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Introduction

Obesity is the main cause of the metabolic syndrome

associated with insulin resistance, type 2 diabetes [1],

cardiovascular disease, and cancer [2, 3], and all of these

diseases are also related to inflammation [4]. Because

obesity can induce systemic low-grade chronic inflammation,

several studies have evaluated the relationship between

obesity and inflammation [4-6]. Many inflammatory genes

showing expression differences between lean and obese

individuals have been identified, and the contributions of

inflammatory genes, including those encoding tumor

necrosis factor-alpha (TNF-α), interleukin-6, monocyte

chemotactic protein-1 (MCP-1), inducible nitric oxide

synthase, and adiponectin (APN), have been studied using

mice with null mutations [7-9]. However, the causal link of

these inflammatory genes to particular metabolic outcomes

remains unclear. In this regard, the identification and

functional analysis of the gene clusters involved in adipose-

induced inflammation should be examined to understand

the mechanisms of the genes involved in metabolic disease.

Neuronatin (Nnat), which was first identified as a

paternally expressed imprinted gene [10, 11], has two

splicing variant forms. Nnat α is composed of three exons

and is alternatively spliced to produce Nnat β [12]. Nnat β

does not contain a middle exon encoding a part of the

membrane domain, but remains localized to the

endoplasmic reticulum (ER), similar to NNAT α [13]. The

expression of each isoform differs depending on the tissue

or cellular homeostatic status. NNAT is expressed in the

hypothalamic nuclei and is related to nutrient sensing and

feeding/fasting [14]. In addition to the metabolism-related

function of NNAT in the brain, this protein has also been

associated with insulin function. NNAT co-localizes with

insulin in pancreatic β-cells, and the depletion of NNAT

leads to a dramatic reduction in glucose-mediated insulin

secretion [15]. In addition, NNAT β has been reported to

play a critical role in the pathogenesis of type 2 diabetes by

mediating the high glucose-induced apoptosis of

pancreatic β-cells [16]. NNAT also plays a role in adipocyte

differentiation by increasing the intracellular Ca2+ level

through the regulation of Ca2+ATPase in the ER [17]. 
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Neuronatin (NNAT) is known to regulate ion channels during brain development and plays a

role in maintaining the structure of the nervous system. A previous in silico analysis showed

that Nnat was overexpressed in the adipose tissue of an obese rodent model relative to the

wild type. Therefore, the aim of the present study was to investigate the function of Nnat in

the adipose tissue. Because obesity is known to systemically induce low-grade inflammation,

the Nnat expression level was examined in the adipose tissue obtained from C57BL/6 mice

administered lipopolysaccharide (LPS). Unexpectedly, the Nnat expression level decreased in

the white adipose tissue after LPS administration. To determine the role of NNAT in

inflammation, 3T3-L1 cells overexpressing Nnat were treated with LPS. The level of the p65

subunit of nuclear factor-kappa B (NF-κB) and the activity of NF-κB luciferase decreased

following LPS treatment. These results indicate that NNAT plays an anti-inflammatory role in

the adipose tissue. 
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Although the functional relationship of NNAT in

metabolism has been evaluated in several studies, its

function in the adipose tissue remains unexplored. In this

study, a set of genes with expression specific to the white

adipose tissue and up-regulated in high-fat diet-fed mice

was identified using in silico analysis. The function of

NNAT in the adipose tissue was further evaluated to

clarify its role in adipocytes.

Materials and Methods

Cell Culture and Transfection

Both 3T3-L1 preadipocytes (American Type Culture Collection,

USA) and HEK293T cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% heat-inactivated

fetal bovine serum (HyClone, USA) in a humidified chamber with

5% CO2 at 37°C. The HEK293T and 3T3-L1 cells were transfected

directly with plasmid DNA using Lipofectamine2000 Plus reagent

(Invitrogen, USA) according to the manufacturer’s protocol. 

Animals

We used 6-week-old male C57BL/6 mice and db/db obese mice

purchased from the Jackson Laboratory. Bedding was changed

once a week and the temperature and humidity were controlled.

Mice were housed under 12-h light/12-h dark conditions and

allowed free access to food and water. The plans and protocols for

the animal experiments were approved by the Institutional

Animal Care and Use Committee of Sookmyung Women’s

University, Seoul, Republic of Korea (SMWU-IACUC-1508-014). 

Differentiation of 3T3-L1 Cells

When the 3T3-L1 cells reached confluence, they were induced

to differentiate by changing the medium to a differentiation

medium (DMEM containing 1 μg/ml of insulin, 0.25 μM

dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 10%

fetal bovine serum) and cultured for 2 days. The cells were then

maintained in differentiation maintenance medium (DMEM

containing 1 μg/ml of insulin and 10% fetal bovine serum). The

differentiation maintenance medium was changed every other

day until the cells were harvested. 

Stromal-Vascular Cell Fraction 

The C57BL/6 mice were administered 1 μg/ml lipopolysaccharide

(LPS), and epididymal fat tissues were obtained. The tissues were

minced and incubated at 37°C for 20 min in phosphate-buffered

saline (PBS) containing 0.75 mg/ml of type 2 collagenase

(Worthington Biochemical Corp., USA). The lipid layer (top layer)

and the stromal-vascular cell fraction (SVF; pellets) were collected

after centrifugation at 18,000 ×g for 3 min, and total RNA was

isolated for reverse transcription-polymerase chain reaction (RT-

PCR) analysis.

Antibodies and Chemicals

The following primary antibodies were used: anti-NNAT (ab27266;

Abcam, UK), anti-β-actin (sc-4778; Santa Cruz Biotechnology,

USA), anti-IκBα (4814; Cell Signaling, USA), anti-p65 (8242; Cell

Signaling), and anti-phospho-p65 antibody (3033; Cell Signaling).

Dexamethasone, 3-isobutyl-1-methylxanthine, insulin, and LPS

(L2880) were purchased from Sigma-Aldrich (USA).

Cloning and Plasmid Construction

Mouse cDNAs of Nnat α and Nnat β were generated by PCR,

sequenced, and then subcloned into the EcoRI-SalI sites of the

pEGFP-C2 mammalian expression plasmid. Mouse cDNAs of p65

were subcloned into the EcoRI-HindIII sites of the pCMV-Tag2B

mammalian expression plasmid. 

Immunoblot Assay

Cell lysates were mixed with 5× sodium dodecyl sulfate (SDS)

sample buffer and heated at 95°C for 5 min. The proteins were

separated electrophoretically on a 10% SDS-polyacrylamide gel

and transferred onto a 0.45-μm-pore-size nitrocellulose membrane

(GE Healthcare, UK) for 2 h. The membrane was incubated

overnight with primary antibodies at 4°C, followed by incubation

with horseradish peroxidase-conjugated goat anti-mouse or anti-

rabbit IgG (Fab) secondary antibodies (Enzo Life Sciences, USA) at

room temperature for 2 h. The proteins were visualized using

PowerOpti-ECL western blotting reagent (Animal Genetics, Korea)

and analyzed using an LAS3000 luminescent image analyzer (Fuji

Film, Japan).

Subcellular Localization 

The 3T3-L1 cells (1 × 105 cells) were seeded onto glass coverslips

in 12-well plates and transfected with the NNAT-green fluorescent

protein (GFP) expression plasmid. After incubation for 24 h, the

cells were fixed with 4% formaldehyde for 15 min, washed with

PBS, and then permeabilized with 0.1% Triton X-100 at 22°C for

10 min. After washing with PBS, the cells were blocked with 3%

bovine serum albumin at 22°C for 15 min, and then stained with

DAPI mounting medium (Sigma-Aldrich). Images were acquired

using an AxioVision 4.8.2 (Carl Zeiss, Germany) system under a

Zeiss Axiovert 200 m microscope, using a 1.4 numerical aperture

plan-Apo ×63 oil immersion lens and a HRm charge-coupled

device camera.

RT-PCR

Total RNA samples of cells and tissues were prepared using

RNAiso-plus (Takara, Japan) according to the manufacturer’s

protocol. The isolated total RNA was reverse-transcribed using

M-MuLV reverse transcriptase (Promega, USA) at 37oC for 1 h.

The PCR primer sequences used in this study are all listed in

Table 1. The RT-PCR products were visualized by 1% agarose gel

electrophoresis, and the intensity of the bands was measured

using a DNR Bio-Imaging system (Kiryat Anavim, Israel).
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Luciferase Assay

HEK293T cells and 3T3-L1 cells were seeded into 12-well plates

and allowed to adhere for 24 h. The cells were then co-transfected

with a mixture of 200 ng pCS5-3XFlag-p65 plasmid, 200 ng pGL3-

4xNF-κB-luciferase reporter plasmid, 5 ng pRL-CMV plasmid,

and 200 ng pEGFP-C2-NNATα or β plasmid using Lipofectamine

2000 reagent. After LPS treatment, the cells were lysed, and

luciferase activity was determined using the Dual-Luciferase

Reporter Assay System (Promega) according to the manufacturer

instructions. 

Statistical Analysis

Values are presented as the mean ± standard deviation (SD).

Multiple comparisons within groups were made with one-way

analysis of variance (ANOVA), and individual group mean

differences were evaluated using the Student’s t-test. A maximum

level of significance of p < 0.05 was used for all statistical

comparisons. All statistical analyses were performed using

GraphPad Prism ver. 5.0 for Windows (GraphPad Software, USA;

http://www.graphpad.com).

Results

Nnat mRNA Expression Is Relatively Specific in White

Adipose Tissue and Highly Expressed in the White

Adipose Tissue of High-Fat Diet-Fed Mice

To select genes that were highly and specifically

expressed in the white adipose tissue from high-fat diet-fed

mice compared with low-fat diet-fed mice, two different

microarray gene expression datasets were analyzed using

the Gene Expression Omnibus (http://www.ncbi.nlm.nih.

gov/geo/) of the National Center for Biotechnology

Information. First, to identify the genes differentially

expressed in the white adipose tissue of high-fat diet-fed

mice compared with low-fat diet-fed mice, GSE38337 was

analyzed. As a result, 81 genes were defined as significantly

differentially expressed, showing p < 0.01 and |log2 (fold

change)|> 1 average values between the two diet groups.

Next, to select genes that were specifically expressed in the

Table 1. Primer sequences for RT-PCR.

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

Nnat α GAACCCTTGCTCTCGACCAC CTGAACACCTCACTTCTCGCA

Nnat β GTGCTGCTGCAGGTGTTCAG TACGCCCATATCTCGAGGT

Mcp-1 ATCCCAATGAGTAGGCTGGAGAGC CAGAAGTGCTTGAGGTGGTTGTG

Pai-1 GCCAGATTTATCATCAATGACTGGG GGAGAGGTGCACATCTTTCTCAAAG

Il-1β TGCCACCTTTTGACAGTGATG CATCTCGGAGCCTGTAGTGC

Tnf-α CGAGTGACAAGCCTGTAGC CCCTTCTCCAGCTGGAAGAC

Apn TGGTGAGAAGGGTGAGAA AGATCTTGGTAAAGCGAATG

β-Actin CTTCCTGCAAGAGTATGTCACG TGGAGGTGAGATGGTGACTG

Table 2. List of common genes between those with more than | log2 (fold-change) | > 1 expression changes in adipose tissue of

high-fat diet-fed mice and those specific to white adipose tissue.

                     Gene name Gene symbol

Neuronatin Nnat

Leptin Lep

Interferon, alpha-inducible protein 27 like 2A Ifi27l2a

Stearoyl-coenzyme A desaturase 1 Scd1

Pyruvate carboxylase Pcx

1-Acylglycerol-3-phosphate O-acyltransferase 2 Agpat2

Fatty acid synthase Fasn

Solute carrier family 36 (proton/amino acid symporter), member 2 Slc36a2

Solute carrier family 25 (mitochondrial carrier, citrate transporter), member 1 Slc25a1

Claudin 22 Cldn22

Prostate transmembrane protein, androgen induced 1 Pmepa1
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white adipose tissue among a variety of tissues, GSE9954

was analyzed, and 540 genes were identified as being

relatively highly expressed in the white adipose tissue.

Finally, common genes, which satisfied both conditions,

were extracted, and 11 genes were identified (Fig. 1A). The

list of genes is summarized in Table 2. Among these genes,

the leptin and fatty acid synthase genes are well known to

be significantly related to obesity [18-20]. Although Nnat

was highly ranked as a positively expressed gene in the

common genes group, little is known regarding its role in

the adipose tissue. 

To determine the role of NNAT, the localization of

NNAT α and NNAT β was estimated using TMHMM, a

program for the prediction of transmembrane helices based

on a hidden Markov model [21]. This analysis revealed that

NNAT α had a type I transmembrane helix consisting of 23

amino acids, and NNAT β comprised 19 amino acids

(Fig. 1B). Cells of the preadipocyte cell line 3T3-L1 were

transfected with the Nnat α and Nnat β expression vectors,

and both genes showed similar cytosolic and dot

localization patterns (Fig. 1C).

Nnat β Expression Is Increased in the White Adipose

Tissue of db/db Mice But No Significant Difference Was

Observed during Adipocyte Differentiation

To confirm the in silico results, Nnat β expression levels

were examined using RT-PCR analysis in the adipose

tissue of wild-type and db/db obese mice because it is

known that Nnat α expression is increased in 3T3-L1 cells

[17]. Nnat β expression was also significantly increased in

the adipose tissue of db/db mice, similar to Nnat α

expression. When the Nnat β band intensity was normalized

to that of β-actin, the level was found to be increased by

approximately 3-fold compared with that of wild-type

Fig. 1. Analysis of Nnat expression in the white adipose tissue of high-fat diet-fed mice and localization in the 3T3-L1 cells. 

(A) Venn diagram showing common genes with more than 2-fold expression changes in the white adipose tissue of high-fat diet-fed mice and

genes showing specific expression in the white adipose tissue compared with other tissues. (B) NNAT α and NNAT β protein domains were

predicted on the basis of TMHMM database analysis. Black thick lines and underlined sequences indicate putative transmembrane domains. The

NNAT α transmembrane helix contains 23 amino acids, and NNAT β contains 19 amino acids. N, N-terminus; C, C-terminus. (C) The 3T3-L1 cells

were transfected with Nnat α-GFP and Nnat β-GFP expression plasmids and then fixed and stained with DAPI after 24-h incubation. 
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mice (Figs. 2A and 2B). Next, to determine whether the

adipose tissue of db/db mice is in an inflammatory state, the

TNF-α expression level, as a proinflammatory gene marker,

was examined. The levels were increased in the adipose

tissue of db/db mice (Fig. 2A), indicating that the Nnat β

expression level is increased in inflammatory adipose tissue.

Next, to examine whether Nnat β expression is associated

with adipogenesis, similar to Nnat α [17], 3T3-L1 preadipocytes

were differentiated by treatment with a differentiation

cocktail. The cells were harvested every 2 days after the

beginning of differentiation, and the Nnat β expression

level was examined by RT-PCR. The levels of the well-

known differentiation marker Apn gradually increased

with differentiation. However, no significant difference

in the Nnat β level was observed, regardless of the

differentiation status (Fig. 2C).

Nnat α and Nnat β Expression Decreased in the White

Adipose Tissue Following LPS Treatment

Because obesity is known to systemically induce low-

grade inflammation, and Nnat expression is increased in

the adipose tissue of obese mice, we hypothesized that

Nnat expression may be increased by obesity-induced

inflammatory stimuli. To test this possibility, wild-type

mice were intraperitoneally administered with 1 μg/ml

LPS, and the white adipose tissue was harvested for the

measurement of Nnat levels. Unexpectedly, the RT-PCR

results showed that Nnat α and Nnat β levels in the white

adipose tissue of LPS-administered mice were significantly

lower than those in vehicle-administered wild-type mice

(Fig. 3). These results indicate that an inflammatory stimulus

reduces Nnat α and Nnatβ expression, in contrast to our

expectation.

LPS Treatment Reduces Nnat α and Nnat β Expression in

the Adipocytes 

To determine which cells are responsible for causing the

observed decrease in Nnat expression levels following LPS

treatment, the white adipose tissue extracted from mice

administered 1 μg/ml LPS for 3 h was fractionated into

adipocytes and an SVF, as the white adipose tissue contains

not only adipocytes but also stromal-vascular cells, including

fibroblasts, macrophages, and preadipocytes. Nnat α was

expressed in both the adipocytes and SVF, whereas Nnat β

was mainly expressed in the adipocytes. Both Nnat

isoforms were dramatically decreased in the adipocytes of

LPS-administered mice, whereas the levels of proinflammatory

cytokines Il-1β and Pai-1 and the chemokine Mcp-1 were

enhanced by LPS administration (Fig. 4A).

Next, to examine whether Nnat expression is also decreased

by LPS treatment in vitro, differentiated 3T3-L1 cells were

treated with 1 μg/ml of LPS for the indicated times. Nnat α and

Nnat β expression levels also decreased time-dependently,

whereas Mcp-1 was increased at the early time points of

LPS treatment (Fig. 4B). This result indicates that LPS

treatment decreases Nnat expression in adipocytes.

NNAT α and NNAT β Inhibit Expression of the p65

Subunit of NF-κB in Adipocytes

Although a high level of Nnat was expected in LPS-

Fig. 2. Relative mRNA expression of Nnat β in the white

adipose tissue of db/db mice, and differentiated adipocytes. 

(A) Nnat β mRNA expression levels in the white adipose tissue of

wild-type and db/db mice were examined by RT-PCR. (B) The results

of (A) were graphed after determining the intensities of Nnat β expression

normalized by β-actin using Gelquant software. **, p < 0.01, one-tailed

Student’s t-test. (C) Nnat β and adiponectin (Apn) mRNA expression

levels in the 3T3-L1 cells induced to differentiate for 10 days were

analyzed by RT-PCR.



Anti-Inflammatory Role of Neuronatin in WAT 1185

June 2017⎪Vol. 27⎪No. 6

administered mice because it is increased in a condition of

low-grade inflammation such as obesity, LPS-administered

mice unexpectedly showed decreased Nnat expression in

adipose tissue. Thus, the role of NNAT in inflammatory

signaling pathways was unclear. Because the inflammatory

signal is mediated by the NF-κB signaling pathway [22]

and a previous study proposed that NNAT expression

leads to activation of NF-κB in aortic endothelial cells [23],

we evaluated whether NNAT expression is associated with

NF-κB activation in adipocytes. Thus, 3T3-L1 cells were co-

transfected with an NF-κB luciferase vector together with a

plasmid expressing NNAT α or β, respectively. Co-

transfection with p65 increased NF-κB luciferase activity,

whereas NNAT α reduced the luciferase activity by

approximately 2-fold. Co-transfection with NNAT β also

inhibited luciferase activity but showed a lower reducing

efficiency than that observed with NNAT α (Fig. 5A).

These results indicate that NNAT α and NNAT β have anti-

inflammatory functions, and the anti-inflammatory ability

of NNAT α is stronger than that of NNAT β. 

Fig. 3. Relative mRNA expression of Nnat α and Nnat β in the white adipose tissue following lipopolysaccharide (LPS) treatment. 

(A, B) Wild-type mice were administered 1 μg/ml of LPS, and the white adipose tissue was extracted for analysis of Nnat α (A) and Nnat β (B)

mRNA expression levels by RT-PCR. The intensities of Nnat α and Nnat β expression normalized to β-actin using Gelquant software were

graphed. *, p < 0.05, one-tailed Student’s t-test.

Fig. 4. Relative mRNA expression of Nnat α, Nnat β, and proinflammatory genes in adipocytes and the stromal-vascular cell

fraction (SVF) following lipopolysaccharide (LPS) treatment. 

(A) Wild-type mice were administered 1 μg/ml of LPS for 3 h, and the extracted epididymal fat pads were separated into adipocytes and SVF. The

mRNA expression levels of Nnat α, Nnat β, and proinflammatory genes were analyzed by RT-PCR. (B) The 3T3-L1 cells differentiated for 10 days

were treated with 1 μg/ml of LPS for the indicated times, and Nnat mRNA levels were analyzed by RT-PCR.
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Next, to further examine whether NNAT affects the

expression of the p65 subunit of NF-κB, 3T3-L1 cells were

transfected with either the GFP-control or NNAT-GFP

plasmid, followed by treatment with different doses of

LPS. Immunoblot analysis showed that p65 expression was

remarkably inhibited upon LPS treatment in 3T3-L1 cells

overexpressing NNAT compared with control cells (Fig. 5B).

Thus, NNAT has an anti-inflammatory role in adipocytes.

Discussion

Transcriptome analysis is very useful for identifying a

group of new candidate genes regulated in a specific

condition. In the present study, we searched for a set of

common genes showing significant expression differences

in the white adipose tissue of high-fat diet-fed mice and

that were relatively specifically expressed in the white

adipose tissue compared with other tissues of wild-type

mice. Among the genes identified, leptin is well known as a

key hormone marker for obesity, is secreted by adipocytes

[18, 19], and regulates energy homeostasis by controlling

appetite in both humans and rodents. Pyruvate

carboxylase (Pcx) expression is also increased in rodent

models of type 1 diabetes [24, 25] and in obese Zucker

diabetic fatty rats [26], and Pcx is known to be involved in

gluconeogenesis and hepatic glucose production [25].

Therefore, our strategy for identifying gene sets was

confirmed to be efficient. Although Nnat is known to be

mainly expressed in the brain of normal mice, Nnat ranked

highest for expression in the adipose tissue in this study.

This may be because of the relatively dramatic increase of

Nnat in the adipose tissue of obese rodent models

Fig. 5. Effects of NNAT α and NNAT β on NF-κB activity in adipocytes. 

(A) The 3T3-L1 and HEK293T cells were transfected with the NF-κB luciferase plasmid, FLAG-p65 expression plasmid, and NNAT α-GFP or

NNAT β-GFP expression plasmid; the relative luciferase activity was analyzed 1 day after transfection. Firefly luciferase was used as a reporter,

and Renilla luciferase was used as a control. The results of three independent experiments are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001, two-

tailed ANOVA. (B) The 3T3-L1 cells were transfected with NNAT α-GFP or NNAT β-GFP for 24 h, and harvested 1 h after treatment with 1 μg/ml

lipopolysaccharide (LPS). The expression levels of p65, p-p65, IκB, and NNAT α/β were analyzed by immunoblot assay. β-Actin served as the

loading control.
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compared with wild-type mice.

Because obesity systemically induces chronic low-grade

inflammation and Nnat expression is increased in obese

rodent models, we expected that LPS treatment, as an

inflammatory stimulus, would increase the level of Nnat

expression; however, Nnat α and Nnat β mRNA expression

levels were decreased following LPS treatment. This may

be related to the different responses to acute and chronic

inflammation. In general, to limit inflammatory processes

in infectious or non-infectious systemic inflammatory

responses, a compensatory anti-inflammatory response

operates to maintain immune balance or terminate

inflammation reactions [27]. If Nnat performs an anti-

inflammatory function, its expression would be expected to

be decreased to maintain normal inflammatory function

under inflammatory conditions induced by stimuli. Thus,

LPS treatment can reduce Nnat expression. However, Nnat

expression may be increased to prevent prolonged

inflammation, unlike acute inflammation. Thus, the extent

to which Nnat performs its anti-inflammatory function in a

normal state should be maintained to alleviate the prolonged

inflammatory environment, such as that associated with

obesity. Another gene has also been identified to show

different responses to acute and chronic inflammation. The

function of the NAD+-dependent deacetylase SIRT1

depends on NAD+ availability. In acute inflammation,

when NAD+ is available, active SIRT1 directly deacetylates

targets such as NF-κB p65 and p53, followed by the

suppression of inflammation. In contrast, in chronic

inflammation, the limited availability of NAD+ and

reduced expression of SIRT1 allows for the activation of

inflammation and leads to chronic inflammation [28].

Additional studies in diverse physiological environments

should be conducted to evaluate this difference.

The NF-κB complex plays a key role in inflammatory

signal transduction and consists of p65 and the IκB

heterodimer [22, 29-33]. In general, inflammatory signals

phosphorylate IκB, followed by degradation. The p65 freed

from the IκB complex translocates to the nucleus, and leads

to the transcriptional activation of target genes. The p65

is modified by phosphorylation, acetylation, prolyl

isomerization, nitrosylation, and ubiquitination [34-36]

and these modifications affect the activity of p65. It is

known that the acetylation at K310 of p65 facilitates

phosphorylation of p65, and the phospho-p65 recruits

p300/CBP, which also acetylates at K314 and K315 of p65

for transcriptional activation [37, 38]. In the present study,

although NNAT expression reduced NF-κB luciferase

activity, no significant difference of p65 phosphorylation at

S536 was observed. It indicates that NNAT would affect

other modifications besides phosphorylation. One possibility

is that if NNAT inhibits recruitment or activity of p300/

CBP, it can explain why NNAT represses NF-κB activity

without inducing phosphorylation change. In addition,

the phosphorylation of p65 occurs at various regions,

including four sites (S205, T254, S276, and S281) on the N-

terminal RHD, two (S311 and S316) on the linker region C

terminal to the RHD, and five (T435, S468, T505, S529, and

S536) on the C-terminal TAD [34]. Therefore, to determine

whether NNAT affects phosphorylation of p65 at other

sites would be valuable, since we examined only S536

phosphorylation (Fig. 5B).

Additionally, a previous study showed that the expression

of NNAT in human aortic endothelial cells increased

activation of the NF-κB transcription complex [23]. This

may indicate that the ability of NNAT to regulate the NF-κB

pathway is context-dependent or involves other extracellular

signals in different organs. To evaluate these possibilities,

additional well-designed and detailed experiments are needed.

In conclusion, this study determined that Nnat is highly

expressed in the adipose tissue of obese model mice and

likely exerts anti-inflammatory activity to alleviate the

obesity-induced chronic inflammation condition. In addition,

we observed that Nnat expression levels were decreased

following acute inflammatory stimuli, and NNAT inhibits

expression of the p65 subunit of NF-κB in adipocytes. This

finding improves the understanding of the immune

balance in the regulation of obesity-induced chronic

inflammation, and may facilitate the development of

therapeutic anti-inflammatory agents.
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