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The phenotypic and functional plasticity of adipose tissue
macrophages (ATMs) during obesity plays a crucial role
in orchestration of adipose and systemic inflammation.
Tonicity-responsive enhancer binding protein (TonEBP)
(also called NFAT5) is a stress protein that mediates cellu-
lar responses to a range of metabolic insults. Here, we
show thatmyeloid cell–specific TonEBPdepletion reduced
inflammation and insulin resistance in mice with high-fat
diet–induced obesity but did not affect adiposity. This phe-
notypewas associatedwith a reduced accumulation and a
reduced proinflammatory phenotype of metabolically acti-
vated macrophages, decreased expression of inflamma-
tory factors related to insulin resistance, and enhanced
insulin sensitivity. TonEBP expression was elevated in the
ATMs of obese mice, and Sp1 was identified as a cen-
tral regulator of TonEBP induction. TonEBP depletion
in macrophages decreased induction of insulin resis-
tance–related genes and promoted induction of insu-
lin sensitivity–related genes under obesity-mimicking
conditions and thereby improved insulin signaling and
glucose uptake in adipocytes.mRNAexpression ofTonEBP
in peripheral blood mononuclear cells was positively corre-
lated with blood glucose levels in mice and humans. These
findings suggest that TonEBP in macrophages promotes
obesity-associated systemic insulin resistance and in-
flammation, and downregulation of TonEBP may induce a
healthymetabolic state during obesity.

Obesity is associated with chronic low-grade inflammation
characterized by progressive accumulation of immune cells

in metabolic tissues, especially visceral adipose tissue (1).
Adipose tissue inflammation is considered to be a main
driving force for the development of insulin resistance and
type 2 diabetes (T2D) in obese individuals (2). As a major
cell type that contributes to inflammatory responses, mac-
rophages accumulate in the adipose tissue of humans and
rodents with increasing body weight (3) and adipose tissue
macrophages (ATMs) are major effector cells that orchestrate
adipose and systemic inflammation in obesity (4).

Macrophages are highly heterogeneous and possess broad
plasticity, which means that they can change their pheno-
types and distinct functional activation states according to
local environmental factors and thereby play distinct roles
in regulation of tissue homeostasis and inflammation (5).
They are generally classified as proinflammatory M1 macro-
phages or anti-inflammatory M2 macrophages (6). Tradition-
ally, ATMs are considered to accumulate during obesity due
to recruitment of circulating monocytes and subsequent dif-
ferentiation into macrophages (7,8). In addition to the in-
creased number of ATMs, the phenotype of these cells
dramatically changes during obesity. ATMs in the lean state
typically have an anti-inflammatory–like phenotype, which
helps to maintain tissue homeostasis. By contrast, ATMs
during obesity respond to metabolic cues such as excess free
fatty acids (FFAs), glucose, and gut-derived endotoxin and
adopt a metabolically activated (MMe) phenotype that is
distinct from M1 or M2 activation (9,10). MMe ATMs exert
both detrimental and beneficial functions via independent
proinflammatory and anti-inflammatory pathways during
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obesity (9,10). Thus, the balance between these two path-
ways in MMe ATMs could result in distinct metabolic states
and influence the progression of obesity and its common co-
morbidities, including glucose intolerance and T2D.

Tonicity-responsive enhancer binding protein (TonEBP),
also known as nuclear factor of activated T cells 5 (NFAT5),
is a pleiotropic stress protein involved in distinct stress re-
sponses in various cell types (11). It can mediate physiologi-
cal or pathological responses depending on the context. For
example, TonEBP-mediated responses to osmotic stress, bac-
terial infection, and genotoxin-induced DNA damage are
protective. By contrast, TonEBP-mediated responses to auto-
immune and metabolic stresses are pathogenic in human
diseases such as autoimmune diseases, acute kidney in-
jury, hepatocellular carcinoma, atherosclerosis, and obesity
(11). Many pathological conditions and agents stimulate
TonEBP expression in T cells, macrophages, and dendritic
cells, and elevated levels of TonEBP promote pathogenic
activation of these cells in a cell type–specific manner (11).
Numerous studies show that TonEBP promotes inflamma-
tory and autoimmune diseases in humans and rodents.
Conversely, downregulation of TonEBP reduces inflamma-
tion and thereby helps to prevent these diseases (11). Al-
though the role of TonEBP in macrophages is well studied,
relatively little is known about its intrinsic role in the iden-
tity and function of ATMs during obesity. Therefore, in this
study we examined the impact of macrophage TonEBP in
the context of obesity-associated inflammation and insulin
resistance. We found that TonEBP expression was elevated
in the ATMs of HFD-induced obese mice, and this promoted
the development of obesity-associated inflammation and in-
sulin resistance. Consequently, myeloid TonEBP–deficient
mice showed reduced inflammation and insulin resistance
and were protected against obesity-induced metabolic dys-
function. Thus, we identified TonEBP as a crucial factor in
the activation states of ATMs and in the control of meta-
bolic dysfunction during obesity.

RESEARCH DESIGN AND METHODS

Mice
All animal procedures were approved by and performed ac-
cording to guidelines of the Institutional Animal Care and
Use Committee of the Ulsan National Institute of Science
and Technology (UNISTACUC-20-27). Lysozyme 2-cre knock-
in (LysM-cre) mice were obtained from The Jackson Labora-
tory (Bar Harbor, ME). TonEBP fl/fl mice (12) were crossed
with LysM-cre heterozygous mice to generate mice lacking
TonEBP in myeloid cells. For the obese mice model, male
mice aged 8 weeks were fed a control diet (CD) (10% fat
as kcal; Research Diets, New Brunswick, NJ) or high-fat
diet (HFD) (60% fat as kcal; Research Diets) for 12 weeks.
Age-matched littermates without the Cre transgene were
used as controls. Mouse bone marrow (BM)-derived macro-
phages (BMDMs) were obtained through culturing of BM
cells with macrophage colony-stimulating factor (M-CSF) for
7 days (13). Mouse mononuclear cells were isolated from

BM or blood with use of Histopaque-1077 (Sigma-Aldrich,
St. Louis, MO). Monocytes were further purified by positive
selection on CD11b microbeads followed by separation on
MACS Columns (Miltenyi Biotec, Bergisch, Germany).

Human Samples
The study was approved by the Institutional Review Board
of the Ulsan National Institute of Science and Technology
(UNISTIRB-15-25-A). Human monocyte-derived macrophages
were prepared by M-CSF (14). Human peripheral blood
mononuclear cells (PBMCs) from healthy subjects and sub-
jects with diabetes were provided by the Seoul National Uni-
versity Hospital Human Biobank, a member of the National
Biobank of Korea, which is supported by the Ministry of
Health and Welfare. All samples derived from the National
Biobank of Korea were obtained with informed consent un-
der institutional review board–approved protocols.

Cell Culture, Transfection, and Adenovirus Infection
Human monocyte-like THP-1 cells (TIB-202; ATCC) were cul-
tured in RPMI medium containing 10% FBS and then differ-
entiated into macrophages through exposure to 5 ng/mL
Phorbol 12-Myristate 13-Acetate (PMA) (Sigma-Aldrich) for
2 days. The murine macrophage cell line RAW264.7 (TIB-71;
ATCC) was cultured in DMEM containing 10% FBS. All
siRNA duplexes were purchased from Integrated DNA Tech-
nologies (Coralville, IA). PMA-differentiated THP-1 macro-
phages and RAW264.7 cells were transfected with scrambled
(Scr) siRNA or siRNAs specific for target genes for 48 h with
Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA). For
overexpression, RAW264.7 cells were infected with an empty
vector control virus or an adenovirus carrying the human
TonEBP gene at a multiplicity of infection of 50 for 24 h.

Immunohistochemistry
Tissue sections of epididymal white adipose tissue (epi-
WAT) and liver were stained with hematoxylin-eosin (H-E)
for examination of morphological changes. We performed
immunohistochemistry by incubating samples with primary
antibodies as indicated. Images were recorded with an Olym-
pus FV1000 confocal fluorescence microscope. Signal inten-
sity was determined with ImageJ software (https://imagej.
nih.gov/ij/).

Flow Cytometry
Cells were immunophenotyped by flow cytometry using multi-
color fluorochrome-conjugated antibodies. Cell-surface markers
were identified with use of primary antibodies purchased from
BD Biosciences (Franklin Lakes, NJ) (Supplementary Table 1).
Flow cytometry data were acquired on a BD LSRFortessa in-
strument (BD Biosciences) and analyzed with FlowJo software
(Tree Star, Ashland, OR).

Real-time PCR
Total RNA was extracted from tissues and cells using TRIzol
reagent (Invitrogen). After reverse transcription, real-time
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PCR was performed with CFX384 Real-Time PCR Detec-
tion System (Bio-Rad Laboratories, Hercules, CA). Mea-
sured cycle threshold values were normalized with the
cyclophilin A or GAPDH reference gene and expressed as
fold changes relative to control samples. The primers are
described in Supplementary Table 2.

Immunoblotting, Cytokine Analysis, and Glucose
Uptake Assay
Western blotting was performed with standard methods (15).
The primary antibodies used are described in Supplementary
Table 1. Reactive bands were detected through chemilumines-
cence with the ImageQuant LAS 4000 imaging system (GE
Healthcare Life Sciences). Levels of cytokines in serum from
mice and culture medium were measured with ELISA kits
(R&D Systems, Minneapolis, MN). The glucose uptake rate
was measured as previously described (16).

Luciferase Reporter Assay
Cells were transfected for 24 h with human TonEBP promo-
ter–driven luciferase reporter vectors. The Renilla luciferase
reporter plasmid was used as a control for transfection effi-
ciency. Transfected cells were treated as indicated in the fig-
ure legends and lysed in passive lysis buffer. The luciferase
assay was performed with the dual-luciferase reporter sys-
tem (Promega, Madison, WI).

Chromatin Immunoprecipitation Quantitative PCR
Chromatin immunoprecipitation (ChIP) was performed
with a commercial kit (Millipore, Bedford, MA). In brief,
cells were cross-linked with 1% formaldehyde followed by
addition of 125 mmol/L glycine. After washing, cells were
sonicated and immunoprecipitated with anti-IgG, anti-Sp1
IgG (ab231778; Abcam), and anti-C/EBPb IgG (3082S; Cell
Signaling Technology) antibodies at 4�C overnight. After
elution and reverse cross-linking of the antibody/DNA
complexes, DNA was purified with a DNA purification kit
(QIAGEN, Redwood, CA) and subjected to real-time PCR
with use of suitable primers. The primers are described in
Supplementary Table 2. Immunoprecipitated DNA from each
sample was normalized to its respective chromatin input and
IgG controls.

Statistical Analysis
Data are expressed as the mean ± SEM or SD. The statistical
significance of differences between two conditions was esti-
mated with an unpaired t test. One-way ANOVA followed
by Tukey post hoc test was used to compare multiple condi-
tions. All statistical analyses were performed with GraphPad
Prism 8.2 software (GraphPad, San Jose, CA).

Data and Resource Availability
The data sets generated during or analyzed during the current
study are available from the corresponding author on reason-
able request.

RESULTS

Myeloid TonEBP Deficiency Prevents HFD-Induced
Glucose Intolerance and Insulin Resistance
To investigate the intrinsic role of TonEBP in myeloid
cells (i.e., macrophages) during the development of obe-
sity and insulin resistance, we generated a mouse model
with myeloid cell–specific genetic deletion of TonEBP
(MKO) by crossing floxed TonEBP (TonEBP fl/fl) mice with
TonEBPfl/fl; LysM-Cre1/� mice. TonEBPfl/fl cohoused littermates
that did not express Cre recombinase (wild type [WT]) were
used as controls. TonEBP levels were much lower in perito-
neal macrophages and BMDMs from MKO mice than in
those from their WT littermates, confirming the deletion of
TonEBP in LysM-expressing macrophages (Supplementary
Fig. 1A and B). MKO and WT mice showed similar weight
gain (Fig. 1A) and food intake (Supplementary Fig. 1C) dur-
ing feeding of CD or HFD for 12 weeks. Weights of the liver,
epi-WAT, and subcutaneous white adipose tissue after feed-
ing of HFD for 12 weeks did not differ between MKO and
WT mice (Fig. 1B). In addition, MKO mice showed similar
HFD-induced hypertriglyceridemia but reduced hypercho-
lesterolemia in comparison with their WT counterparts
(Supplementary Fig. 1D). HFD induced hyperglycemia and
hyperinsulinemia and increased HOMA of insulin resis-
tance index in mice (Fig. 1C–E). Notably, these effects were
less severe in MKO mice than in WT mice (Fig. 1C–E). MKO
mice showed improved glucose tolerance and insulin sensi-
tivity at week 8 of HFD feeding (Fig. 1F). In addition, epi-
WAT and livers isolated from MKO mice showed more po-
tent insulin signaling than those isolated from WT mice
(Fig. 1G). CD-fed MKO and WT mice had similar serum glu-
cose and insulin levels (Fig. 1C and D). Collectively, these
data demonstrate that TonEBP in myeloid cells is related to
development of obesity-associated metabolic deterioration.

Myeloid TonEBP Deficiency Reduces HFD-Induced
Macrophage Accumulation and Inflammation in
Adipose Tissue and the Liver
Given that increased macrophage infiltration and chronic
inflammation in peripheral tissues, such as the liver and ad-
ipose tissue, are hallmarks of obesity-induced insulin resis-
tance (17), we examined the epi-WAT and liver phenotypes.
In comparison with their WT counterparts, HFD-fed MKO
mice showed decreases of crown-like structures, which are
hallmarks of adipose tissue inflammation (Fig. 2A). mRNA
expression of F4/80 and TonEBP was increased in epi-WAT
of mice fed HFD and lower in HFD-fed MKO mice (Fig. 2B
and C). HFD-fed MKO mice showed decreases of F4/801

ATMs (Fig. 2D), consistent with reduced F4/80 mRNA ex-
pression (Fig. 2B). Furthermore, expression of genes encod-
ing CCL2, which is the important chemokine regulating
infiltration of monocytes/macrophages, and proinflamma-
tory cytokines related to insulin resistance, namely, TNFa
and IL-1b, was lower in MKO mice than in their WT coun-
terparts (Fig. 2E). Consistently, HFD-fed MKO mice had
lower serum levels of CCL2, TNFa, and IL-1b (Fig. 2F). No-
tably, neither epi-WAT phenotype nor expression of these
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genes differed between WT and MKO mice fed CD for
12 weeks. MKO mice were also protected against HFD-
induced downregulation of adiponectin, which is an adipokine
positively associated with insulin sensitivity, compared with
WT mice, but leptin level had not significantly change in
either group (Fig. 2G). Collectively, these data suggest that
TonEBP in myeloid cells promotes HFD-induced epi-WAT
remodeling toward inflammation and insulin resistance.

Chronic HFD feeding causes hepatic steatosis and inflam-
mation (1,18). HFD-fed WT mice had elevated circulating
levels of ALT and AST (Fig. 2H), but these levels were atten-
uated in HFD-fed MKO mice (Fig. 2H). mRNA expression of
F4/80, TNFa, and Ccl2 was also lower in livers of HFD-fed
MKO mice (Fig. 2I). Consistent with the reduced mRNA
level of F4/80, livers of HFD-fed MKO mice contained fewer
F4/801 macrophages (Fig. 2J).
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Taken together, these data demonstrate that TonEBP me-
diates the detrimental effects of obesity, such as macrophage
accumulation, inflammation, and hepatic steatosis in adipose
tissue and the liver.

TonEBP Deficiency Promotes Macrophage
Polarization Toward Improvement of Insulin Sensitivity
In both mice and human subjects, the activation state of
ATMs is causally linked to obesity-induced insulin resis-
tance (17) and steatohepatitis (19). Therefore, we exam-
ined macrophage populations in stromal vascular fractions
(SVFs) of epi-WAT. Consistent with results of a previous
study (20), HFD feeding increased the population of ATMs
(CD11b1F4/801) in WT mice, and this was suppressed by
myeloid TonEBP deficiency (Fig. 3A and Supplementary
Fig. 2A). More importantly, TonEBP deficiency in myeloid
cells reduced the population of proinflammatory M1-like
ATMs (CD11b1F4/801CD11c1CD206�) in HFD-fed mice
(Fig. 3B and C and Supplementary Fig. 2B). By contrast,
the population of anti-inflammatory M2-like ATMs
(CD11b1F4/801CD11c�CD2061) was larger in HFD-fed
MKO mice than in HFD-fed WT mice (Fig. 3B and C and
Supplementary Fig. 2B). Hence, the ratio of M1-like to
M2-like ATMs was lower in MKO mice (Fig. 3C), indicating
that inflammatory responses are reduced in epi-WAT of
HFD-fed MKO mice. Notably, mRNA expression of TonEBP
was elevated in SVFs of epi-WAT from HFD-fed mice (Fig.
3D). As expected given the decrease in epi-WAT (Fig. 2B
and C), mRNA expression of F4/80 was lower in SVFs of ep-
i-WAT from HFD-fed MKO mice (Fig. 3D). We further con-
firmed that TonEBP expression was markedly higher in
ATMs from epi-WAT from HFD-fed mice than in those
from epi-WAT from CD-fed mice (Fig. 3E). Furthermore, im-
munofluorescence staining of epi-WAT from HFD-fed WT
mice showed colocalization of TonEBP with F4/80, whereas
TonEBP was not detected in macrophages of epi-WAT from
HFD-fed MKO mice (Fig. 3F), suggesting that TonEBP ex-
pression increases in ATMs during obesity.

Consistent with the increased macrophage content, meta-
bolically activated proinflammatory and anti-inflammatory
gene expression was increased in SVFs of epi-WAT from
HFD-fed WT mice (Supplementary Fig. 2C). Importantly, ex-
pression of mRNAs encoding proinflammatory-related TNFa,
IL-1b, and CCL2 was lower in MKO mice when normalized
to F4/80 mRNA levels, while expression of mRNAs encoding
anti-inflammatory–related CD206, IL-10, and PPARg1 was
higher (Fig. 3G). These data indicate that TonEBP expression
in myeloid cells contributes to the increase of proinflamma-
tory-like ATMs and to the decrease in anti-inflammatory–like
ATMs in HFD-fed mice. Based on these findings, we investi-
gated whether TonEBP intrinsically affects the polarization
state of macrophages. To this end, BM cells were differenti-
ated into BMDMs with culture in the presence of M-CSF,
which drives differentiation of monocytes into unactivated
M0 macrophages (21). Interestingly, TonEBP deficiency in-
creased basal expression of anti-inflammatory–related genes

(CD206 and PPARc1) without affecting the expression of
the proinflammatory-related genes TNFa, IL-1b, and Ccl2
(Supplementary Fig. 2D) in BMDMs (M0). Additionally, the
percentage of BMDMs (Supplementary Fig. 2E), and mRNA
expression of F4/80 (Supplementary Fig. 2F), did not differ
between these two groups of mice, demonstrating that
TonEBP does not modulate the capacity of monocytes for
macrophages differentiation. Taken together, these data
demonstrate that TonEBP suppresses polarization toward
anti-inflammatory macrophages during differentiation of
macrophages. Similar effects were observed in macrophages
differentiated from the human monocyte cell line THP-1.
Two siRNAs (nos. 1 and 2, Supplementary Fig. 3A and B)
targeting different regions of TonEBP mRNA reduced ex-
pression of proinflammatory-associated genes and in-
creased expression of anti-inflammatory–associated genes in
THP-1–derived macrophages, suggesting that TonEBP sup-
presses polarization of differentiated human macrophages to-
ward an anti-inflammatory phenotype.

Given the importance of PPARg in priming monocytes
toward anti-inflammatory polarization and in suppression
of the inflammatory response in macrophages (22), we fur-
ther explored the role of TonEBP in PPARg expression in
macrophages. mRNA expression of TonEBP decreased on
M-CSF–induced differentiation of BM-derived monocytes
(BM-Mo) into macrophages (Fig. 3H). Notably, mRNA ex-
pression of both PPARc1 and PPARc2 was higher in BM-
Mo and BMDM from MKO mice than in the corresponding
cells from WT mice (Fig. 3H). mRNA levels of PPARc1
were also higher in SVFs from 8-week-old MKO mice than
in those from WT mice (Supplementary Fig. 3C). Similarly,
siRNA-mediated TonEBP knockdown increased PPARg1 ex-
pression in murine RAW264.7 macrophages (Fig. 3I). Con-
versely, overexpression of TonEBP with an adenoviral vector
reduced mRNA expression of PPARc1 (Fig. 3J). Importantly,
TonEBP depletion increased PPARc1 expression in primary
human monocyte–derived macrophages obtained from three
donors as previously described (23) (Fig. 3K) and in THP-1–
derived macrophages (Fig. 3L). Furthermore, TonEBP knock-
down stimulated induction of PPARg1 by the M2 inducer
IL-4 (20 ng/mL) (24) (Supplementary Fig. 3D). However,
TonEBP knockdown did not affect STAT6 activation or C/EBPb
expression, which are involved in M2 polarization (25)
(Supplementary Fig. 3D). These data suggest that TonEBP
modulates the proinflammatory/anti-inflammatory pheno-
type at least partly by suppressing the PPARg1 expression
in monocytes/macrophages.

We next asked how TonEBP suppressed the PPARg1 ex-
pression. Since TonEBP suppresses the PPARg2 promoter
via blocking the recruitment of C/EBPb (26) and there is
C/EBPb binding site in the PPARg1 promoter (27), we ex-
amined C/EBPb binding to the PPARg1 promoter. ChIP anal-
ysis using specific primers for the binding site (Supplementary
Table 2) showed that C/EBPb binding to the PPARg1 pro-
moter was elevated in response to TonEBP knockdown
(Supplementary Fig. 3E). These data demonstrate that
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Figure 3—TonEBP deficiency promotes macrophage polarization toward improvement of insulin sensitivity. A–C: Flow cytometry analysis
of cells isolated from SVFs of epi-WAT from MKO and WT mice fed CD (n = 3) or HFD (n = 11) for 12 weeks. A: Percentage of total macro-
phages (CD11b1F4/801) in SVFs. B: Representative flow cytometry plots showing the frequencies of M1 (CD11c1CD206�) and M2
(CD11c�CD2061) macrophages within the macrophage population in mice fed HFD. C: Quantification of M1 and M2 macrophages (left)
and the M1-to-M2 ratio (right). D: mRNA levels of TonEBP and F4/80 in SVFs of epi-WAT from mice fed HFD (n = 6). E: ATMs were isolated
from SVFs of epi-WAT from WT mice fed CD (n = 3) or HFD (n = 5) for 12 weeks with anti-CD11b antibody coupled to magnetic beads.
mRNA levels of TonEBP. F: Representative images of immunofluorescence staining of F4/80 (red), TonEBP (green), and DAPI (blue) in epi-
WAT from WT and MKO mice fed HFD for 12 weeks (n = 3). Colocalization of F4/80 and TonEBP is shown in yellow in the merged image
(arrows). Scale bar, 50 mm.G: mRNA levels of metabolically activated pro- and anti-inflammatory genes in SVFs of epi-WAT from mice fed
HFD (n = 6). H: mRNA levels of TonEBP, PPARc1, and PPARc2 in BM-Mo and BMDMs from WT and MKO mice (n = 6). I: Representative
protein levels of TonEBP and PPARg (top) and mRNA levels of PPARc1 (bottom) in RAW264.7 cells transfected with Scr or TonEBP-
targeted siRNA (n = 3). J: Representative protein levels of TonEBP and PPARg (top) and mRNA levels of PPARc1 (bottom) in RAW264.7
cells infected with adenovirus expressing TonEBP (Ad-TonEBP) or empty vector (Ad-EV) (n = 4). K: mRNA levels of PPARc1 in primary
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TonEBP suppresses the PPARg1 promoter via blocking
the recruitment of C/EBPb.

TonEBP Deficiency in Macrophages Improves Insulin
Sensitivity of Adipocytes Under Obesity-Mimicking
Conditions In Vitro
To address how TonEBP regulates proinflammatory re-
sponses in MMe ATMs, we examined the effects of TonEBP
on macrophage responses to saturated FFA palmitate (PA),
the main driver of the MMe phenotype (9,10). PA increased
TonEBP expression in THP-1 macrophages (Fig. 4A). Consis-
tent with previous findings (9,10), it also increased mRNA
expression of the proinflammatory-genes TNFa, IL-b, and
Ccl2, which are responsible for the development of obesity-
induced insulin resistance (28), and of IL-10 (8) and PPARc1
(22), which encode anti-inflammatory proteins that play im-
portant roles as modulators of insulin sensitivity (Fig. 4B).
Notably, TonEBP knockdown markedly reduced PA-medi-
ated induction of TNFa, IL-1b, and Ccl2 expression but en-
hanced expression of IL-10 and PPARc1 (Fig. 4B). Similar
effects were observed in mouse BMDM and RAW264.7 cells
(Supplementary Fig. 4A–C). TonEBP depletion also pro-
moted PA-mediated induction of genes involved in lipid
metabolism (Cd36, Plin2, and Abca1) that are regulated by
PPARg (9,10) in THP-1 macrophages (Fig. 4C). Further-
more, mRNA levels of these genes were higher in SVFs of
epi-WAT from HFD-fed MKO mice (Fig. 4D). Given the im-
portance of the opposing actions of nuclear factor-kB
(NF-kB) and PPARg on MMe phenotype in ATMs (9,10),
we examined whether TonEBP affects PA-stimulated tran-
scriptional activity of NF-kB and PPARg in macrophages.
PA-stimulated NF-kB activation was decreased by TonEBP
depletion consistent with the transcriptional activator func-
tion of TonEBP (29,30). Consistent with the suppressor
function of TonEBP for the PPARg1 promoter (see above),
PA-stimulated PPARg activation was increased by TonEBP
knockdown (Fig. 4E). Collectively, these data demonstrate
that TonEBP promotes the proinflammatory phenotype of
MMe macrophages via at least two independent mecha-
nisms: the activation of the proinflammatory NF-kB path-
way and the suppression of anti-inflammatory PPARg
pathway.

Circulating levels of lipopolysaccharide (LPS) and PA are
increased in obese subjects (31,32) and animal models of
obesity (33,34). The synergistic interaction between them
is known to promote proinflammatory responses via
TLR4/NF-kB signaling and stimulate the development of
obesity-related diseases including T2D (35). Thus, to mimic

the conditions of obesity in vitro, we activated macro-
phages with 0.1 or 1 ng/mL LPS and/or 0.2 mmol/L PA,
which are similar to the concentrations found in the serum
of obese subjects (31,32). mRNA expression of TNFa, IL-1b,
Ccl2, and IL-10 was higher in cells treated with PA plus LPS
than in cells treated with PA or LPS alone in THP-1 macro-
phages (Fig. 4F). Notably, mRNA expression of TNFa, IL-1b,
and Ccl2 was lower in TonEBP-deficient cells, while mRNA
expression of IL-10 was higher (Fig. 4F). Obesity-induced ac-
tivation of ATMs impairs insulin sensitivity of nearby adipo-
cytes (36). For investigation of whether TonEBP depletion in
macrophages changes the insulin response of adipocytes, an
indirect coculture experiment was performed with mature
3T3-L1 adipocytes and conditioned medium (CM) from
RAW264.7 cells. Similar to findings in THP-1 macrophages,
the expression of insulin response–associated genes was
higher in RAW264.7 cells treated with PA plus LPS than in
those treated with LPS alone, whereas the levels of TNFa
and iNOS in TonEBP-deficient RAW264.7 cells were lower
than in control cells after treatment with both LPS alone and
the combination of PA and LPS, and the level of IL-10
was higher (Fig. 4G and Supplementary Fig. 4D). Exposure
to CM from PA plus LPS–stimulated cells reduced insulin-
stimulated glucose uptake and Akt phosphorylation com-
pared with exposure to CM from vehicle-treated cells (Fig.
4H and I). Notably, exposure to CM from TonEBP-
deficient RAW264.7 cells improved insulin-stimulated
glucose uptake and Akt phosphorylation compared with
exposure to CM from control cells stimulated with PA
plus LPS (Fig. 4H and I). Collectively, these data demon-
strate that TonEBP in macrophages impairs insulin sensi-
tivity of adipocytes and that macrophage TonEBP plays
an important role in obesity-induced inflammation and
subsequent insulin resistance.

Sp1 Is a Central Mediator of TonEBP Induction in
Response to TLR4 Stimulation in Macrophages
TonEBP expression in macrophages is upregulated through
TLR4 stimulation by LPS and various pathologic stimuli
(11), and here, we showed that TonEBP expression was in-
creased by PA treatment (Fig. 4A and Supplementary Fig.
4B). Therefore, we investigated transcriptional regulation
of TonEBP in response to LPS and PA, a potent agonist of
TLR4. We constructed a pGL3 luciferase reporter vector by
inserting a 5 kb promoter sequence (�4,591/409) of the
human TonEBP gene. Murine RAW264.7 and human THP-1
macrophages transfected with this reporter construct
exhibited luciferase activity, which was stimulated by LPS

human monocyte–derived macrophages transfected with Scr or TonEBP-targeted siRNA. Primary human mononuclear cells were isolated
from blood, and monocytes were further purified using CD14 microbead positive selection. The macrophages were obtained from a 7-day
culture with human M-CSF (20 ng/mL), and transfected with the indicated siRNA (n = 3). L: Representative protein levels of TonEBP and
PPARg (top) and mRNA levels of PPARc1 (bottom) in THP-1–derived macrophages transfected with Scr or TonEBP-targeted siRNA (n = 6).
n represents the number of biologically independent animals (or samples) (A–H and K) or independent experiments with at least two repli-
cates (I, J, and L). All data are presented as mean ± SEM. (or SD). P values were determined with ANOVA with Tukey post hoc test. #P< 0.05
vs. CD or BM-Mo (H). *P < 0.05. mRNA levels were normalized to those of cyclophilin A (internal control). mRNA levels in SVFs were further
normalized to those of F4/80 to correct for the amount of macrophages (G). AU, arbitrary units.
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and PA (Fig. 5A and Supplementary Fig. 5A). To define
DNA regions responsible for stimulation of TonEBP, we
generated serial deletion constructs (Fig. 5B). RAW264.7
cells transfected with a construct in which the sequence be-
tween �1,931 and �1,873 (D4) was deleted did not exhibit
LPS-stimulated luciferase activity (Fig. 5C). Database analy-
sis of the sequences in this region revealed similarity to a
nonconsensus recognition sequence (�1,896 to �1,887) of
the transcription factor Sp1 that is remarkably conserved in
human and mouse (Fig. 5D). Therefore, we investigated
whether Sp1 is required for induction of TonEBP in re-
sponse to LPS and PA. The mRNA expression of Sp1 was
increased by treatment with LPS (1 ng/mL) for 18 h but
not by PA (0.2 and 0.3 mmol/L) (Supplementary Fig. 5B).
Notably, Sp1 knockdown reduced LPS-induced TonEBP pro-
moter–driven luciferase expression without influencing lu-
ciferase activity under unstimulated conditions (Fig. 5E).
Consistently, Sp1 knockdown decreased TonEBP expression
induced by LPS (Fig. 5F). Similarly, LPS-induced TonEBP ex-
pression was reduced by the selective Sp1-DNA-binding in-
hibitor mithramycin A in THP-1–derived macrophages (Fig.
5G). Mithramycin A also reduced PA-induced mRNA expres-
sion of TonEBP in RAW264.7 cells (Supplementary Fig. 5C).

To investigate whether reduction of TonEBP expression
on Sp1 knockdown was dependent on the Sp1 binding se-
quence in the promoter, we constructed Sp1-deleted (mt1)
and -substituted (mt2) mutants (Fig. 5H). Neither mutant
exhibited LPS-induced transcriptional activity (Fig. 5I), con-
firming that the Sp1 binding site functions in LPS-induced
TonEBP expression. Next, to investigate whether Sp1 binds
to the Sp1 binding site in the TonEBP promoter, we per-
formed ChIP quantitative PCR in THP-1 macrophages (Fig.
5J). When DNA was precipitated from THP-1 macrophages
with use of an anti-Sp1 antibody, fragments of the TonEBP
promoter containing the Sp1 binding sequence detected
with two primer sets (A and B) were enriched in LPS-treated
cells, and this enrichment was reduced by mithramycin A
(Fig. 5J). Taken together, these data demonstrate that Sp1
binds to the Sp1 binding site in the TonEBP promoter and
thereby induces TLR4-mediated TonEBP expression.

TonEBP mRNA Expression Level in PBMCs Is
Positively Correlated With Blood Glucose Levels in
Mice and Humans
PBMCs from subjects with chronic inflammatory diseases
are proinflammatory and release inflammatory cytokines
and chemoattractant mediators into the systemic circula-
tion (37,38). Therefore, we investigated mRNA expression
of TonEBP in PBMCs. Feeding an HFD increased mRNA
expression of TonEBP, TNFa, and IL-1b in PBMCs from
WT mice, but this effect was significantly attenuated in
PBMCs from MKO mice (Fig. 6A). Notably, fasting blood

glucose levels were positively correlated with mRNA levels
of TonEBP, TNFa, and IL-1b in PMBCs (Fig. 6B and
Supplementary Fig. 6A). In addition, there was a significant
association between the mRNA levels of TonEBP and TNFa
(Supplementary Fig. 6B). More importantly, mRNA expres-
sion of TonEBP was higher in PBMCs from patients with
diabetes than from subjects without diabetes and was
positively correlated with fasting blood glucose levels
(Fig. 6C and Supplementary Table 3). These data suggest that
TonEBP plays a critical role in the proinflammatory state
of PBMCs and that variability of TonEBP expression in
PBMCs can affect this state in patients with diabetes and
diabetic mice.

Obesity-induced inflammation and metabolic dysfunc-
tion in humans and mice are associated with increased
numbers of circulating inflammatory monocytes (39,40).
Therefore, we examined blood inflammatory CD11b1Ly6C1

monocytes in mice, which are considered the counterpart of
human inflammatory monocytes (5). Whereas MKO mice
had a similar percentage of total myeloid cells (CD11b1)
compared with WT mice (Fig. 6D), TonEBP deficiency in
myeloid cells attenuated the increase of circulating inflam-
matory monocytes induced by HFD (Fig. 6E). More impor-
tantly, TonEBP deficiency reduced surface expression of
CCR2, a chemokine receptor that mediates migration of
monocytes and is highly expressed by inflammatory mono-
cytes (Fig. 6F and Supplementary Fig. 6C and D). Addition-
ally, deficiency of TonEBP in myeloid cells did not affect
the populations of monocyte subsets (Supplementary Fig.
7A–C) among cells isolated from BM. Collectively, these
data raise the possibility that TonEBP contribute to the dif-
ferentiation of circulating inflammatory monocytes and
their migration capacity via CCR2-CCL2 signaling during
obesity.

DISCUSSION

In adipocytes, TonEBP suppresses white adipocyte beiging
by repressing thermogenesis. Accordingly, mice lacking
TonEBP specifically in adipocytes exhibit reduced weight
gain and insulin resistance (41). Results of the current
study demonstrated that mice lacking TonEBP in myeloid
cells show reduced inflammation and insulin resistance,
even in the absence of changes in weight gain and adipos-
ity (Fig. 6G). These findings suggest that TonEBP affects
metabolic physiology in at least two cell types, namely,
adipocytes and macrophages. Adipose tissue is a bona fide
endocrine organ that regulates systemic metabolic homeo-
stasis and plays a crucial role in metabolic homeostasis
and dysfunction through cross talk between cell types and
organs. TonEBP depletion in myeloid cells also has beneficial
effects on obesity-induced hepatic dysfunction. Given the

than three replicates (A–C and E–I) or biologically independent samples (D). All data are presented as mean ± SD (or SEM). P values were
determined with ANOVA with Tukey post hoc test. #P < 0.05 vs. Scr siRNA; PA (-) (A–C and E), Scr siRNA; PA (-); LPS (-) (F), Scr siRNA;
BSA; LPS (G), Scr siRNA; PA (-); insulin (-) (H and I). *P < 0.05. AU, arbitrary units; Ton, TonEBP.

2566 Myeloid TonEBP Promotes Insulin Resistance Diabetes Volume 71, December 2022

https://doi.org/10.2337/figshare.21170848
https://doi.org/10.2337/figshare.21170848
https://doi.org/10.2337/figshare.21170848
https://doi.org/10.2337/figshare.21170848
https://doi.org/10.2337/figshare.21170848
https://doi.org/10.2337/figshare.21170848
https://doi.org/10.2337/figshare.21170848
https://doi.org/10.2337/figshare.21170848
https://doi.org/10.2337/figshare.21170848


H

+409+1
Sp1

-2,182 Luc WT

-1,896 GGAAGAGGCC -1,887

Sp1 deletion (mt1)-2,182 LucX

Sp1 Substit. (mt2)-2,182 Luc

-1,896 TTCCTCTTAA-1,887

-
LPS (1 ng/mL)

I J

0

1

2

3

Lu
ci

fe
ra

se
ac

tiv
ity

 (A
U

) *

n.s. n.s.

WT mt1 mt2
pGL3 hTonEBP-P

(-2,182/409)

Sp1:

Fo
ld

en
ric

hm
en

t

**
#

0

2

4

6

0

1

2

3

4 # IgG
Sp1

Mith (-1 h): - + - +

Primer set 1
LPS (3 h): - - + +

- + - +

Primer set 2
- - + +

**

Sp1
-1800-2100

Primer set 2
Primer set 1

THP-1 macrophagesRAW264.7

A B C

0
1
2
3
4
5

- 1 10
LPS (ng/mL)

*
*

pGL3 basic
pGL3 hTonEBP-P (-4,591/409)

THP-1 macrophages

UA(
ytivitca

esareficuL
)

0

2

4

6

8

*
*

- 0.1 1
LPS (ng/mL)

-4,591

-1,872

-1,462

-545

-2,182

-1,932

Luc

Luc

Luc

Luc

Luc

Luc

Luc

Luc-2,423

4091
Sp1

pGL3 basic

D4

D5

D6

B

D2

D3

WT

D1

Lu
ci

fe
ra

se
ac

tiv
ity

(A
U

)

WT D1 D2 D3 D4 D5 D6 B
0

1

2

3

4

* * * *

n.s. n.s. n.s.

-
LPS 1 ng/mL

D

GAAAAAGGAAGAGGCCTTGCCAGTTCTTGAC
GAAAGGGGAAGAGGCCTTGGCCCTTCTTGAC

Sp1 binding site

Human

Mouse

-1,896   -1,887

-2,261   -2,252 100

250

75

(kDa)
TonEBP

Sp1

Hsc70

siRNA:
-

Scr Sp1

LPS

Scr Sp1

F
RAW 264.7 G

THP-1 macrophages

LPS

- 0.10 0.25

-

- 0.10 0.25Mith (mmol/L):

100

250

75

(kDa)
TonEBP

Sp1

Hsc70

0.0

0.5

1.0

1.5

2.0

m
R

N
A

(A
U

)

- LPS

#

*
Scr siRNA
Sp1 siRNA

m
R

N
A

(A
U

)
-

#
*

RAW264.7

RAW 264.7

Scr siRNA
Sp1 siRNA

pGL3 hTonEBP-P
(-2,182/409)

E

0

1

2

3

4U
A(

ytivitca
esareficuL

)

- 1 10
LPS (ng/mL)

#

#*
*

n.s

RAW 264.7

Veh
Mith 0.1 mmol/L
Mith 0.25 mmol/L

0

1

2

3

4
*

LPS

Figure 5—Sp1 is a central mediator of TonEBP induction in response to TLR4 stimulation in macrophages. A: RAW264.7 cells were trans-
fected with the human (h)TonEBP promoter–luciferase construct containing the �4,591 to 409 region or the pGL3 basic vector. Luciferase
activity was measured after LPS (8 h) or PA (10 h) treatment as indicated (n = 4). B: The TonEBP promoter-luciferase construct containing
the �4,591 to 409 region of the human TonEBP gene and a series of 50 promoter deletion mutants. “Sp1” denotes the predicted Sp1 bind-
ing sequence. C: RAW264.7 cells were transfected with each of the 50 deletion mutants of the TonEBP promoter construct. Luciferase ac-
tivity was measured 8 h after treatment with vehicle (-) or 1 ng/mL LPS (n = 3). D: Nucleotide sequence alignment of the promoters of the
human and mouse TonEBP genes (National Center for Biotechnology Information [NCBI], Basic Local Alignment Search Tool [BLAST],
and alignment tools). The conserved predicted Sp1 binding sites are shown in boldface type. E and F: RAW264.7 cells were transfected
with Scr or Sp1-targeted siRNA. E: siRNA-transfected cells were transfected with the �2,182/409 promoter construct including the Sp1
binding site. Luciferase activity was measured 8 h after treatment with 0, 1, or 10 ng/mL LPS (n = 3). F: siRNA-transfected RAW264.7 cells
were treated with vehicle (-) or LPS (1 ng/mL) for 18 h (for protein) or 6 h (for RNA). Representative immunoblots of TonEBP, Sp1, and
Hsc70 (top), and TonEBP mRNA levels (bottom) (n = 3). G: THP-1–derived macrophages were treated with vehicle (-) or mithramycin A
(Mith) (0.1 and 0.25 mmol/L) for 1 h followed by vehicle (-) or LPS (0.1 ng/mL) for 18 h (for protein) or 6 h (for RNA). Representative immuno-
blots of TonEBP, Sp1, and Hsc70 (top) and TonEBP mRNA levels (bottom) (n = 3). H: The TonEBP promoter–luciferase construct contain-
ing the �2,182 to 409 region of the human TonEBP gene (Sp1 WT) and the mutant �2,182/409 construct in which the Sp1 site was
deleted (mt1) or mutated (mt2). I: RAW264.7 cells were transfected with the �2,182/409 promoter construct and Sp1-WT, -mt1, or -mt2.
Luciferase activity was measured after treatment with vehicle (-) or LPS (1 ng/mL) for 8 h (n = 3). J: THP-1–derived macrophages were

diabetesjournals.org/diabetes Lee and Associates 2567

https://diabetesjournals.org/diabetes


important role of islet-associated macrophages in T2D (42),
it is possible that TonEBP influences the obesity-associated
islet inflammation and b-cell dysfunction. Thus, we suggest
that TonEBP represents a key node in this cross talk by reg-
ulating multiple aspects of the physiological response to
metabolic stimuli and obesity in metabolic tissues.

Increasing evidence highlights the importance of cross
talk between ATMs and other immune cells in shaping
the immunometabolic profile of the adipose tissue con-
tributing to inflammation and insulin resistance during
obesity. While ATMs of obese mice trigger the reduction
of Tregs (43,44), which is responsible for improvement of
insulin sensitivity and reduced inflammation in obese hu-
mans and mice (45), they promote the accumulation of
mast cells and CD81 effector T cells, which leads to macro-
phage recruitment into adipose tissue (46,47) and inflam-
mation and insulin resistance in obesity (48,49). Thus, the
complex interplay between ATMs and other immune cells
might also have contributed to the beneficial effect in
HFD-feeding MKO mice.

PBMCs are implicated in the mechanisms linking im-
mune-inflammation to the modulation of chronic disease
development (50). Hence, these cells may be a new source
of noninvasive diagnostic and prognostic biomarkers. Hy-
perglycemia functions as a crucial driving force of these
processes by modulating the response of PBMCs (51). In-
creased TonEBP activity in monocytes is associated with
early diabetic nephropathy in humans (52). Data from
various human cohorts also indicate that single nucleotide
polymorphisms of TonEBP are associated with inflamma-
tion, diabetic nephropathy, and the risk of T2D (11). Im-
portantly, our finding that mRNA levels of TonEBP are
elevated in PMBCs of patients with diabetes and mice
with HFD-induced diabetes supports these previous find-
ings. TonEBP mRNA expression in PMBCs was positively
correlated with blood glucose levels in human and mice. In
addition, there was a strong association between TonEBP
and TNFa mRNA levels in PMBCs of obese mice, suggesting
that TonEBP plays a critical role in the proinflammatory
state of PBMCs and that variability of TonEBP expression
can affect this state. Therefore, targeting TonEBP levels in
PBMCs is potentially a new therapeutic strategy to coun-
teract metabolic diseases such as T2D, and these levels
are also potentially an additional biomarker to predict
outcomes.

Obese patients have increased FFA levels in blood
(32,53). Elevated saturated fatty acids, particularly PA,
lead to inflammatory responses, which are an important
risk factor for the onset of obesity-associated metabolic

disorders (35,54). In adipose tissue, macrophages are sur-
rounded by adipocytes, which constantly release FFAs. PA
and its metabolites promote potent metabolic inflamma-
tion in macrophages via various signaling pathways (54).
Here, we show that TonEBP depletion in human and mouse
macrophages decreases induction of proinflammatory gene
expression and cytokine secretion but promotes expression
of genes related to anti-inflammatory macrophages in re-
sponse to PA and thereby improves insulin signaling and
glucose uptake in adipocytes. In addition, PA can induce and
enhance inflammatory reactions via distinct mechanisms, in-
cluding endoplasmic reticulum stress. Future studies should
investigate the impact of TonEBP on various PA-mediated
cellular events, including endoplasmic reticulum stress. Fur-
thermore, the molecular mechanism by which TonEBP
regulates PA-mediated cellular events involved in MMe
macrophages remains to be determined.

Many pathological conditions and agents induce TonEBP
gene expression via TLR4 stimulation, and increased expres-
sion of TonEBP promotes its homeostatic and pathologic
functions (11). In the current study, we provide evidence
that the transcription factor Sp1 is a crucial mediator of
transcriptional regulation of the TonEBP gene induced by
TLR4 activation (Fig. 5). This is interesting in view of the
previous finding that Sp1 and TonEBP play distinct roles
in expression of pro- and anti-inflammatory genes. First,
TonEBP and Sp1 have opposite roles in transcriptional reg-
ulation of IL-10, a potent anti-inflammatory and immuno-
suppressive molecule in macrophages. Sp1 is a major
transcription factor involved in LPS-mediated induction of
IL-10 gene expression and is recruited to a putative binding
site in the promoter region in mouse and human macro-
phages (55). By contrast, TonEBP suppresses LPS-mediated
transactivation of the IL-10 gene. Interestingly, TonEBP
suppresses transcription of the IL-10 gene by reducing
chromatin accessibility and thus recruitment of Sp1 to its
promoter (23). The current study and these previous find-
ings suggest there is a previously unrecognized bidirec-
tional regulatory loop between Sp1 and TonEBP in the
context of LPS-mediated IL-10 expression. Specifically, Sp1
activates TonEBP transcription in response to LPS. TonEBP,
in turn, negatively regulates recruitment of Sp1 to the
IL-10 promoter and thereby abrogates the capacity of Sp1
to stimulate IL-10 transcription. Thus, the reciprocal ac-
tions of Sp1 and TonEBP are an important aspect of regu-
lation of IL-10 expression. Second, TonEBP and Sp1 are
important positive regulators of NF-kB p65, which is
a central signaling hub in inflammatory responses. Sp1
facilitates p65 binding to promoters and promotes

pretreated for 1 h (�1 h) with vehicle (-) or mithramycin A (200 mmol/L), and then treated with vehicle (-) or LPS (1 ng/mL) for 3 h. ChIP anal-
ysis of Sp1 and normal rabbit IgG on the TonEBP promoter was performed as described in Research Design and Methods. Two primer
sets were designed for ChIP quantitative PCR at the predicted Sp1 binding site region of the TonEBP promoter. We calculated relative oc-
cupancy by performing quantitative PCR analysis and normalizing the CT values with input controls. All data are presented as mean ± SD
(n = 3). n represents the number of independent experiments with more than three replicates. P values were determined with ANOVA with
Tukey post hoc test. #P < 0.05 vs. Scr siRNA; LPS (-) (E–G) or IgG (J). *P< 0.05. AU, arbitrary units; n.s., not significant; Veh, vehicle.
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expression of its proinflammatory target genes, such as
Ccl2 (56). Similarly, TonEBP promotes transcriptional
activity of NF-kB via interaction with p65 and expression

of its proinflammatory target genes (29). This regulatory
relationship between Sp1 and TonEBP has functional im-
plications for counteracting the anti-inflammatory role of
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Sp1 and stimulating the proinflammatory role of TonEBP
and Sp1, thereby promoting proinflammatory activation of
macrophages. These results demonstrate a mechanism that
may help to explain the differential regulation of pro- and
anti-inflammatory genes. Further investigations of cross
talk between TonEBP, Sp1, and NF-kB in macrophages will
likely provide important insights into the mechanisms un-
derlying pro- and anti-inflammatory polarization, providing
leads for therapeutic targeting of this cross talk in inflam-
mation biology.

In summary, our findings reveal that macrophage TonEBP
is a crucial driver of obesity-associated inflammation and in-
sulin resistance. Depletion of TonEBP profoundly alters the
ratio of proinflammatory to anti-inflammatory MMe macro-
phages and reduces macrophage accumulation in adipose tis-
sue and the liver. Considering the key role of macrophages in
adipose tissue function, targeted modulation of TonEBP ac-
tivity in ATMs might open up new avenues for inducing
healthy adipose tissue remodeling to prevent progression of
obesity-associated morbidities.
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