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The expression of Pax8, Thr2, and Sveti/Uncsd
formarion o‘ VZ/SVZ was impaited in the rnutant (8
Figs. 15 a &). The outer PaxG-dominant zone in the 165
may be caused by the reduced cell-cycle exit (Sug; 5. 18}
The outer Pax-dominan: zone in E165 was not distinct when
compared with that of the £18.5 animals. Therefore, the outer Pax6-
dominant zone observed in the E18.5 mutant may partially explain the
reduced celi-cycle exit.

Thr2-positive cells were increased in the mutant V77 SVZ, as were
PaxS+/Tbr2+ cells, but not Pax6—/Thr2+ cells. TiwZ+ IMPs are
ariginated from PaxG+ RGPs. Therefore, the increase in PazG-+ /The2 +
ceils in the mutant may be explained by the increase in Paxs -+ /Thrg —
ceils.

We showed that RP58 was expressed in some Pwr)-n( sitive cell&
RP58 acts downstream of Ngn2 (5S¢0 et
invo(v&.j in the initial commitmant to a neuronai
fate. Therefore, RGPs neurcnaliy committed by Ngn2 probably
express REPS58 in the VZ in a2 sustained manner. As RP5& functions
# a transcriptional repressor, it is possible that RPS® supprasses the
expressicn of a few genes, which may inciude Pax6. T2, and Ngn2.
fie vitro awalysis indicated that the teanscription of Ngn? was
suppressed by RP58 and that Ngn2-positive celiz were increased in
the RP5&-nuti mutanr cortex (data not shown; Ohtaka-Maruyama et
al, in nreparation) It was reported that The2 is a target of Ngn2
. Therefore, the increase in Thr2-pesitive cells in
the PP%’ routant can be explained by the enhancement of Ngn2
expression, probably because of a lack of transcriptional suppression
by RPSS.

On the other hand, the overexpression of sorme genes, which
inciude Poxt, Thr2, and Ngn2. may explain the abnormalities chserved
i the RP58-deficient beain. The overexpression of Paxs affects the
proliferation of neuronal progenitors and causes failure of neuronal
differentiation (& al., 2007

reveals that the

Y TPN0Y
neraantar Y

{ } and TbeZ misexpression
intibits cell- cyde exit { et al. 2008). We are now analyzing
whether the phenotype of the E'P)‘-? mutant brain can be explained by
the enhanced expression of those genes.

It conciusion, we found that RP58 deficiency reducas the number
of mature cortical neurens via strongly enhanced apoptosis and
impaired cell-cycie exit, which suggests that RPS8 plays a key role in
the survival of cortizal neurons and v the development of neuronat
progenitors
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Activating Transcription Factor 3 Constitutes a Negative
Feedback Mechanism That Attenuates Saturated Fatty
Acid/Toll-Like Receptor 4 Signaling and Macrophage

Activation in Obese Adipose Tissue

Takayoshi Suganami, Xunmei Yuvan. Yori Shimoda. Kozue Uchio-Yamada, Nobutaka Nakagawa.
Ibuki Shirakawa. Takako Usami. Takamitsu Tsukahara, Keizo Nakayvama, Yoshihiro Miyamoto,
Kazuki Yasuda, Junichiroc Matsuda. Yasutomi Kamei. Shigetaka Kitajima. Yoshihiro Ogawa

Abstract—Obese adipose Ussue s mackedly infilraied by macrophages. suggesting that they may participate in the
wilammaiory pathways that are activaied i obese adipese Lissue. Evidence bas suggested that saturated fatry acids
released via adipeeyte lipolysis serve as a naturally occurring ligand that stimulates Toll-like receptor (TLR)4 signaling,

thereby inducing the inflammaiory responses in mactophages in obese adipose tissue. Through a combination of cDNA
microarray analyses of saturated fatty acid-stimulaed macrephages in vitro and ohese adipose tissue in vivo, here we
identified activating iranscription factor (ATF)3, & member of the ATF/c AMP response element-binding protein family
of basic leucine upper-type trauscription {aciors, as a target geune of saturated fatty acids/TILR4 s gonaling in
macrophages it chese adipose tissue. Importantly, ATF3, when induced by saturated fatty acids, can trauscriptionally
FEPress TWnNer necrosis factor-e production in nwcrophages in vitre. Chromatin immunoprecipitation assay revealed that

ATF3 is recruited to the region contzining the activator protein-i sute of the endogenous WMOr necrosis factor-o
prorgoter. Furthermaore, wansgenic overexpression of ATF3 specitically in macrophages results i the marked
atienuaion of proinflarmatory M1 roacrophage acuvation in the adipose tssue from geneticaliy obese KKa“ mice fed
high-fai diet. This study provides evidence that ATF3, which is wduced in obese 7 dipese tissue, acts as 3 ranscriptional
repressor of saturated fatty acids/TLR4 signaling, therehy revealing the negativi

Q

>

> feedback mechanism that altenuates
chesity-induced macrophage activation. Our daw also suggest that activation of ATF3 in macrophages offers a novel

¢

therapeutic strategy w prevent or treai obesity-induced adipose tissuze inflammation. {Cire Res. 2009;1058:25-32.)

et

Key Words: adipocytes ® ATF? m faty acids ® inflarmroation ® oiacrophages ® TLR4

newn as the metabolic syndrome, the ciuster of well- Using an io vire coculture system compesed of adipocytes
K:’:stablishcd risk faciors for cardiovascular disease (vis- and macrophages, we have provided evidence that a paracrine
ceral fat cbesity, impaired glucose metabolism, utherogenic loop involving saturated fatly acids and tumor necrosis factor
dyslipidemia, and blood pressure elevation), is an increasing (TNFje derived from adipocytes and macrophages. respec-
ealth problem worldwide.'-* The pathophysiology underty- tively, establishes a vicious cycle that augraent the inflam-
ing the metabolic syudrome is not fully understocd and nuatory change in obese adipose tssne.® Recent studies have
visceral fat obesity appears o be ap hoportant component.* aiso pointed W the heterogeunity of macrephages infiitrated
There is considerable evidence that cobesity is @ staie of inio obese adipose tissue, ie, they follow 2 different polar-
chronic low-grade inflamraation, which may play a critical ization states: M1, or “classicaily activated” {proinflamma-
rofe in the pathopbysiclegy of the metabolic syadrorne. i tory) macrophages, which are indaced by proinflammatory
Obese adipose tissue is markedly iafiitrated by macio- mediators such as Hpopolysacchande (LPS} and Thi cytokine
phagss, suggesting that they may participate in the iuflam- interferon-v; aud M2, or “alternatively activated” {antinfiam-
matory pathways that are activaied in obese adipose tissne.’ matory macrophages, which are generated in vitro hy expo-

ot
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sure 1o Th2 eytokines such as interleukin (IL)-4 and I1.-13.7-%
Evidence has accumuiated indicating that macrophages,
which are infitvated into obese adipose tissue, exhibit the
phenotypic change from M2 1o M1 polarization.™ Receut
evidence also showed that the nuclear receptor peroxisome
proiiferator-activated receptor-y or -8 regulates M2 polariza-
tion of adipose tissue macrophages and thus syﬂ‘remic insulin

ity 8% It s, therefo

te, coucervable that M1 raacro-
induce the release of saturated I'any acids from
hypertrophied adipacytes via ) whicl. in trn, may
serve as @ proinflammaiory adipocviokine locally in the
adipose tissue
Free fatty acids represent ap umporiant energy source
mebilized frora tglyeerides swored 1w the adipaese tiszue,
particularly during periods of starvation. bat recent evidence
has suggested thc pathophysiologic roles other than the
supply of nuirients in fimes of fasting or increased energy
lating free
fatty acids. issociated  with  visceral fat
obesity, increase fat accumaulation & msulin target tissues
such as the skeletal muscle and liver and contribute o insulin
resistance.t’ We and others have reported that saturated faity

demand.’® For instance, elevated ievels of ciren
which ate often «

¢ refeased from adipocytes via the ma

i

acids, which &
phage-induced upc:-iyiio serve as a rnau,rai / OCCUITINg 1 iz
for Toli-like receptor (TL vex. whicl: is essential
the recoguition of LP3. o wduce nuclear facior (NF)- nB
activation in macrophages. >+ Evidence has aiso suggested
that TLR4 plays an m;po*ta 0i 1o ]*~ in adipese tissue inflam-
mation, 117 B«‘mu&, macropha ge obese adipose tissue are
gliantities

[

apd
I

&

R4 comyp

ted | 3]easei in large

exposed 10 satura

fremn bypertrophied  adip cw:es, there might be uwegative
regulatory mechanisms, whereby macrophages are protected
against the satrated fatly acid—induced imfammatory re-
adipose tissue.

spense in obese

Tarough a combination of cMNA raicroarray analyses of
3

satutated fatly acid-stmulated macrophages in vitto apd
obese adipose tissue i vive, we identified activaing wan-
scription factor {ATE)3, a member of the ATF/CAMP re-
sponse element-binding protein (CREB} family of basic
leuciae zipper-type transcuption factors'® ' that is markedly
wnduced 1o macrephages through TLR4 in response (¢ satu-
rated falty acids in vitro and 10 obese adipose tissue in vive.
This stedy provides evidence that ATF3 acts as a transcrip-
tional repressor of satursted faity acids/TLR4 signaling in
macrophages, thereby revealing the negative feedback mech-
amsin that atienuates obesity- u’dm,pa '[x.l(.u)ux].ig cuvaon
in obes
of ATES i macrophages offers & nove
o prevent of trest obesity-induced 1nﬂ<-.1 nmation and thus the
metabelic Sjy'ndmme associated with excess adiposit

1
Al

: adipose tissue. Our data also st'-ggc::,= 1hd[ achvation

| fherapeutic sivategy

Materials and Methodq
An expanded Matenals and Methods section js available in the
Oudine Dara Supplement at hitp://ciceres.ahajournals, org,

Materials and Auntibodies
Details arz provided in the Ouline Data Suppiement.

Andmals

Six-week-old male C3H/Hel mice. wluch have defective 1LPS
signaling atiributable to a missense mutation in the TLR4 gene 2% and
contra] C3IH/ATeN mice were purchased from CLEA Japan (Tokve.
Japan). Genetically of chiob. db/dh. and KKAY mice were
purchased from CLEA lapan and Charles River Ja pa *okyn
Japary. Details on experimental condiions are provided in the
Online Data Supplement. Al aninal CXPERMments we nduoted in
accardanes 1o the guidelines of Tokyo Medical and Denprat Univer-
sity Commitiee on Ammal Researchk (No, 000065 8).

Greneration of Transgenic Mice Overexpressing
ATF3 in Macrophbages

Detals are provided 1 the Galine Data Suppiement

Cell Culture
RAW2S4 macrophage cell line (RIKEN RicResoutce Center.
Tsukuba, Japan). 3T3-L1 preadipocyres, and HEK03 {Awmerican
Type Culture Collection. Manassas. Va) were maintzined in DMEM
(Nacalai Tesque. Kyoto. Japan) containing {0% FBS (BioWest,
Miami. Fla). Differentiation of 3T3-L} preadipocytes to matare
adipocytes was performed as previously describeds12 and used as
differentiated 3T3-L1 adipocytes at days 8 o 10 after the induction
of differentiation. Murine peritoneal macrophages and hone mar-
row—derived macrophages were prepared a5 described.

Chromatin Immunoprecipitation Assay
Details are provided in the Qaline Data Su ppicment.

Retrovirus-Mediated Overexpression and
Knockdown of ATF3 in Macre)phdges
Retrovirus-mediated o spression of the full-leagth mouse ATER
cDNA and knockdown of 6‘1‘5(10Q ous ATFR were performed in
RAW264 macrophagss as describec i inthe Online Data Supplement.

(uantitative Real-Time PCR

Total RNA was extracted from cultured celis using Sepazol reagent
(Nacaiai Tesque) and quantitative reaj-time PCR was performed with
an ABI Prism 7005 Sequence Detection System using PCR Master
Mix Reagent {Applied Bi 5. Poster City. Califi.592 Primers
used in this study are described in Online Table I Levels of mRNA,
were normalized to those of 36B4 mRNA.

Histological Analysis
Histological analysis was ; tfommed as previously descrbed using
1 of the epididymal white adipose
tssue s In brief, hemamxyh.x/f:osjzz staining was used 10 compare
the adipocyt: cell size with the sofiware Win Roof (Mitani. Chiba
Tapan}.i* The presence of F4/30-positive macrophages ir: the adipose
tissue was detected immunohistochemically us sing the rat monoclo-
nai antmouse F4/20 anttbody®! as described previously. 'S The
number of F4/80-positive cefls was counted in more than 10 mm?
area of each section and =xpressed as the mean number/mu:,

Western Blotting of ATF3

Whuole cefl iy s were prepared as previcusly described.s Samples
(20 pg protein per lane) wers sepatated by 12.5% SDS-PAGE and
Western bletling was performed using antibodies against ATF2
(Santa Cruz Biotechnology}.

Measurement of TNFa Levels in Culture Media
The TNFea levels in culiure supematants were deternined by a
commercially available ELISA kit (R&D systems. Minneapoelis.
Ming).6

Transient Transfection and Luciferase Assay
Details are provided in the Online Data Suppicment.
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Statistical Analysis

Data were expressed as the means*SE. Statistical analysis was
periormed using ANOVA, followed by Schieffe’s tost unie other-
wise describzd. P<005 was considerad to be statistically significant

Resulte and Discussion

Identification of ATI‘ 3 As a Target Gene of
Saturated Faity Acids in Macrophages in Obese
Adipose Tissue

We have provided in vitro evide
whict are reicased

e that saturated {atty aci
from adipocyies via the macrophage-

suduced lipolysis, serves as a nawrally oceur nng ligand that
stimulates TLR4 signaling in ma crophages. '\ To swrcl* for
target genﬂ’s: «;f satirated fatty wcids in macrophages in
obese adipose tssue. we performed d}N:-\. misyosmay anal-
¥sis of cbese adipose tissue from ob/ob mice and palmiiate-
stimulated RAW264 macrophages (Online Figure 1, a). Up-
regniated genes under both conditions included chemokines,
proinflammatery cvtokines, acute phase reactants, and ATER
(Online Table [}, whereas 5 genes were dowrregniated
(Oniine Tabie 0F). ATF3 is 2 member of the ATF/CRER
tamily of transcription factors.'$1® ATF3 is rapidly induced in
response to several stimuli and insults, sach as chemicals,
iradiation, and oxidative stress, and, in tum, aegatively
regulates iaroet genes as 2 rauscriptional repressor
though ATF3 plays & role in apoptosis and cell ¢y
the l-. e of ATFJ in obesity is largely anknown. We,

therefore,
investigated the tissue distribution of ATF3 in obese and lean

tigs
niice. ‘Simdar 0 ruacropbiage marker F4/80, ATF3 mRNA
expression was markedly increased W the adipose tissue from
db/db wice relative 10 wild-type mice {Oaline Figure L #13. Ta
this siudy, there was a g nificant increase in ATF3 mRNA
expression in the liver from db/db mice relative to wild-typ
mice (#<<C.01)

We confirmed our c[XNA micrearray daiz by real-ume
PCR and imraunostainwng. Expre.ss]un of ATF3 and F4/80
mRINAs was increased in the adipose tissue during the course
of diet-indnced obesity (Figure IA). We aiso observed
upregulation of ATE3 and F4/80 iu the adipose fssue from
oblob mice (Figure 1R). Collagenase digestion of the adipose
tissue, whicti is validated by F4/80 and a adiponectin mRINA,
Kpreasion. revealed that AT is expressod predominantly in
tromai-vaseular fraction in the adipose tissue {(Figure 10}
Furthermore. ATFZ mENA. prx:‘s\wr was jncreased s
wantly i ob/ob mice fed bigh-fat diet relative 1o wiid-
mice fed standard diet (‘P<‘Uh];~ {Figure 1), We aiso
confumed by immunostaining of ATF3 and P4/8C using
serial sections of obese adipose tissue that most ATF3-
pasitive cells are siaiued with F4/80 (Figure 1D). These
observations indicate that ATF? is markedly upregulated 1
obese adipose tissue, especially in infiltrated macrophages.

E¥

Saturated Fatty Acids Induoce ATF3 via TLR4 in
Macrophages In Vitro and In Vive

We next exaruined the involvernent ¢f TLR4 in the saturated
fatty acid-induced ATF3 mRNA and protein expression in
macrophages in vitro. Saturated fatty acids, such as palmitate
and stearate, and LPS increased significantly ATF3 mRNA
and protzin expression in RAW264 macrophages (P<0.03
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Figure 1. ATF3 expression in obese adipes

se tissue. ATF3 and
Fa/80 mRNA Xpression in the epididymal adipose tissue from
high-fat diet (HD\ -fed obsse mice for up to 16 weeks (A} and
genet caliy cbese ob/ob mics at 15 weeks of age {oty (B},

.06, "F<0.01 vs standard diet (30} or wild-type mice {} \"D
(r=0to 10). C, ATF3, F4/80, and adiponectin mRNA axpression
in mature adlr)OC‘/tF‘S {Adipo} and strornai-vascular fraction {SVF)
in the epididymal adipose tissue from SD-fed WT and HD- fed
ob. “P<0.01 vs the respective Adipo, ##P<0.01 in=4toc 5).

D, ATFS and F4/80 immunostaining in the "{Jldldvmd. adipose
tissue: from HD-fed ob. Original magnification, x400. Scale
bars =100 wm.

versus vehicie} (Figure 2A Lh;mg] D). Interestingly, unsat-
urated fatty acids. such as oleate and eicosapentaenoic acid,
did not affect ATF2 mRNA expression (Figure 2C and 2D
and data pot shown ), suyﬁesmg 1hc structure-specific effect
of free fatty acids. We fonnd that palmitate fails to increase
ATE3 mRMA expression in peritoneal n cropliages from
3} mice with defeciive TLR4 signaiing (Fignre 25
We aiso observed that BAY1}1-7085, an NF-kB inhibitor,
markedly inhibits the palmitate-induced ATFI mRNA ex-
pression in RAW264 macrophages (Figure 2F). The data
were confirmed using RAW264 macrophages overexpressing
a super-repressor form of IkBa (SR-IxBa) (Figure 2G).
Furthermore, seie ive NF-«B activation by transient overex-
pression of p3G and pA3S subunits of NFE-xB increased

significantly the ATF‘ promoie qctivity in HEKZ293 celis
(P<0.01) (Fi 3. Ta this setting, the changes in ATF3
mRINA expression were almost paralle] to those in TNFeu
aRINA expression (Figure 2F and 2F and data not shown).
These cbservations indicate that TUR4A/NF-«B pathway plays
an imporiaat role in samrated fatty acid-induced ATE3 and
TNFeo expression in macrophages. On the other hand, palmi-
tate and stearate, but not nusaturated fatty acids, are known to
s2rve as precursors for de nove ceramide synthesis, thereby
inducing inflammnatory changes iu certain ceils.®2¢ However,
we cobserved thst pharmacological inhibition of ceramide
synthesis slightly inhibits the palmitate-induced ATF2

Downloaded from circres.ahajournals.org at KOKURITSU I'Y AKUHINKEN on March 10, 2010



28 Circulation Research

July 2, 2609

0 BEFD soc i A e 4

g

ce~tabnshisn &

:'leN

ares P THEs. .
;800 ! j 200
> HOG - "UU‘
2 a0t l 4060
P i :
Ei | i 1)
Vsl vahk BAY ’fun 'a?* BAY

Vet Fa "c,h Paf

¥
@

% g

=z

% ) . e
= Yehizal Venbl

pch -l AVFF-Luc

Figure 2. Saturated fatty acid-induced ATF3 expression in cui-
tured 'nacropnages‘ A, Time course of paimitate-induced ATF3
mBENA cxpre ion in RAWZ64 macrophages. Pal indicates
palmitate 200 pmol/L. *P<0.04 vs & hour. B, Dose-depandant
effect of paimitatz on ATF3 mRNA expression in RAW284 mac-
rophages. Effect of saturated snd unsaturated fatty acids (FAs)
on ATF3 mRNA (C) and protein (D} expression in RAW264 mac-
rophages. Veh indicates vehicle; LPS, LPS 10 ng/mi; Pal
palmitate 200 wmol/L; Ste, stearate 200 umol/l; Ole, oleats
200 wmel/l. *P<0.05, P<0.01 ve Veh. E, Role of TLR4 in the
palmitate-induced ATF3 and TNFe mRNA expression in perito-
neal macrophages. HeN and Hs. indicate perifoneal macro-
phages from wild-type C3H/HeN and TLR4 mutant CaH/Hed
mice, respectively. *P<0.05, *<0,01 vs VeivHeN. F, Effect of
NF-x8 inhibitor BAY11-7085 (BAY, 10 wmal/L} on the palmitate-
induced ATF3 and TNFa mENA expression in RAW264 macrc-
phages. ~P<0.0% vs Veh/Veh, ##P<0.01. G, Effect of super-
reprassor ixBa (SR-1xBe on the palmitate-induced ATF3 and
TNFo mRNA expression in AAW264 macrophages. Mock and
3R-IxBo, stably mack-, and SR-ixBu-—-expressing RAW264 mac-
rophages, respectively. *P<0.01 vs Veh/mock; #£<0.05,
##P<20.01. H, Effact of NF-xB activation on ATF3 pmmoter
activity. The iuciferase reporter containing & 1.8-kb human ATF3
promoter fragment {ATF3-Luc) with p50 and p65 subunits of
NF-xB or mock was fransisntly transfectad in RAWZ64 macro-

phages. “P<0.01 vs mock {n=4 {0 6).
raRINA expression in RAW264 raacrophages {T. Suganami. L.
Shirakawa, Y. Ogawa, unpublished dam, 2009;. These obtserva-

tions, taken together. suggest that saturated fatty acid-induced
ATF? expression is mediated mostly through the TLR4/NF-«B

pathway.
Wz next examived the role of TLR4 in ATF3 expression in
the interaction beiween adipocytes and macrophages. We
ure system composed of

jouselt
-

have established an in vitro coct
adipocytes and macrophages and found that saturated fatty
acids, whick are released from adipocytes via the macro-
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Figure 3. Role of TLR4 in obesity-induced ATF3 mRNA expres-
sion in adipose tissue macrophages. ATF3 and TNFa mBNA
expression (A} and macrophage infiltration {B} in the adipose
tissue from mice fed high-fat diet (HD} or standard diet (5D).
*P<0.01 vs the respective SD; #P<0.05, ##P<0.01 (n=6 1o
Q). G, Immunostairnmg for ATF3 iy the adipose tissue from

HO-fed Hel and Hed. Onginai magnification, X400, Scale
bars=100 um.

phage-induced lipolysis, are capable of act vating the TLR4/
NE-xB siguaiing. s Coculture of adipocyies with
petioueal macroptiages from C3H/HeN mice resulted in the
upregulation of ATF3 and TNFo mRNAs. which was signif-
;v:,mtlv inkibited in the coculture with peritoneal macrophages

v C3HHel mice {(P<G.05) (Online Figure U, 3). We
und that BAY11-7083 effectively inhibits the npregulation
of A;FJ and TNFe mRNA expression 1o the coculmare
systemn (Online Figure I, b).

Using C3H/Hel and C3H/HelN mice fed high-fat diet, we
aiso examined the invelvement of TLR4 in obesity-induced
ATE3 expression in the adipose tissue. There were no
significant differences in body weight and adipose tissue
weight between high-far diet-fed C3H/HeN and C3H/Hel
nmice {Online Tabie IV). Similar to our previous data on
TNFw,'5 the high-fat diet—induced increase in ATF3 mRNA
expression was significantly atienuated in the adipose tissue
from C3H/MHel raice relative to CIH/HeN mice (P<3.01)
(Figure 3A}. Importantly, there was no significant change in
the number of macrophages infiltrated into the adipose ie,
as assessed by P4/80 immunostaining {(Figure SB), suggesting
the atienuation of macrophage activation in C3H/Hel mice.
Immunohistochemical analysis also confirmed the marked
reduction of ATF3 s /H

staining 1o C3HHe! rmice relative (o
S3H/HeN raice during the high-fat diet (Figore 3C). Collee-
tively, these Observ ut]uns suggest that the saturated fatty
acid-induced ATE3 expression in macrophages is mediated
via TLR4 1 vitro aad in viva.

(t

ATEF3 Reduces Saturated Fatty Acid-Induced
TNFa Production in Macrophages

To ehacidate the Mnctional wle of ATEF3 in macrophages, we
examined the effect of ATF3 overexpression on proinflam-
matory cytokine produciion in macrophages in vige. A
full-length mouse ATF3 cDNA was stably oversxpressed in
RAW264 macrophages by retroviral transduction, which was
confirmaed by ceal-time PCR and Western blotting (Figure
4A). In RAW264 macrophages overexpressing ATF3 (ATF3-
RAW264), the paimitate- and LPS-indaced increase in TNFo

W)
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Figure 4. Effect of ATF3 overexpression on saturated fatly acid-
induced TNFa produdxon in cuitured macrophages. A,
Retrovirus-mediated stabie overexpression of a fuil-length
mouse ATF3 cDNA in BAWZ264 macrophages (ATF3-RAW26G4)
and c cntrol BAW?2G4 macrophages (Mock-RAW264). Effect of
ATFS quarexpression on the palmitate- and LPS-induced TNF«
mPNA expression (B} and sacretion (C). T, Effect of ATF2 over-
expression on the TNFa promoter activity. Pal indicates paimi-
tate 200 wmol/t; LPS, LPS 10 ng/mb. ©F<0.01 vs the respec-
tive control; #<0.05, HIP<0.01 (n=4).

mRNA expression was significantly reduced relauve to con-
trol RAW264 macrophages (Mock-RAW264) (P<0.01) (Fig-
ure 4B). We confirmed that the palmitate- and LPS-induced
increase in TNFa secrstion in the ATF3-RAW264 culture
redia s significantly reduced relative to Mock-RAW164
(P<0.01) (Figure 4C) We also observed with a luciferase
reporter assay that TNFo promoter activity is markedly
inhibited in ATF3-RAW264 relative 1o Mock-RAW264 (Fig-
ure 4D). Similarly, the palmitate-induced increase in {L-6 and
‘:I’di]Cl-)lt‘ wittic oxide synthase was significantly reduced in
ATF3-RAW2S4 relative 10 Mock-RAW264 (Online Figure
HI, a). These observ u(‘ns indicate that overexpression of
ATFE3 iz capable of reducing the samrated faity acid—induced
. proinflammatory cytoKine prodr:ction in m amopha%u
We next examined the effect of knockdown of endogenous
ATF3 gene expression in RAW264 macrophages. St-:blc
kuockdown of ATF3 using 2 independent short hairpin loop
RNAs (shATE3#] and shATF3#3) was confirmed by Western
blotting (Figure 54). Tae ATF3-knocked-down RAW264 muac-
rophages (shATF3#1-RAW264 and shATF#3-RAW264) ex-
hibited¢ significant enhancerent of the paimitate-induced
TNFo mRNA expression relative (o control RAW264 mac-
tophages {shGFP-RAW2S4; (P<0.01) (Figure SB). The ef-
fect of ATF3 knockdown on ThFa mRNA expression
perc:i%red until 24 hours after stimulation with LPS (Figure
+. Knockdown of ATF3 also significantly increased TNF«
secretlon in the cuiture media (P<<0.01} (Figure 3D}, Further-
more, we observed that the TNFo promoter activity is
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Figure 5, Effect of ATF3 knockdown on saturated fatty acid-
induced TNFa production in cuiiured macrophages. A,
Retrovirus-rmediated ATF3 knockdown in RAWZ64 macre-
phages. Two short hairpin loop RNAs (shATF3#1 and shATF3#3)
designed to target different sequences within ATF3 mBNA effec-
tively knocked down endc-qenous ATF3 in RAWZ64 macro-
phages. B, Eifect of ATF3 Knuckdown on the palmitate-induced
TNFa mRNA expression. C, Time course of the LPS-induced
TNFa mRNA expression in RAW264 macrophages. D, Effect of
ATF3 knockdown on the painitate-induced TNFa secretion. £,
Effect of ATF3 knockdown on the TNF« promoter activity.
shATF2#1-RAW254 and shATF3#3-RAWZ54 indicate ATF2~
knocked down RAW?264 macrophages; shGFP-RAW264, control
RAW?264 *nacro;,hdqes Dal pa!rmlate 400 wmol/L; LPS, LPS 10
ng/ml. “Px 0.5 vs the control; #P<0.05, #3P<0.01
{n=4). F, TNFou ;.o'romot.er chromaten imrmunoprecipitation analy-
sis with chromatin extracts prepared from RAWZ64 macro-
phages treated with or without LPS (100 ng/ml) for & hours.
«ATF3 indicates anti-ATF2 antibody; olgG, normal rabbit igG;
Nega, nagative control without tempilate; NS, nonspecific band.

significantly increased in shATE3#3- RAW“M rejative to
shGEP-RAW 264 (P<(1.01) (Figure SE;. These observations
sugeest that oace indiced by the saturated fauy acids/TLR4
TNFe production in macroshdam thereby constitnie a neg-
ative foeedback mechanismm to reduce the TLR4 signaling
induction of proinflammatory cytokine preduction. This no-
tion is consistent with a recent report by Gilchrise et al that
ATF3 acts as a negagve regulator of the LPS-induced TLR4
wnaimg 23

In the proximal region of the IL-6 and IL-12b promoters,
ATF3-binding ATF/CREB sites are located close w NE-«B
binding sites.”® NF-xB and ATE3, both of which are activated
by saturated faity acids/TLR4 signaling, can positively and
negatively regulate their target proinflammatory cytokines,
respectively >® However, there are no consensus sequences
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corresgonding to the ATF/CREB site close to the NF-«B-
binding sitz (—334 bp} in the proximal region of TNFw
promeier. In this study. we performed chromatin imiuus-
precipitation analysis with RAW264 macrophages and found
that ATF3 1s recruited to the region containing the activator
protein {AP)-1 site {(—8926 bp) of the endogenous TNFa
promoter (Figure 3F). This observation is consisient with a
previons teport that ATE3 binds to the AP-] site™ It s,
therefore, interesting 10 know how ATE3 negauvely regulates
TNFx and IL-6 production via its distinct binding sites; the
AP-1 and ATEF/CREB sites, respectively. In addition, histone
deacetylase and heat shock transcription factor 1 are 1‘e<mire(€
for the action of ATF3 on the TL-6 promeoter~77 It is.
therefore, important to idenify ATE3-interacting proteins on
the TNFr promoter.

Distinet Intracellular Signaling Pathways Plays a
Kole in the Palmitate- and LPS-Induced
ATK3 Expression

o this study, we demonstiated that saturated faity acids
induce ATF3 expression in macrophages through the TLR4/
NF-kB pathway, which is consistent with the previcus report
ou [PS.25 Besides NF-xB. mitogen-activated protein kinases
(MAPKs) are ac unpormnt iatracellnlar signahog pathway
downstream of TLR4.% and c-Jun N-terminal kigase (INK)
and p3% MAPK have been reported (o play a role in ATES
expression i certaie cell types. 2% We, therefore, examined
the wvolvement of MAPKs o the satmrated fatty acid- aud
iPS-induced ATF3 mRNA expression and found that
$R20358038. a p38 MAPK inhibitor, inhibits significantly
the palmitate-induced ATF3 mRNA expression (P<001)
(Online Figure 1V). On the other band, SPOGGIZS, a INK
ighibitor. inhibited most effeciively the ULPS-nduced ATES
mENA expression (P<0.01) {Online Figure IV} Moreov
we found that BERK plays a major role in the palmua{e—
indoced TNFe mRNA expression, whereas other MAPKs
way alsc coniribuie o the LPS-induced TNFo mRNA ex-
pression (Online Figure IV). These observations, taken fo-
gether. supgest that distinet intraceliular signaling pathways
may mediate the saturated fatty acid—and LPS-induced ATE2
mRNA 2xpression through TLR4. It is ioteresting to Xuow
how endogencus and exogenous TLR4 ligands such as
saturated fatty acids, oxidized phospholipids, and i
and nuclear prf)t:‘:ins, and LPS,12283 exert their effects
through the unigue signaling pathways, thereby
variety of ce Ua'mr LESPCHSes.

leading 10 2

Transgenic Overexpression of ATF3 Attenuates
Macrophage Activation in Obese Adipose Tissue
To elucidats the role of ATF3 in macrophages infilirated into
obese adipose tissue, we developed ransgenic ruice overex-
pressing human ATE3 1 macrophages nnder the fontrc-? of
SR-A promoter {ATF3 Tg) (Online Figure /' a).%?* Genomic
Southern blot analysis identified ¢ (line 2), 13 (line 25), and
20 {line 35) trapsgene copies in vndopende 1‘. founder bneq
(data not shown). Western biot analysis of ATEF3 revealed
a-fold and 2-fold increase in ATF3 ievels in bone
marrow—derived macrophages from lines 25 and S respec-
tively, relative to wild-type mice {(Orline Figure V, b In this
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Figure 6. Adipocvie hyperirophy and macrophage infiltration in
the adipose tissue from transgenic mice with macrophage-spe-
cific ATF3 overexpression. A, Time courss of body weight. 7,
WTKK; &, transgenic {TghKK; ., WT:KKAY; A, Tg:KKA", B, The
epididymal adipose tissue (Epit and liver waights, Gpen bar, WT,
closed var, Tg. C, Hematoxylin/eosin staining of the spididymal
adipose tissue. D, Histogram of diameters of adipocytes in the
epididyma! adipose tissue. E, F4/80 immunestaining of the epi-
didymal adipose tissue. F, Celi count of r4/'83—.;05l‘(!‘./e cells in
the epididymal adipose tissue, 7"P<20.81 vs the respective KK
background (n=6 to 13).

study, there was 1o significant increase i ATF3 levels io line
7 macrophages (Oniine Figure V. b). We ouser'ed essentially
the same data using peritoneal macrophages from
dent transgenic lines (Online Fignre V, b).

We crossed ATF3 Ta {line 33) with genetically obese
KKA” mice and obtained 4 genotypes as the Fi generatio
(wild-rype on the KK background [WT:KK]}, ATEF3 Tgon the
KK Hackgroun(’i IATE3 TgKK], wild-type on the KKA”
background [WT:KEAY]. and ATF2 Ty on the KKAY back-
gronad [ATF3 To:KKAY) at a Mendelian ratio (data not
shown}. In this study, WT:KK and ATF3? TeXKK were fed
standard diet and WTIKKAY and ATEF3 T KKAY were fed
high-fat diet for 4 weeks During the course of high-fat diet
feeding, transgenic overexpression of ATF3 in macrophages
did not affect sigoificantly body weight and epididymal fat
weight on KK and KKAY backgrounds {Figure 6A and 6E).
The liver weight tended to be decreased in ATF3 TgiKKAY
relaiive ¢ WTKKAY, but the difference did not reach
statistical siguificance {(Figure 6B). Histological analysis
showed no appareat difference i adipocyte cell size berween
enie typw (Figure 6C and 6Dj. There was no significant
ifference in obesity-induced macrophage infilration be-

3 indepen-

&

.«3: rf’)
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Figure 7. Efect of ATF3 on activation and polarization of adi-
pose tissue macrophages and peritoneal macrephagss from
macrophage-specific ATFS fransgenic mice. A and B, mRNA
expression of M1 markers (TNFx and CD1ic) (A} and M2 mark-
ars {mannose receplor and arginase 1) (B} in the epididyrnal adi-
pose tissue fram WTIKK, TgiKK, WTIKRKAY, and Tg:iKKAY mice.
G, mRNA expression of M1 markers (TNFx and CD11¢) in pen-
toneal macrophages from WT and Tg on the C578L/6J back-
ground. *P<.05 (n=5 tc 13).

fween WITKEAY and ATF2 Te:KKAY (Figure 6F and 6F).
These observations suggesi that fransgenic cverexpression of
ATF3 in macrophages does not affect adipoeyte hypertrophy
and macrophage infiliration in obese adipose tissue.

W also examined the effect of ATEF3 on macrophage
aclivation aud poladzaticn in the adipose tssue from tans-
iz mice with macrophage th‘w] fic overexprassion of
ATF4. We observed a marked increase in TNFa mRNA
expression in the adipose tissue from WTKKA” relative 1o
WT:KK, which was significantly attenu-xted in ATE2
KKAY (P<305) (Figurs 7A) Ju this stiady, MU macro
phiage marker 11 Le was also increased in m adipose ssue
from WTKKAY rejative to WTKK (Figure 7B}, which was
effectively inhibited ATF3 TaKKAY (P<(.05; (Figure

Moreover, IL- 6 n.nNA expression iended to be de-
creased in the adiposs tissue from ATF3 TgEKA™ mice
relative o WTHKKA” {Online E igure 101, b} By contrast, we
found o significant difference in MRNA expression of M2
macrophage markers. mannose receptor and arginase 1,
among genotypes (Figure 7B} These obs 1Vmions suggest
that cversxpression of ATF3 in macrophages is capable of
inhibiting T‘)&CI’DP}‘dUr‘ activation and M1 polatization in the
adipose tissue i vivo (Figure 8).

We next examined TNFo and CD1lc mRNA expression in
peritoneal n‘xacr-‘)*‘haoes prepared from ATE3 Tg and WT on
the C57RLAST background. Similar to the data cu the adipose
tissue (Figure 7A), TNFa raRNA expression was signifi-
cantiy suppressed in penioneal macrophages from ATE3 Ty
relatve o WT (P<<C.05; (Figure 7C). Interestingly. CDllc
mRNA expression in peritoneal macrophages was rather

Adipocytes

TLi3 complex

Nuclous

tMacrophages

Figure 8. Negative fzedback mechanism mv\;i\:mg ATF3 as 3
transcriptionai repressor of saturated fatty acid/TLR4 signaling
in macrophages i obese adipose tissue. in the interaction
between adipocytes and macrophages, ATFS is upreguiated i!*
macrophages through the saturated fatly acids/TLR4/NF-8 s
nafing., Oncs induced, ATF3 can transcriptionally reduce ths az-
urated fatty acids/TLR4 signaling-induced proinflammatory cyio-
kine production. Qur data havs identified ATFS as a
transcriptionai repressor of saturated fatly acid/TLR4 signaling,
thereby revealing the negative feedback mechanism that atienu-
ates macrophage activation in obsse adipose tissus. TNFR indi-
cates TNFa receptor; AP-1 and «B, AP-1- and NF-«B-binding
elemants, respactively.

higher w ATF3 Ty thav o WT (P<.03) (Figure 7C). In this
regard. using ATF3-RAW264 and s]«A FLRAWEA, we did
ot observe that ATES has impact on C,Dllc mRNA expres-
sion in vitro (data not shown, suggesting that CD1lc may not
be a transcriptional target of ATF3 in macrophages. Further
studies are needed t¢ elucidate the role of ATF3 in cbesity-
induced M1 polarization of adipose tissue macrophages.
Giobal ATF3-deficient mice are viable,"™® but the mle of
ATFS in glucosediipid metabolism has not been elucidaied.
Because activation and polarization of adipose tissue macio
phages play an unpottant vole in the metabolic status,™®
studizs with ATF3 Tg aud macrophage-specific ATF3-
deficient mice would help elucidaie the pathopliysiologic role
of ATF3 in macrophages in adipose tissue inflammation and
systemic glucosedipid metabelism.

Tu conclusion, ATE3 is upregulated in macrophages in the
interaction between adipocyies and macrophages through the
saturated fatty acids/TLR4/MNF-«B signaling. Once nduced,
ATF3 can transcriptionally reduce the saturated fatty acids/
TLR4 signaling induction of proinflammatory cytokine pro-
duction. Among known negative regnjators of TLR4 signal-
ing.2¢ ATF3 is voique in that it represses the TLR4 target
genes via a3 transcriptional mechasism. This study provides
evidence that ATE3 acts a3 a transcrptional reprassor of
saturaled falty acids/TLR4 signaling, thereby revealing the
negative feedback mechanism that attenuates macrophage
activaticn in obese aciinos‘e tissue (Figure 8. Our data aiso
suggest that activation of ATE3 in macrophages may offer a
*'—it.eoy 10 prevent or treat obesity-induced

vel thierapeutic :
ddxpc‘ ¢ tissue inflammation.
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Expanded Materials and Methods

Materials and Antibodies

NF-«B inhibitor BAY11-7085, p38 MAPK inhibitor SB203580, and JNK inhibitor SP600125
were purchased from Merck (San Diego, CA). MEK inhibitor U0126 was purchased from
Cell Signaling Technology (Danvers, MA). The pEF-p50-NHA and pEF-p60 plasmids which
express p50 and p65 subunits of NF-xB, respectively, and the pMRX-SR-IkBa plasmid
which expresses a super-repressor form of IkBa (SR-IkBa; a degradation- resistant mutant of
IxBa) are described elsewhere." ? LPS (from Escherichia. coli O111: B4) and anti-a-tubulin
antibody were purchased from Sigma (San Diego, CA). Palmitate, stearate, and oleate were
purchased from Sigma, solubilized in ethanol, and conjugated with fatty acids- and
immunoglobulin-free bovine serum albumin (Sigma) at a molar ratio of 10: 1 (fatty acid:
albumin) in low serum medium as previously described.” The concentrations of palmitate
used in this study (< 200 umol/l) are within the physiologic levels. Antibody against ATF3
was purchased from Santa Cruz (sc-188, Santa Cruz, CA). All other reagents were purchased
from Sigma or Nacalai Tesque (Kyoto, Japan) unless otherwise described.

c¢DNA Microarray Analysis

Serum starved RAW264 macrophages were treated with palmitate (200 umol/l) or vehicle for
5 h. The epididymal adipose tissue was prepared from 12-week-old male 0b:0b and wild-type
mice. DNA microarray analysis was performed as previously described.” In brief, total RNA
was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) and repurified with an RNeasy
purification kit (Qiagen, Hilden, Germany). Ten ug of RNA was applied for microarray
analysis (Mouse Genome 430A 2.0; Affymetrix, Santa Clara, CA) and GeneChip software
(Affymetrix) was utilized for analysis of microarray data.

Co-culture of Adipocytes and Macrophages

Co-culture of adipocytes and macrophages was performed as described* * In brief, serum

starved differentiated 3T3-L1 adipocytes (~0.5 x 10° cells) were cultured in a 35-mm dish and
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macrophages (1.0 x 10° cells of RAW264 macrophages or peritoneal macrophages) were
plated onto 3T3-L1 adipocytes. The cells were cultured for 24 h with contact each other and
harvested. As a control, adipocytes and macrophages, the numbers of which were equal to
those in the co-culture, were cultured separately and mixed after harvest.

Animals

Six-week-old male C3H/HeJ mice which have defective LPS signaling due to a missense
mutation in the TLR4 gene’ and control C3H/HeN mice were purchased from CLEA Japan
(Tokyo, Japan). Genetically obese 0b-0b, db:db, and KK 4" mice were purchased from CLEA
Japan and Charles River Japan (Tokyo, Japan). The animals were housed in individual cages
in a temperature-, humidity-, and light-controlled room (12-h light and 12-h dark cycle) and
allowed free access to water and standard chow (Oriental MF; 362 kcal/100 g, 5.4% energy as
fat) (Oriental Yeast, Tokyo, Japan), when otherwise noted. In the high-fat feeding experiments,
male mice at 10 weeks of age were given free access to water and either the standard chow or
high-fat diet (D12492; 556 kcal/100g, 60% energy as fat; Research Diets, New Brunswick,
NJ) for 4 weeks.® At the end of the experiments, mice were sacrificed after a 1-h fast under
intraperitoneal pentobarbital anesthesia (30 mg/kg). All animal experiments were conducted
in accordance to the guidelines of Tokyo Medical and Dental University Committee on
Animal Research (No. 0090058).

Generation of Transgenic Mice Overexpressing ATF3 in Macrophages

The 4.96-kb enhancer/promoter of the human scavenger receptor-A (SR-A) gene capable of
macrophage-specific expression was kindly provided by Dr. Christopher K. Glass (University
of California, San Diego, CA)A7 A full-length human ATF3 cDNA was fused with SR-A
enhancer/promoter and a human growth hormone polyadenylation site. The transgene (Online
Figure Va) was linearized and microinjected into the pronuclei of C57BL/6J mouse fertilized
eggs. To identify founder mouse lines that carried the SR-A enhancer/promoter-ATF3

transgene, Southern blot analysis was performed using tail tissue DNA. Expression of ATF3
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mRNA and protein in peritoneal and bone marrow-derived macrophages was evaluated by
real-time PCR and Western blotting, respectively.

Chromatin Immunoprecipitation (ChIP) Assay

To assess ATF3 binding to the TNFu promoter, ChIP assay was performed using the ChIP
assay kit (Upstate Biotechnology, CA) according to the manufacture’s instruction® After
stimulation with LPS, cells were fixed in 1% formaldehyde for 15 min at 37°C to cross-link
DNA and proteins, lysed, and sheared with a handy sonicator (Tomy Seiko, Tokyo, Japan) to
generate DNA ranging in size from 200 to 1000 bp. The lysates were pre-cleared with protein
A-agarose and immunoprecipitated by incubating overnight at 4°C with anti-ATF3 antibody
(Sant Cruz) or normal rabbit IgG as a negative control. Before immunoprecipitation, “input”
samples were removed from the lysates. After immunoprecipitation, protein-DNA complexes
were eluted in a buffer containing 1% SDS and 0.1 M NaHCOs;, and the cross-links were
reversed. The resulting DNA was purified by phenol/chloroform extraction and ethanol
precipitation, and subjected to semiquantitative PCR analysis.

The primers used for PCR were designed to amplify the proximal sequence of the mouse
TNF« promoter containing the AP-1 site at -926 bp relative to the transcription start site
(NM_013693):  forward  (5-CAGAGACATGGTGGAITCACG-3’) and  reverse
(5°-GCCCTGCTTCCAGGATTTCTC -37).

Retrovirus-mediated Overexpression and Knockdown of ATF3 in Macrophages

A full-length mouse ATF3 cDNA, consisting of 543 bp encoding 181 amino acid residues,
was amplified by PCR with a pair of primers, one with a BamHI site and the other with an
EcoRI site at the terminus. The PCR product wés mnserted into the BamHI/EcoRI cloning sites
of the pMRX retroviral vector.” The retroviral expression vector (p(MRX-mATF3) capable of

> 10 and the

expressing mouse ATF3 ORF was transfected into Plat-E packaging cells
retrovirus was harvested 48 h to 72 h after transfection."' RAW264 cells were infected with

the viral supernatant for 4 h and then cultured in medium supplemented with 10% fetal bovine
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serum before selection. Puromycin (5 ug/ml) was added to the medium 2 days after the initial
infection and the selection was continued for 2 weeks. Stable ATF3-RAW264 cell line was
obtained after evaluating the expression levels of ATF3 protein by Western blotting.
pSINsi-hU6 DNA (Code 3661, Takara Bio, Otsu, Japan) for the synthesis of siRNA under
the control of the human U6 promoter was used to generate pshATF3 plasmids expressing
hairpin RNAs of ATF3 target sequences. The resulting pshATF3#1 and pshATF3#3,
synthesizing sequences corresponding to nt 745-763 (5’-GGAACCTCTTTATCCAACA-3")
and nt 989-1007 (5’-GCATCCTTTGTCTCACCAA-3’), respectively, of mouse ATF3 mRNA
(NM_007498) were used for knockdown of endogenous ATF3. As a control, pshGFP was
constructed in the same way and the sequence used to target the GFP gene was as described
elsewhere.'? Retrovirus preparation and RAW264 cell infection are the same as described
above except that the selection 1s under G418 (400 ug/ml, Invitrogen, Carlsbad, CA). Stable
shATF3-Raw264 cell line was verified for the knockdown efficiency by Western blotting.
Transient Transfection and Luciferase Assay
A luciferase reporter assay was performed as previously described* using the luciferase
reporter constructs for ATF3 and TNFa promoters. " The luciferase reporter construct with no
cis-acting DNA elements was used as a negative control. In brief, RAW264 macrophages or
HEK293 cells were transiently transfected by electroporation (Nucleofector system; Amaxa,
Gaithersburg, MD) or lipofectamine 2000 (Invitrogen), with a luciferase reporter vector and
pRL-TK vector (Promega, Madison, WI) as an internal control for transfection efficiency. The
luciferase activity was determined using the Dual-Luciferase Reporter Assay System

(Promega).
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Online Figure Legends

Online Figure I. Identification of ATF3 as a Target Gene of Saturated Fatty Acid in
Obese Adipose Tissue. (a) cDNA microarray analysis screening for a target of saturated
fatty acid/TLR4 signaling in obese adipose tissue. RAW264 macrophages were treated
with either palmitate (200 umol/l) or vehicle for 5 h. The epididymal adipose tissue was
prepared from 12-week-old male ob-0b or wild-type mice. (b) Tissue distribution of ATF3
and F4/80 mRNAs in mice. WAT, white adipose tissue. Open and closed bars indicate
wild-type mice fed standard diet and db-db mice fed high-fat diet, respectively. *P < 0.01
vs. wild-type mice fed standard diet. # = 4-6.

Online Figure II. Role of the TLR4/NF-#B Signaling in ATF3 mRNA Expression in
the Interaction between Adipocytes and Macrophages. (a) ATF3 and TNFa mRNA
expression in the co-culture between 3T3-L1 adipocytes and peritoneal macrophages
obtained from C3H/HeN mice (HeN) or C3H/HeJ mice (Hel). ct, control culture; co,
co-culture. *P < 0.05, **P < 0.01 vs. the respective ct; #P < 0.05. n =4. (b) Role of NF-«xB
in the co-culture-induced ATF3 and TNFa mRNA expression. Co-culture was performed
using 3T3-L1 adipocytes and RAW264 macrophages. BAY, BAY11-7085 10 umol/l. *P <
0.05, **P < 0.01 vs. Veh/ct; #P < 0.05, #P <0.01. n=4.

Online Figure III. Effect of ATF3 Overexpression on IL-6 and iNOS mRNA
Expression in vitro and in vivo. (a) Effect of ATF3 on the palmitate-induced IL-6 and
iNOS mRNA expression in RAW264 macrophages overexpressing ATF3 (ATF3) and
control RAW264 macrophages (Mock). (b) IL-6 and iINOS mRNA expression in the
adipose tissue from WTKK, Tg:KK, WT:KK4’, and Tg:KKA4" mice. Veh, vehicle; Pal,
palmitate 200 umol/l, WT, wild-type; Tg, ATF3 transgenic mice. **P < 0.01 vs. Veh/Mock;
#HP <00l.n=4 .
Online Figure IV. Effect of MAPK Inhibitors on Palmitate- and LPS-induced ATF3

and TNF@ mRNA Expression in RAW264 Macrophages. Veh, vehicle; Pal, palmitate
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100 umol/l; LPS, LPS 10 ng/ml; U, U0126 5 umol/l; SP, SP600125 10 umol/l; SB,
SB203580 10 umol/l. **P < 0.01 vs. Veh/Veh, ##P <0.01. n=4

Online Figure V. Generation of Transgenic Mice Overexpressing ATF3 in
Macrophages. (a) Schematic representation of the mouse SR-A promoter/human ATF3
fusion gene. (b) Western blot analysis of ATF3 protein expression in peritoneal
macrophages and bone marrow-derived macrophages obtained from three independent

transgenic lines (#2, #25, #35) and wild-type mice.
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Online Table 1. Primers used in this study.

Genes Primers

Adiponectin Fw: 5-ATGGCAGAGATGGCACTCCT-3’
Rv: 5’-CCTTCAGCTCCTGTCATTCCA-3’

Arginase 1 Fw: 5’-CTCCAAGCCAAAGTCCTTAGAG-3’
Rv: 5’-AGGAGCTGTCATTAGGGACATC-3’

ATF3 Fw: 5-TGCCTGCAGAAAGAGTCAGAGA -3°.
Rv: 5’-AGCTCCTCGATCTGGGCC-3"

CDllc Fw: 5’-CTGGATAGCCTTTCTTCTGCTG -3’
Rv: 5’-GCACACTGTGTCCGAACTC-3"

F4/80 Fw: 5’-CTTTGGCTATGGGCTTCCAGTC-3"
Rv: 5’-GCAAGGAGGACAGAGTTTATCGTG-3°

IL-6 Fw: 5’-ACAACCACGGCCTTCCCTACTT-3"
Rv: 5’-CACGATTTCCCAGAGAACATGTG-3"

INOS Fw: 5°- CCAAGCCCTCACCTACTTCC-3"

Rv: 5°- CTCTGAGGGCTGACACAAGG-3°

Mannose receptor Fw: 5’- CGGTGAACCAAATAATTACCAAAAT-3’

TNFu

36B4

Rv: 5’-GTGGAGCAGGTGTGGGCT-3"

Fw: 5°- ACCCTCACACTCAGATCATCTTC-3"
Rv: 5°- TGGTGGTTTGCTACGACGT-3"

Fw: 5°-GGCCCTGCACTCTCGCTTTC-3"

Rv: 5°-TGCCAGGACGCGCTTGT-3"
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