdivided as metabolic-
ally healthy or metabolically unhealthy
according to the criteria for the Adult
Treatment Panel III (ATP-III) compo-
nents.'® However, the WC criterion was
not used in that classification due to its
collinearity with BMI. The individuals who
fulfilled <2 of the following criteria were
considered metabolically healthy:® (i) TG
levels > 1.7mmol/l or the use of lipid-
lowering drugs; (ii) glucose levels > 5.6 mmol/1
or the use of diabetes medication; (iii) sys-
tolic blood pressure > 130 mmHg, diastolic
blood pressure >85mmHg, or the use of
antihypertensive drugs; (iv) HDL-C levels
< 1.29 mmol/l for women or < 1.03 mmol/l
for men. By using these criteria, individuals
were classified as MHNW, MUNW, MHO,
or MUO.
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Preparation of PBMC and flow
cytometric analysis

Following an overnight fast, venous blood
(10ml) was collected into BD Vacutainer
tubes (Becton, Dickinson & Co.) containing
1.8 mg/ml ethylenediaminetetra-acetic acid
and stored at 4°C. Within 2h of collec-
tion, peripheral blood mononuclear cells
(PBMC) were isolated using Ficoll-Hypaque
(Lymphoprep; Haoyang Biological
Technology Co Ltd, Tianjin, China) density
gradient centrifugation at 400 g for 25 min.
Cells were washed twice in 0.01 M phosphate-
buffered saline (pH 7.2), and the resulting
cell pellet was suspended in 100 pl of com-
plete RPMI 1640 medium. The PBMC
suspension was incubated with a combin-
ation of monoclonal antibodies against
CD3PerCP (final concentration 1 pg/100 pl)
and Vo24-Jo18 FITC (final concentration
1 ng/100 ul) (eBioscience, San Diego, CA,
USA) for 20 min at room temperature in the
dark. The resultant cell suspension was then
subjected to flow cytometry (CyFlow® flow
cytometer; Partec, Nuremberg, Germany)
using FloMax® software (Partec). The
lymphocytes were identified by using the
forward scatter and side scatter methods.
The cells were electronically gated based on
their density and granularity, and were
assessed for the markers of interest. The
results are expressed as the percentage of
total lymphocytes.

Statistical analyses

All statistical analyses were performed using
the SPSS® statistical package, version 17.0
(SPSS Inc., Chicago, IL, USA) for
Windows®. The data are presented as
mean + SD or median (interquartile range),
as appropriate. Groups were compared
using one-way analysis of variance or
Mann—Whitney U-test, as appropriate.
Categorical variables are presented as
number (%), and the x>-test was used to
evaluate the distributions of the categorical

variables. Spearman’s correlation coefficient
was used to examine the relationship
between iNKT cell level and biochemical
parameters. Linear regression was also per-
formed to adjust for the confounding factors
for iNKT cell level. A P-value of <0.05 was
considered statistically significant.

Results

A total of 151 study participants (80 men
and 71 women) with a mean age of 54.5
years (range, 35-71 years) were enrolled in
the study. Of these, 78 were non-obese and
73 were obese. Of the non-obese subjects, 41
were classified as MHNW (20 men and 21
women; mean+SD age, 53.04+9.2 years)
and 37 were classified as MUNW (22 men
and 15 women; mean 4+ SD age, 57.0£10.9
years). Of the obese subjects, 30 were clas-
sifitd as MHO (17 men and 13 women;
mean £ SD age, 53.94+12.1 years) and 43
were classified as MUO (21 men and 22
women; mean +SD age, 54.24+8.7 years).
Age and sex distribution did not signifi-
cantly differ among the four groups.

The patient characteristics and biochem-
ical parameters in the four groups are pre-
sented in Table 1. The MHNW and MUNW
groups had similar BMIs and WCs,
although the MUNW group had signifi-
cantly higher systolic blood pressure, TG,
LDL-C, hs-CRP, FPG, FINS, HOMA-IR,
and VAI levels, and a significantly lower
HDL-C level, compared with the MHNW
group (P <0.05 for all comparisons).
Compared with the MUNW group, the
MHO group had a significantly larger BMI
and WC and higher HDL-C, but signifi-
cantly lower hs-CRP, HOMA-IR, and VAI
values (P <0.05 for all comparisons). The
MHO and MUO groups had similar BMIs,
whereas the MUO group had a significantly
larger WC, and significantly higher systolic
blood pressure, diastolic blood pressure,
TG, hs-CRP, FPG, FINS, HOMA-IR, and
VALI values, and significantly lower HDL-C
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levels, compared with the MHO group
(P <0.05 for all comparisons). Almost all
the parameters were similar among the two
metabolically healthy groups (MHNW and
MHO groups), except for BMI and WC
(P <0.05 for both comparisons). Moreover,
among the two metabolically unhealthy
groups (MUNW and MUO), the MUO
group had significantly higher BMI, TG,
and VAI values as well as a significantly
larger WC compared with the MUNW
group (P <0.05 for all comparisons). The
other parameters were not significantly dif-
ferent between the two metabolically
unhealthy groups.

The absolute white blood cell count and
the proportion of neutrophils and lympho-
cytes did not significantly differ among the
four groups (Table 1). The proportions of
INKT cells among the four groups are
presented in Figure 1. The MHNW group
had the highest proportion of iNKT cells
(mean £SD, 0.65+£0.21) among the four
groups (P <0.05 for all comparisons). The
proportion of iNKT cells in the MHO group
(mean £SD, 0.52+0.24) was significantly
higher than that in the MUNW group
(mean £ SD, 0.40£0.24) and MUO group
(mean £ SD, 0.31£0.22) (P <0.05 for both
comparisons), although the value did not
significantly differ between the MUNW and
MUO groups.

The results of univariate analysis between
the proportion of iNKT cells and metabolic
parameters of total, non-obese, and obese
participants are described in Table 2. The
proportion of iNKT cells of the total study
population was inversely correlated with
the BMI, WC, TC, TG, FPG, hs-CRP,
HOMA-IR, and VAI values (P <0.05 for
all analyses). In the analysis limited to non-
obese participants, the proportion of iNKT
cells was found to be inversely correlated
with the TG, LDL-C, hs-CRP, HOMA-IR,
and VAI values (P <0.05 for all analyses).
However, in obese participants, the propor-
tion of iNKT cells was inversely correlated

with the FPG, hs-CRP, HOMA-IR, and
VAI values (P<0.05 for all analyses).
Furthermore, the proportion of iNKT cells
was positively correlated with HDL-C
levels in non-obese, obese, or total subjects
(P <0.05 for all analyses).

In the multivariate linear regression
model, the metabolic parameters that were
found to be associated with the proportion
of INKT cells on univariate analysis were
assessed (Table 3). The proportion of INKT
cells was selected as the dependent variable,
whereas the TC, LDL-C, hs-CRP, HOMA-IR,
and VAI values were selected as independent
variables. To reduce the potential collinear-
ity between the related variables (e.g. BMI,
WC, TG, HDL-C and VAI or FPG and
HOMA-IR), BMI, WC, TG, HDL-C, and
FPG were not selected in constructing
the model. In this model, R®> was 0.369
(P<0.001). Moreover, the proportion
of iNKT cells remained correlated with
hs-CRP, HOMA-IR, and VAI values
(P <0.05 for all analyses).

Discussion

Recent advances in our understanding of the
pathophysiology of obesity have indicated
that iNKT cells are key players in the
immune regulation of metabolism.'' In the
present study, the proportion of iNKT cells
was decreased in the MUNW, MHO and
MUO groups compared with MHNW indi-
viduals. The decreased proportion of iNKT
cells was correlated with increased BMI and
WC, as well as TC, TG, FPG, hs-CRP,
HOMA-IR, and VAI values in the overall
study population in the present study. The
associations between the proportion of
iINKT cells and metabolic parameters were
slightly different between non-obese and
obese individuals. On multivariate linear
regression analysis, the proportion of
iINKT cells was found to be inversely
correlated with the hs-CRP, HOMA-IR,
and VAI values. These data highlight the
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Figure |. (a) Representative flow cytometry analysis plots showing invariant natural killer T (iNKT) cell
frequencies (percentage of the total lymphocyte population) in each group. Quadrant 2 (Q2) shows iNKT cell
plots (i.e. cells that were double-positive for Vu24-Jo.18 and CD3). (b) Comparisons of iNKT cell frequencies
among the four groups. The solid line shows the mean value. *P < 0.05; one-way analysis of variance. MHNW,
metabolically healthy and normal weight; MUNW, metabolically unhealthy but normal weight; MHO,
metabolically healthy but obese; MUO, metabolically unhealthy and obese. The colour version of this figure is

available at: http://imr.sagepub.com.

potential role of iNKT cells in obese and
obesity-related metabolic disorders.

With regard to BMI and metabolic
phenotypes, the overall population can be
divided into four subtypes: MHNW,

MUNW, MHO, and MUO.>*?' However,
there is currently no standardized method
for identifying these subtypes in research
protocols or clinical practice. In the present
study, the widely accepted ATP-III criteria
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Table 2. Univariate associations between the proportion of invariant natural killer T cells and metabolic
parameters of total, non-obese, or obese patients who participated in the study.

Total study population

Non-obese patients Obese patients

n=15I n=78 n=73

Metabolic parameters r P-value r P-value r P-value
Age, years 0.022 NS —0.051 NS 0.117 NS
Systolic blood pressure, mmHg ~ —0.151 NS —0.180 NS —0.025 NS
Diastolic blood pressure, mmHg —0.056 NS —0.021 NS —0.013 NS
Body mass index, kg/m* —0.223 P=0.006 —0.022 NS 0.087 NS
Waist circumference, cm —0.321 P <0.001 —0.192 NS —0.061 NS

Total cholesterol, mmol/l —-0.179 P=0.029 —0.182 NS —0.083 NS
Triglycerides, mmol/l —0.450 P <0.001 —0276 P=0.015 —0.083 NS
LDL-C, mmol/l —0.142 NS —0.281 P=0.013 —0.079 NS
HDL-C, mmol/l 0.453 P <0.001 0460 P <0.00l 0.396 P=0.001
Fasting plasma glucose, mmol/l —0.313 P <0.001 —0.052 NS —0.302 P=0.0I1
Hs C-reactive protein, mg/| —0.469 P <0.001 —0.483 P <0.001 —0417 P<0.001
HOMA-IR —0.523 P <0.001 —0.365 P=0.001 —0.545 P<0.001
Visceral adiposity index —0.503 P <0.001 —0.368 P=0.001 —0.599 P<0.001

LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; Hs, high sensitivity; HOMA-IR,
homeostatic model assessment of insulin resistance; NS, not statistically significant (P> 0.05).

Table 3. Multivariate linear regression model of
metabolic parameters related to the proportion of
invariant natural killer T cells.

Metabolic Standard

parameters B error P-value

Total cholesterol, —0.025 0.027 NS
mmol/l

LDL-C, mmol/l 0.018 0.033 NS

Hs C-reactive —0.050 0.016 P=0.002
protein, mg/l

HOMA-IR —0.057 0.014 P <0.001

Visceral adiposity —0.036 0.012 P=0.003
index

Overall model: R2= 0.369, P <0.001.

B, regression coefficient; LDL-C, low-density lipoprotein
cholesterol; Hs, high sensitivity; HOMA-IR, homeostatic
model assessment of insulin resistance; NS, not statistically
significant (P > 0.05).

and BMI were used to categorize the par-
ticipants.'®!"” The MUNW group exhibited
higher blood pressure, and significantly
higher levels of FPG, the inflammatory

marker hs-CRP, and significantly higher
insulin resistance (HOMA-IR), as well as
a worse lipid profile, compared with the
MHNW group. Despite similar BMI values,
the MUNW group had more visceral fat (i.e.
a higher VAI) compared with the MHNW
group. VAI, an index estimated using both
anthropometric (BMI and WC) and meta-
bolic (TG and HDL-C) parameters, is a
reliable marker of central lipid accumula-
tion.'”?? In contrast, individuals classified as
MHO exhibited excessive body fat; lower
WC, lower blood pressure, TG, hs-CRP,
FPG, FINS, HOMA-IR and VAI values;
and higher HDL-C levels, compared with
those classified as MUO.

Inflammation has been confirmed to play
an important role in obesity and meta-
bolic disorders.” Many immunometabolic
studies have demonstrated that several
immune cells, including macrophages,
lymphocytes, and neutrophils, play certain
roles in either the development of or protec-
tion from chronic inflammation that drives
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obesity-induced metabolic disorders.?*>°

Recently, iNKT cells were also found to be
one of the key players involved in obesity-
related disorders. For example, iNKT cells
induce an anti-inflammatory phenotype in
macrophages through the production of
certain cytokines.?”*® Previous studies have
reported that iNKT cells are depleted in the
early stages of human and mouse obes-
ity.lé’zg’30 However, studies involving
humans have not evaluated the individuals’
metabolic status. The present study reported
on the proportion of iNKT cells in different
obese and metabolic phenotypes. The cur-
rent results demonstrated reduced propor-
tions of iNKT cells not only in obese
individuals, but also in non-obese individ-
uals with metabolic abnormalities. To the
best of our knowledge, this is the first report
about the proportion of iNKT cells in non-
obese individuals classified as MUNW, who
are prone to visceral fat accumulation and
insulin resistance despite being generally less
obese. In contrast, individuals classified as
MHO presented with obesity, good meta-
bolic health, and lower VAI. The proportion
of iNKT cells in the MHO group was higher
than that in the MUO and MUNW groups,
but lower than that in the MHNW group.
This suggests that the circulating iNKT cells
were decreased in people (non-obese or
obese) with excessive fat accumulation, par-
ticularly among those with visceral fat
accumulation.

A series of studies indicated that iNKT
cells in adipose tissue play a protective role
against obesity-induced inflammation, glu-
cose intolerance, and weight gain through
regulatory  cytokine  production.?®¥!-?
Hence, the reduction of iNKT cells usually
results in a state of chronic inflammation
that contributes to metabolic disease. The
adoptive transfer of iNKT cells into obese
mice led to decreases in body fat, TG levels,
leptin levels, and improved insulin sensitiv-
ity.'* Nevertheless, some contrasting results
have also been observed. In particular, a

study in obese mice found that iNKT cells
progressively increased the production of
proinflammatory  cytokines.*> However,
other studies reported that, under obese
conditions, the inflammatory cytokine
expression in iINKT cell-deficient mice did
not differ from that in wild-type mice.***
These animal experiments indicate that the
functions of iNKT cells in the development
of obesity-associated disorders are compli-
cated and controversial. The possible con-
tributing factors include differences in the
genetic backgrounds of the animals, diet
compositions, and feeding durations. To the
best of our knowledge, the evidence from
human studies has been relatively limited
thus far. These current data showed that
decreased levels of circulating iNKT cells
appear to play important roles in systemic
chronic inflammation and insulin resistance.
Moreover, the reduction of iNKT cells was
found to be associated with visceral fat
accumulation. We believe that iNKT cells
may be used as a potential therapeutic target
for obesity in the near future. Nevertheless,
further studies are needed to determine
methods for restoring iNKT cell numbers
in both obese and non-obese individuals
with excessive visceral fat.

This study had several limitations that
should be considered when interpreting the
results. First, it did not assess the proportion
of iNKT cells in the subcutaneous or omen-
tal adipose tissue, as this would involve an
invasive sampling process. Nevertheless,
circulating iNKT cells can be considered to
partially reflect the systemic conditions.
Secondly, this study had a small sample
size, which made it difficult to detect the
difference in the correlation of the param-
eters when evaluating individuals of only
one sex. Thirdly, the cross-sectional design
cannot confirm the causality of the relation-
ship between decreased iNKT cell numbers
and metabolic disorders. Hence, clinical
trials of the effect of iINKT agonists on
obesity and related metabolic disease
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therapy are warranted. Finally, the study
did not employ the use of TCR-specific
CDI1d tetramers and some additional gat-
ings (CD45™, exclusion of dead cells) for the
flow cytometric analysis of iNKT cells.

In conclusion, these current data suggest
that decreased levels of circulating iNKT
cells play an important role in systemic
chronic inflammation, insulin resistance
and visceral fat accumulation. As a conse-
quence, iNKT cells might become thera-
peutic targets for obesity in the future.

Acknowledgements

The authors thank the staff of the First Affiliated
Hospital, School of Medicine, Shihezi University,
who were involved in this study.

Declaration of conflicting interest

The authors declare that there are no conflicts of
interest.

Funding

This research was supported by the National
Natural Science Foundation of China (Grant no.
81660149) and Youth Applied Basic Research of
Shihezi University (Grant no. 2015ZRKXYQ -
LHI17).

References

1. Tanti JF, Ceppo F, Jager J, et al. Implication
of inflammatory signaling pathways in obe-
sity-induced insulin resistance. Front
Endocrinol ( Lausanne) 2013; 3: 181.

2. Ruderman NB, Schneider SH and Berchtold P.
The “metabolically-obese,” normal weight
individual. A4m J Clin Nutr 1981; 34:
1617-1621.

3. Wang B, Zhuang R, Luo X, et al. Prevalence
of metabolically healthy obese and metabol-
ically obese but normal weight in adults
worldwide: a meta-analysis. Horm Metab Res
2015; 47: 839-845.

10.

11.

12.

13.

14.

15.

Primeau V, Coderre L, Karelis AD, et al.
Characterizing the profile of obese patients
who are metabolically healthy. . Int J Obes
(Lond) 2011; 35: 971-981.

Wildman RP, Muntner P, Reynolds K, et al.
The obese without cardiometabolic risk
factor clustering and the normal weight with
cardiometabolic risk factor clustering:
prevalence and correlates of 2 phenotypes
among the US population (NHANES 1999-
2004). Arch Intern Med 2008; 168:
1617-1624.

Hinnouho GM, Czernichow S, Dugravot A,
et al. Metabolically healthy obesity and risk
of mortality: does the definition of metabolic
health matter? Diabetes Care 2013; 36:
2294-2300.

Mathew H, Farr OM and Mantzoros CS.
Metabolic health and weight: Understanding
metabolically unhealthy normal weight or
metabolically healthy obese patients.
Metabolism 2016; 65: 73-80.

Gregor MF and Hotamisligil GS.
Inflammatory mechanisms in obesity.

Annu Rev Immunol 2011; 29: 415-445.
Bendelac A, Savage PB and Teyton L. The
biology of NKT cells. Annu Rev Immunol
2007; 25: 297-336.

Tard C, Rouxel O and Lehuen A.
Regulatory role of natural killer T cells in
diabetes. Biomed J 2015; 38: 484-495.
Lynch L. Adipose invariant natural killer

T cells. Immunology 2014; 142: 337-346.
VanKaer L, Parekh VV and Wu L. Invariant
natural killer T cells as sensors and managers
of inflammation. Trends Immunol 2013; 34:
50-58.

Berzins SP and Ritchie DS. Natural killer
T cells: drivers or passengers in preventing
human disease? Nat Rev Immunol 2014; 14
640-646.

Lynch L, Nowak M, Varghese B, et al.
Adipose tissue invariant NKT cells protect
against diet-induced obesity and metabolic
disorder through regulatory cytokine pro-
duction. Immunity 2012; 37: 574-587.
Magalhaes I, Pingris K, Poitou C, et al.
Mucosal-associated invariant T cell alter-
ations in obese and type 2 diabetic patients.
J Clin Invest 2015; 125: 1752-1762.



1282

Journal of International Medical Research 44(6)

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Lynch LA, O’Connell JM, Kwasnik AK,

et al. Are natural killer cells protecting the
metabolically healthy obese patient? Obesity
(Silver Spring) 2009; 17: 601-605.

Amato MC, Giordano C, Galia M, et al.
Visceral adiposity index: a reliable indicator
of visceral fat function associated with
cardiometabolic risk. Diabetes Care 2010;
33: 920-922.

WHO Expert Consultation. Appropriate
body-mass index for Asian populations and
its implications for policy and intervention
strategies. Lancet 2004; 363: 157-163.
Expert Panel on Detection, Evaluation, and
Treatment of High Blood Cholesterol in
Adults. Executive Summary of the Third
Report of the National Cholesterol
Education Program (NCEP) Expert Panel
on Detection, Evaluation, and Treatment of
High Blood Cholesterol in Adults (Adult
Treatment Panel III). JAMA 2001; 285:
2486-2497.

Denis GV and Obin MS. ‘Metabolically
healthy obesity’: origins and implications.
Mol Aspects Med 2013; 34: 59-70.

Teixeira TF, Alves RD, Moreira AP, et al.
Main characteristics of metabolically obese
normal weight and metabolically healthy
obese phenotypes. Nutr Rev 2015; 73:
175-190.

Du T, Yu X, Zhang J, et al. Lipid accumu-
lation product and visceral adiposity index
are effective markers for identifying the
metabolically obese normal-weight pheno-
type. Acta Diabetol 2015; 52: 855-863.
Tateya S, Kim F and Tamori Y. Recent
advances in obesity-induced inflammation
and insulin resistance. Front Endocrinol
(Lausanne) 2013; 4: 93.

Schipper HS, Rakhshandehroo M, van de
Graaf SF, et al. Natural killer T cells in
adipose tissue prevent insulin resistance.

J Clin Invest 2012; 122: 3343-3354.

Wu D, Molofsky AB, Liang HE, et al.
Eosinophils sustain adipose alternatively
activated macrophages associated with
glucose homeostasis. Science 2011; 332:
243-247.

Talukdar S, Oh DY, Bandyopadhyay G,

et al. Neutrophils mediate insulin resistance

27.

28.

29.

30.

31.

32.

33.

34.

35.

in mice fed a high-fat diet through secreted
elastase. Nat Med 2012; 18: 1407-1412.
Lynch L, Michelet X, Zhang S, et al.
Regulatory iNKT cells lack expression of the
transcription factor PLZF and control the
homeostasis of T(reg) cells and macrophages
in adipose tissue. Nat Immunol 2015; 16:
85-95.

Rakhshandehroo M, Kalkhoven E and
Boes M. Invariant natural killer T cells in
adipose tissue: novel regulators of immune-
mediated metabolic disease. Cell Mol Life
Sci 2013; 70: 4711-4727.

JiY,SunS, XuA, et al. Activation of natural
killer T cells promotes M2 macrophage
polarization in adipose tissue and improves
systemic glucose tolerance via interleukin-4
(IL-4)/STAT6 protein signaling axis in
obesity. J Biol Chen12012;287: 13561-13571.
Carolan E, Hogan AE, Corrigan M, et al.
The impact of childhood obesity on inflam-
mation, innate immune cell frequency, and
metabolic microRNA expression. J Clin
Endocrinol Metab 2014; 99: E474-E478.
JiY, Sun S, Xia S, et al. Short term high fat
diet challenge promotes alternative macro-
phage polarization in adipose tissue via
natural killer T cells and interleukin-4. J Biol
Chem 2012; 287: 24378-24386.

Schipper HS, Prakken B, Kalkhoven E, et al.
Adipose tissue-resident immune cells: key
players in immunometabolism. Trends
Endocrinol Metab 2012; 23: 407-415.

Wu L, Parekh VV, Gabriel CL, et al.
Activation of invariant natural killer T cells
by lipid excess promotes tissue inflamma-
tion, insulin resistance, and hepatic steatosis
in obese mice. Proc Natl Acad Sci USA 2012;
109: E1143-E1152.

Strodthoff D, Lundberg AM, Agardh HE,
et al. Lack of invariant natural killer T cells
affects lipid metabolism in adipose tissue of
diet-induced obese mice. Arterioscler
Thromb Vasc Biol 2013; 33: 1189-1196.
Mantell BS, Stefanovic-Racic M, Yang X,
et al. Mice lacking NKT cells but with a
complete complement of CD8™ T-cells are
not protected against the metabolic
abnormalities of diet-induced obesity. PLoS
One 2011; 6: e19831.



	XPath error Undefined namespace prefix
	XPath error Undefined namespace prefix

