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Abstract 

 

Tonicity-responsive enhancer-binding protein (TonEBP, also called NFAT5) is stress protein that 

mediates cellular responses via pleiotropic actions. In stress conditions, TonEBP regulates transcription 

of many genes using different mechanisms: transcription factor, transcriptional suppressor or cofactor. 

During my degree, I investigated impact of TonEBP in myeloid cells on neuroinflammation and obesity-

induced insulin resistance. 

Inflammation is biological response to harmful stimuli but also largely considered as contributor to 

disease development. Neuroinflammation is related with neurodegenerative disease showing memory 

loss and cognitive deficits. In the brain, Inflammatory stimulus prime microglia cell. This results in a 

constant production of inflammatory cytokines and chemokines (NO, TNF-α, and IL-1β) by these cells; 

in turn, the cytokines and chemokines maintain activation of the primed cells. This process results in a 

vicious circle, and finally causing neuron loss and neurodegeneration. Transcription factors NF-κB and 

AP-1 are key mediators of inflammation associated with many inflammatory diseases including AD. 

Here we report that TonEBP promotes neuroinflammation and neuronal cell death through microglial 

activation. In the microglia cell line BV2, TonEBP deficiency reduced LPS-induced expression and 

secretion of pro-inflammatory cytokines TNF-α and IL-1β in association with decreased activity of both 

NF-κB and AP-1. This was due to a reduced assembly of pro-inflammatory transcriptional complex 

which consisted of TonEBP, NF-κB, AP-1, and p300. As expected, myeloid-specific TonEBP deletion 

blunted the LPS-induced microglia activation and neuroinflammation. Cerulenin, a small molecule 

which disrupted the assembly of the pro-inflammatory transcriptional complex, suppressed the LPS-

induced activation of microglia and memory loss in association with alleviation of neuronal cell death. 

The incidence of obesity worldwide has increased drastically during recent decades. Obesity is 

associated with increased risk of insulin resistance, type 2 diabetes. Visceral adipose tissue expansion 

is associated with chronic low-grade inflammation and metabolic dysfunction characterized by 

progressive accumulation of immune cells. Here, we show that myeloid cell-specific TonEBP depletion 

reduced inflammation and insulin resistance in mice with high-fat diet-induced obesity, but did not 

affect adiposity. This phenotype was associated with a reduced accumulation and a reduced M1-

like/M2-like ratio of macrophages; decreased expression of inflammatory factors related to insulin 

resistance; and enhanced insulin sensitivity in epididymal white adipose tissue and the liver. TonEBP 

expression in macrophages was elevated by concentrations of palmitate and gut-derived endotoxin 

found in obese individuals, and Sp1 was identified as a central regulator of TonEBP induction. TonEBP 
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in macrophages promotes obesity-associated systemic insulin resistance and inflammation, and 

downregulation of TonEBP may induce a healthy metabolic state during obesity. 

In conclusion, TonEBP in myeloid cells is a major factor in the immune response that accelerates 

disease development. Thus, TonEBP is a promising therapeutic target for neuroinflammation and 

obesity-induced insulin resistance. 
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Chapter 1. Background 

 

1.1. Tonicity-responsive enhancer binding protein (TonEBP) 

TonEBP, also known as nuclear factor of activated T cell 5 (NFAT5), binds DNA via Rel-homology 

domain like NF-κB. TonEBP was identified as a transcriptional factor in response to hypertonic stress 

by regulating genes such as like BGT1, SMIT, AR and HSP70 (1) (Fig. 1-1). Recent studies show that 

TonEBP regulates transcription of many genes using different mechanisms such as a transcriptional 

cofactor (2-3) and a transcriptional suppressor (4-7). TonEBP also regulates intracellular signaling via 

protein-protein interaction (8-9). 

Figure 1-1. Physiology of TonEBP in hypertonicity 

 

Recent studies show that TonEBP is a critical regulator in various inflammatory diseases such as 

diabetic nephropathy, rheumatoid arthritis, atherosclerosis, obesity, hepatocellular carcinoma and brain 

inflammation (Fig. 1-2). In rheumatoid arthritis model, TonEBP is required for dendritic cells 

maturation. TonEBP promotes p38 pathway followed by differentiation of pro-inflammatory Th1 and 

Th17 cells (10). In obesity, TonEBP recruits DNMT1 which leads to DNA methylation and suppression 

of Adrb3 promoter (7). Thus, TonEBP deficiency enables to express thermogenic and beige genes, 

which promotes energy expenditure of WAT. In hepatocellular carcinoma, TonEBP expression in 

tumour regions and non-tumour regions is associated with recurrence and metastasis (3). Therefore, 

TonEBP deficiency prevents disease progression by reducing inflammatory response. these findings 

raise novel therapeutic strategy to prevent other inflammatory disease. 
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 Figure 1-2. Pleiotropic actions of TonEBP 
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1.2. Alzheimer’s disease (AD) 

 

Alzheimer's disease (AD) is an aging-related neurodegenerative disease showing memory loss and 

cognitive deficits. AD is the 5th leading cause of death in people age 65 and older. 1 in 9 people over 

the age of 65 years have AD. The number of AD patients almost doubles every 20 years. These increase 

and the consequential economic impact become a huge burden on society. However, there are still no 

effective treatment to halt, prevent, or reverse AD even with diagnostic tools. The exact cause of 

Alzheimer's disease is not known, but recent neuroinflammation has emerged as an important 

component in Alzheimer's disease pathology (11-13). Because systemic increase in pro-inflammatory 

mediators enhances activation of microglia. Immune system-mediated actions contribute to and drive 

Alzheimer’s disease (AD) pathogenesis (Fig. 1-3). 

Figure 1-3. Neuroinflammation in Alzhemier’s Disease 

Neuroinflammation is an inflammation in brain or spinal cord in response to injection, brain injury 

or aging. In brain, there are glial cells such as microglia, astrocytes, and oligodendrocytes. Microglia 

are resident macrophages in the CNS and contribute to innate immune response in CNS. In the 

inflammatory stimulus, microglia and astrocyte are activated and release neurotoxic factors for 

eliminate the inflammatory stimulus. Peripheral monocytes which are infiltrated through leaky blood 

brain barrier (BBB) also participate in phagocytosis and debris clearance (14). If these inflammatory 

responses are not well regulated, they become disease-promoting factors. In AD, excessive neurotoxic 

factors such as NO, TNF-α, and IL-1β cause neuronal damage and eventually neuronal death (11-13). 

There are several ways in which microglia induce neuronal death. Primed microglia induce neuronal 
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death via inflammatory pathway (15). Cytokines and chemokines (TNF- α, IL-1 β, C1q) induces A1 

astrocyte which function like M1. A1 astrocyte has toxicity to neurons and oligodendrocytes (16). 

Another pathway is microglia mediated synapse loss (16). Thus, regulating activation of microglia is 

important to prevent neuronal loss and impairment of cognitive function, which drives AD. 
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1.3. Adipose tissue macrophage (ATM) 

 

Obesity has become a global health problem. It is caused by excessive fat accumulation and is 

associated with various other diseases such as insulin resistance, type 2 diabetes, fatty liver disease, 

atherosclerosis, hypertension and stroke (17) (Fig. 1-4). 1 billion adults worldwide are overweight and 

658 million of whom are clinically obese in 2022. As the obese population continues to rise, it is 

necessary to interest in obesity treatment. 

Figure 1-4. Heath problems associated with Obesity 

Visceral adipose tissue expansion is associated with chronic low-grade inflammation and metabolic 

dysfunction characterized by progressive accumulation of immune cells (18). The phenotypic and 

functional plasticity of adipose tissue macrophages during obesity play a crucial role in orchestration 

of adipose and systemic inflammation. Adipose tissue is comprised of adipocyte and stromal vascular 

fraction (SVF) including pre-adipocyte, fibroblasts, endothelial cells, macrophage and monocytes (19). 

During obesity, immune cells accumulate in metabolic tissues, which is proportional to adiposity. 

Among them, macrophage is a major cell type that contributes to the inflammatory response and adipose 

tissue macrophage (ATM) are key mediator in adipose tissue inflammation (20). 

Macrophages exist in various type involved in adipose tissue inflammation. It was generally 

classified as M1 or ‘classically activated’ macrophage with pro-inflammatory function and M2 or 

‘alternatively activated’ macrophage with anti-inflammatory function (21) (Fig 1-5). Obese mice mainly 

show the M1 macrophage phenotype and lean mice have the M2 macrophage phenotype (22) (Fig 1-6). 

M1 macrophages are typically activated by IFN-γ or lipopolysaccharide (LPS) and produce nitric oxide 

(NO) and proinflammatory cytokines. M2 macrophages are typically activated by IL-4, IL-10, or IL-13 

and secrete arginase-1, IL-10 and anti-inflammatory cytokines (21). 
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During obesity, ATMs is exposed to metabolic cues like excess free fatty acids (FFAs), glucose, and 

low doses of endotoxins, rather than cytokines, and undergo a phenotypic switch from the M2 

polarization state to a more M1-like polarization state, which is thought to promote insulin resistance 

and T2D (23). Selective depletion of M1 ATMs reverses insulin resistance even in subjects fed a high-

fat diet (HFD) and with obesity (24). Thus, differential accumulation of these two ATM populations 

could result in distinct metabolic states. 

Figure 1-5. M1/M2 macrophage 

 

Figure 1-6. Inflammatory response during obesity 
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Chapter 2. Microglial TonEBP mediates LPS-induced inflammation and 

memory loss as transcriptional cofactor for NF-κB and AP-1 

 

 

2.1. Abstract 

 

Background: Microglia are brain-resident myeloid cells involved in the innate immune response and 

a variety of neurodegenerative diseases. In macrophages, TonEBP is a transcriptional cofactor of NF-

κB which stimulates the transcription of pro-inflammatory genes in response to LPS. Here, we 

examined the role of microglial TonEBP. 

Methods: We used microglial cell line, BV2 cells. TonEBP was knocked down using lentiviral 

transduction of shRNA. In animals, TonEBP was deleted from myeloid cells using a line of mouse with 

floxed TonEBP. Cerulenin was used to block the NF-κB cofactor function of TonEBP. 

Results: TonEBP deficiency blocked the LPS-induced expression of pro-inflammatory cytokines and 

enzymes in association with decreased activity of NF-κB in BV2 cells. We found that there was also a 

decreased activity of AP-1 and that TonEBP was a transcriptional cofactor of AP-1 as well as NF-κB. 

Interestingly, we found that myeloid-specific TonEBP deletion blocked the LPS-induced microglia 

activation and subsequent neuronal cell death and memory loss. Cerulenin disrupted the assembly of 

the TonEBP/NF-κB/AP-1/p300 complex and suppressed the LPS-induced microglial activation and the 

neuronal damages in animals. 

Conclusions: TonEBP is a key mediator of microglial activation and neuroinflammation relevant to 

neuronal damage. Cerulenin is an effective blocker of the TonEBP actions. 

Keywords: Microglial activation, Neuronal cell death, TonEBP 
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2.2. Introduction 

 

Neuroinflammation is inflammation in the brain or spinal cord in response to a variety of insults or 

cues including infection, brain injury, or aging. Like other forms of inflammation, neuroinflammation 

is mediated by the production of cytokines, chemokines, reactive oxygen species (ROS), and secondary 

messengers [1]. These inflammatory factors are produced by various cell types in the central nervous 

system (CNS) such as microglia, astrocytes, endothelial cells, other glial cells, and peripherally derived 

immune cells. Neuroinflammation can be protective or pathogenic depending on the context and type 

of molecules involved [1]. 

Microglia are resident macrophages of the CNS. During embryonic development, primitive 

macrophages generated in the yolk sac give rise to embryonic microglia [2]. After birth, bone marrow-

derived macrophages cross blood brain barrier and supplement the microglial population. Microglia 

serve two major functions [3]. Microglia contribute to maintenance of CNS homeostasis by controlling 

neuronal proliferation and differentiation. Microglia also play a critical role in innate immunity in CNS 

and brain disease. In settings of pathogenesis, inflammatory stimuli can prime microglial cell leading 

to a constant production of inflammatory cytokines and chemokines which, in turn, maintain activation 

of the primed cells [4]. These cycles finally lead to neuronal loss and neurodegeneration via 

inflammatory pathways or activation of A1 astrocytes [5, 6]. Tonicity-responsive enhancer binding 

protein (TonEBP), also known as nuclear factor of activated T cells 5 (NFAT5), belongs to the Rel 

family of transcription factors, which includes nuclear factor-κB (NF-κB) and NFAT 1–4 [7, 8]. TonEBP 

is involved in a variety of physiological and pathological processes by controlling transcription of 

different sets of genes through distinct mechanisms [9]. For example, in the renal medulla, TonEBP 

stimulates transcription of aquaporin 2 as a cis-acting transcriptional enhancer [10]. In macrophages, 

TonEBP regulates transcription of proinflammatory genes such as tumor necrosis factor-α (TNF-α) and 

cyclooxygenase-2 (COX-2) as a transcription cofactor of NF-κB independent of DNA binding [11]. As 

such, TonEBP is a key regulator of systemic inflammation. In the brain, TonEBP expression is limited 

to neurons without detectable expression in glial cells or other nonneuronal cells [12]. We recently 

reported that TonEBP expression is specifically elicited in microglia in response to direct injection of 

lipopolysaccharide (LPS) [13]. Here, we investigated the role of TonEBP in microglia. Our data show 

that TonEBP is a key mediator of microglial activation and neuroinflammation relevant to neuronal 

damage. 
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2.3. Method 

 

2.3.1. Cells in culture 

BV2 cells, a mouse microglial cell line (cat. no. CRL-2467, ATCC) [14], was cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) containing 5% fetal bovine serum (FBS, Thermo Fisher Scientific, 

Inc., MA, USA) and penicillin/streptomycin (100 U/ml and 100 μg/ml; GE Healthcare Life Sciences, 

UT, USA). For HT22 cells, a mouse hippocampus neuronal cell line (SCC129) [15] and mouse 

embryonic fibroblasts (MEFs) cells [11] DMEM containing 10% FBS was used. Cells were maintained 

at 37 °C in an incubator with 5% CO2. BV2 cells were transfected with TonEBP shRNA-harboring 

lentiviral particles (Santa Cruz Biotechnology) in the presence of polybrene (5 μg/ml). Stable cells were 

selected in the presence of puromycin (10 μg/ml). Cells were pretreated with cerulenin and BAY 11-

7082 (Sigma Aldrich, USA) for 1 h and exposed to lipopolysaccharide (LPS; Sigma Aldrich). 

Neuroinflammation is inflammation in the brain or spinal cord in response to a variety of insults or cues 

including infection, brain injury 

 

2.3.2. Immunoblot assay 

Cells were washed twice with 1x cold phosphatebuffered saline (PBS) and lysed in RIPA buffer: 

0.01M Tris, pH 7.4, 0.15M NaCl, 0.001M EDTA, 0.001M EGTA, 1% Triton X-100, phosphatase 

inhibitor cocktail (Sigma Aldrich), and protease inhibitor (Roche, Rotkreuz, Switzerland). The lysates 

were cleared by centrifugation for 15 min at 17,000 g. Protein concentration was measured by BCA 

assay (Pierce Biotechnology, IL, USA). Equal amounts of protein (30 μg) were separated by SDS-

PAGE and immunoblotted with specific primary antibodies overnight at 4 °C. 1:1000 Anti-c-jun (cat. 

no. 60A8, Cell Signaling Technologies, Berkeley, CA, USA), 1:1000 p65 (cat. no. D14E12, Cell 

Signaling Technologies), 1:1000 COX-2 (cat. no. 4842S, Cell Signaling Technologies), 1:10000 anti-

actin (A5441, Sigma Aldrich, USA), and 1:3000 anti-TonEBP antibody [7] were used. 1:10000 HRP-

conjugated mouse or rabbit secondary antibodies were used for detection. Antigen-antibody binding 

was detected by chemiluminescent detection reagent (GE Healthcare, NJ, USA). 

 

2.3.3. RNA isolation and quantitative PCR 

Total RNA from BV2 cells and mouse hippocampus and cortex was isolated using TRIzol reagent 
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(Invitrogen, CA, USA) according to the manufacturer’s instructions. cDNA was synthesized by M-MLV 

reverse transcriptase (Promega). After cDNA synthesis, quantitative PCR was performed with SYBR 

Green I Master Mix and a Light-Cycler 480 II instrument (Roche) using primers shown in 

Supplementary Table S1. RNA quantity was normalized to the cyclophilin A mRNA. 

 

2.3.4. ELISA 

TNF-α in cell culture media was analyzed by ELISA using a commercial kit (cat. no. MTA00B, R&D 

Systems, MN, USA). 

 

2.3.5. MTT assay 

1.5 × 106 BV2 cells were seeded in 10 ml of culture medium and grown overnight. The medium was 

replaced by 5 ml of medium containing 100 ng/ml of LPS, and then, cultured 24 h to obtain conditioned 

medium. Each conditioned medium was filtered with a 0.45 μ membrane. HT22 cells were seeded on 

96-well plates at a density of 1 × 104 cells per well with 0.2 ml culture medium. After overnight culture, 

the medium was replaced by the microglia conditioned medium. Twenty-four hours later, 20 μl of 50 

mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added. Reduced 

MTT was measured by absorbance at 490 nm.). 

 

2.3.6. TUNEL assay 

HT22 cells were plated on coverslips and grown overnight. The cells were then switched to the 

microgliaconditioned medium. After 24 h, TUNEL assay was performed using the DeadEndTM 

Fluorometric TUNEL System (cat. no. G3250, Promega, WI, USA) following manufacturer’s 

instructions. 

 

2.3.7. Luciferase assay 

Cells were transfected with either an AP-1 luciferase reporter (3xAP1pGL3, www.addgene.org) or a 

κB-driven luciferase plasmid [11]. Luciferase activity was measured using the Dual-Luciferase Assay 

System (cat. no. E1910, Promega) as described [11]. 
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2.3.8. Immunoprecipitation assay 

MEF cells were treated without or with 10 μM cerulenin (Sigma Aldrich) for 1 h followed by a 1 h 

treatment with 100 ng/ml LPS. Cell lysates were immunoprecipitated overnight at 4 °C using an anti-

c-jun antibody (1:50 dilution) (Cat. No. 60A8, Cell Signaling Technologies) as described previously 

[11]. 

 

2.3.9. Mice 

All methods involving live mice were carried out in accordance with approved guidelines. All 

experimental protocols were approved by the Institutional Animal Care and Use Committee of the Ulsan 

National Institute of Science and Technology (UNISTACUC-12-15-A). TonEBPfl/fl LysM-Cre and 

TonEBPfl/fl mice described previously [11] and C57BL/6 J mice were used. The littermates were kept 

together in the same cage. LysM-Cre mice were purchased from the Jackson Laboratory (cat. No. 

004781, Bar Harbor, ME, USA). For experiments, 8-week-old male mice were used. 

 

2.3.10. Stereotaxic surgery 

Eight-week-old male mice were anesthetized by intraperitoneal injection of zoletil (20 mg/kg) and 

rompun (5mg/kg). Animals were positioned on a stereotaxic apparatus and received 3 μl LPS (1 μg/μl 

1x PBS) or 1x PBS at a 1 μl/min rate into the left ventricle (0.6mm posterior; 1.2mm lateral; 1.8mm 

ventral from bregma) following the previously reported stereotaxic coordinates [16]. Some animals 

received administration of 2mM cerulenin in 3 μl water (6 nmol) or water alone at a rate of 1 μl/min. 

 

2.3.11. Immunohistochemistry 

For immunohistochemistry, mice were anesthetized by injecting a mixture of zoletil and rompun as 

described above. After perfusion with 1x PBS containing 150mM NaCl, 60mM nitrate, and heparin 

(200u/ml), whole brain was excised and fixed in 8% paraformaldehyde in PBS (pH 7.4) at 4 °C. After 

1 day, the fixative solution was replaced with 30% sucrose for an additional 1 day at 4 °C. The fixed 

brains were cryosectioned at 30 μm and stored in stock solution containing glycerol, ethylene glycol, 

and 0.2M phosphate buffer. For immunofluorescence detection, sections were washed twice with 1x 

PBS for 15 min and permeabilized with 0.2% Triton X-100 in BSA/PBS for 1 h. For immunostaining, 

sections were incubated with 1:500 anti-Iba-1 antibody (cat. no. 019-19741, Wako, Richmond) or 1:500 
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anti-NeuN antibody (cat. no. MAB377, Millipore) in 0.5% BSA/PBS overnight at 4 °C. Antibody 

binding was detected with goat anti-rabbit Alexa Fluor 594 or goat anti-mouse Alexa Fluor 594-

conjugated secondary antibodies respectively. 

 

2.3.12. Behavior tests  

Passive avoidance test Passive avoidance test was used to access short-term memory [17]. Passive 

avoidance apparatus (cat. no. LE872, Panlab) consists of a light and a dark compartment with an 

automated sliding door, across which mice can pass. All the tests were performed at 1:00 PM which is 

in resting phase (light period 06:00–18:00). On day 1 of the experiment, mice were positioned in the 

light compartment and allowed 30 s of exploration. The sliding door was then opened to induce 

movement to the dark compartment. This process is repeated 3 times for habituation. On day 2 of the 

experiment, the same protocol was conducted, but entry into the dark compartment was punished with 

a mild inescapable electrical shock (0.15 mV). On day 3 of the experiment, the procedure was repeated, 

and the latency time of each mouse was measured, with a maximum latency time of 5 min. Before each 

trial, to erase any scent cues, the interior of the maze was sprayed with 70% ethanol. All behavioral 

experiments were conducted over the same time frame. 

Y-maze tests Y-maze test was used to measure spatial working memory by spontaneous alteration 

[18–20]. Each mouse was placed in the same arm of the maze and allowed to move freely for 10 min. 

The number of different arm choices and the sequence of choices were recorded to assess percent 

alteration. Prior to each trial, to erase any scent cues, the interior of the maze was sprayed with 70% 

ethanol. 

 

2.3.13. Nuclear fractionation 

Cell lysates were centrifuged at 500 g. The cell pellet was washed by suspension with 1x PBS. 

Nuclear and Cytoplasmic extraction kit (cat. no. 78833, Pierce) according to manufacturer’s instruction 

was used for separating the cell nucleus and cytoplasm. Nuclear fraction was confirmed by Lamin B. 

 

2.3.14. Statistical analysis 

Data are expressed as the mean + SD or SEM. Statistical significance was estimated using one-way 

ANOVA or two-way ANOVA with Tukey’s post hoc test for multiple comparisons where applicable. 

All statistical analyses were performed using the GraphPad Prism 5.0 software (GraphPad, CA, USA). 
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2.4. Results 

 

2.4.1. TonEBP is required for inflammation in BV2 cells 

In macrophages [11] and hepatocytes [21], TonEBP is a key component of transcriptional machinery 

for proinflammatory gene expression in response to LPS and other signals. TonEBP expression 

increases dramatically in response to LPS in microglia in association with increased iNOS mRNA 

expression [13] as in macrophages and hepatocytes. We asked what was the role of TonEBP in LPS 

stimulated expression of pro-inflammatory genes in microglia. To answer this question, we first 

examined a glial cell line BV2 cells. TonEBP expression increased in response to LPS treatment (Fig. 

1a) as in microglia discussed above. iNOS expression also increased in association with elevated levels 

of nitrite which is a degradation product of nitric oxide (Fig. 1b). The increased iNOS expression was 

associated with elevation of iNOS mRNA levels along with mRNA levels for other pro-inflammatory 

enzyme and cytokines COX-2, TNF-α, IL-1β, and IL-6 (Fig. 1c). As expected from the elevated mRNA 

levels, expression of COX-2 and production of TNF-α also increased (Fig. 1 a and d). When TonEBP 

was knocked down using lentivirus, mRNA and protein product of the pro-inflammatory enzymes and 

cytokines all decreased (Fig. 1a–d) indicating a critical role of TonEBP in BV2 cells as in macrophages 

and hepatocytes. Activated microglia are known to secrete toxic molecules such as reactive oxygen 

species including nitric oxide, prostaglandin E2, and cytokines that kill neuronal cells [22]. We found 

that LPS stimulation of microglia produced neurotoxins as measured by reduced survival of a neuronal 

cell line HT22 cells (Fig. 1e) that might be due to the secretion of neurotoxins by microglia. The 

production of neurotoxins was reduced in TonEBP deficient BV2 cells consistent with the reduced 

production of inflammatory cytokines. 
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Figure 2.1. TonEBP in LPS-induced inflammation in BV2 cells. BV2 cells were stably transfected 

using lentivirus containing empty shRNA (open bars in b–e) or TonEBP targeting shRNA (solid bars in 

b–e) as indicated. a The cells were then treated for 24 h with 0 to 100 ng/ml of LPS as indicated and 

immunoblotted for TonEBP, iNOS, COX-2, and β-actin as shown in left. Right panels show band 

intensity for TonEBP, iNOS, and COX-2 corrected by intensity of corresponding β-actin band. b Nitrite 

was measured in the media of cells treated for 24 h with 0 (CTL:1x PBS) or 10 ng/ml LPS using Griess 

reagent. c RT-qPCR was performed on cells treated for 1 h (for TNF-α and IL-1β) or 6 h (for iNOS, 

COX-2, and IL-6) with LPS as in b. d TNF-α was measured in the medium after the cells were treated 
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for 6 h with LPS. e The stably transfected cells were treated for 24 h with 0 (CTL:1x PBS) or 100 ng/ml 

LPS to obtain conditioned media. HT22 cells grown in regular medium were switched to the 

conditioned media. After 24 h, cell viability was measured using MTT assay. Mean + SD, n = 3. *P < 

0.05 compared to empty shRNA. #P < 0.05 compared to CTL 

 

2.4.2. Cerulenin blocks LPS-induced inflammation by disrupting TonEBP interaction with NF-

κB and AP-1 

In macrophages and hepatocytes, TonEBP is central scaffold in the assembly of NF-κB 

enhanceosome in which TonEBP connects DNA-bound NF-κB to the histone acetyl transferase p300 

[11]. Cerulenin inhibits NF-κB actions by breaking up the assembly of the NF-κB enhanceosome. We 

used cerulenin to ask whether the NF-κB enhanceosome was responsible for the proinflammatory gene 

expression in BV2 cells. As shown in Fig. 2, cerulenin inhibited mRNA expression and protein 

expression of the pro-inflammatory enzymes and cytokines demonstrating that the NF-κB 

enhanceosome was responsible for the transcriptional stimulation. In addition, cerulenin showed clear 

inhibition on mRNA expression and nitrite production under basal conditions (without LPS treatment). 

Cell death by the conditioned media was reduced by cerulenin (Fig. 3a) as might be expected from the 

reduced production of cytokines. In order to exclude the possibility that the presence of cerulenin in the 

conditioned media was responsible for the reduced neurotoxic activity, cerulenin was directly added to 

the LPS conditioned medium (Fig. 3b). The presence of cerulenin did not affect neurotoxic activity 

indicting that cerulenin in the medium was not responsible for the reduced neurotoxic activity. Since 

the neurotoxic activity was due to cell death by apoptosis [23], we examined apoptosis in the HT22 

cells treated with the conditioned medium. The LPS-conditioned media stimulated apoptosis 

dramatically (Fig. 3c). On the other hand, conditioned media obtained from BV2 cells treated with LPS 

in the presence of cerulenin caused much less apoptosis indicating that products of the pro-inflammatory 

genes were responsible for the neuronal death. We noticed that the production of potential neurotoxins 

was also inhibited by an NF-κB inhibitor BAY11-7092 as expected (Fig. 3a). Activity of an NF-κB 

reporter was stimulated by LPS, which was completely blocked by cerulenin (Fig. 4a), consistent with 

the role of the NF-κB enhanceosome in BV2 cells. Interestingly, we found that an AP-1 reporter was 

also stimulated by LPS, which was blocked by cerulenin (Fig. 4b). Since AP-1 is activated by LPS and 

contributes to proinflammatory gene expression like NF-κB does [24], we wondered if TonEBP also 

functioned as a transcriptional cofactor for AP-1. In order to directly test this possibility, we performed 

co-immunoprecipitation analyses to detect interaction between AP-1 and TonEBP as described 

previously [11]. When c-jun, a subunit of AP-1, was immunoprecipitated, TonEBP was also brought 
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down (Fig. 4c) demonstrating the interaction between TonEBP and AP-1. Since TonEBP also interacts 

with p300 in this setting [11], these data provide evidence that TonEBP is a transcriptional cofactor for 

AP-1. Of note, the interaction was reduced in the presence of cerulenin suggesting that cerulenin 

disrupted the interaction between TonEBP and AP-1 (Fig. 4c) as it disrupts the interaction between 

TonEBP and NF-κB [11]. Cerulenin does not change phosphorylation and translocation of NF-κB [11]. 

Likewise, we found no changes in phosphorylation and nuclear translocation of c-jun (a subunit of AP-

1) by treatment of cerulenin (Supplementary Fig. S2) consistent with disruption of the interaction of 

TonEBP with AP-1 as well as NF-κB. Since there are AP-1 binding sites as well as NF-κB binding sites 

in the promoter regions of the pro-inflammatory genes [25–27], the TonEBP’s transcriptional cofactor 

function for both AP-1 and NF-κB is consistent with the cerulenin’s strong inhibition shown in Figs. 2 

and 3. 

Figure 2.2. Cerulenin inhibits LPS-induced inflammation in BV2 cells. BV2 cells were stably 

transfected using lentivirus containing empty Cerulenin inhibits LPS-induced inflammation in BV2 

cells. a The cells were pretreated for 1 h with 10 μM cerulenin (solid bars in b–d) or vehicle (water) 
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(open bars in b–d), followed by a 24 h treatment with 0 (CTL:1x PBS) or 10 ng/ml of LPS. 

Immunoblotting and quantitation were performed as in Fig. 1. b Nitrite was measured from the media 

of cells treated as above except that LPS treatment was for 24 h. c RT-qPCR was performed on cells 

treated as in b except that LPS was treated for 1 h (for TNF-α and IL-1β) or 6 h (for iNOS, COX-2, and 

IL-6). d TNF-α was measured in the medium after the cells were treated as in b for 6 h with LPS. Mean 

+ SD, n = 3. *P < 0.05 compared to vehicle. #P < 0.05 compared to CTL 

Figure 2.3. Cerulenin blocks LPS-induced secretion of neurotoxins by BV2 cells. a BV2 cells were 

pretreated for 1 h with vehicle (0.01% DMSO), 10 μM cerulenin, or 5 μM BAY11-7082, followed by 

treatment for 24 h with 0 (CTL:1x PBS) or 100 ng/ml LPS to obtain conditioned media. HT22 cells 

grown in regular medium were switched to the conditioned media. After 24 h, cell viability was 

measured using MTT assay. b HT22 cells were cultured in various microglia-conditioned media (MCM) 

shown with or without addition of 10 μM cerulenin as indicated. Cell viability was measured as above. 

V, vehicle, C, cerulenin. c HT22 cells grown on chamber slides were treated as in a: pretreatment with 
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vehicle or cerulenin followed by treatment with CTL or LPS. Fixed cells were analyzed by TUNEL 

assay. Nuclei were visualized with DAPI. Percent of TUNEL positive cells are shown on the right. Two-

way ANOVA with Tukey’s post hoc test was used for multiple comparisons. Bar = 200 μm. Different 

letters indicate statistical differences at P < 0.05. Mean + SD, n = 3-4. *P < 0.05, compared to vehicle 

in c. #P < 0.05 compared to CTL in c 

Figure 2.4. Cerulenin inhibits AP-1 transcriptional activity by disrupting its interaction with 

TonEBP. a BV2 cells were transfected with an NF-κB luciferase reporter. Luciferase activity was 

measured 3 h after treatment with 100 ng/ml LPS or vehicle (CTL:1x PBS). Where indicated, some 

cells were pretreated for 1 h with 10 μM cerulenin before treatment with LPS. Mean + SD, n = 3. #P < 

0.05, compared to LPS. *P < 0.05 compared to CTL. b BV2 cells were transfected with an AP-1 

luciferase reporter. Luciferase activity was measured 3 h after treatment with 100 ng/ml LPS or vehicle 

(CTL:1x PBS). Where indicated, some cells were pretreated for 1 h with 10 μM cerulenin before 

treatment with LPS. Mean + SD, n = 4. #P <0.05, compared to LPS. *P < 0.05 compared to CTL. c 
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MEF cells were pretreated with cerulenin (C) or vehicle (V) followed by treatment with LPS as above. 

Cell lysates were immunoprecipitated using c-jun antibodies and then immunoblotted for TonEBP and 

c-jun as shown in left. Right panel shows band intensity for TonEBP corrected by intensity of 

corresponding c-jun band. **P < 0.05 compared to vehicle. #P < 0.05 compared to CTL 

 

2.4.3. TonEBP mediates LPS-induced microglial activation 

In order to directly assess the role of TonEBP in microglial activation in response to LPS, myeloid-

specific TonEBP gene deletion was used. We crossed a floxed TonEBP line (TonEBPfl/fl) with a 

transgenic line with cre recombinase expression under the control of lysozyme promoter (LysM-Cre) 

to produce TonEBPfl/fl LysM-Cre mice [11]. Efficiency of microglial gene deletion in the LysM-Cre line 

is reported to be 90% [28]. Eight-week-old male TonEBPfl/fl LysM-Cre mice and their TonEBPfl/fl 

littermates were used for experiments. To induce inflammation of the brain, we performed 

intracerebroventricular injection of LPS as described [13]. Cortex (CTX) and hippocampus (HIP) were 

processed for immunostaining and RNA analysis 3 h after LPS injection. Microglial activation was 

detected by immunohistochemical visualization of Iba-1, a marker for activated microglia [29]. Based 

on increased area of Iba-1-positive area and number of Iba-1-positive cells, LPS injection resulted in a 

clear activation of microglia in the TonEBPfl/fl animals (Fig. 5a). The activation was associated with 

elevated levels of mRNA for TNF-α and IL-1β (Fig. 5b). Both the microglial activation and elevation 

of mRNA levels were blocked in the animals with myeloidspecific TonEBP deletion, i.e., in the 

TonEBPfl/fl LysM-Cre animals. These data demonstrate that myeloid TonEBP is required for 

inflammatory microglial activation. Next, we asked whether TonEBP-dependent actions of NF-κB and 

AP-1 were involved in the microglial activation. Cerulenin was injected into the brain 1 h prior to LPS 

injection described above. Cerulenin blocked the activation of microglia (Fig. 6a) and the increased 

expression of mRNA for TNF-α and IL-1β (Fig. 6b). These data show that TonEBP mediates microglial 

activation by stimulating the transcriptional activity of NF-κB and AP-1. 
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Figure 2.5. Myeloid TonEBP is required for LPS-induced microglia activation. LPS (3 μg per 

animal) or vehicle (CTL:1x PBS) was injected into the left ventricle of male TonEBPfl/fl,LysM-cre 

mice (solid bars) and their TonEBPfl/fl littermates (open bars). Brains were analyzed 3 h later. a Brains 

were perfusion-fixed and immunostained for iba-1. Images from cortex (CTX) and hippocampus (HIP) 

(top) were analyzed for iba-1 positive areas and iba-1 positive cell numbers (bottom). Bar = 70 μm. b 

RNA was isolated from CTX and HIP, and analyzed by RT-qPCR for TNF-α and IL-1β. Mean + SE, n 
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= 3–6. #P < 0.05, compared to CTL. *P < 0.05 compared to TonEBP fl/fl 

Figure 2.6. Cerulenin inhibits LPS-induced microglia activation. Cerulenin (6 nmol per animal, 

solid bars) or vehicle (water) (open bars) was injected into the left ventricle. One hour later, LPS (3 μg 

per animal) or vehicle (CTL:1x PBS) was injected again. Brains were analyzed 3 h later. a Brains were 

perfusion-fixed and immunostained for iba-1. Images from cortex (CTX) and hippocampus (HIP) (top) 

were analyzed for iba-1 positive area and iba-1 positive cell number (bottom). Bar = 70 μm. b RNA 
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was isolated from CTX and HIP and analyzed by RT-qPCR for TNF-α and IL-1β. Mean + SE, n = 3–4. 

#P < 0.05, compared to CTL. #P < 0.05, compared to CTL. *P < 0.05 compared to vehicle 

 

2.4.4. TonEBP mediates LPS-induced memory loss in association with reduced number of 

neuronal cells 

Since TonEBP mediates LPS-induced neuroinflammation (see above) and neuroinflammation 

induces memory loss [30, 31], we asked whether TonEBP is required from LPS-induced memory loss. 

The male TonEBPfl/fl LysM-Cre mice and their TonEBPfl/fl littermates were injected with LPS or vehicle 

as described above. Two weeks later, passive avoidance test was performed to assess short-term memory 

followed by histological analysis of the brains. Short term memory measured by latency in passive 

avoidance test was halved in the TonEBPfl/fl mice (Fig. 7a) in association with reduced number of 

neurons in the CA3 region of the hippocampus (Fig. 7b). The reduced neuronal cell number was likely 

due to cell death as observed in BV2 cells whose TonEBP was knockdown (Fig. 1e). These changes 

were not observed in the TonEBPfl/fl LysM-Cre mice suggesting that TonEBP is required for the LPS-

induced neuronal cell death and memory loss. In order to examine the role of TonEBP-mediated actions 

of NF-κB and AP-1, we examined the effects of cerulenin. LPS or vehicle was injected into the brain 

of 8-week male mice as described above. Y-maze test was performed after 1 week to assess spatial 

memory, and passive avoidance test after 2 weeks as described above (Fig. 8a). In animals injected with 

LPS, both spatial memory and short-term memory were significantly reduced (Fig. 8b, c) in association 

with reduced number of neurons in the CA3 region of the hippocampus (Fig. 8d). These changes were 

blocked when cerulenin was pretreated 1 h before the LPS administration suggesting that TonEBP-

mediated neuroinflammation causes neuronal cell death and memory loss. (Supplementary Fig. 1) 
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Figure 2.7. Myeloid TonEBP is required for blocking LPS-induced loss of short-term memory. a 

LPS (3 μg per animal) or vehicle (CTL:1x PBS) was injected into the left ventricle of male 

TonEBPfl/fl,LysM-cre mice (KO in b) and their TonEBPfl/fl littermates (WT in b). Two weeks later, 

passive avoidance test was performed followed by perfusion fixation of the brains. Latency in seconds 

in passive avoidance test. Mean + SE, n = 3–6. *P < 0.05 B NeuN immunostaining in CA3 region of 

hippocampus. Florescence intensity of the immunostaining was shown on the right. Bar =50 μm. Mean 

+ SE, n = 3. #P < 0.05, compared to CTL. *P < 0.05 compared to TonEBP fl/fl 
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2.5. Discussion 

 

The activation of microglia contributes to aging [32, 33] and the pathogenesis of neurodegenerative 

diseases such as Alzheimer’s disease [34–36]. NF-κB and AP-1 are essential transcriptional regulators 

for the activation of microglia [37–39] as well as for pro-inflammatory activation of macrophages [40, 

41]. In macrophages, TonEBP is a key mediator of LPS-induced activation of proinflammatory gene 

expression [11, 42, 43]. This is achieved in two ways: elevation of TonEBP expression and TonEBP 

functioning as transcriptional cofactor for NF-κB. Here, we find that TonEBP has the same role in 

microglia. In addition, we discover that TonEBP is also the transcriptional cofactor for AP-1. In settings 

of LPS-induced microglial activation and neuronal damage, the TonEBP-mediated actions of AP-1 and 

NF-κB are required for the inflammatory activation of microglia based on observations from TonEBP 

deleted animals and effects of cerulenin, which inhibits AP-1 and NF-κB by blocking their interactions 

with TonEBP and p300. Thus, TonEBP mediates the LPS-induced microglial activation and neuronal 

damage as transcriptional cofactor for AP-1 and NF-κB, which are the major transcription factors in the 

pro-inflammatory gene expression. 

Neuroinflammation is associated with aging [44, 45], metabolic diseases [46], and a variety of 

neurodegenerative diseases such as Alzheimer’s disease [47, 48], Parkinson’s disease [49], multiple 

sclerosis [50], and amyotrophic lateral sclerosis [51]. Various causes including obesity, diabetes, 

hypertension, and even lifestyles increase systemic inflammatory response [52, 53]. Systemic increase 

in proinflammatory mediators (cytokines, chemokines, ROS, and secondary messengers) enhances 

microglial cell activation [53], which makes neuroinflammation as a disease promoting factor in 

neurodegenerative diseases. The activated microglia cause neuronal death via inflammatory factors, A1 

astrocyte activation, and microglia-mediated synapse loss [5, 6]. Our data presented here uncovers the 

role of microglial TonEBP in neuronal death. Targeting the TonEBP/AP-1/NF-κB pathway should be 

an attractive strategy to prevent the neuronal death. In this regard, the actions of cerulenin in inhibiting 

the prototypical proinflammatory transcription factors AP-1 and NF-κB by disrupting their interactions 

with TonEBP rather than direct inhibition (such as nuclear translocation or phosphorylation) provide a 

new mode of intervention and potential therapeutics. 
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2.6. Conclusions 

 

In sum, this study has shown that TonEBP is required for the LPS-induced microglial activation and 

proinflammatory gene expression. TonEBP mediates the transcriptional activity of the classical pro-

inflammatory transcription factors NF-κB and AP-1. Deletion of TonEBP in myeloid cells or treatment 

with cerulenin blocks the TonEBP-mediated activation of NF-κB and AP-1, microglial activation, and 

subsequent neuronal damages. Thus, we have delineated intracellular pathways involved in the 

microglial activation relevant to neuronal damage. 
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2.7. Supplementary Figures 

Figure 2.S1. Model of TonEBP in microglia-mediated memory loss induced by LPS. 

 

 

Figure 2.S2. Effects of cerulenin in phosphorylation and nuclear translocation of c-jun. A BV2 

cells were pretreated for 1 h with vehicle (V), 10 μM cerulenin (C), or 5 μM SP600125 (S, a JNK 

inhibitor), followed by treatment with 10 ng/ml of LPS for 1 or 2 h as indicated. Cell lysates were 

immunoblotted for phosphorylated c-jun (p-c-jun) and c-jun. B Cells were pretreated for 1 h with 

vehicle or cerulenin, followed by a treatment with LPS for up to 60 min as indicated. Nuclear fractions 

were obtained as described in Methods and immunoblotted for c-jun and Lamin B. 
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Chapter 3. TonEBP in myeloid cells promotes obesity-induced insulin 

resistance and inflammation through adipose tissue remodeling 

 

 

3.1. Abstract 

 

The phenotypic and functional plasticity of adipose tissue macrophages during obesity play 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 cellular responses to a range of 

metabolic insults. Here, we show that myeloid cell-specific TonEBP depletion reduced inflammation 

and insulin resistance in mice with high-fat diet-induced obesity, but did not affect adiposity. This 

phenotype was associated with a reduced accumulation and a reduced pro-inflammatory phenotype of 

metabolically activated macrophages; decreased expression of inflammatory factors related to insulin 

resistance; and enhanced insulin sensitivity. TonEBP expression was elevated in the adipose tissue 

macrophages of obese mice, and Sp1 was identified as a central regulator of TonEBP induction. TonEBP 

depletion in macrophages decreased induction of insulin resistance-related genes and promoted 

induction of insulin sensitivity-related genes under obesity-mimicking conditions, and thereby 

improved insulin signaling and glucose uptake in adipocytes. mRNA expression of TonEBP in 

peripheral blood mononuclear cells was positively correlated with blood glucose levels in mice and 

humans. These findings suggest that TonEBP in macrophages promotes obesity-associated systemic 

insulin resistance and inflammation, and downregulation of TonEBP may induce a healthy metabolic 

state during obesity. 
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3.2. Introduction 

 

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, macrophages 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 phenotypes 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 pro-inflammatory M1 macrophages or anti-inflammatory M2 macrophages 

[6]. Traditionally, ATMs are considered to accumulate during obesity due to recruitment of circulating 

monocytes and subsequent differentiation into macrophages [7, 8]. In addition to the increased 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 pro-inflammatory and anti-inflammatory pathways during obesity [9, 10]. Thus, the 

balance between these two pathways in MMe ATMs could result in distinct metabolic states and 

influence the progression of obesity and its common comorbidities, 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 responses in various cell 

types [11]. It can mediate physiological or pathological responses depending on the context. For 

example, TonEBP-mediated responses to osmotic stress, bacterial infection, and genotoxin-induced 

DNA damage are protective. By contrast, TonEBP-mediated responses to autoimmune and metabolic 

stresses are pathogenic in human diseases such as autoimmune diseases, acute kidney injury, 

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 
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TonEBP promote pathogenic activation of these cells in a cell type-specific manner [11]. Numerous 

studies show that TonEBP promotes inflammatory and autoimmune diseases in humans and rodents. 

Conversely, downregulation of TonEBP reduces inflammation and thereby helps to prevent these 

diseases [11]. Although the role of TonEBP in macrophages is well-studied, relatively little is known 

about its intrinsic role in the identity and function of ATMs during obesity. Therefore, this study 

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 insulin resistance. 

Consequently, myeloid TonEBP-deficient mice showed reduced inflammation and insulin resistance, 

and were protected against obesity-induced metabolic dysfunction. Thus, we identified TonEBP as a 

crucial factor in the activation states of ATMs and in the control of metabolic dysfunction during obesity. 
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3.3. RESEARCH DESIGN AND METHODS 

 

Mice 

All animal procedures were approved by and performed according 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 

Laboratory (Bar Harbor, ME, USA). TonEBPfl/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 CD (10% fat as kcal; Research Diets, New Brunswick, NJ, USA) or 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 macrophages (BMDMs) were obtained by culturing BM 

cells with macrophage colony-stimulating factor (M-CSF) for 7 days [13]. Mouse mononuclear cells 

isolated from BM or blood using Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA). 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 

macrophage colony-stimulating factor (M-CSF) [14]. Human peripheral blood mononuclear cells 

(PBMCs) from diabetic and healthy subjects were provided by the Seoul National University 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 under institutional review board-approved protocols.  

 

Cell culture, transfection, and adenovirus infection 

Human monocyte-like THP-1 cells (ATCC TIB-202) were cultured in RPMI-1640 containing 10% FBS, 

and then differentiated into macrophages by exposure to 5 ng/ml phorbol 12-myristate 13-acetate (PMA; 

Sigma-Aldrich) for 2 days. The murine macrophage cell line RAW264.7 (ATCC TIB-71) was cultured 

in DMEM containing 10% FBS. All siRNA duplexes were purchased from Integrated DNA 
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Technologies (Coralville, IA, USA). PMA-differentiated THP-1 macrophages and RAW264.7 cells 

were transfected with scrambled (Scr) siRNA or siRNAs specific for target genes for 48 h using 

Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA). For overexpression, RAW264.7 cells 

were infected with an empty vector control virus (Ad-EV) or an adenovirus carrying the human TonEBP 

gene (Ad-TonEBP) at a multiplicity of infection of 50 for 24 h.  

 

Immunohistochemistry 

Tissue sections of Epi-WAT and liver were stained with hematoxylin–eosin (H&E) to examine 

morphological changes. Immunohistochemistry was performed by incubating samples with primary 

antibodies as indicated. Images were recorded using an Olympus FV1000 confocal fluorescence 

microscope. Signal intensity was determined using ImageJ software (http://imagej.nih.gov/ij/). 

 

Flow cytometry 

Cells were immunophenotyped by flow cytometry using multicolor fluorochrome-conjugated 

antibodies. Cell surface markers were identified using primary antibodies purchased from BD 

Biosciences (Franklin Lakes, NJ, USA; Supplementary Table 1). Flow cytometry data were acquired 

on a BD LSR Fortessa instrument (BD Biosciences) and analyzed using FlowJo software (Tree Star, 

Ashland, OR, USA). 

 

Real-time PCR 

Total RNA was extracted from tissues and cells using TRIzol reagent (Invitrogen). After reverse 

transcription, real-time PCR was performed using CFX384 Real-Time PCR Detection System (Bio-

Rad, Hercules, CA, USA). Measured cycle threshold values were normalized using 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 using standard methods [15]. The primary antibodies used are 

described in Supplementary Table 1. Reactive bands were detected by chemiluminescence using the 
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ImageQuant LAS 4000 imaging system (GE Healthcare Life Sciences). Levels of cytokines in serum 

from mice and culture medium were measured using enzyme-linked immunosorbent assay kits (R&D 

Systems, Minneapolis, MN, USA). The glucose uptake rate was measured as described previously [16].  

 

Luciferase reporter assay 

Cells were transfected for 24 h with human TonEBP promoter-driven luciferase reporter vectors. The 

Renilla luciferase reporter plasmid was used as a control for transfection efficiency. Transfected cells 

were treated as indicated in the figure legends and lysed in passive lysis buffer. The luciferase assay 

was performed using the dual-luciferase reporter system (Promega, Madison, WI, USA). 

 

Chromatin Immunoprecipitation Quantitative PCR 

Chromatin immunoprecipitation (ChIP) was performed using a commercial kit (Millipore, Bedford, 

MA, USA). In brief, cells were crosslinked with 1% formaldehyde followed by addition of 125 mM 

glycine. After washing, cells were sonicated and immunoprecipitated with anti-IgG, anti-Sp1 IgG 

(ab231778, Abcam) and anti-C/EBPβ IgG (3082S, Cell signaling) antibodies at 4 °C overnight. After 

elution and reverse crosslinking the antibody/DNA complexes, DNA was purified by DNA purification 

kit (Qiagen, Redwood, CA) and subjected to real-time PCR using 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 + standard error of the mean (s.e.m.) or standard deviation (s.d.). The 

statistical significance of differences between two conditions was estimated using an unpaired t‐test. A 

one‐way analysis of variance followed by Tukey’s post-hoc test was used to compare multiple 

conditions. All statistical analyses were performed using GraphPad Prism 8.2 software (GraphPad, San 

Jose, CA, USA).  

 

Data and resource availability 

The datasets generated during and/or analyzed during the current study are available from the 

corresponding author upon reasonable request 
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3.4. Results 

 

3.4.1. 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 obesity and insulin resistance, we generated a mouse model with myeloid cell-specific 

genetic deletion of TonEBP (MKO) by crossing floxed TonEBP (TonEBPfl/fl) mice with TonEBPfl/fl; 

LysM-Cre+/- mice. TonEBPfl/fl co-housed littermates that did not express Cre recombinase (WT) were 

used as controls. TonEBP levels were much lower in peritoneal 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) during feeding of a CD or HFD for 12 weeks. The weights 

of the liver, epididymal white adipose tissue (epi-WAT), and subcutaneous WAT after feeding of a 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 hypercholesterolemia in comparison with their 

WT counterparts (Supplementary Fig. 1D). A HFD induced hyperglycemia and hyperinsulinemia and 

increased the homeostasis model assessment of insulin resistance (HOMA-IR) 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 sensitivity at week 8 of HFD feeding (Fig. 1F). In 

addition, Epi-WAT and livers isolated from MKO mice showed more potent insulin signaling than those 

isolated from WT mice (Fig. 1G). CD-fed MKO and WT mice had similar serum glucose and insulin 

levels (Fig. 1C and D). Collectively, these data demonstrate that TonEBP in myeloid cells is related to 

the development of obesity-associated metabolic deterioration. 
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Figure 3.1. Myeloid TonEBP deficiency prevents HFD-induced glucose intolerance and insulin 

resistance. Male TonEBPfl/fl LysM-cre mice (MKO) and their TonEBPfl/fl littermates (WT) aged 8 weeks 

were fed a normal CD (n = 14) or HFD (n = 15) for 12 weeks. (A) Changes in body weight after 

switching to a HFD. (B) Liver, epi-WAT, and subcutaneous WAT (Sub-WAT) weights. (C) Changes in 

fasting (18 h) blood glucose levels after switching to a HFD. (D) Circulating insulin concentrations 

after fasting 18 h. (E) HOMA-IR. (F) Glucose tolerance test (GTT, left, n = 10) and insulin tolerance 

test (ITT, right, n = 11) after 8 weeks on a HFD. For GTT, mice were fasted for 18 h and orally 

administrated with glucose (2 g/kg). ITT was performed by an intraperitoneal injection of human insulin 

(0.75 U/kg) to mice fasted for 6 h. Blood glucose concentrations were measured in blood taken from 

the tail vein at the indicated time points after glucose or insulin injection. The results of the ITT are 

expressed as a percentage of basal blood glucose. (G) Phosphorylation of AKT in epi-WAT (left) and 

the liver (right) in response to insulin administration after 8 weeks on a HFD (n = 3). Mice fasted 

overnight were injected intraperitoneally with human insulin (0.75 U/kg) and scarified 30 min later. 
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Tissues were rapidly removed and snap-frozen in liquid nitrogen for immunoblotting. n represents the 

number of biologically independent animals (or samples). All data are presented as mean + s.e.m. AU, 

arbitrary unit. The p-values were determined by an ANOVA with Tukey’s post-hoc test. # p < 0.05 vs. 

CD. * p < 0.05. 

  

3.4.2. 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 adipose tissue, are hallmarks of obesity-induced insulin resistance [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 (CLS), which are hallmarks of adipose tissue inflammation (Fig. 2A). 

mRNA expression of F4/80 and TonEBP was increased in epi-WAT of mice fed a HFD, and lower in 

HFD-fed MKO mice (Fig. 2B and 2C). HFD-fed MKO mice showed decreases of F4/80+ ATMs (Fig. 

2D), consistent with their reduced F4/80 mRNA expression (Fig. 2B). Furthermore, expression of genes 

encoding CCL2, which is the important chemokine regulating infiltration of monocytes/macrophages, 

and pro-inflammatory cytokines related to insulin resistance, namely, TNFα and IL-1β, were lower in 

MKO mice than in their WT counterparts (Fig. 2E). Consistently, HFD-fed MKO mice had lower serum 

levels of CCL2, TNFα, and IL-1β (Fig. 2F). Notably, neither epi-WAT phenotype nor expression of 

these genes differed between WT and MKO mice fed a 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 the leptin level had not significant change in both 

groups (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 inflammation [1, 18]. HFD-fed WT mice had 

elevated circulating levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) 

(Fig. 2H), but these levels were attenuated in HFD-fed MKO mice (Fig. 2H). mRNA expression of 

F4/80, TNFα, 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 F4/80+ macrophages (Fig. 

2J).  

Taken together, these data demonstrate that TonEBP mediates the detrimental effects of obesity, such 

as macrophage accumulation, inflammation, and hepatic steatosis in adipose tissue and the liver. 
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Figure 3.2. Myeloid TonEBP deficiency reduces HFD-induced macrophage accumulation and 

inflammation in adipose tissue and the liver. (A-J) WT and MKO mice were fed a CD or HFD for 6, 

and 12 weeks. (A) Representative images of H&E-stained sections of epi-WAT from mice fed CD (n = 

5) or HFD (n = 6) (B, C) mRNA levels of F4/80 (B) and TonEBP (C) in epi-WAT from mice fed a CD 

(n = 5) or HFD (n = 6) (D) Representative images (left) and quantification (right) of F4/80 

immunostaining in epi-WAT of mice fed a HFD for 12 weeks (n = 3). (E) mRNA levels of Ccl2, TNF-

α, and IL-1 in epi-WAT from mice fed a CD (n = 5) or HFD (n = 6). (F) Serum levels of CCL2, TNF-

α, and IL-1 in mice fed a CD (n = 6) or HFD (n = 5) for 12 weeks. (G) mRNA levels of adiponectin 

and leptin in epi-WAT from mice fed CD (n = 5) or HFD (n = 6). (H–J) WT and MKO mice were 
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analyzed after 12 weeks on a CD or HFD (n = 6). (H) Serum ALT and AST concentrations. (I) mRNA 

levels of F4/80, TNF-α, and Ccl2 in the liver. (J) Representative images (left) and quantification (right) 

of F4/80 immunostaining in livers of HFD-fed mice (n = 6). n represents the number of biologically 

independent animals (or samples). All data are presented as mean + s.e.m. Scale bars, 100 μm (A) and 

50 μm (D, J). AU, arbitrary unit. The p-values were determined by an ANOVA with Tukey’s post-hoc 

test. # p < 0.05 vs. CD. * p < 0.05. 

 

3.4.3. 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 resistance [17] and steatohepatitis [19]. Therefore, we examined macrophage populations in 

stromal vascular fractions (SVFs) of epi-WAT. Consistent with a previous study [20], HFD feeding 

increased the population of ATMs (CD11b+F4/80+) 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 pro-inflammatory M1-like ATMs 

(CD11b+F4/80+CD11c+CD206–) in HFD-fed mice (Fig. 3B and C, and Supplementary Fig. 2B). By 

contrast, the population of anti-inflammatory M2-like ATMs (CD11b+F4/80+CD11c–CD206+) 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 epi-WAT from 

HFD-fed MKO mice (Fig. 3D). We further confirmed that TonEBP expression was markedly higher in 

ATMs from epi-WAT from HFD-fed mice than in those from epi-WAT from NC-fed mice (Fig. 3E). 

Furthermore, immunofluorescence 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 expression increases in ATMs during obesity. 

Consistent with the increased macrophage content, metabolically activated pro-inflammatory and 

anti-inflammatory gene expression was increased in SVFs of epi-WAT from HFD-fed WT mice 

(Supplementary Fig. 2C). Importantly, expression of mRNAs encoding pro-inflammatory-related 

TNF, IL-1, 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 PPAR1 was higher (Fig. 

3G). These data indicate that TonEBP expression in myeloid cells contributes to the increase of pro-
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inflammatory-like ATMs and to the decrease in anti-inflammatory-like ATMs in HFD-fed mice. Based 

on these findings, we investigated whether TonEBP intrinsically affects the polarization state of 

macrophages. To this end, BM cells were differentiated into BMDMs by culture in the presence of M-

CSF, which drives differentiation of monocytes into unactivated M0 macrophages [21]. Interestingly, 

TonEBP deficiency increased basal expression of anti-inflammatory-related genes (CD206, and 

PPAR1) without affecting the expression of the pro-inflammatory-related genes TNF, IL-1, 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 to 

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 (#1 and #2) targeting different regions of TonEBP mRNA reduced expression of pro-

inflammatory-associated genes and increased expression of anti-inflammatory-associated genes in 

THP-1-derived macrophages (Supplementary Fig. 3A and B), suggesting that TonEBP suppresses 

polarization of differentiated human macrophages toward an anti-inflammatory phenotype. 

Given the importance of PPARγ in priming monocytes toward anti-inflammatory polarization and in 

suppression of the inflammatory response in macrophages [22], we further explored the role of TonEBP 

in PPARγ expression in macrophages. mRNA expression of TonEBP decreased upon M-CSF-induced 

differentiation of BM-derived monocytes (BM-Mo) into macrophages (Fig. 3H). Notably, mRNA 

expression of both PPARγ1 and PPARγ2 was higher in BM-Mo and BMDM from MKO mice than in 

the corresponding cells from WT mice (Fig. 3H). mRNA levels of PPARγ1 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 PPARγ1 expression in murine RAW264.7 macrophages (Fig. 

3I). Conversely, overexpression of TonEBP using an adenoviral vector reduced mRNA expression of 

PPARγ1 (Fig. 3J). Importantly, TonEBP depletion increased PPARγ1 expression in primary human 

monocyte-derived macrophages obtained from three donors, as described previously [23] (Fig. 3K), 

and in THP-1-derived macrophages (Fig. 3L). Furthermore, TonEBP knockdown stimulated induction 

of PPARγ1 by the M2 inducer IL-4 (20 ng/ml) [24] (Supplementary Fig. 3D). However, TonEBP 

knockdown did not affect STAT6 activation or C/EBPβ expression, which are involved in M2 

polarization [25] (Supplementary Fig. 3D). These data suggest that TonEBP modulates the pro-

inflammatory/anti-inflammatory phenotype at least partly by suppressing the PPARγ1 expression in 

monocytes/macrophages. 

We next asked how TonEBP suppressed the PPARγ1 expression. Since TonEBP suppresses the 
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PPARγ2 promoter via blocking the recruitment of C/EBPβ [26] and there is C/EBPβ binding site in the 

PPARγ1 promoter [27], we examined C/EBPβ binding to the PPARγ1 promoter. ChIP analysis using 

specific primers for the binding site (Supplementary Table 2) showed that C/EBPβ binding to the 

PPARγ1 promoter was elevated in response to TonEBP knockdown (Supplementary Fig 3E). These data 

demonstrate that TonEBP suppresses the PPARγ1 promoter via blocking the recruitment of C/EBPβ. 

 

 

Figure 3.3. 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 a CD (n = 3) or HFD (n = 11) for 12 weeks. (A) Percentage of total macrophages 
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(CD11b+F4/80+) in SVFs. (B) Representative flow cytometry plots showing the frequencies of M1 

(CD11c+CD206-) and M2 (CD11c-CD206+) macrophages within the macrophage population in mice 

fed a HFD. (C) Quantification of M1 and M2 macrophages (left) and the M1/M2 ratio (right). (D) 

mRNA levels of TonEBP and F4/80 in SVFs of epi-WAT from mice fed a HFD (n = 6). (E) ATMs were 

isolated from SVFs of epi-WAT from WT mice fed a CD (n = 3) or HFD (n = 5) for 12 weeks using 

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 a HFD for 12 weeks (n = 3). Colocalization of F4/80 and TonEBP is shown in 

yellow in the merged image (arrows). Scale bar, 50 μm. (G) mRNA levels of metabolically activated 

pro- and anti-inflammatory genes in SVFs of epi-WAT from mice fed a HFD (n = 6). (H) mRNA levels 

of TonEBP, PPAR1, and PPAR2 in BM-Mo and BMDMs from WT and MKO mice (n = 6). (I) 

Representative protein levels of TonEBP and PPAR (top) and mRNA levels of PPAR1 (bottom) in 

RAW264.7 cells transfected with Scr or TonEBP-targeted siRNA (n = 3). (J) Representative protein 

levels of TonEBP and PPAR (top) and mRNA levels of PPAR1 (bottom) in RAW264.7 cells infected 

with an adenovirus expressing TonEBP (Ad-TonEBP) or an empty vector (Ad-EV) (n = 4). (K) mRNA 

levels of PPAR1 in primary 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 PPAR (top), and mRNA levels of PPAR1 (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, K) or independent experiments with 

at least two replicates (I, J, L). All data are presented as mean + s.e.m. (or s.d.). AU, arbitrary unit. The 

p-values were determined by an ANOVA with Tukey’s 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). 

 

3.4.4. TonEBP deficiency in macrophages improves insulin sensitivity of adipocytes under obesity-

mimicking conditions in vitro 

To address how TonEBP regulates pro-inflammatory responses 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). Consistent 

with previous findings [9, 10], it also increased mRNA expression of the pro-inflammatory-genes TNF, 
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IL-1, and Ccl2, which are responsible for the development of obesity-induced insulin resistance [28], 

and of IL-10 [8] and PPARγ1 [22], which encode anti-inflammatory proteins that play important roles 

as modulators of insulin sensitivity (Fig. 4B). Notably, TonEBP knockdown markedly reduced PA-

mediated induction of TNF, IL-1, and Ccl2 expression, but enhanced expression of IL-10 and 

PPARγ1 (Fig. 4B). Similar effects were observed in mouse BMDM and RAW264.7 cells 

(Supplementary Fig. 4A-C). TonEBP depletion also promoted PA-mediated induction of genes involved 

in lipid metabolism (Cd36, Plin2, and Abca1) that are regulated by PPARγ [9, 10] in THP-1 

macrophages (Fig. 4C). Furthermore, mRNA levels of these genes were higher in SVFs of epi-WAT 

from HFD-fed MKO mice (Fig. 4D). Given the importance of the opposing actions of NF-B and 

PPARγ on MMe phenotype in ATMs [9, 10], we examined whether TonEBP affects PA-stimulated 

transcriptional activity of NF-B and PPARγ in macrophages. PA-stimulated NF-B activation was 

decreased by TonEBP depletion consistent with the transcriptional activator function of TonEBP [29, 

30]. Consistent with the suppressor function of TonEBP for the PPARγ1 promoter (see above), PA-

stimulated PPARγ activation was increased by TonEBP knockdown (Fig. 4E). Collectively, these data 

demonstrate that TonEBP promotes the pro-inflammatory phenotype of MMe macrophages via at least 

two independent mechanism; the activation of the pro-inflammatory NF-B pathway and the 

suppression of anti-inflammatory PPARγ pathway. 

Circulating levels of 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 pro-inflammatory 

responses via TLR4/NF-kB signaling and stimulate the development of obesity-related diseases 

including T2DM [35]. Thus, to mimic the conditions of obesity in vitro, we activated macrophages with 

0.1 or 1 ng/ml LPS and/or 0.2 mM PA, which are similar to the concentrations found in the serum of 

obese subjects [31, 32]. mRNA expression of TNF, IL-1, 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 macrophages (Fig. 4F). Notably, 

mRNA expression of TNF, IL-1, and Ccl2 was lower in TonEBP-deficient cells, while mRNA 

expression of IL-10 was higher (Fig. 4F). Obesity-induced activation of ATMs impairs insulin 

sensitivity of nearby adipocytes [36]. To investigate whether TonEBP depletion in macrophages changes 

the insulin response of adipocytes, an indirect coculture experiment was performed using mature 3T3-

L1 adipocytes and conditioned medium (CM) from RAW264.7 cells. Similar to 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 TNF 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 
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phosphorylation compared 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 demonstrate that TonEBP in macrophages impairs insulin 

sensitivity of adipocytes, and that macrophage TonEBP plays an important role in obesity-induced 

inflammation and subsequent insulin resistance. 

 

 

Figure 3.4. TonEBP deficiency in macrophages improves insulin sensitivity of adipocytes under 

obesity-mimicking conditions in vitro. (A-C) THP-1-derived macrophages were transfected with Scr 
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or TonEBP-targeted siRNA. siRNA-transfected cells were exposed to BSA (-) or PA (0.2 or 0.3 mM) 

for 6 or 18 h. (A) TonEBP mRNA levels at 6 h (left) and representative immunoblots of TonEBP and 

Hsc70 at 18 h (right) (n = 3). (B, C) mRNA expression of the indicated genes at 18 h. (D, E) RAW264.7 

cells transfected with the indicated siRNA transfected a second time with B- (D) or PPRE (E)-

luciferase reporter vector. Cells were exposed to BSA (-) or PA (0.3 mM) for 12 h. Luciferase activity 

was measured (n = 4). (F) THP-1-derived macrophages transfected with Scr or TonEBP-targeted siRNA 

were exposed to BSA or PA (0.2 mM) in the absence or presence of LPS (0.01 ng/ml) for 18 h. mRNA 

levels of TNF, IL-1, Ccl2, and IL-10, which are related to the insulin response (n = 3). (G) RAW264.7 

cells transfected with Scr or TonEBP-targeted siRNA were exposed to BSA or PA (0.2 mM) in the 

presence of LPS (1 ng/ml) for 18 h. Concentrations of TNF, NO, and IL-10 in CM from cells (n = 3). 

(H, I) RAW264.7 cells transfected with the indicated siRNA were incubated in the absence or presence 

of PA (0.2 mM) plus LPS (1 ng/ml) for 24 h, and CM was collected. Differentiated 3T3-L1 adipocytes 

were exposed to CM for 24 h. Cells were serum-starved for 2 h and then incubated for 30 min in low 

glucose media containing 20 μM 6-NBDG without or with 100 nM insulin. (H) Stimulation of glucose 

uptake in response to insulin in 3T3-L1 adipocytes exposed to CM from RAW264.7 cells treated as 

indicated (n =3). (I) Representative immunoblots of phosphorylated Akt in response to insulin (left), 

and the ratio of phosphorylated to total Akt (right) in 3T3-L1 adipocytes exposed to CM from 

RAW264.7 cells treated as indicated (n =3). n represents the number of independent experiments with 

more than three replicates (A-C, E–I) or biologically independent samples (D). All data are presented 

as mean + s.d. (or s.e.m.). AU, arbitrary unit. The p-values were determined by an ANOVA with Tukey’s 

post-hoc test. # p < 0.05 vs. Scr siRNA; BSA (-) (A-C, E), Scr siRNA; BSA (-); LPS (-) (F), Scr siRNA; 

BSA (-); LPS (G) or insulin (-) (H, I). * p < 0.05. 

 

3.4.5. 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 increased 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 (-4591/+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 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 
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cells transfected with a construct in which the sequence between −1931 and −1873 (D4) was deleted 

did not exhibit LPS-stimulated luciferase activity (Fig. 5C). Database analysis of the sequences in this 

region revealed similarity to a non-consensus recognition sequence (−1896 to −1887) 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 response 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 

mM) (Supplementary Fig. 5B). Notably, Sp1 knockdown reduced LPS-induced TonEBP promoter-

driven luciferase expression without influencing luciferase activity under unstimulated conditions (Fig. 

5E). Consistently, Sp1 knockdown decreased TonEBP expression induced by LPS (Fig. 5F). Similarly, 

LPS-induced TonEBP expression was reduced by the selective Sp1-DNA-binding inhibitor 

mithramycin A in THP-1-derived macrophages (Fig. 5G). Mithramycin A also reduced PA-induced 

mRNA expression of TonEBP in RAW264.7 cells (Supplementary Fig. 5C).  

To investigate whether reduction of TonEBP expression upon Sp1 knockdown was dependent on the 

Sp1-binding sequence in the promoter, we constructed Sp1-deleted (mt1) and -substituted (mt2) mutants 

(Fig. 5H). Neither mutant exhibited LPS-induced transcriptional activity (Fig. 5I), confirming 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 performed ChIP-qPCR in THP-1 macrophages (Fig. 

5J). When DNA was precipitated from THP-1 macrophages using an anti-Sp1 antibody, fragments of 

the TonEBP promoter containing the Sp1-binding sequence detected using 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. 
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Figure 3.5. Sp1 is a central mediator of TonEBP induction in response to TLR4 stimulation in 

macrophages. (A) RAW264.7 cells were transfected with the human TonEBP promoter-luciferase 

construct containing the −4591 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 −4591 to +409 region of the human TonEBP gene and a series of 5′ 

promoter deletion mutants. ‘Sp1’ denotes the predicted Sp1-binding sequence. (C) RAW264.7 cells 

were transfected with each of the 5′-deletion mutants of the TonEBP promoter construct. Luciferase 

activity 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 (NCBI, BLAST, and 

alignment tools). The conserved predicted Sp1-binding sites are shown in bold letters. (E, F) RAW264.7 

cells were transfected with Scr or Sp1-targeted siRNA. (E) siRNA-transfected cells were transfected 
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with the −2182/+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 mM) for 1 h 

followed by vehicle (-) or LPS (0.1 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). (H) The 

TonEBP promoter-luciferase construct containing the −2182 to +409 region of the human TonEBP gene 

(Sp1 WT) and the mutant −2182/+409 construct in which the Sp1 site was deleted (mt1) or mutated 

(mt2). (I) RAW264.7 cells were transfected with the −2182/+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 pre-treated for 1 h (-1 h) with vehicle (-) or mithramycin 

A (200 μM), and then treated with vehicle (-) or LPS (1 ng/ml) for 3 h. ChIP analysis of Sp1 and normal 

rabbit IgG on the TonEBP promoter was performed as described in the Materials and Methods. Two 

primer sets were designed for ChIP-qPCR at the predicted Sp1-binding site region of the TonEBP 

promoter. Relative occupancy was calculated by performing qPCR analysis and normalizing the CT 

values with input controls. All data are presented as mean + s.d. (n = 3). n represents the number of 

independent experiments with more than three replicates. AU, arbitrary unit. The p-values were 

determined by an ANOVA with Tukey’s post-hoc test. # p < 0.05 vs. Scr siRNA; (-) (E–G) or IgG (J). 

* p < 0.05. n.s.: not significant. 

 

3.4.6. The 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 circulation [37, 38]. Therefore, 

we investigated mRNA expression of TonEBP in PBMCs. Feeding a HFD increased mRNA expression 

of TonEBP, TNF and IL-1 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 the mRNA levels of TonEBP, TNF and IL-1 in PMBCs (Fig. 6B and Supplemental Fig. 6A). In 

addition, there was a significant association between the mRNA levels of TonEBP and TNF 

(Supplemental Fig. 6B). More importantly, mRNA expression of TonEBP was higher in PBMCs from 

diabetic patients than from non-diabetic subjects, and was positively correlated with fasting blood 

glucose levels (Fig. 6C and Supplemental Table 3). These data suggest that TonEBP plays a critical role 
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in the proinflammatory state of PBMCs, and that variability of TonEBP expression in PBMCs can affect 

this state in diabetic patients and mice.  

Obesity-induced inflammation and metabolic dysfunction in humans and mice are associated with 

increased numbers of circulating inflammatory monocytes [39, 40]. Therefore, we examined blood 

inflammatory CD11b+Ly6C+ monocytes in mice, which are considered the counterpart of human 

inflammatory monocytes [5]. Whereas MKO mice had a similar percentage of total myeloid cells 

(CD11b+) to WT mice (Fig. 6E), TonEBP deficiency in myeloid cells attenuated the increase of 

circulating inflammatory monocytes induced by a HFD (Fig. 6D). More importantly, TonEBP 

deficiency reduced surface expression of CCR2, a chemokine receptor that mediates migration of 

monocytes and is highly expressed by inflammatory monocytes (Fig. 6F and Supplementary Fig. 6C 

and 6D). Additionally, 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 differentiation of circulating inflammatory monocytes and 

their migration capacity via CCR2-CCL2 signaling during obesity. 
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Figure 3.6. The TonEBP mRNA expression level in PBMCs is positively correlated with blood 

glucose levels in mice and humans. (A) mRNA levels of TonEBP, TNF, and IL-1 in PBMCs from 

WT and MKO mice fed a CD (n = 4) or HFD (n = 5) for 12 weeks. (B) Correlation between fasting 

blood glucose levels and mRNA expression of TonEBP in PBMCs from WT mice fed a CD (n = 8) and 

HFD (n = 12) for 12 weeks. (C) Correlation between fasting blood glucose levels and mRNA expression 

of TonEBP in PBMCs from non-diabetic (n = 4) and diabetic (n = 8) individuals. (D–F) Representative 

flow cytometry plots (top) and quantification (bottom) of myeloid cells (CD45+CD11b+) (CD, n = 6; 

HFD, n = 8) (D), inflammatory monocytes (CD45+CD11b+Ly6C+) (CD, n = 3; HFD, n = 4) (E), and 

CCR2 expression on inflammatory monocytes (CD, n = 3; HFD, n = 4) (F) in PBMCs from WT and 

MKO mice fed a CD or HFD for 12 weeks. (G) Proposed model for the role of macrophage TonEBP in 

the development of systemic insulin resistance and inflammation during obesity. n represents the 
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number of biologically independent samples. Correlations were assessed by the non-parametric 

Spearman’s test. All data are presented as mean + s.e.m. AU, arbitrary unit. The p-values were 

determined by an ANOVA with Tukey’s post-hoc test. # p < 0.05 vs. CD. * p < 0.05. 
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3.5. 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]. 

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 adiposity (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 

homeostasis and plays a crucial role in metabolic homeostasis and dysfunction through crosstalk 

between cell types and organs. TonEBP depletion in myeloid cells also has beneficial effects on obesity-

induced hepatic dysfunction. Given the important role of islet-associated macrophages in T2DM [42], 

it is possible that TonEBP influences the obesity-associated islet inflammation and β-cell dysfunction. 

Thus, we suggest that TonEBP represents a key node in this crosstalk by regulating multiple aspects of 

the physiological response to metabolic stimuli and obesity in metabolic tissues.  

Increasing evidences highlight the importance of cross-talk between ATMs and other immune cells 

in shaping the immunometabolic profile of the adipose tissue contributing 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 human and mice 

[45], they promote the accumulation of mast cells and CD8+ effector T cells, which leads to macrophage 

recruitment into adipose tissue [46, 47], inflammation and insulin resistance in obesity [48, 49]. Thus, 

the complex interplay between ATMs and other immune cells might also have been contributed to the 

beneficial effect in HFD-feeding MKO mice. 

PBMCs are implicated in the mechanisms linking immune-inflammation to the modulation of chronic 

disease development [50]. Hence, these cells may be a new source of non-invasive diagnostic and 

prognostic biomarkers. Hyperglycemia functions as a crucial driving force of these processes by 

modulating the response of PBMCs [51]. Increased TonEBP activity in monocytes is associated with 

early diabetic nephropathy (DN) in humans [52]. Data from various human cohorts also indicate that 

single-nucleotide polymorphisms of TonEBP are associated with inflammation, DN, and the risk of 

T2D [11]. Importantly, our finding that mRNA levels of TonEBP are elevated in PMBCs of diabetic 

patients and HFD-induced diabetic mice support these previous findings. 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 TNF 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 
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expression can affect this state. Therefore, targeting TonEBP levels in PBMCs is potentially a new 

therapeutic strategy to counteract 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 surrounded by adipocytes, 

which constantly release FFAs. PA and its metabolites promote potent metabolic inflammation in 

macrophages via various signaling pathways [54]. Here, we show that TonEBP depletion in human and 

mouse macrophages decreases induction of pro-inflammatory gene expression and cytokine secretion, 

but promotes expression of genes related to anti-inflammatory macrophages in response to PA, and 

thereby improves insulin signaling and glucose uptake in adipocytes. In addition, PA can induce and 

enhance inflammatory reactions via distinct mechanisms, including endoplasmic reticulum stress. 

Future studies should investigate the impact of TonEBP on various PA-mediated cellular events, 

including endoplasmic reticulum stress. Furthermore, 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 expression of TonEBP promotes its homeostatic and pathologic functions [11]. In the present 

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 regulation of IL-10, a potent anti-

inflammatory and immunosuppressive 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 macrophages [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 present 

study and these previous findings suggest there is a previously unrecognized bidirectional 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 actions of Sp1 and TonEBP are an important aspect of regulation 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 

expression of its proinflammatory target genes, such as Ccl2 [56]. Similarly, TonEBP promotes 
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transcriptional activity of NF-κB via interaction with p65 and expression of its proinflammatory target 

genes [29]. This regulatory relationship between Sp1 and TonEBP has functional implications for 

counteracting the anti-inflammatory role of Sp1 and stimulating the proinflammatory role of TonEBP 

and Sp1, thereby promoting pro-inflammamtory 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 crosstalk between TonEBP, Sp1, and NF-κB in macrophages will likely 

provide important insights into the mechanisms underlying pro- and anti-inflammatory polarization, 

providing leads for therapeutic targeting of this crosstalk in inflammation biology. 

In summary, our findings reveal that macrophage TonEBP is a crucial driver of obesity-associated 

inflammation and insulin resistance. Depletion of TonEBP profoundly alters the ratio of pro-

inflammatory-to-anti-inflammatory MMe macrophages and reduces macrophage accumulation in 

adipose tissue and the liver. Considering the key role of macrophages in adipose tissue function, targeted 

modulation of TonEBP activity in ATMs might open up new avenues for inducing healthy adipose tissue 

remodeling to prevent progression of obesity-associated morbidities. 
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3.6. Supplementary Tables & Figures 

 

Table 3.S1. Primary antibodies used for flow cytometry analysis and immunoblotting 
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Table 3.S2. Primers used in qPCR for gene expression analysis and ChIP assay 
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Table 3.S3. Clinical characteristics of diabetic and non-diabetic subjects studied 
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Figure 3.S1. (related to Fig. 1) (A) mRNA levels of TonEBP in peritoneal macrophages, liver, white 

adipose tissue, and brown adipose tissue isolated from male MKO and WT littermates aged 8 weeks 

measured by RT-PCR. (B) Protein levels of TonEBP in M-CSF-differentiated bone marrow-derived 

macrophages (BMDMs) from male TonEBPfl/flLysM-cremice (MKO) and their TonEBPfl/fllittermates 

(WT) aged 8 weeks. (C, D) Male MKO and their WT littermates aged 8 weeks were fed a normal CD 

or HFD for 12 weeks. (C) Food intake (CD, n= 14; HFD, n= 15). (D) Serum levels of triglycerides 

and cholesterol (total, HDL, and LDL) (CD, n= 4; HFD, n= 5). nrepresents the number of biologically 

independent animals (or samples). All data are presented as mean + s.e.m. The p-values were 

determined by an ANOVA with Tukey’s post-hoctest. #p< 0.05 vs. CD. n.s.: not significant. 
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Figure 3.S2. (related to Fig. 3) (A, B) Flow cytometry analysis of cells isolated from SVFs of epi-

WAT from MKO and WT mice fed a CD (n = 3) or HFD (n = 11) for 12 weeks. (A) Representative flow 

cytometry plots showing the percentage of total macrophages (CD11b+F4/80+) among cells isolated 

from SVFs. (B) Representative flow cytometry plots showing the frequencies of M1 (CD11c+ CD206-)-

like and M2 (CD11c- CD206+)-like phenotypes among CD11b+F4/80+ cells. (C) mRNA levels of 

metabolically activated pro- and anti-inflammatory genes in SVFs of epi-WAT from WT mice fed a CD 

or HFD (n = 6). (D) mRNA levels of pro- and anti-inflammatory genes in BMDMs from WT and MKO 

mice (n = 6). (E) Representative flow cytometry plots showing the frequencies of CD11b+F4/80+ cells 
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(left) and quantification of CD11b+F4/80+ cells (right) among BMDMs from WT and MKO mice (n = 

4). (F) mRNA levels of F4/80 in BM-Mo and BMDMs from WT and MKO mice (n = 6). n represents 

the number of biologically independent animals (or samples). All data are presented as mean + s.e.m. 

(or s.d.). The p-values were determined by a one-way ANOVA. # p < 0.05 vs. BM-mo (F). * p < 0.05. 

n.s.: not significant 
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Figure 3.S3. (related to Fig. 3) (A) THP-1-derived macrophages were transfected with Scr siRNA or 

two siRNAs (#1 or #2) targeting different regions of human TonEBP mRNA for 48 h. Representative 

immunoblots of TonEBP and -actin (n = 3). (B) mRNA levels of pro- and anti-inflammatory genes in 

THP-1-derived macrophages transfected with Scr siRNA or siRNAs (#1 or #2) targeting different 

regions of human TonEBP mRNA (n = 3). (C) mRNA levels of metabolically activated pro- and anti-

inflammatory genes in SVFs of epi-WAT from 8-week-old WT (n = 6) and MKO (n = 4) mice fed a CD. 

(D) RAW264.7 cells transfected with Scr or TonEBP-targeted siRNA were treated with vehicle (-), the 

M1 inducer LPS (100 ng/ml), or the M2 inducer IL-4 (20 ng/ml). Representative immunoblots of 

TonEBP, PPAR, pSTAT6, STAT6, C/EBP, and HSC70 (n = 3). (E) ChIP was performed using anti-

C/EBPβ antibodies on RAW264.7 cells transfected with Scr or TonEBP-targeted siRNA. Precipitated 

DNA samples were analyzed by q-PCR for the PPARγ1 promoter (Suppl Table 2). n represents the 

number of independent experiments with triplicates (A, B, D), or biologically independent samples (C). 

All data are presented as mean + s.e.m. (or s.d.). The p-values were determined by a one-way ANOVA. 

* p < 0.05. 
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Figure 3.S4. (related to Fig. 4) (A) BMDMs from WT and MKO mice were exposed to BSA (-) or PA 

(0.4 mM) for 18 h. mRNA expression of the indicated genes (n = 3). (B, C) RAW264.7 cells transfected 

with Scr or TonEBP-targeted siRNA. siRNA-transfected cells were exposed to BSA (-) or PA (0.2 or 

0.3 mM) for 6 or 18 h. (B) TonEBP mRNA levels at 6 h (left) and representative immunoblots of 

TonEBP and Hsc70 at 18 h (right) (n = 3). (C) mRNA expression of the indicated genes at 18 h. (D) 

RAW264.7 cells transfected with indicated siRNA were exposed to BSA or PA (0.2 mM) in the presence 

of LPS (1 ng/ml) for 18 h. mRNA levels of TNF, iNOS, and IL-10, which are related to the insulin 

response, at 18 h. All data are presented as mean + s.d. AU, arbitrary unit. The p-values were determined 

by an ANOVA with Tukey’s post-hoc test. # p < 0.05 vs. Scr siRNA; BSA (-) (C), BSA (D). * p < 0.05. 
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Figure 3.S5. (related to Fig. 5) (A) THP-1-derived macrophages were transfected with the human 

TonEBP promoter-luciferase construct containing the −4591 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) 

RAW264.7 cells were exposed to LPS or PA as indicated for 6 or 18 h. mRNA levels of Sp1 (n = 3). (C) 

RAW264.7 cells were treated with vehicle (-) or mithramycin A (mith, 0.25 mM) for 1 h followed by 

vehicle (-) or PA (0.4 mM) for 6 h. TonEBP mRNA levels (n = 3).  n represents the number of 

independent experiments with triplicates. All data are presented as mean + s.d. AU, arbitrary unit. The 

p-values were determined by an ANOVA with Tukey’s post-hoc test. # p < 0.05 vs. (-) (C). * p < 0.05. 
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Figure 3.S6. (related to Fig. 6) (A) Correlation between fasting blood glucose levels and mRNA 

expression of TNF (left) and IL-1 (right) in PBMCs from WT mice fed a HFD for 12 weeks (n = 

12). (B) Correlation between mRNA expression of TonEBP and TNF (left) and TonEBP and IL-1 

(right) in PBMCs from WT mice fed a HFD for 12 weeks (n = 12). (C, D) Flow cytometry analysis of 
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PBMCs from WT and MKO mice fed a CD or HFD for 12 weeks (CD, n = 6; HFD, n = 8). (C) 

Representative flow cytometry gating strategies. (D) Representative flow cytometry plots (top) and 

quantification (bottom) of Ly6C+CCR2+ cells among myeloid cells (CD45+CD11b+) (CD, n = 3; HFD, 

n = 4). n represents the number of biologically independent samples. Correlations were assessed by the 

non-parametric Spearman’s test. All data are presented as mean + s.e.m. The p-values were determined 

by a one-way ANOVA. # p < 0.05 vs. WT; CD (D). * p < 0.05.  
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Figure 3.S7. (related to Fig. 6) Flow cytometry analysis of BM from male WT and MKO mice aged 

8 weeks (n = 6). Representative flow cytometry plots (left) and quantification (right) of leukocytes 

(CD45+) (A), myeloid cells (CD11b+ in CD45+) (B), circulating monocytes (Ly6C+Ly6Glow among 

CD45+CD11b+ cells), and neutrophils (Ly6ClowLy6G+ among CD45+CD11b+ cells) (C). n represents the 

number of biologically independent samples. All data are presented as mean + s.e.m. The p-values were 

determined by a one-way ANOVA. n.s.: not significant. 
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Conclusion 

 

Inflammation occurs when our body encounters external viruses, bacteria or toxic chemicals or gets 

injury. Healing response to external stimuli is accompanied by symptoms such as pain, heat, swelling 

and redness. This response to sudden stimuli is acute inflammation. However, there are inflammatory 

response that our body continues without external stimuli. It is chronic inflammation. This chronic 

inflammation is associated in disease process. There are many cells involved in the inflammatory 

response, but we conducted a study on the most important macrophage among them. 

TonEBP is a transcription factor involved in the adaptation to osmotic stress and innate immunity. A 

reduced expression of TonEBP is associated with dramatically lowering the severity of various 

inflammatory diseases. TonEBP haplo-deficient mice exhibit decreased inflammation, and are less 

susceptible to inflammatory and autoimmune diseases. 

In this study, I discovered novel impact of TonEBP in microglia and macrophage polarization in 

inflammatory response. 

1. I specifically focused on this suppressing activation of microglia in LPS-induced inflammation by 

disrupting the function of TonEBP. I demonstrated that TonEBP deficiency attenuated microglial 

activation and inflammatory cytokine production in response to LPS stimulation, thus preventing 

neuronal cell death. Cerulenin, which targets the function of TonEBP, also inhibited activation of 

microglia in this study. Cerulenin blocked binding between TonEBP and the pro-inflammatory 

transcriptional complex. I identified that the transcription factor AP-1 is involved in the TonEBP-

mediated complex, binding TonEBP. Treatment with cerulenin, which disrupted TonEPB function, 

inhibited TonEBP-AP-1 binding. Thus, cerulenin treatment decreased microglial activation, alleviating 

neuroinflammation and preventing neuronal cell death, which was supported by significant 

improvement of memory loss.  

In the study, we demonstrated that TonEBP, a central regulator of chronic inflammatory disease, 

played an important role in microglia activation. Disrupting TonEBP function prevented 

neuroinflammation-induced memory impairment. Future studies will further evaluate the role of 

TonEBP in AD. We also demonstrated that drugs targeting TonEBP could be developed as AD 

therapeutics. This approach could potentially alleviate AD by suppressing inflammation, contributing 

to the development of therapeutic agents. 
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2. I investigated that TonEBP in macrophages contributes to obesity-associated insulin resistance and 

disruption of glucose homeostasis. Indeed, when fed a HFD, mice lacking TonEBP in myeloid cells, 

including monocytes and macrophages, show no difference in weight gain or adiposity, but exhibit a 

broad range of metabolically beneficial effects such as systemically improved insulin sensitivity, 

glucose homeostasis, and reduced inflammation, demonstrating that TonEBP in myeloid cells plays an 

important role in obesity-associated morbidity. PA induces TonEBP expression in monocytes and 

macrophages, which inhibits M2 polarization and promotes M1 polarization. Such an M1–M2 

imbalance of ATMs in turn promotes both adipose tissue and systemic inflammation, as well as insulin 

resistance. Here, I found an additional molecular basis for TonEBP-mediated suppression of M2 

macrophage polarization. Specifically, TonEBP represses expression of PPARγ (particularly PPARγ1), 

a key transcription factor involved in M2 polarization and insulin sensitivity, in macrophages.  

 In sum, TonEBP is a stress protein responding to inflammatory stimuli by regulating microglia and 

ATM. The elevated expression of TonEBP drives disease progression. Thus, TonEBP in microglia and 

macrophage which play a major role in the inflammatory response is an attractive target for therapeutic 

strategy.  
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