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In obesity, adipose tissue undergoes dynamic remodeling processes such as adipocyte hypertrophy, hypoxia, im-
mune responses, and adipocyte death. However, whether and how invariant natural killer T (iNKT) cells contribute
to adipose tissue remodeling are elusive. In this study,we demonstrate that iNKT cells remove unhealthy adipocytes
and stimulate the differentiation of healthy adipocytes. In obese adipose tissue, iNKT cells were abundantly found
nearby dead adipocytes. FasL-positive adipose iNKT cells exerted cytotoxic effects to eliminate hypertrophic and
pro-inflammatory Fas-positive adipocytes. Furthermore, in vivo adipocyte-lineage tracing mice model showed that
activation of iNKT cells by alpha-galactosylceramide promoted adipocyte turnover, eventually leading to potenti-
ation of the insulin-dependent glucose uptake ability in adipose tissue. Collectively, our data propose a novel role of
adipose iNKT cells in the regulation of adipocyte turnover in obesity.
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Adipose tissue is a dynamic organ that flexibly expands
and actively remodels in the process of storing excess nu-
trients (Sun et al. 2011; Choe et al. 2016). Accumulating
evidence indicates that unhealthy adipose tissue remodel-
ing processes, including adipocyte hypertrophy, hypoxia,
and immune cell infiltration, are closely linked to adipo-
cyte dysfunction, resulting in insulin resistance and met-
abolic complications (Ham et al. 2013; Choe et al. 2014;
Rosen and Spiegelman 2014; DiSpirito and Mathis 2015;
Sohn et al. 2018). Adipose tissue contains various innate
and acquired immune cells that actively communicate
with adipocytes (Huh et al. 2014; Li et al. 2018). For in-
stance, deficiency of certain immune cells, such as eosin-
ophils and iNKT cells, aggravates obesity and promotes
unhealthy adipose tissue remodeling (Wu et al. 2011;
Lynch et al. 2012; Huh et al. 2013). However, whether ad-
ipose immune cells would directly affect obesity-induced
adipocyte hypertrophy,which is a key factor formorbidity
of metabolic complications, remains largely unknown.
NKT cells are innate-like T lymphocytes that partici-

pate in rapid activation compared with adaptive immune
cells. NKT cells are subdivided into three clusters; iNKT

cells (type I), diverseNKTcells (type II), andNKT-like cells
(Parket al. 2018).TheTCR in iNKTcells has a semi-invari-
ant TCRα chain and a restricted β-chain—Vα14Jα18 in the
mouse andVα24Jα18 in humans (Bendelac et al. 1997; Ben-
lagha et al. 2000;Matsuda et al. 2000). Unlike convention-
al T cells, which are activated by peptides, iNKT cells
recognize lipid antigens loaded on major histocompatibil-
ity complex class I (MHC I)-related protein CD1d through
TCR (Beckman et al. 1994; Huh et al. 2018). iNKT cells
have been implicated in autoimmunity, microbial infec-
tion, cancer, and obesity (Bessoles et al. 2009; Lynch
et al. 2009; Gaya et al. 2018). Depending on stimuli from
antigen-presenting cell types, lipid antigens, andmicroen-
vironments, iNKT cells are able to exert cytotoxic func-
tions through FasL (CD95L) and perforin/granzyme or
exhibit immunoregulatory roles through secreting Th1-
or Th2-type cytokines, such as interferon gamma, inter-
leukin (IL)-2, IL-4, IL-10, and IL-13 (Bendelac et al. 2007;
Berzins et al. 2011; Brennanet al. 2013; Saget al. 2014).Ma-
rine sponge-derived α-galactosylceramide (α-GC) is a
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specific glycolipid antigen that potently activates iNKT
cells and is an effective adjuvant against infections, tu-
mors, and obesity-induced inflammation (Kawano et al.
1997). Numerical and functional reductions in iNKT cells
in adipose tissue are closely associated with increased in-
flammatory responses, obesity, adipocyte hypertrophy,
and insulin resistance in obesity (Lynch et al. 2009; Ji
et al. 2012; Schipper et al. 2012; Huh et al. 2017).

Yearly, 10% of human adipocytes die and are replaced
(Spalding et al. 2008). Patients with cachexia, human
immunodeficiency virus, or lipodystrophy show loss of ad-
ipocytes (Prins et al. 1994; Domingo et al. 1999; Fischer-
Posovszky et al. 2006; Hussain and Garg 2016). In mice,
as the morbidity of obesity becomes worse, dead adipo-
cytes are frequently found in epididymal adipose tissue
(EAT). It has been suggested that several mechanisms, in-
cluding apoptosis, necrosis, andpyroptosis,mediate adipo-
cytedeath inobesity (Cinti et al. 2005;Alkhouri et al. 2010;
Giordano et al. 2013). It seems that different types of adipo-
cyte death mediate different effects on inflammatory re-
sponses and metabolic diseases. For instance, targeted
induction of apoptosis in adipocytes recruits anti-inflam-
matorymacrophages into adipose tissue, leading to the al-
leviation of inflammatory responses (Pajvani et al. 2005;
Fischer-Posovszky et al. 2011b). Fas (CD95), a member of
the tumor necrosis factor (TNF) receptor family, plays a
key role in programmedcell death (apoptosis) (Fischer-Pos-
ovszkyetal. 2011a).WhenFasLbinds toFas, adeath-induc-
ing signalingcomplex is assembledandcauses apoptosis in
acaspase-8-andcaspase-3-dependentmanner,withoutsig-
nificant induction of inflammatory responses (Rock and
Kono 2008; Nagata and Tanaka 2017). However, necrosis
hasbeencharacterizedasaccidental cell deathwith release
of intracellular components, accompanied with pro-in-
flammatory responses and insulin resistance (Cinti et al.
2005; Fink and Cookson 2005; Alkhouri et al. 2010).

In obesity, adipose tissue expands through mainly two
processes; enlargement of pre-existing adipocytes (adipo-
cyte hypertrophy) and induction of new adipocyte differ-
entiation from adipocyte progenitor cells (adipocyte
hyperplasia) (Rosen and Spiegelman 2014). Adipocyte hy-
pertrophy is closely associated with “unhealthy obesity”
features, including fibrosis, inflammation, adipocyte
death, and insulin resistance. In contrast, adipocyte hyper-
plasia is a relatively low-risk factor of metabolic diseases
(Gustafson et al. 2009; Sun et al. 2011; Rydén et al.
2014). Genetic and pharmacologic stimulation of adipo-
cyte hyperplasia could suppress unhealthy adipose tissue
remodeling and improve metabolic phenotypes (Shepherd
et al. 1993; Berg et al. 2001; Kim et al. 2007; Kusminski
et al. 2012; Shao et al. 2018). Although surface markers
of adipocyte progenitor cells have not been fully iden-
tified, platelet-derived growth factor receptor (PDGFR)
α- or PDGFR β-expressing cells reportedly contribute to
adipocyte hyperplasia upon high-fat diet (HFD), protect-
ing against unhealthy adipose tissue expansion (Lee
et al. 2012; Vishvanath et al. 2016; Shao et al. 2018). How-
ever, the regulatory mechanisms underlying the balance
between adipocyte hypertrophy and hyperplasia in obese
adipose tissue are largely unknown.

Previously, we have shown that HFD-fed iNKT cell-de-
ficient mice (Jα18 KO) are prone to unhealthy adipose tis-
sue expansion, including adipocyte hypertrophy and
insulin resistance, as well as elevated pro-inflammatory
responses in obesity (Huh et al. 2013). Although we and
other groups have investigated the relationship between
iNKT cells and adipose tissue inflammation in obesity
(Ji et al. 2012; Lynch et al. 2012; Schipper et al. 2012;
Huh et al. 2013; Satoh et al. 2016), it is not thoroughly un-
derstood how iNKT cells can prevent unhealthy adipose
tissue expansion in obesity. In this study, we investigated
the roles of adipose iNKT cells in the regulation of adipo-
cyte death in obese adipose tissue.Moreover, by using spe-
cific lipid antigen and adipocyte lineage-tracing mouse
model, we examined whether activated iNKT cells can
modulate adipose tissue remodeling. Collectively, our
findings suggest that adipose iNKT cell can drive healthy
adipose tissue remodeling by modulating adipocyte death
and birth in obesity.

Results

In obese adipose tissue, cytotoxic potential of iNKT cells
is potentiated

Consistent with previous reports (Lynch et al. 2012; Huh
et al. 2013), Jα18 KO mice gained more body weight and
EAT mass, and increased adipocyte size than did wild-
type (WT)mice uponHFD (Supplemental Fig. S1A–D). Al-
though iNKT cells reportedly have cytotoxic ability, it is
unclear whether adipose iNKT cells would kill adipocytes
or remove damaged adipocytes. To address this, we inves-
tigated the survival rate of adipocytes in HFD-fed WT
mice and Jα18 KO mice. To assess the frequency of dead
adipocytes from WT and Jα18 KO mice, we used a Bio-
Sorter instrument (Supplemental Fig. S1E,F), which en-
ables quantitative analysis of large adipocytes. As
shown in Figure 1A, total dead adipocytes displayed a de-
creased trend in obese Jα18 KO mice than in obese WT
control littermates. When we examined the frequency of
dead adipocytes in the small (≤60 μm) and large adipocyte
(>60 μm) populations, the fraction of dead cells was signif-
icantly lower in the large adipocyte population isolated
from HFD-fed Jα18 KO mice than in that of HFD-fed
WT littermates (Fig. 1B; Supplemental Fig. S1G), suggest-
ing that iNKT cells probably participate in large adipocyte
death in diet-induced obesity (DIO). In this study, large ad-
ipocytes were defined based on a diameter >60 µm,
because the adipocyte population meeting this criterion
was increased by HFD (Supplemental Fig. S1H). In addi-
tion, we found that iNKT cells were abundantly present
nearby dead adipocytes that were identified as perilipin-
negative cells (Cinti et al. 2005; Strissel et al. 2007) and
surrounded by adipose tissue macrophages (Fig. 1C,D).
Taken together, these results suggest that iNKT cells
might be involved in the death of hypertrophic adipocytes
in obesity.

To evaluate the cytotoxic potential of adipose iNKT
cells, the population of FasL-positive iNKT cells was
quantified in EAT from normal chow diet (NCD)- and
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HFD-fed mice. The fraction of FasL-positive iNKT cells
(Fig. 1E,F) and absolute number of FasL-positive iNKT
cells per fat pad were increased in obese mice (Fig. 1G).
Given that CD4 and CD8 T cells also exert cytotoxic ef-
fects by expressing FasL (Kagi et al. 1994; Kojima et al.
1994; Lowin et al. 1994), we investigated the populations
of FasL-positive CD4 and CD8 T cells in EAT fromDIO or
genetically obese db/db mice compared with NCD-fed
lean or db/+ heterozygote mice, respectively. Unlike adi-
pose iNKT cells, the levels of FasL inCD4 andCD8T cells
did not change in DIO (Fig. 1H,I) nor db/db mice (Fig. 1J).
Furthermore, in hepatic and splenic iNKT cells, there

were no significant differences in the fractions of FasL-
positive iNKT cells (Fig. 1K,L). Thus, these data imply
that iNKT cells are a major cell type exhibiting increased
FasL expression in obese adipose tissue.

Hypertrophic adipocytes express high level of Fas,
accompanied with their mortality

Dead adipocytes were frequently observed in obese adi-
pose tissue over HFD period (Fig. 2A; Supplemental Fig.
S2A; Cinti et al. 2005; Strissel et al. 2007). To investigate
the characters of dead/dying adipocytes, the frequency of
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Figure 1. In DIO, cytotoxic FasL-positive iNKT cells are increased. (A) Dead adipocytes were counted using a BioSorter, after PI staining.
About 150,000–200,000 adipocytes were analyzed. (B) Fractions of dead adipocytes per size category. (C,D) Localization of macrophages
(C ) and iNKT cells (D) around dead adipocytes; DAPI (blue), perilipin-1 (green), CD11b (red), and α-GC/CD1d tetramer (yellow) were used
as amarker for the nucleus, adipocytes,macrophages, and iNKTcells, respectively.Dotted circles and arrows indicate perilipin-1-negative
dead adipocytes and iNKTcells, respectively. (E) Dot graph of iNKTcells fromEAT. (F ) FasL-positive iNKTcell fraction in EATs over 8wk
of HFD feeding. (G) Mean number of FasL-positive iNKT cells per EAT fat pad. (H) Dot graphs of CD8T andCD4T cells. (I ) Percentages of
FasL-positive cells in CD4 T cells and CD8 T cells in EAT. (J) Percentages of FasL-positive cells in iNKT cells, CD4 T cells, and CD8
T cells, respectively, in EAT from db/db mice. (K ) Dot graph of liver and spleen iNKT cells. (L) Fractions of FasL-positive iNKT cells
among total hepatic (left) and splenic (right) iNKT cells. (∗) P< 0.05 and (∗∗) P<0.01 (t-test, RM-ANOVA, or two-way ANOVA with Bon-
ferroni post-hoc test).
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dead adipocytes was analyzed at a single-cell level. As
shown in Figure 2B, the fraction of dead adipocytes was
∼1.8% or 6.2% of total adipocytes upon NCD or HFD, re-
spectively. The mRNA levels of the pro-apoptotic genes
such as Caspase-3 and 8, and the Bax/Bcl2 ratio were

also elevated in EAT (Fig. 2C; Supplemental Fig. S2B). Giv-
en that adipocytes have different characters depending on
their sizes, we explored the relationship between adipo-
cyte size and dead adipocyte frequency. The frequency
of dead adipocytes was higher in the large adipocyte

A

H

E F G

I

B C
D

Figure 2. Hypertrophic adipocytes strongly express Fas, accompanied with increased mortality. (A) Histological analysis of dead adipo-
cytes in EAT fromHFD-fedWTmice. (B) Dead adipocyteswere analyzed using a BioSorter, after PI staining. (C ) mRNA levels of apoptosis-
related genes in adipocyte fractions. (D,F–I ) About 20,000 to 30,000 adipocytes were analyzed. (D) Percentage of dead adipocytes per size
category (small adipocytes, <60 μm; large adipocytes, >60 μm). (E) mRNA level of Fas in adipocyte fraction and stromal vascular cells
(SVCs) from mice fed HFD for 3 d. (F ) Percentage of total Fas-positive adipocytes from NCD- and HFD-fed mice. (G) Abundance of Fas-
positive adipocytes in small and large adipocytes fromNCD- and HFD-fed mice. (H) Correlation between adipocyte size and Fas protein
expression. (I ) Correlation between Fas protein expression and TUNEL intensity. Dotted lines are trend lines. r2 is indicated on the graph.
All data represent mean±SEM. (∗) P<0.05 (t-test or two-way ANOVA with Bonferroni post-hoc test).
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population (>60 µm) than in the small one (≤60 µm) in
NCD- and HFD-fed WT and Jα18 KO mice (Fig. 2D; Sup-
plemental Fig. S2C,D). As shown in Figure 2D, the fre-
quency of large adipocyte death was up-regulated in
HFD-fed WT mice compared with that of large adipocyte
death in NCD-fed WTmice. On the contrary, in HFD-fed
Jα18 KO mice, the frequency of dead adipocytes in large
adipocyte population was comparable to NCD-fed mice
(Supplemental Fig. S2D), implying that the process of hy-
pertrophic adipocyte deathmight be alleviated inHFD-fed
Jα18 KO mice.
As adipose iNKT cells expressed the cytotoxicity medi-

ator FasL, we examined the expression of Fas as a binding
partner for FasL in iNKT cells. The mRNA level of Fas
was tended to be up-regulated in adipocyte fractions after
3 d of HFD feeding, but not stromal vascular cells (Fig.
2E; Supplemental Fig. S2E). The fraction of Fas-positive
adipocytes was higher in HFD-fed than in NCD-fed mice
(Fig. 2F; Supplemental Fig. S2F). Next, we analyzed the
relationship between adipocyte size and adipocyte Fas ex-
pression. The fraction of Fas-positive adipocytes was sig-
nificantly increased in large adipocytes in both NCD and
HFD (Fig. 2G). Moreover, the intensity of adipocyte Fas
in HFD-fed mice markedly increased with adipocyte size
(Fig. 2H). To determine the relevance of adipocyte Fas ex-
pression to the frequency of dead adipocytes, adipocytes
isolated from HFD-fed mice were subjected to Fas and
terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) stainings. As shown in Figure 2I,
TUNEL-staining intensity was positively correlated with
Fas expression in adipocytes, indicating that adipocyte
Fas expression might be one of indicators of adipocyte
death in obesity.

Fas/FasL signaling is a key component in iNKT cell-
induced adipocyte death

To gain further insights into the mechanism by which
iNKT cells induce adipocyte death, we conducted in vitro
coculture experiments with differentiated 3T3-L1 adipo-
cytes and DN32.D3 (iNKT hybridoma) cells. Differentiat-
ed adipocytes were directly cocultured with DN32.D3
cells in the absence or presence of α-GC, a potent iNKT
cell lipid antigen (Fig. 3A). Upon exposure to α-GC, the
population of FasL-positive DN32.D3 cells was elevated
(Fig. 3B), concurrently with an increase in the frequency
of dead 3T3-L1 adipocytes and dead primary adipocytes
(Fig. 3C,D; Supplemental Fig. S3A), indicating that FasL
might be a potent mediator of iNKT cell-mediated adipo-
cyte death. However, iNKT cells could also exert cytotox-
ic functions via secretion of cytotoxic molecules such as
perforin/granzyme. To test the possibility that iNKT cells
might induce adipocyte death through cytotoxic mole-
cules secretion, condition media collected from co-cul-
ture between DN32.D3 cells and 3T3-L1 adipocytes
were incubated with differentiated 3T3-L1 adipocytes
(Fig. 3E). Treatment of condition media did not affect
dead adipocyte frequency and mRNA expressions related
with adipocyte function (Fig. 3F,G). These data propose
that physical contact between adipocytes and iNKT cells

would be important to provoke iNKT cell-mediated adi-
pocyte death.
To investigate whether the FasL/Fas pathway is in-

volved in adipocyte death, Fas and Fas downstream genes
were suppressed in differentiated adipocytes using
siRNAs (Supplemental Fig. S3B–D). As shown in Figure
3H, knockdown of Fas in differentiated 3T3-L1 adipocytes
significantly reduced adipocyte death induced by iNKT
cells activatedwith α-GC, although therewas no difference
in the fractions of FasL-positive DN32.D3 cells between
siNC- and siFas-transfected groups (Fig. 3I). Similarly,
when Caspase-3 or Caspase-8 was suppressed in differen-
tiated adipocytes, activated iNKT cells failed to promote
adipocyte death (Fig. 3J). Given that CD1d is an antigen-
presentingmolecule that is essential for iNKT cell activa-
tion, the effect of adipocyte CD1d on iNKT cell-mediated
adipocyte death was investigated. As indicated in Figure
3K and Supplemental Figure S3E, knockdown of CD1d
in differentiated 3T3-L1 adipocytes blunted iNKT cell-in-
duced adipocyte death, indicating that antigen presenta-
tion by adipocyte CD1d is an essential step in the
mediation of adipocyte death by iNKT cells. Taken to-
gether, these data suggest that both the recognition of an-
tigens loaded on adipocyte CD1d by iNKT cells and the
interaction between FasL and Fas are crucial to provoke
iNKT cell-mediated adipocyte death.

Hypertrophic adipocytes with pro-inflammatory
characters are vulnerable to iNKT cell-mediated
adipocyte death

In obesity, Fas expression in large adipocytes was elevat-
ed, which was positively correlated with the frequency
of dead adipocytes (Fig. 2H,I). To explore mechanistic un-
derstanding whether hypertrophic adipocytes would be
vulnerable to iNKT cell-induced death, we decided to
test lipid-overloaded large adipocytes treatedwith free fat-
ty acids (FFAs). When differentiated adipocytes were chal-
lenged with saturated fatty acids (palmitic acid, PA) or
mono-unsaturated fatty acids (oleic acid, OA) (Fig. 4A), ad-
ipocytes became enlarged with an unilocular lipid droplet
(Fig. 4B).Moreover, themRNA levels of pro-inflammatory
genes such as chemokine (C-C motif) ligand 2 (Ccl2), Il-6,
and mRNA and protein levels of Fas were markedly up-
regulated in large adipocytes induced by PA, but not OA
(Fig. 4C,D). However, FFA treatment did not induce apo-
ptosis-related genes such as Caspase-3, Caspase-8, and
Bax/Bcl2 ratio (Fig. 4E). After FFA treatment, DN32.D3
cells were directly cocultured with enlarged 3T3-L1 adi-
pocytes to investigate whether enlarged adipocytes might
be susceptible to death by activated iNKT cells. The frac-
tions of FasL-positive DN32.D3 cells and dead 3T3-L1
adipocytes were increased in PA-induced, but not OA-in-
duced hypertrophic adipocytes (Fig. 4F,G). Given that
saturated fatty acids such as PA potently stimulate pro-in-
flammatory responses in adipocytes, we asked whether
suppression of pro-inflammatory responses in PA-induced
hypertrophic adipocytes would attenuate the induction
of adipocyte death by iNKT cells. To address this, lipid-
overloaded adipocytes were treated with the anti-
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inflammatory agent rosiglitazone. As shown in Figure 4C–

G, rosiglitazone repressed pro-inflammatory responses
and adipocyte death provoked by DN32.D3 cells, indicat-
ing that hypertrophic adipocytes with pro-inflammatory
characters would be preferentially removed by activated
iNKT cells. To acquire further insight into the relation-
ship between inflammatory stimuli and adipocyte death,
differentiated adipocytes were treated with TNFα. TNFα
up-regulated the Fas mRNA level in differentiated 3T3-
L1 adipocytes (Fig. 4H) and further promoted the cyto-
toxic effects of DN32.D3 cells against adipocytes (Fig.
4I). Together, these data suggest that pro-inflammatory

characters caused by excess nutrients and/or pro-inflam-
matory stimuli render unhealthy adipocytes susceptible
to iNKT cell-mediated apoptosis.

In obesity, iNKT cell activation promotes adipocyte
death

To explore physiological roles of iNKTcell-induced adipo-
cyte death in vivo,WTand Jα18KOmice fedNCDorHFD
were administered α-GC and the frequency of adipocyte
deathwas assessed. Administration of α-GC did not signif-
icantly affect total body weight and EATmass upon NCD
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Figure 3. The Fas/FasL pathway is essential for iNKT cells to remove adipocytes. (A) Schematic illustration of experimental set-up. Dif-
ferentiated adipocytes were challenged with α-GC and then cocultured with DN32.D3 cells for 48 h. (B) Percentage of FasL-positive
DN32.D3 cells among total DN32.D3 cells. (C ) Percentage of dead 3T3-L1 adipocytes. About 30,000 to 50,000 adipocytes were analyzed.
(D) Percentage of dead primary adipocytes isolated fromNCD-fed mice. (E) Schematic illustration of experimental set-up. Differentiated
3T3-L1 adipocytes were challenged with α-GC and then cocultured with DN32.D3. Condition medium (CM) was collected and treated
differentiated 3T3-L1 adipocytes. (F ) Percentages of dead 3T3-L1 adipocytes. About 30,000 to 50,000 adipocytes were analyzed.
(G) mRNA levels of conditionmedium-treated 3T3-L1 adipocytes. (H–K ) Percentages of dead 3T3-L1 adipocytes (H,J,K ) and FasL-positive
DN32. D3 cells (I ). Fas (H,I ), the Fas downstream genes caspase 3 (Casp3), and caspase 8 (Casp8) (J), and MHC I-related protein CD1d (K )
were knocked down via siRNA in differentiated 3T3-L1 adipocytes. All data represent mean±SEM. (∗∗) P <0.01 and (##) P <0.01 versus all
other groups (t-test, one-way ANOVA and two-way ANOVA with Bonferroni post-hoc test).
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and HFD (Supplemental Fig. S4A,B). In adipose tissue, α-
GC increased FasL expression in iNKT cells, but not
CD8 T cells, which was persisted for 2 d (Fig. 5A). Since
the effect of α-GC on FasL expression in iNKT cells was
remarkable at day 1, we decided to analyze adipocyte
death 1 d after α-GC injection in following experiments.
Upon NCD, the effect of α-GC on adipocyte death was
not detected (Supplemental Fig. S4C), even though FasL
expression was increased in iNKT cells (Supplemental
Fig. S4D). On the contrary, in HFD-fed mice, α-GC mark-
edly increased the fractions of perilipin-negative dead ad-
ipocytes and TUNEL-positive adipocytes (Fig. 5B–D) as
well as the up-regulated portion of FasL-positive iNKT
cells and FasL mean fluorescence intensity (MFI) in adi-
pose iNKT cells (Fig. 5E,F). However, in HFD-fed Jα18
KO mice, α-GC did not affect adipocyte death (Fig. 5B,C)
as well as total body weight and EATmass (Supplemental
Fig. S4E,F). Moreover, the extent of adipocyte death in-
duced by α-GC was diminished in FasL-neutralized WT

mice (Fig. 5G), implying that α-GC-induced adipocyte
death is mediated by FasL-positive iNKT cells. Concur-
rently, Caspase-3 and Caspase-8 mRNA levels were high-
er in adipocytes from α-GC-injected WT mice than in
those from α-GC-injected Jα18 KO mice (Fig. 5H). These
data imply that adipocyte dysregulation by HFD might
be required for iNKT cell-mediated adipocyte death.
We have previously demonstrated that adipocyte CD1d

is crucial for the regulation of adipose iNKT cell activity
(Huh et al. 2017). To examine whether adipocyte CD1d
is required for iNKT cell-induced adipocyte death in obe-
sity, HFD-fed adipocyte-specific CD1d KO (CD1dAKO)
mice were treated with α-GC. Similar to HFD-fed Jα18
KO mice (Fig. 5B,C), there was no significant difference
in the fraction of dead adipocytes in CD1dAKO mice
with or without α-GC (Fig. 5I,J). Moreover, the levels of
FasL in adipose iNKT cells were not different between ve-
hicle (Veh)- and α-GC-treated CD1dAKO mice. (Fig. 5K,L).
These data suggest that antigen recognition of iNKT cells
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Figure 4. Hypertrophic adipocytes with pro-inflammatory characters are preferentially removed by iNKT cells. (A) Schematic illustra-
tion of experimental setup. Differentiated 3T3-L1 adipocytes were challengedwith FFAs (500 μM, palmitic acid; PA and oleic acid; OA) or
TNFα (10 nM) for 2wkor 1 d, respectively, and then coculturedwithDN32.D3 cells for 48 h. Palmitic acid-treated 3T3-L1 adipocyteswere
challengedwith rosiglitazone (Rosi, 10 nM). (B) Microscopic images of 3T3-L1 adipocytes. (C ) mRNA levels of Ccl2, Il-6, and Fas. (D) FasR
mean fluorescence intensity (MFI). (E) mRNA levels of apoptosis-related genes, including Casp3, Casp8, and Bax/Bcl2 ratio. (F,G) Percent-
ages of FasL-positive DN32.D3 cells (F ) and dead 3T3-L1 adipocytes (G). (H) mRNA level of Fas in TNFα-treated 3T3-L1 adipocytes.
(I ) Percentage of dead 3T3-L1 adipocytes. (#) P <0.05 versus all other groups and (∗) P< 0.05 (t-test or one-way ANOVA with Bonferroni
post-hoc test). All data represent mean±SEM.
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via adipocyte CD1d is an indispensable step in iNKT cell-
mediated adipocyte death in DIO.

Activation of iNKT cells causes healthy adipose tissue
remodeling by inducing adipogenesis

In adulthood, the ratio of adipocyte birth to adipocyte
death is quite constant, which contributes to the mainte-
nance of adipose tissue homeostasis (Salans et al. 1973; Jo
et al. 2009). To examine the dynamics of adipocyte turn-
over by iNKT cell activation, we evaluated adipose tissue
1 wk after α-GC treatment of HFD-fed mice. Histological
analysis revealed that small adipocytes were increased in

α-GC-treated obese adipose tissue (Fig. 6A,B).When adipo-
cyte differentiation is initiated in adipocyte progenitor
cells, it seems that they actively proliferate to secure the
number of progenitor cells, which is required for both ad-
ipocyte differentiation and maintenance of progenitor
cells (Rodeheffer et al. 2008; Lee et al. 2012; Jeffery et al.
2015). Further, adipocyte progenitor cells start to accumu-
late lipidmetabolites during adipogenesis (Lee et al. 2004).
The proliferation rate and granularity of adipocyte progen-
itor cells were analyzed by FACS from two populations
such as CD31−CD45−PDGFRα+ cells and CD31−CD45−

CD29+CD34+ cells (Jeffery et al. 2015). Upon α-GC treat-
ment, the proliferation rate and granularity of adipocyte
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Figure 5. α-GC promotes iNKT cell-mediated adipocyte death. (A) FasLMFI of iNKT, and CD8 T cells after α-GC (1 μg/mouse) injection
into NCD-fed mice. (B–L) α-GC was intraperitoneally injected into mice fed HFD for 8 wk. EATs were analyzed 1 d after α-GC adminis-
tration. (B) Histological analysis of dead adipocytes in EAT fromHFD-fedWT and Ja18 KOmice 1 d after vehicle (Veh) or α-GC injection.
(C ) Quantification of dead adipocytes as perilipin-negative cells. (D) TUNEL assay in EAT from HFD-fed Veh or α-GC injected mice.
(E) Percentage of FasL-positive iNKT cells. (F ) FasL MFI of iNKT cells in EAT from Veh and α-GC-injected mice. (G) Percentage of
dead adipocytes in EAT from Veh, α-GC, or FasL neutralizing antibody (Ab) injected mice. (H) mRNA levels of Casp3 and Casp8. (I ) His-
tological analysis of dead adipocytes inCD1dAKO 1 d after Veh and α-GC administration. (J) Quantification of dead adipocytes as perilipin-
negative cells in Veh- and α-GC-injected HFD-fed CD1dAKO mice. (K ) Percentage of FasL-positive iNKT cells in Veh- and α-GC-injected
HFD-fed CD1dAKO mice. (L) FasL MFI of iNKT cells in EAT from Veh- and α-GC-injected mice. Arrows and dotted (semi)circles indicate
dead adipocytes. All data represent mean±SEM. (∗) P<0.05 and (∗∗) P <0.01 (t-test or two-way ANOVA with Tukey post-hoc test).
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progenitor cells (CD31−CD45−PDGFRα+Ki67+) was in-
creased 4.2-fold (Fig. 6C) and 1.8-fold (Fig. 6D), respective-
ly, in WT mice, but not in Jα18 KO mice (Supplemental
Fig. S5A,B). Similarly, the proliferation rate and granular-

ity of another type of adipocyte progenitor cells
(CD31−CD45−CD29+CD34+) was increased upon α-GC
treatment (Fig. 6E,F). Next, after adipocyte progenitor
cells (CD31−CD45−PDGFRα+) were sorted by FACS,
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Figure 6. Activated iNKT cells stimulate new and healthy adipocyte generation. α-GC (1 μg/mouse) was intraperitoneally administrated
intomice fed the HFD for 8 wk. All analyses were conducted 1 wk after α-GC injection. (A) Histological analysis of EATs fromVeh and α-
GC injected mice. Scale bars, 100 μm. (B) Adipocyte size distribution. (C ) Dot graph (left) and percentage of proliferative adipocyte pro-
genitor cells (CD31–CD45–PDGFRα+Ki-67+). CD31–CD45–PDGFRα+ andKi67were used as amarker of adipocyte progenitor cells and pro-
liferation, respectively. (D) Dot graphs (left) and average value (right) of granularity of adipocyte progenitor cells. (E) Proliferation rate of
another type of adipocyte progenitor cells (CD31−CD45−CD29+CD34+). (F ) Granularity of adipocyte progenitor cells
(CD31−CD45−CD29+CD34+). (G) mRNA levels of Pparg2 and Cebpa in adipocyte progenitor cells from Veh and α-GC injected mice.
(H,I ) Illustration of in vivo experiments using an adipocyte lineage-tracing mouse model (H). Adipocyte lineage-tracing mice were fed
the HFD for 6 wk, followed by a Dox-containing HFD for 2 wk. After withdrawing Dox, α-GC (1 μg/mouse) was intraperitoneally admin-
istrated into mice fed the HFD for 8 wk (I ). (J) Immunohistochemistry of YFP-positive and YFP-negative adipocytes; differential interfer-
ence contrast (DIC), perilipin-1 (green), YFP (yellow). (K ) Quantification of new adipocytes as YFP-negative and perilipin-1-positive cells in
Veh- or α-GC-injected HFD-fed mice. (L) Glucose uptake assay in EAT from α-GC injected adipocyte lineage-tracing mice. (M ) Quantifi-
cation of glucose uptake in Veh- or α-GC-injected HFD-fed mice. (∗) P< 0.05 (t-test or two-way ANOVAwith a Bonferroni post-hoc test).
All data represent mean±SEM.

iNKT cells are required for adipocyte turnover

GENES & DEVELOPMENT 1665

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.329557.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.329557.119/-/DC1


mRNA expression was analyzed. As shown in Figure 6G,
the mRNA level of Pparg2 and Cebpa were up-regulated
1.7-fold and 2.0-fold, implying that adipocyte differentia-
tion might be potentiated after activation of iNKT cells
to replace dead adipocytes in DIO.

To investigate the origin of small adipocytes induced by
α-GC treatment, we decided to utilize an adipocyte line-
age-tracing mouse model (AdiponectinrtTA; TRE-Cre;
Rosa26-loxp-stop-loxp-YFP) (Wang et al. 2013) in which
adiponectin-expressing adipocytes express YFP in a doxy-
cycline (Dox)-inducible manner (Fig. 6H). The mice were
fed HFD for 6 wk, followed by Dox-containing HFD for
2 wk to label mature adipocytes with YFP (Supplemental
Fig. S5C-E). After withdrawing Dox, α-GC was adminis-
tered. One week after α-GC administration, newly differ-
entiated (perilipin-positive and YFP-negative) adipocytes
were observed by microscopy (Fig. 6I). As shown in Figure
6J,K, newly differentiated small adipocyteswere evidently
observed in α-GC-treated, but not Veh-injected mice. To
determine whether newly differentiated small adipocytes
induced by iNKT cell activationwould contribute to insu-
lin sensitivity in adipose tissue, we performed an insulin-
dependent glucose uptake assay using a Cy3-tagged glu-
cose bioprobe. In α-GC-treated obese mice, small adipo-
cytes exhibited elevated insulin-dependent glucose
uptake ability compared with large adipocytes (Fig. 6L,
M), which might contribute to improved insulin resis-
tance in EAT and whole body of DIO mice (Supplemental
Fig. S5F,G). Overall, these data suggest that iNKT cells
can trigger healthy adipose tissue remodeling in obese
mice by modulating adipogenesis.

Discussion

Adipocyte death is frequently observed in obesity (Cinti
et al. 2005; Strissel et al. 2007; Spalding et al. 2008). How-
ever, the causes and physiological implications of adipo-
cyte death have not been fully understood. There are
significant technical limitations to in vivo analysis of ad-
ipocyte death, because adipocytes are floating, physically
fragile, and too large to be analyzed by conventional mi-
croscopes and FACS. Here, we tried to overcome these is-
sues by adopting new approaches to the analysis of large
adipocytes and we investigated the physiological func-
tions of adipocyte death in obesity. Our findings demon-
strated that adipose iNKT cells stimulated death of
hypertrophic adipocytes with pro-inflammatory charac-
ters. In obese adipose tissue, FasL-positive iNKT cells
were increased and removed hypertrophic Fas-positive ad-
ipocytes. Interestingly, activation of iNKT cells not only
induced adipocyte death, but also involved in stimulation
of de novo adipogenesis in obesity, which eventually led
to improved insulin-dependent glucose uptake ability in
adipose tissue (Fig. 7). Taken together, these data suggest
that adipose iNKT cells play an important role in the reg-
ulation of adipocyte turnover, contributing to mainte-
nance of adipose tissue homeostasis in obesity.

iNKT cells exert effector functions through FasL ex-
pression. Also, iNKT cells mediate effector functions via
activation of NK cells that secrete perforin/granzyme
(Wilson and Delovitch 2003). However, given that per-
forin KOmice do not show any change in dead adipocytes
in obesity (Revelo et al. 2015), it seems that the perforin/

Figure 7. Workingmodel. In obesity, excess energy renders adipocytes hypertrophic and pro-inflammatory,with up-regulated Fas expres-
sion. These adipocytes activate iNKT cells through CD1d and augment FasL in iNKT cells. Interaction between FasL-positive iNKT cells
and Fas-positive adipocytes provokes apoptosis in hypertrophic and pro-inflammatory adipocytes, followed by the generation of new and
healthy adipocytes.
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granzyme pathway is not crucial in obesity-induced adi-
pocyte death. Here, we found that iNKT cells were abun-
dantly localized around dead adipocytes and FasL-positive
iNKT cells augmented adipocyte death. Given that abso-
lute number of cytotoxic iNKT cells was increased in
obese adipose tissue, it is likely that adipose iNKT cells
would elevate cytotoxic capacity. To entail iNKT cell-me-
diated adipocyte death, it seems that iNKT cells have to
be activated via adipocyteCD1d and that FasL of activated
iNKT cells has to bind to Fas in adipocytes. Accordingly,
our data revealed that hypertrophic adipocytes with pro-
inflammatory characters activated iNKT cells and up-reg-
ulated FasL in iNKT cells. Nonetheless, it remains elusive
which kinds of endogenous lipid antigens might be pre-
sented by adipocyte CD1d in obesity. Identification of en-
dogenous lipid antigenswould improve our understanding
of the roles of iNKT cells in the regulation of adipocyte
turnover.
We found that death of hypertrophic Fas-positive adipo-

cytes was induced by FasL-positive iNKT cells in obese
adipose tissue. In iNKT cell-depleted Jα18 KO mice, hy-
pertrophic adipocytes were retained in obese adipose tis-
sue, resulting in unhealthy adipose tissue expansion
upon obesity. Hypertrophic Fas-positive adipocytes in-
duced by saturated fatty acids exhibited pro-inflammatory
characters and they were removed by activated iNKT
cells. It has been demonstrated that hypertrophic or
Fas-positive adipocytes per se secrete pro-inflammatory
cytokines, such as IL-1α, IL-1β, IL-6, and CCL2, aggravat-
ing adipose tissue inflammation, insulin resistance, and
type 2 diabetes (Salans et al. 1968; Brook and Lloyd
1973; Schaub et al. 2003; Farley et al. 2008; Wueest
et al. 2010; Blüher et al. 2014; Cotillard et al. 2014). Clear-
ance of Fas-positive cells by FasL is one of the major
mechanisms inducing apoptosis without eliciting im-
proper immune responses (Nagata and Tanaka 2017). It
has been demonstrated that targeted apoptosis in adipo-
cytes through activation of Caspase-8, a key downstream
component of Fas signaling, attenuates adipose tissue in-
flammation by recruiting anti-inflammatory macrophag-
es (Pajvani et al. 2005; Fischer-Posovszky et al. 2011b).
In addition,macrophages that phagocytose apoptotic cells
are able to secrete anti-inflammatory cytokines, such as
IL-10, transforming growth factor-β, platelet activating
factor, and prostaglandin E2, to down-regulate pro-inflam-
matory responses (Fadok et al. 1998; Gao et al. 1998; Xu
et al. 2006; Szondy et al. 2017). In EAT of HFD-fed mice,
α-GC administration altered the abundance of pro-in-
flammatory macrophages (CD11b+F4/80+CD11c+) and
anti-inflammatory macrophages (CD11b+F4/80+CD206+)
(Supplemental Fig. S5H,I). It seems that the relative ratio
of anti-inflammatory to pro-inflammaotry macrophages
might be increased from 4 d after iNKT cell activation.
Thus, it is feasible to speculate that apoptotic removal
of hypertrophic and pro-inflammatory Fas-positive adipo-
cytes by FasL-positive iNKT cells would contribute to the
suppression of pro-inflammatory responses in obese adi-
pose tissue.
Emerging evidence suggests that adipocyte hypertro-

phy is an indicator of adipose tissue dysfunction and

leads to insulin resistance and dyslipidemia in obesity,
whereas adipocyte hyperplasia plays relatively beneficial
roles in the relief of metabolic complications (Salans
et al. 1968; Stern et al. 1972; Cotillard et al. 2014; An
et al. 2017). However, the factors that modulate the
fate of adipose tissue expansion into hypertrophy or hy-
perplasia have not been fully elucidated. Our data sug-
gest that adipose iNKT cells would suppress unhealthy
adipose tissue expansion by removing hypertrophic adi-
pocytes and promoting the generation of small adipo-
cytes. The new and small adipocytes exhibited a
stronger glucose uptake capacity than old and hypertro-
phic adipocytes, probably leading to improvement of in-
sulin resistance. Although it remains to be clarified how
adipogenesis is promoted by activated iNKT cells in obe-
sity, macrophages reportedly can cause proliferation and
differentiation of PDGFRα-positive adipocyte progenitor
cells (Lee et al. 2013; Hill et al. 2018), and iNKT cells in-
teract with macrophages around dead adipocytes (Lynch
et al. 2015). Moreover, it has been suggested that FasL
might promote proliferation and differentiation of adipo-
cyte progenitor cells (Solodeev et al. 2018). Thus, eluci-
dation of ternary relations between adipocytes, iNKT
cells, and macrophages in adipocyte turnover will be
helpful to decipher the dynamic regulation of adipose tis-
sue remodeling.
Numerous studies have highlighted T cell cytotoxicity

as an immunotherapeutic approach to remove harmful or
dysregulated cells (Fesnak et al. 2016; June et al. 2018).
However, the application of such immunotherapy for
the treatment of metabolic disorders such as obesity
and type 2 diabetes has not been explored. It is feasible
to speculate that iNKT cells would be able to sense and
respond to imbalanced lipid metabolites in obese adipose
tissue because they are activated by recognizing lipid an-
tigens loaded onto CD1d. Among several tissues, such as
adipose tissue, liver, and spleen, where iNKT cells are
abundant, adipose iNKT cells prominently expressed
FasL in DIO and genetically obese mice. Both Fas and
FasL are up-regulated in obese and diabetic patients (Fi-
scher-Posovszky et al. 2004; Blüher et al. 2014) and Fas-
mediated apoptosis provokes adipocyte loss in patients
with acquired lipodystrophy disorders (Hussain and
Garg 2016). Nevertheless, the sources of FasL have not
been yet elucidated. Further, even though iNKT cells
are abundant in human adipose tissue (Lynch et al.
2012), their roles in adipocyte pathophysiology have not
been fully defined. Based on our findings, we believe
that the cytotoxic roles of iNKT cells in human adipose
tissue are worth being considered in the fight againstmet-
abolic dysfunction.
In conclusion, we have elucidated a novel role of adi-

pose iNKT cells in the regulation of adipocyte turnover,
potentially leading to healthy adipose tissue expansion.
In obesity, activated adipose iNKT cells participate in ad-
ipose tissue remodeling through the stimulation of dam-
aged adipocyte death as well as the induction of
adipogenesis (Fig. 7). Collectively, our data suggest that
adipocyte turnover by iNKT cells is a key process tomain-
tain adipose tissue homeostasis.
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Materials and methods

Animals and treatments

C57BL6/J mice were obtained from Central Lab Animal Incorpo-
ration. After 1 wk of acclimatization, 8-wk-old mice were fed a
NCD or a 60% HFD purchased from Research Diets Incor-
poration for 8 wk. db/db mice were purchased from Central Lab
Animal Incorporation and sacrificed at 12 wk of age. Jα18 hetero-
zygous mice were bred to generate WTmice and knock-out (KO)
littermates. Adipocyte-specific CD1d KO (CD1dAKO) mice were
generated by crossing adiponectin Cre mice with CD1dflox mice
(C57BL/6-CD1d1tm1.Aben/J; The Jackson Laboratory). Adipo-
Chaser mice (AdiponectinrtTA; TRE-Cre; Rosa26-loxp-stop-loxp-
YFP) were kindly provided by Dr. Philipp Scherer (UT Southwest-
ern). AdipoChaser mice were kept on a HFD for 6 wk and were
then fed a Dox (600 mg/kg)-containing HFD for 2 wk. To activate
iNKT cells, α-GC (1 μg/mouse; Adipogen) was intraperitoneally
injected. Glucose tolerance test was performed using intra-
peritoneal glucose injection (1 g/kg body weight) after overnight
fasting. All experiments with mice were approved by the Seoul
National University Institutional Animal Care andUse Commit-
tee (SNUIACUC). Neutralizing anti-FasL monoclonal IgG
(BioLegend) was previously described (Hattori et al. 1997).
HFD-fed WT mice were injected intraperitoneally with 300
μg of anti-FasL antibody, followed by α-GC injection. Age-
matched control mice were treated similarly with control
IgG. Mice were monitored 1 d after α-GC injection to investi-
gate whether neutralization of FasL affects iNKT cell-induced
adipocyte death.

Primary adipocyte generation and analysis

Adipocyte fractionation from whole epididymal adipose tissue
was conducted as previously described (Lee et al. 2011). Briefly,
adipose tissues were digested with type I collagenase for 30 min
in a water bath at 37°C with shaking. After centrifugation at
1000 rpm and at room temperature (RT) for 5 min, floating adipo-
cytes were collected. Primary adipocytes were washed several
times with phosphate-buffered saline (PBS). Primary adipocytes
were incubated with fluorescence-labeled Fas mAb (eBioscience)
at RT for 1 h to detect Fas-positive adipocytes. To distinguish
dead/dying adipocytes from live adipocytes, primary adipocytes
were stained with propidium iodide (PI, eBioscience) or TUNEL
assay (Roche) at RT for 1 h. After staining, the primary adipocytes
were analyzed using a BioSorter instrument (Union Biometrica)
following the manufacturer’s instruction.

Whole-mount immunohistochemistry

Whole-mount immunohistochemistry was performed as previ-
ously described (Ham et al. 2016). Whole epididymal adipose tis-
sues were removed and fixed with 4% paraformaldehyde for 1
h. The samples were blocked with 1% horse serum for 1 h and
then stained with primary antibody at 4°C overnight. Monoclo-
nal antibodies (mAbs) against PERILIPIN-1 (Fitzgerald), CD11b
(eBioscience), phycoerythrin-conjugated PBS57-loaded CD1d-tet-
ramer (National Institutes of Health Tetramer Core Facility), and
GFP (Santa Cruz Biotechnology) were used to detect adipocytes,
macrophages, iNKT cells, and YFP-positive adipocytes, respec-
tively. After a 1-h wash, the samples were incubated with
fluorescence-labeled secondary antibody at RT for 4 h. After incu-
bation with mounting solution containing 4′,6-diamidino-2-
phenylindole (DAPI, Vector Lab Incorporation), and the samples
were observed using a Zeiss LSM 700 confocal microscope (Carl
Zeiss).

Flow cytometry and fluorescence-assisted cell sorting (FACS)

Flow-cytometric iNKT cell analysis was carried out as previously
described (Shin et al. 2017). The levels of FasL in iNKT cells and
DN32.D3 cells, an iNKT cell hybridoma cell line, were assessed
using FasL mAb (eBioscience). Fas expression and the frequency
of dead 3T3-L1 adipocyteswere investigated using FasmAb (eBio-
science) and PI, respectively. The proliferation rate was analyzed
using Ki67 mAb (eBioscience). Macrophages were analyzed using
CD11b, F4/80, CD11c, and CD206mAb (eBioscience). Cells were
analyzed using a FACS Canto II instrument (BD Biosciences). To
isolate adipocyte progenitor cells, epididymal adipose tissues
were fractionated into adipocytes and stromal vascular cells
(SVCs) and SVCs were stained using CD29 (BioLegend), CD34,
CD31, CD45, and PDGFRα (BD Biosciences) mAbs. After SVCs
were stained with mAbs against, CD31−CD45−PDGFRα+, adipo-
cyte progenitor cells were sorted using a FACS Aria II (BD Biosci-
ences) at the National Center for Inter-university Research
Facilities (NCIRF) at Seoul National University.

Coculture

3T3-L1 pre-adipocytes were grown to confluence and then differ-
entiated in 12-well culture plates. Differentiated 3T3-L1 adipo-
cytes were pretreated with α-GC (100 ng/mL) for 4 h and then
washed with PBS. DN32.D3 cells (1 × 105) were incubated with
differentiated 3T3-L1 adipocytes for 48 h. FFA treatment (500
μm) was conducted as previously described (Kim et al. 2015).
Briefly, FFAs were dissolved in ethanol and diluted in DMEM
containing 1% fetal bovine serum and 2% bovine serum albumin
(BSA) at 55°C for 10 min. BSA-conjugated FFA-containing media
were used for challenging differentiated 3T3-L1 adipocytes for
2 wk at 2-d intervals. Then, the cells were challenged with
TNFα (10 nM) for 1 d. Dead adipocytes and FasL-positive
DN32.D3 cells were analyzed by FACS.

Apoptosis assay

The frequency of apoptotic adipocytes was determined using an
in situ cell death detection kit (Roche) according to the manu-
facturer’s protocol. TUNEL-positive cells were analyzed under a
microscope, and statistical analysis was performed using
LSM510 software (Carl Zeiss). For the detection of annexinV-pos-
itive cells, we used the annexin V staining kit purchased from BD
Biosciences. According to the manufacturer’s protocol, the fre-
quency of annexin V-positive adipocytes was analyzed using
FACS.

Ex vivo glucose bioprobe uptake assay

Ex vivo glucose bioprobe uptake was assayed as previously de-
scribed (Kim et al. 2015).

Western blot analysis

Western blotting was performed as previously described (Sohn
et al. 2018).

RNA isolation and quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

qRT-PCRwas carried out as previously described (Lee et al. 2017).
The mRNA level of cyclophilin was used for normalization. Se-
quence information for the primers used is provided in Supple-
mental Table S1.

Park et al.

1668 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.329557.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.329557.119/-/DC1


Transfection with small interfering RNA (siRNA)

siRNA duplexes for Cd1d1, caspase-3, caspase-8, and Fas were
synthesized at Bioneer Incorporation. siRNAs were delivered
into 3T3-L1 cells by electroporation. As a negative control, a
scrambled siRNA (siNC) was used.

Statistical analysis

Data are reported as themean± standard error of themean (SEM).
Means were compared by two-tailed Student’s t-tests or two-way
ANOVAwith a Bonferroni post-hoc test. Statistical analyseswere
performed using Prism (GraphPad Software), and differences were
considered significant at P <0.05.
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