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Enhancement of Inflammatory Protein Expression and
Nuclear Factor Kb (NF-Kb) Activity by Trichostatin A
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Abstract

The production of inflammatory proteins such as interleukin-6 (IL-6) by preadipocytes and mature adipocytes is closely
associated with the impairment of systemic glucose homeostasis. However, precisely how the production is regulated and
the roles of histone deacetylases (HDACs) remain largely unknown. The aim of this study was to establish whether HDAC
inhibitors affect the expression of inflammatory proteins in pre/mature adipocytes, and, if so, to determine the mechanism
involved. Trichostatin A (TSA), an HDAC inhibitor, enhanced lipopolysaccharide (LPS)-induced production of IL-6 in OP9
preadipocytes but not the mature adipocytes. Moreover, TSA also enhanced palmitic acid-induced IL-6 production and the
expression of inflammatory genes induced by LPS in preadipocytes. Although TSA did not affect TLR4 mRNA expression or
the activation of MAPKSs, a reporter gene assay revealed that the LPS-induced increase in nuclear factor kB (NF-«B) activity
was enhanced by TSA. Moreover, TSA increased the level of NF-kB p65 acetylation at lysine 310 and duration of its
translocation into the nucleus, which leads to enhancement of NF-«B activity and subsequently expression of inflammatory
genes. These findings shed new light on the regulatory roles of HDACs in preadipocytes in the production of inflammatory
proteins.
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Introduction

Chronic inflammation in adipose tissue is closely associated with
the impairment of systemic glucose homeostasis [1]. In fact,
preadipocytes and mature adipocytes produce inflammatory
cytokines and chemokines such as interleukin-6 (IL-6) and
monocyte chemoattractant protein-1 (MCP-1), respectively, on
stimulation of toll-like receptor 4 (T'LR4). IL-6 impairs glucose-
responsive insulin secretion in islets [2]. Moreover, circulating IL-6
causes insulin resistance by increasing suppressor of cytokine
signaling 3 expression in hepatocytes and mature adipocytes in vivo
and i vitro [3—7]. MCP-1 induces infiltration of macrophages into
adipose tissue, which exacerbates inflammation and the subse-
quent impairment of glucose homeostasis [8].

Lipopolysaccharide (LPS), an abundant glycolipid of the outer
membrane of gram-negative bacteria, is recognized by TLR4 and
induces inflammatory responses in various cells [9,10]. A small
amount of LPS is constitutively absorbed through the gut even in a
healthy state. This triggers weak systemic inflammation including
in adipose tissue, which, in turn, leads to impairment of glucose
homeostasis, which is called metabolic endotoxemia [11]. More-
over, saturated free fatty acids including palmitic acid (PA) also
induce inflammatory responses as ligands of TLR4 [12,13]. TLR4
signaling triggers the activation of transcription factors including
nuclear factor kB (NF-kB) and of mitogen-activated protein
kinases (MAPKSs) such as extracellular signal-regulated kinase

(ERK), p38 MAPK and c-Jun N-terminal kinase (JNK) [9]. NF-xB
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is activated via phosphorylation and degradation of IkB, an
inhibitory factor of NF-xB, by the IkB kinase (IKK) enzyme
complex [14,15], which leads to the nuclear translocation of NF-
kB and the subsequent transcription of NF-kB-dependent genes,
such as the IL-6, MCP-1, cyclooxygenase-2 (COX-2) and
inducible nitric oxide synthase (iNOS) genes.

Histone deacetylases (HDACs) regulate the expression of
various genes by removing acetyl tags of histones and non-histone
proteins, including transcription factors. Conversely, histone
acetyltransferases (HATs) competitively add acetyl tags to these
proteins [16-18]. The modification of proteins by acetylation leads
to changes in functions. Thus, HDACs and HATs play important
roles in the regulation of gene expression. To date, 18 members of
the HDAC family have been identified [19]. The class I (HDACs],
2, 3 and 8) and class II (HDAGs4, 5, 6, 7, 9, 10 and 11) isoforms
are Zn-dependent, whereas class III HDACs (Sirtuinsl —7) are
NAD"-dependent. Trichostatin A (TSA, IC50 =1—10 nM) and
suberoylanilide hydroxamic acid (SAHA, IC50=10—300 nM)
have a hydroxamate structure and inhibit Zn-dependent HDAC
subtypes (HDAC1—11) broadly [19,20].

It has been shown that HDACGCs are closely involved in
inflammatory responses and HDAC: inhibitors affect the expres-
sion of inflammatory proteins in various cell lines. For example,
TSA enhanced inflammatory gene transcription in microglial cells,
epithelial cells, fibroblasts, thymocytes and splenocytes [21-24]. It
also did the same in peripheral blood mononuclear cells from
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diabetics [25]. Additionally, knockdown of HDAC2 by siRNA
enhanced LPS-induced granulocyte macrophage-colony stimulat-
ing factor expression in epithelial cells and primary human lung
macrophages [26]. On the other hand, TSA repressed IL-1B/
LPS/IFNy-induced iNOS expression in murine macrophages
[27]. However, the roles of HDAC: in the inflammatory responses
of preadipocytes and mature adipocytes, which are important in
the maintenance of systemic glucose homeostasis, remain largely
unknown. We therefore examined the effects of HDAC inhibitors
on the expression of inflammatory proteins in pre/mature
adipocytes.

Materials and Methods

Reagents

Insulin from bovine pancreas, oleic acid, troglitazone (T'GZ)
and TPCA-1 were purchased from Sigma-Aldrich (St. Louis,
MO). TSA, LPS and PA were from Wako Chemical Co. (Osaka,
Japan). SAHA was from Cayman Chemical (Ann Arbor, MI).
Tumor necrosis factor alpha (TNFo) was from R&D Systems
(Minneapolis, MN). U0126 was purchased from Promega
(Madison, WI). SB203580 was from Calbiochem (San Diego,
CA). SP600125 was from Biomol Research Laboratories (Plym-
outh Meeting, PA). Insulin from bovine pancreas was dissolved in
0.02 N HCl-sterile water. TGZ, U0126, SB203580, SP600125
and TPCA-1 were dissolved in dimethyl sulfoxide. TSA and
SAHA were dissolved in ethanol. LPS was dissolved in sterile
water. PA was dissolved in 2% (w/v) BSA-ethanol. TNFa was
dissolved in 0.1% (w/v) BSA-PBS.

Cell culture and drug treatments

OP9 cells (obtained from Riken Bio Resource Center Cell Bank
(RCB1124), Tsukuba, Japan), a line of bone marrow-derived
mouse stromal cells, were cultured in minimum essential medium
alpha (MEM-0a, Invitrogen, Carlsbad, CA) supplemented with
20% (v/v) heat-inactivated fetal bovine serum (FBS, Biowest,
Miami, FL), 18 pg/ml penicillin G potassium (Meiji Seika, Tokyo,
Japan) and 50 pug/ml streptomycin sulfate (Meiji Seika) at 37°C in
a humidified atmosphere of 95% (v/v) air and 5% (v/v) COs. The
cells were seeded in each well of a multi well plate (Becton,
Dickinson and Company, Franklin Lakes, NJ) at 5,000 cells/cm?.
3T3-L1 cells (obtained from Health Science Research Resources
Bank, Japanese Collection of Research Bioresources Cell Bank
(JCRBY014), Osaka, Japan) were cultured in Dulbecco’s modified
Eagle’s medium (Nissui Seiyaku, Tokyo, Japan) supplemented with
10% (v/v) FBS, 18 ug/ml penicillin G potassium and 50 pg/ml
streptomycin sulfate at 37°C in a humidified atmosphere of 95%
(v/v) air and 5% (v/v) COs. The cells were seeded in each well of
a multi well plate at 15,000 cells/cm?. Both OP9 cells and 3T3-L1
cells were incubated at 37°C for 3 days until confluent, and then
used for experiments. They were preincubated for 1 hour in the
presence or absence of HDAC inhibitors (I'SA and SAHA),
MAPK inhibitors (U0126, SB203580, and SP600125) or an IKK-
2 inhibitor (TPCA-1), and stimulated with LPS, PA or TNFa for a
specified period of time.

Differentiation into mature adipocytes

Adipocyte differentiation induced by insulin and oleic acid (I0)
was performed according to the method described by Wolins et al.
[28] with minor modifications. Briefly, OP9 cells were seeded at
5,000 cells/cm? and grown in MEM-o supplemented with 20%
(v/v) FBS, 18 ng/ml penicillin G potassium and 50 ug/ml
streptomycin sulfate for 3 days until confluent (day 0, preadipo-
cytes) and then cultured for specified periods in MEM-a with 0.2%
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(v/v) FBS, 175 nM insulin and 900 uM oleic acid bound to
albumin (5.5:1 molar ratio). Adipocyte differentiation was induced
by TGZ as follows: OP9 cells were seeded at 5,000 cells/ cm?,
grown for 3 days until confluent (day 0, preadipocytes), and treated
for specified periods with MEM-a supplemented with 20% (v/v)
FBS and 3 pM TGZ. Typical morphological aspects of OP9
preadipocytes and differentiated adipocytes are represented in
Figure 1A.

Oil red O staining

Cells were washed with phosphate-buffered saline (PBS), then
fixed in 10% (v/v) neutralized formalin (pH 7.2) for 10 minutes at
room temperature. After a wash with PBS, 60% (v/v) isopropanol
was added for 1 minute. Then, cells were stained in a 0.18% (w/v)
Oil red O solution (Sigma-Aldrich) for 15 minutes at room
temperature. The cells were washed with 60% (v/v) isopropanol
and PBS, and observed under a phase-contrast microscope (Nikon,
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Figure 1. Differentiation of OP9 preadipocytes into mature
adipocytes. OP9 cells were incubated in medium containing 10 or TGZ
for the periods indicated. The cells were stained with Oil red O and
observed under a phase-contrast microscope (A). The lipid contents of
OP9 cells were determined by measuring the absorbance of Oil red O
re-solubilized with isopropanol at 540 nm (B). The levels of mRNA for
PPARY (C), adiponectin (D) and C/EBPa. (E) were determined using real-
time PCR. Values are normalized to those of 18 S rRNA and the mean
value at time 0 is set to 1.0. Data represent the mean * S.EM. (n=4).
doi:10.1371/journal.pone.0059702.g001
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Tokyo, Japan). For quantification of lipid contents, the Oil red O
in the cells was extracted with 100% isopropanol for 15 minutes at
room temperature and the absorbance of extracts at 540 nm was
determined.

ELISA

IL-6 and MCP-1 levels were measured by ELISA according to
the manufacturer’s instructions (eBioscience, San Diego, CA, and
R&D systems, respectively).

Quantitative real-time PCR

Total RNA was extracted using a GenElute mammalian total
RNA kit (Sigma-Aldrich). cDNA was synthesized from 500 ng of
the total RNA by reverse transcription using PrimeScript RT
master mix (T'akara, Shiga, Japan) according to the manufacturer’s
instructions, and diluted 10 fold with Tris-EDTA buffer. Real-time
PCR was performed using SYBR premix Ex Taq II (Takara) in a
Thermal cycler dice real time system (Takara). As an internal
control, levels of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA or 18 S ribosomal RNA (18 S rRNA) were
quantified in parallel with target genes. The primers used for real-
time PCR were (forward) 5'-ACTTCGGAATCAGCTCTGTG-3’
and (reverse) 5'-TCCATAGTGGAAGCCTGATG-3' for mouse
peroxisome proliferator-activated receptor gamma (PPARY), (for-
ward) 5'-CTCTTAATCCTGCCCAGTCA-3" and (reverse) 5'-
TACACATAAGCGGCTTCTCC-3' for mouse adiponectin, (for-
ward) 5'-GGACTCTGATCATGGCACTG-3" and (reverse) 5'-
CTGATCCATGCATTGGTAGGT-3" for mouse TLR4 [29],
(forward) 5'-AGTTGCCTTCTTGGGACTGA-3’ and (reverse)
5"-CAGAATTGCCATTGCACAAC-3" for mouse IL-6 [30],
(forward) 5'-GAAGTCTTTGGTCTGGTGCCTG-3" and (re-
verse) 5'-GTCTGCTGGTTTGGAATAGTTGC-3' for mouse
COX-2 [31], (forward) 5'-GGAGCGAGTTGTGGATTGTC-3’
and (reverse) 5-GTGAGGGCTTGGCTGAGTGAG-3" for
mouse iINOS [31], (forward) 5-CCTGTCATGCTTCTGGG-
CCTGC-3" and (reverse) 5'-GGGGCGTTAACTGCATCTGG-
CTG-3’ for mouse MCP-1, (forward) 5'-TTGACGGAAGGG-
CACCACCAG-3" and (reverse) 5'-GCACCACCACCCACG-
GAATCG-3" for mouse 18 S rRNA [32] and (forward) 5'-
TGTGTCCGTCGTGGATCTGA-3" and (reverse) 5'-TTGC-
TGTTGAAGTCGCAGGAG-3' for mouse GAPDH. Normaliza-
tion and fold changes were calculated using the AACt method.

Western blotting

Western blotting was carried out as described previously [33].
The antibodies used as the primary antibody were a rabbit anti-
acetyl-histone H4 (Lys8) antibody (Santa Cruz Biotechnology,
Santa Cruz, CA), a rabbit anti-histone H4 antibody (Santa Cruz
Biotechnology), a goat anti-actin antibody (Santa Cruz Biotech-
nology), a rabbit anti-phospho-p44/p42 (ERK1/2) MAPK
(Thr202/Thr204) antibody (Cell Signaling Technology, Beverly,
MA), a rabbit anti-p44/p42 (ERK1/2) MAPK antibody (Upstate
Biotechnology, Lake Placid, NY), a rabbit anti-phospho-p38
MAPK (Thr180/Thr182) antibody, a rabbit anti-p38 MAPK
antibody (Santa Cruz Biotechnology), a rabbit anti-acetyl-NF-xB
p65 (Lys310) antibody and a rabbit anti-NIF-xB p65 antibody
(Santa Cruz Biotechnology). Those used as the secondary antibody
were a biotinylated anti-rabbit IgG (Vector Laboratories,
Burlingame, CA), a horseradish peroxidase-conjugated anti-rabbit
IgG (Cell Signaling Technology) and a horseradish peroxidase-
conjugated anti-goat IgG (Santa Cruz Biotechnology).
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Plasmid constructs and site-directed mutagenesis

The NF-kB-responsive luciferase reporter gene was obtained
from Stratagene (La Jolla, CA), and the Renilla luciferase gene
(control, pGL4.75[hRluc/CMV] Vector), from Promega. The
murine IL-6 promoter (—1232 to +39) was supplied by Dr. T.
Kishimoto, Osaka University, Japan and Dr. A. Kimura, Keio
University, Japan, and integrated into the pGL3-basic vector
(Promega). Mutations in the putative NF-kB, AP-1 and CCAAT/
enhancer binding protein (C/EBP)-binding sites or cAMP
response element (CRE) in the murine IL-6 promoter were
generated using the QuikChange lightning site-directed mutagen-
esis kit (Stratagene) according to the manufacturer’s instructions.
The primers used for site-directed mutagenesis were (forward)
5'-CAAATGTGGGATTTTAGACTGAGTCTCAAAATTAGA-
GAG-3' and (reverse) 5'-CTCTCTAATTTTGAGACTCAGTC-
TAAAATCCCACATTTG-3' for mutations of the NF-kB-bind-
ing site [34], (forward) 5'- GTGGGATTTTCCCATGCAGCTC-
AAAATTAGAGAGTTG-3" and (reverse) 5'- CAACTCTC-
TAATTTTGAGCTGCATGGGAAAATCCCAC-3" for muta-
tions of the upstream AP-1-binding site [34], (forward) 5'-TCC-
CATCAAGACATGCTCAAGTGCTGCAGCACTTTTAAAG-
AAAAAAAAGAAGAGTG-3' and (reverse) 5'-CACTCTTCT-
TTTTTTTCTTTAAAAGTGCTGCAGCACTTGAGCATGT-
CTTGATGGGA-3’ for mutations of the downstream AP-1-
binding site, (forward) 5'-CGATGCTAAACGACGTCACAGA-
TATCAATCTTAATAAGG-3" and (reverse) 5'-CCTTATTAA-
GATTGATATCTGTGACGTCGTTTAGCATCG-3" for mu-
tations of the CG/EBP-binding site [34], and (forward) 5'-CCTA-
GTTGTGATTCTTTCGATGCTAAACGGATCCACATTGT-
GCAATCTTAATAAGGTTTCCA-3" and (reverse) 5'-TGGA-
AACCTTATTAAGATTGCACAATGTGGATCCGTTTAGC-
ATCGAAAGAATCACAACTAGG-3' for mutations of CRE.
Mutations were verified by sequencing.

Luciferase assay

OP9 cells were transfected in 24-well plates with the target
(500 ng) and control (20 ng) luciferase reporter plasmid in 48 ul of
Opti-MEM (Invitrogen), per well, using X-tremeGENE HP DNA
transfection reagent (Roche, Basel, Switzerland) according to the
manufacturer’s instructions. After 24 hours, the culture medium
was changed and the cells were stimulated. Luciferase activity in
the cells after 8 hours of LPS stimulation was determined using a
Dual-luciferase reporter assay system (Promega).

Immunostaining

After stimulation, OP9 cells on 96-well plates (Becton,
Dickinson and Company) were fixed in 4% neutral buffered
paraformaldehyde for 10 minutes and then —20°C methanol for
10 minutes. The cells were next permeated in 0.5% (v/v) Triton
X-100-PBS for 10 minutes. They were blocked in 4% (w/v) Block
Ace (DS Pharma Biomedical, Osaka, Japan) for 1 hour at room
temperature, and incubated overnight at 4°C with the rabbit anti-
NF-xB p65 antibody. After being washed with PBS containing
0.1% (v/v) Tween20, the cells were incubated at room temper-
ature with the Alexa Fluor 488-conjugated anti-rabbit IgG
antibody (Invitrogen). Then, they were stained with 300 nM
4’ 6-diamidino-2-phenylindole (DAPI) for 5 minutes at room
temperature, and fluorescence images of 4 randomly chosen fields
were taken using an IN Cell Analyzer 2000 (GE Healthcare,
Buckinghamshire, UK). NF-kB nuclear translocation was calcu-
lated with an established protocol using IN Cell WorkStation
software (GE Healthcare).
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Fractionation of nucleus and cytoplasm

Fractionation of the nucleus and cytoplasm was performed
using a nuclear extract kit (Active Motif, Carlsbad, CA) according
to the manufacturer’s instructions.

Statistical analysis

The statistical significance of the results was analyzed using
Student’s t-test or a one-way ANOVA with the Bonferroni/
dunnett post hoc test for multiple comparisons.

Results

OP9 preadipocytes were made to differentiate into
mature adipocytes using both methods

As shown in Fig. 1A, treatments both with IO and with TGZ
caused the formation of many lipid droplets in the cytosol of OP9
cells. The lipid contents reached a maximum at 4 days with the
IO-based method and at 6 days with the TGZ-based method
(Fig. 1B). Moreover, the mRINA expression of adipocyte differen-
tiation markers such as PPARy (Fig. 1C), adiponectin (Fig. 1D)
and C/EBPa (Fig. 1E) was increased by the treatments.

TSA did not affect TLR4-mediated IL-6 production in
mature adipocytes

IO and TGZ-treated mature OP9 adipocytes were incubated
for 1 hour in the presence or absence of TSA (3 and 10 nM), and
then stimulated with LPS (1 pg/ml). The acetylation levels of
histone H4 were apparently increased by TSA (10 nM) during the
pretreatment for 1 hour (at time 0) and lasted 24 hours in both
differentiated cells (Fig. 2A and B). On the other hand, the
stimulation by LPS caused the production of IL-6 in mature
adipocytes but was not affected by pretreatment with T'SA (3 and
10 nM) (Fig. 2C and D).
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TSA enhanced TLR4-mediated IL-6 production and
inflammatory gene expression in preadipocytes

Next we carried out similar experiments in OP9 preadipocytes.
As in the differentiated adipocytes, TSA increased acetylation
levels of histone H4 during 1 hour of pretreatment (at time 0) and
the effect lasted 24 hours (Fig. 3A). However, unlike in the mature
adipocytes, TSA significantly enhanced the LPS-induced IL-6
production although TSA alone did not induce IL-6 production
(Fig. 3B). This enhancing effect of TSA appeared from 12 hours
after LPS stimulation (Fig. 3C). Levels of IL-6 mRNA in LPS-
stimulated OP9 cells increased within 2 hours and remained high
for 24 hours. T'SA also significantly increased the levels of IL-
6 mRNA from 2 to 24 hours after LPS stimulation (Fig. 3D).
Moreover, treatment with PA (300 uM) induced IL-6 production,
which was also significantly enhanced by TSA pretreatment
(Fig. 3E). SAHA (100 nM), another pan-HDAC inhibitor,
enhanced LPS-induced IL-6 production as well (Fig. 3F). Similar
results were obtained with 3T3-L1 cells, another preadipocyte cell
line. Namely, TSA enhanced LPS-induced IL-6 production
significantly at both the mRNA (Fig. 3G) and protein (Fig. 3H)
levels.

Then, we examined whether TSA enhanced the expression of
other inflammatory genes such as the COX-2, iINOS and MCP-1
genes. The expression levels of these genes were increased by LPS
and all were enhanced by TSA although the effect varied (Fig. 4A,
B and C). Corresponding to the level of MCP-1 mRNA, the
concentration of MCP-1 in culture supernatants was increased by
LPS stimulation, which was enhanced slightly but significantly by
TSA pretreatment (Fig. 4D).
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Figure 2. Effects of TSA on TLR4-mediated IL-6 production in mature adipocytes. Mature OP9 adipocytes induced to differentiate by 10 for
4 days (A, C) or TGZ for 6 days (B, D) were preincubated for 1 hour in the presence or absence of TSA, and then stimulated with LPS (1 pug/ml) for the
period indicated. The acetylated histone H4 was detected by Western blotting (A, B). The concentration of IL-6 in the medium 24 hours after the
stimulation was determined by ELISA (C, D). Data represent the mean = S.E.M. (n=4). ***P<0.001, **P<<0.01 between the indicated groups.

doi:10.1371/journal.pone.0059702.g002
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doi:10.1371/journal.pone.0059702.g003
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Data represent the mean *= SEM. (n=4). ***P<0.001, **P<0.01,
*P<<0.05 between the indicated groups.

doi:10.1371/journal.pone.0059702.g004
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The effect on inflammatory protein expression by TSA
was independent of TLR4

To clarify the mechanism by which HDAC inhibitors enhanced
the expression of inflammatory proteins in preadipocytes, we firstly
examined whether TSA affected the expression of TLR4 and
TLR4-independent responses. OP9 cells were incubated for
2—24 hours in medium containing LPS with or without TSA,
and then mRNA levels of TLR4 were determined. The levels were
slightly changed by LPS but the changes were less affected by TSA
(Fig. 5A). Furthermore, TNF-a-induced IL-6 production was also
significantly enhanced by TSA in OP9 preadipocytes (Fig. 5B).

TSA did not affect LPS-induced phosphorylation of ERK1/
2 and p38 MAPK

Secondly, we examined whether TSA augmented the LPS-
induced activation of MAPKs. As shown in Fig. 6A, LPS-induced
IL-6 production was significantly inhibited by U0126, an inhibitor
of MAPK kinase, and by SB203580, an inhibitor of p38 MAPK,
whereas it was not reduced by SP600125, an inhibitor of JNK.
Therefore, we focused on LPS-induced phosphorylation of
ERK1/2, downstream of MAPK kinase, and p38 MAPK. LPS
induced the phosphorylation of ERK1/2 and p38 MAPK within 5
minutes and this lasted at least 30 minutes (Fig. 6B), whereas T'SA
affected the LPS-induced phosphorylation of neither ERK1/2
(Fig. 6C) nor p38 MAPK (Fig. 6D) at 15 minutes.

TSA enhanced LPS-induced NF-kB-dependent
transcriptional activation

Thirdly, we examined whether TSA affected the LPS-induced
activation of transcription factors. To clarify which transcription
factors contributed to IL-6 production in preadipocytes, a reporter
gene assay was carried out using a wild-type or mutated IL-6
promoter construct, which has AP-1, NF-xB and C/EBP-binding
sites and CRE. As shown in Fig. 7A, the transcriptional activity of
the wild-type IL-6 promoter construct was increased by LPS or PA
stimulation, and completely abolished by mutation of the NF-xB-
binding site. In contrast, the mutation of the AP-1 and C/EBP-
binding sites and CRE in the IL-6 promoter less affected
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Figure 5. Effects of TSA on TLR4 expression and TNFe-induced IL-6 production. OP9 preadipocytes were preincubated for 1 hour in the
presence or absence of TSA, and then stimulated with LPS (1 ug/ml) (A) or TNFa (1 ng/ml) (B) for the period indicated. The levels of mRNA for TLR4
were determined using real-time PCR (A). Values are normalized to those of GAPDH mRNA and the mean value at time 0 (LPS alone) is set to 1.0. The
concentration of IL-6 in the medium 8 hours after the stimulation was determined by ELISA (B). Data represent the mean = S.E.M. (n=4). ***P<0.001

between the indicated groups.
doi:10.1371/journal.pone.0059702.g005

PLOS ONE | www.plosone.org

March 2013 | Volume 8 | Issue 3 | 59702



*kk
5000 - —_—
*hkk
4000 - aakd :
E
5, 3000 -
&
© 2000 -
-
1000
0
Uo126 1uM) - + - - - + - -
SB203580 (10pyM) - - 4+ = = = 4 =
SP600125 (30puM) - - - 4+ - - - 4
LPS(1pg/m) - - - - 4+ + + +
B
p-ERK p——
(Thr202/Tyr204) —_———
S—— e e
p-p38 R ——
(Thr180/Tyr182) >
038 — | —— - ———— ————
ACTIN | s ™ . o mm————
TSA(10OM) —= + - + - + =— + = 4
LPS Treatment (min) 0 5 15 30 ehicle
30 min

C D

O T N
S e ———
12

*kk 8 ek
X
9 © 6
o
i 2
2 6 % 4
D, 2
A a 2
0 0
TSA(10nM) - + - +  TSA(10nM) - + - +
LPS (Tpg/ml) = - + + LPS(lpgml) - - + +

Figure 6. Effects of TSA on LPS-induced phosphorylation of
ERK1/2 and p38 MAPK. OP9 preadipocytes were preincubated for
1 hour in the presence or absence of U0126 (1 uM), SB203580 (10 uM)
or SP600125 (30 uM), and then stimulated with LPS (1 ug/ml). The
concentration of IL-6 in the medium 8 hours after the stimulation was
determined by ELISA (A). Data represent the mean = S.E.M. (n=3). OP9
preadipocytes were preincubated for 1 hour in the presence or absence
of TSA (10 nM), and then stimulated with LPS (1 ug/ml) for the period
indicated (B) or 15 minutes (C, D). The phosphorylation of ERK1/2 (B, C)
and p38 MAPK (B, D) were determined with Western blotting. Data
represent the mean = S.EM. (n=4). ***P<0.001 between the indicated
groups.

doi:10.1371/journal.pone.0059702.g006

transcriptional activity. These results were confirmed by using
TPCA-1, an IKK-2 inhibitor. TPCA-1 pretreatment completely
suppressed LPS- or PA-induced IL-6 production in a concentra-
tion-dependent manner (Fig. 7B and C). Therefore, we focused on
LPS-induced transcriptional activation of NF-kB. As shown in
Fig. 7D, stimulation with LPS increased NF-kB-dependent
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transcriptional activity and the effect was enhanced by TSA
pretreatment.

TSA increased acetylation of NF-kB p65 at lysine 310 and
the duration of its nuclear translocation

Because acetylation at lysine 310 increases the transcriptional
activity of p65, we next examined the effects of TSA on this
acetylation. As shown in Fig. 8A, B and C, acetylation of p65 at
lysine 310 was increased 1 hour after the treatment with TSA in
preadipocytes but not in mature adipocytes. The nuclear
translocation of p65 was temporarily induced by LPS (Fig. 8D)
and reached a peak at 30 minutes after LPS stimulation (Fig. 8E).
Moreover, although the nuclear translocation of p65 at 0—30
minutes was less affected by TSA, that from 60 to 120 minutes was
significantly enhanced (Fig. 8E). The enhancement was confirmed
by the determination of levels of p65 in the nuclear and
cytoplasmic fractions. At 60 minutes, LPS markedly increased
the levels of p65 in the nuclear fraction and this was enhanced by
TSA although TSA alone had no effect (Fig. 8F). These results
suggested that the efflux of p65 was reduced by the treatment with
TSA.

Discussion

In the present study, we clarified that TSA, a HDAC inhibitor,
enhanced the expression of inflammatory proteins and NF-kB-
dependent transcriptional activity in OP9 preadipocytes. These
results might be caused by increases in the acetylation of NF-xB
p65 at lysine 310 and duration of the nuclear translocation of NF-
kB. On the other hand, TSA did not affect LPS-induced 1L-6
production and acetylation of NF-xB p65 at lysine 310 in mature
adipocytes.

HDAC inhibitors did not themselves induce IL-6 production,
but they increased LPS-induced IL-6 production in OP9
preadipocytes (Fig.3). The enhancement of TSA was not
dependent on TLR4. Although TSA treatment increased the
mRNA levels of TLR4 in embryonic stem cells and intestinal
epithelial cells [35,36], it did not do so in OP9 preadipocytes
(Fig. 5A). In addition, TNFa-induced IL-6 production was also
enhanced by TSA (Fig. 5B), indicating that TSA affected the
expression and activities of signaling molecules and/or transcrip-
tion factors.

Inflammatory stimulation can induce the phosphorylation of
MAPKS, increasing their activity and the subsequent expression of
inflammatory proteins. We therefore focused on MAPKs as
candidates for proteins whose activity is affected by TSA. HDAC
inhibitors affect the phosphorylation of MAPKs in several cell
lines. For example, valproic acid induced the phosphorylation of
p38 MAPK but not ERK1/2 or JNK in microglial cells and
lymphocytes [37,38]. However, we found that, in OP9 preadipo-
cytes, the LPS-induced phosphorylation of ERK1/2 and p38
MAPK were not affected by TSA treatment whereas the
production of IL-6 was reduced by a MEK inhibitor and a p38
MAPK inhibitor (Fig. 6).

We next focused on transcription factors including NF-xB,
which is a key regulator for inflammatory protein expression. In
fact, the experiments using reporter gene constructs containing a
wild-type or mutated IL-6 promoter indicated that NF-xB strongly
contributed to LPS- and PA-induced IL-6 production in pre-
adipocytes (Fig. 7A). These results were confirmed by using an
IKK-2 inhibitor (Fig. 7B and C). More importantly, we found that
TSA enhanced LPS-induced NF-xB-dependent transcriptional
activation in preadipocytes (Fig. 7D). Acetylation of the p65
subunit of NF-kB was shown to be critical to the regulation of NF-
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Figure 7. Effect of TSA on LPS-induced NF-kB-dependent transcriptional activation. OP9 preadipocytes were transiently transfected with
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doi:10.1371/journal.pone.0059702.g007

KB’s activity by affecting transcriptional activity and the duration
of nuclear translocation. The acetylation of p65 is regulated by
HATs such as p300 and CBP and by HDACs, especially HDAC3
[39-42]. For example, acetylation of p65 at lysine 310 is associated
with an increase in transcriptional activity without affecting the
translocation into the nucleus. On the other hand, acetylation of
p65 at lysine 218 or 221 leads to an increase in the duration of
nuclear translocation of NF-kB by attenuating its interaction with
IkB. We clarified that both the acetylation of p65 at lysine 310 and
the LPS-induced translocation of NF-kB into the nucleus were
enhanced by treatment with TSA (Fig. 8). These results suggested
that the increase in the nuclear translocation and transcriptional
activity of NF-kB contribute to a rise in NF-kB-dependent

PLOS ONE | www.plosone.org

transcriptional activity and subsequent expression of inflammatory
proteins.

The expression of COX-2, iNOS and MCP-1, all enhanced by
TSA as described in Fig. 4, was regulated by NF-xB but other
transcription factors also regulate them separately. For example,
the expression of MCP-1 is regulated by Spl in addition to NF-xB
[43]. Because acetylation of Sp1 is associated with a decrease in its
DNA-binding activity [44], T'SA might induce hyperacetylation of
Spl and act negatively on LPS-induced expression. Thus,
modulation of the acetylation of transcription factors other than
NF-kB was also involved in the HDAC inhibitor-induced
enhancement of gene expression. In the future, there is a need
to investigate the effects of HDAC inhibitors on the activity of
transcription factors other than NF-kB in pre/mature adipocytes.
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doi:10.1371/journal.pone.0059702.g008

The OP9 cell line was established from the calvaria of newborn
mice genetically deficient in functional macrophage colony-
stimulating factor [45], and is used as a pre/mature adipocyte
model [28]. It is known that, during adipocyte differentiation, the
expression of various proteins including transcription factors
changes dynamically [28,46]. Notably, an increase in PPARYy
induces the gene expression of several adipocyte-specific proteins
(ex. adiponectin) and other transcription factors (ex. C/EBPa) thus
transforming the cell into the characteristic lipid-rich mature
adipocyte [47]. Based on the results in Fig. 1, we selected an
incubation period of 4 days for the IO-based method and 6 days
for the TGZ-based method, as appropriate for differentiation.
Interestingly, the enhancing effects of TSA on LPS-induced IL-6
production were observed in preadipocytes but not mature
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adipocytes (Fig. 2 and 3). Treatment with TSA increased
acetylation of p65 at lysine 310 in preadipocytes but not mature
adipocytes (Fig. 8A, B and C), which might be one cause of the
difference in the effects of HDAC inhibitors. In adult humans,
preadipocytes account for 20—40% of cells in white adipose tissue
[48] and produce inflammatory proteins via TLR4 signaling as
well as infiltrated macrophages [49-51]. Moreover, LPS-induced
IL-6 production was much lower in mature adipocytes than
preadipocytes [50,51]. These findings indicate that preadipocytes
play a greater role in chronic inflammation in adipose tissue than
do mature adipocytes.

Some reports have shown that HDAC inhibitors suppressed
inflammatory responses in macrophages at relatively high
concentrations [27,52,53]. We also confirmed that TSA and
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SAHA decreased LPS-induced IL-6 production in RAW264
macrophages (data not shown). The proposed mechanism by
which HDAC inhibitors exert their effects is interference with
RNA polymerase II's recruitment to inflammatory genes [54]. In
contrast, in microglial cells, HDAC inhibitors enhanced the
production of inflammatory proteins [24] as consistent with our
findings in preadipocytes. Thus HDAC inhibitors exert negative
and positive effects on the expression of inflammatory proteins
probably dependent on types of cells and on concentrations. The
precise mechanisms remained to be elucidated.

The enhancement of LPS- and PA-induced inflammatory
protein expression in preadipocytes is important to the mainte-
nance of glucose homeostasis. Chronically elevated IL-6 levels in
obesity have been considered to contribute to systemic insulin
resistance by inducing the expression of suppressor of cytokine
signaling 3 in adipose tissue and liver [7,55,56]. In contrast, it was
recently reported that IL-6, especially produced temporarily in
response to acute stimuli such as exercise, improved glucose
tolerance in skeletal muscle, liver and intestinal L cells [57-59].

References

1. Xu H, Barnes GT, Yang Q, Tan G, Yang D, et al. (2003) Chronic inflammation
in fat plays a crucial role in the development of obesity-related insulin resistance.
J Clin Invest 112: 1821-1830.

2. Southern C, Schulster D, Green IC (1990) Inhibition of Insulin-Secretion from
Rat Islets of Langerhans by Interleukin-6 - an Effect Distinct from That of
Interleukin-1. Biochem J 272: 243-245.

3. Senn JJ, Klover PJ, Nowak IA, Mooney RA (2002) Interleukin-6 induces cellular
insulin resistance in hepatocytes. Diabetes 51: 3391-3399.

4. Rotter V, Nagaev I, Smith U (2003) Interleukin-6 (IL-6) induces insulin
resistance in 3T3-L1 adipocytes and is, like IL-8 and tumor necrosis factor-
alpha, overexpressed in human fat cells from insulin-resistant subjects. J Biol
Chem 278: 45777-45784.

5. Senn [JJ, Klover PJ, Nowak IA, Zimmers TA, Koniaris LG, et al. (2003)
Suppressor of cytokine signaling-3 (SOCS-3), a potential mediator of interleukin-
6-dependent insulin resistance in hepatocytes. J Biol Chem 278: 13740-13746.

6. Klover PJ, Zimmers TA, Koniaris LG, Mooney RA (2003) Chronic exposure to
interleukin-6 causes hepatic insulin resistance in mice. Diabetes 52: 2784-2789.

7. Klover PJ, Clementi AH, Mooney RA (2005) Interleukin-6 depletion selectively
improves hepatic insulin action in obesity. Endocrinology 146: 3417-3427.

8. Kanda H, Tateya S, Tamori Y, Kotani K, Hiasa K, et al. (2006) MCP-1
contributes to macrophage infiltration into adipose tissue, insulin resistance, and
hepatic steatosis in obesity. J Clin Invest 116: 1494-1505.

9. Beutler B, Rietschel ET (2003) Innate immune sensing and its roots: the story of
endotoxin. Nat Rev Immunol 3: 169-176.

10. Park BS, Song DH, Kim HM, Choi BS, Lee H, et al. (2009) The structural basis
of lipopolysaccharide recognition by the TLR4-MD-2 complex. Nature 458:
1191-1195.

11. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, et al. (2007) Metabolic
endotoxemia initiates obesity and insulin resistance. Diabetes 56: 1761-1772.

12. Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, et al. (2006) TLR4 links
innate immunity and fatty acid-induced insulin resistance. J Clin Invest 116:
3015-3025.

13. Eguchi K, Manabe I, Oishi-Tanaka Y, Ohsugi M, Kono N, et al. (2012)
Saturated fatty acid and TLR signaling link beta cell dysfunction and islet
inflammation. Cell Metab 15: 518-533.

14. Regnier CH, Song HY, Gao X, Goeddel DV, Cao Z, et al. (1997) Identification
and characterization of an IkappaB kinase. Cell 90: 373-383.

15. Jacobs MD, Harrison SC (1998) Structure of an IkappaBalpha/NF-kappaB
complex. Cell 95: 749-758.

16. Struhl K (1998) Histone acetylation and transcriptional regulatory mechanisms.
Genes Dev 12: 599-606.

17. Strahl BD, Allis CD (2000) The language of covalent histone modifications.
Nature 403: 41-45.

18. Glozak MA, Sengupta N, Zhang X, Seto E (2005) Acetylation and deacetylation
of non-histone proteins. Gene 363: 15-23.

19. Khan N, Jeffers M, Kumar S, Hackett C, Boldog F, et al. (2008) Determination
of the class and isoform selectivity of small-molecule histone deacetylase
inhibitors. Biochem J 409: 581-589.

20. Blanchard F, Chipoy C (2005) Histone deacetylase inhibitors: new drugs for the
treatment of inflammatory diseases? Drug Discov Today 10: 197-204.

21. Ito K, Barnes PJ, Adcock IM (2000) Glucocorticoid receptor recruitment of
histone deacetylase 2 inhibits interleukin-1beta-induced histone H4 acetylation
on lysines 8 and 12. Mol Cell Biol 20: 6891-6903.

22. Ashburner BP, Westerheide SD, Baldwin AS, Jr. (2001) The p65 (RelA) subunit
of NF-kappaB interacts with the histone deacetylase (HDAC) corepressors

PLOS ONE | www.plosone.org

TSA Enhanced NF-xB Activity in Preadipocytes

Thus the roles of IL-6 in glucose metabolism might differ with the
duration and extent of IL-6 production.

In conclusion, we clarified that HDAC inhibitors enhanced the
production of inflammatory cytokines in preadipocytes but not in
adipocytes by affecting NF-kB through acetylation of the p65
subunit. These findings shed new light on the roles of HDACs in
preadipocytes in the production of inflammatory proteins and on
the regulation of systemic glucose homeostasis.
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