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Figure 8

Ang li-induced sLR11 prodiction in SMCs. (A) Effects of chemolactic cytokines on the production of sLR11 in rabbit SMCs.
Conditioned media collected for 12 hours in the absence (lane 1) or presance of Ang Il (1 uM, lane 2), PDGF (10 ng/mi,
lane 3), or VEGF (50 ng/ml, lane 4) were concentraled and subjecied to immunoblol analysis using anti-LR11 antibody
(-250 kDa). Blot shown is rap tative of 3 independent experiments. Data are presented as mean = SD (n = 3). *P < 0.05.
(B) Ang li-dependent increase of soluble or membrane-bound forms of LA11 in SMCs. Membrane extracts (20 g protein) prepared Irom rabbit
SMCs or conditioned medium collected for 12 hours after the addition of Ang 1l at the i concer ns wera sub 110 iImmunablot
analysis with anti-LR11 (-250 kDa) or anti-LAP1 (-85 kDa) antibody, Blot shown is representative of 3 Independent experiments. Data are
presented as mean = SD (n = 3). (C) Effect of ARBs or an ERK inhibitor on the Ang ll-depandent increase in sLR11 in rabbit SMCs. Condi-
tionad medium collectad for 12 hours in the presence or absence of Ang || with or without valsartan (valsar, 10 nM), candesartan (10 nM), or
PDS8058 (10 uM) were subjeced to immunoblot analysis with anti-LR11 (-250 kDa) antibody. Blot shown is represantative of 3 independent

p nis. Data are pi 4 as mean £ SD (n = 3).

various diseases accompanied with vascular damage needs to be
evaluared in furure studies.

It is of interest that in the czneral nervous system, LR11 directs
trafficking of amyloid precursor protein into recycling pachways
(39) and LR11 expression is seduced in sporadic Alzheimer dis-
ease (40). We have recently shown that inherited LRIJ/SORLI
variants are associared wich late-onset Alzheimer disease (39).
Furthermore, soluble circulzeing LRP1 has been shown to pro-
vide key endogenous peripheral “sink” acuvity for amyloid
p-peptide in humans (41). The funcrions of LR11 in amyloid
precursor protein and uPAR carabolism in association with
LRP1 suggest multiple roles for LR11 in the degradarion and/or
transport of several cell-su-face and cyroplasmic molecules.
In any case, the vascular phenorype of LR11 deficiency, i.e.,
severely disturbed Ang Il-mediated migration of SMCs through
decreased uPAR carabolism, provides a system for studies on the

sent prior to the study, which was approved by the Human Investigation
Review Commirtee of the Chiba University Graduare School of Medi-
cine. Examination of IMT was carried our with an ulrrasound scanner
(SSD-1200CV; ALOKA) equipped with a linear 7.5-MHz cransducer (32,
43). IMT waa defined as the disrance from the leading edge of the lumen-
intima interface to the leading edge of the media-adventitia interface of
the far wall. The measurement of IMT in the common carotid artery was
made along a 10-mm section just proximal ro the carorid bulb (32, 43),
and the average IMT was calculated from rhe night and left IMTs of com-
mon carotid arteries. Venous blood was drawn after an overnight fascof
12-14 hours. Serum was separared from blood cells by centrifugarion
and used for the measurement of lipids and ocher biochemical markers
(2). LDL-C was estimated with the equarion of Friedewald (32), LDL par-
ricle size and malondialdehyde-LDL levels were determined using gra-
dient gel electrophoresis and sandwich ELISA, respectively (32). sLR11
was immunologically measured as described in Immunoblotting and

regulation of vascular remodeling roward the develop of
novel therapeutic interventons.

Methods

Subjects. The study subjects are parricipants in a cohort scudy carried our
concurrently with bealth-check scréening ar Awa area in Chiba, Japan
{42). From among the 22,228 pa-ticipants screened ininally, we selecred
individuals wich dyslipidemia (LDL cholesterol [LDL-C] » 160 mg/dl,
triglycerides » 200 mg/dl, or HDL-cholesterol [HDL-C] « 35 mg/dl).
Mone of the selecred participants had medical complicarions or was
undergoing treatment for abnermal plasma lipids, glucose, or blood
pressure levels. The selected participants visited a hospiral for derailed
examinarion of their clinical profiles, collection of fasting blood sam-
ples, and measurement of carond IMT. None had diaberes mellicus or
thyroid and endocrinological diseases. All gave writren informed con-
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Generation of Lrl I~ mace. A plasmid-targenng vector wias constructed
with 3.3 kb (5') and 4.4 kb (3') of genomic DNA flanking the neomy-
cin resistance casserte (Neo') to targer the first exon of murine LR11
After linearization, the plasmid was introduced inro 129/5v-derived
embryonic stem cells by elecrroporation. Homologous recombinants
were identified, and 2 independently targeted clones were injected into
C57BL/6 blastocysts to generare chimeric mice. Male chimeras were
crossbred with C57BL/6 females, and germline rransmission was verified
by Southern bloe analysis. Por Southern blor analysis, genomic DNA was
prepared from rhe rail and digesred wich EcoRV. The fragments were
separated by electrophoresis, transferred to a membrane, and hybridized
with specific fragmenes corresponding to flanking regions of homole-
gous recombination as probes for the identificarion of Lrl1*™, Lrl 1%,
and Lell~ mice, as described previously (44). All animal studies were
Hunmber 8 wn
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Figure 8

Ang li-induced LR11/uPAR pathway in SMCs. (A) uPAR expression In Lr1 7+ SMCs. Membrane extracts of Lr1 7+ SMCs or Lr1 7+ SMCs wera
Iincubated with or without Ang Il (1 uM) in the prasencs MMMSLRH (1 pg/ul) and subjectad to immunoblot analysis using anti-uPAR
(50 kDa) antibody. Biot shown is rep ive of 3 indep n Data are presented as maan = SD (n = 3). "P < 0.05. (8) Effect of
blocking the LR 1/uPAR pathway on the Ang Il-d dent in of Ract in rabbit SMCs. Cail lysates (60 g protein) were incubat-
ed in the presence or absence of Ang Il (1 ..u;mormamavmmnonm antl-LR11 antibody, or anti-uPAR antibody, immunoprecipitated
mmpmq PBDF'mtlinGSTbndl and subj fto lysis using ant-Ract (~21 kDa) antibody. Blot shown Is representative of
3 inder Data are p d as mean + 5D (n = 3). {C)EHmu(ARBmhAnqll—dapuﬁmlhmmdﬁaﬂaﬂmiun
rnLr‘.!!+SMG&C&UIymu(sowpmlahldun“‘ormt+SMCmemhumdnmnprmmammumu (1 uM) with or without
candesartan (10 nM) or sLA11 [1 pg/ul), immunoprecipitated with PAK-1 PBD Protein GST beads, and subjected to immunoblot analysis using

ted as mean = SD (n = 3).

anti-Ract (~21 kDa) antibody. Blal shown is rep tive of 3 indep

approved by the Special Commirtee on Animal Welfare, School of Medi-
cine, at the Inohana Campus of Thiba University.

Vissconlar injury by endf placement. Cuff-placement surgery was carried out
on 20-week-old male mice, as described (11). After isolaring che right femo-
ral artery from the sur ding tssues, a polyethylene tube (2-mm PE-90;
BD) was opened longitudinally, loosely placed around the artery, and
then closed with sutures. These arteries were removed from mice after
4 weeks; this was followed by senal perfusion with PBS(-) and with 10%
neutral buffered formalin ac 100 mmHg. The fissue was fixed in 10% neu-
tral buffered formalin overnight, dehydrared, and embedded in paraffin.
The middle segment of the artery was cur into subserial 5-pm cross sec-
rions with an inzerval of 50 um berween them. The secrions were stained
with elastica van Gieson or used for subsequent histochemical analyses.
The image analysis software WinROOF (Mirani Corp.) was used ro mea-
sure the areas of the intima and the media, respectively.

Laser capture microdissecion. Frozen samples of cuffed artery were imme-
diarely embedded in OCT medium (Tissue-Tek: QIAGEN) and allowed to
equilibrate to the cryostar temperature of -20°C. Each sample was sec-
toned into 10-pm specimens, placed on slides (Arrurus; Molecular Dm:nj.
and directly fixed in fresh 95% eshanol. Afrer complete dehyd the
slides were placed in solutions of 75% ethanol for 30 seconds, 95% ethanol
for 30 seconds, 100% ethanol for 30 scconds, and xylene for 5 minutes, then
allowed to dry. SMCs m mtimal and medial layers were captured for subse-
quent RNA experiments using a PixCell I Laser Capture Microdissection
System (Molecular Devices).

Ang I infusion. The surgical orocedures for connecrion ro ALZET
osmotic minipumps were performed together with those for cuff place-
ment in Lril*and Lrl 1" mice. The pumps delivered either saline or
Ang Il ar a rate of | pg/kg per minure. The arteries were removed from

mice aftet 4 weeks,
Antibodies, recombinant proteins, and ARBs. Mouse monocional (54-30-19-2)
and rabbiz polyclonal (pm11) aaribodies againsr LR11 were described
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herpe/ ferww jl.omg

jent Data are pi

previously (11). Polyclonal antibodies against uPAR (AF807), NMHCII-B
(PRB-445P), Integrin aV (RMV-7), GST (A-30), and (phospho-) p44/42
MAP kinase and (phospho-) Starl were from R&D Systems, Covance,
BioLegend, B Biochem, and Cell Signaling Technology, respectively
Monoclonal antibodies againse LRPL, SMA (1A4), FAK (MAL2A7), pY397
of FAK, and integrin avf3 (MAB1976) were from Research Diagnostics
Inc., Dako, Upstare Biotechnology (Millipore), BioSource (Invitrogen), and
Chemicon (Millipore}, respectively. Recomt PDGF-BB, angiotenun [1,
VEGF, and plasmin were from R&D Systems, Sigma-Aldrich, Wako, and
American Diagnostica, respectively. apoE and 39-kDa RAP were from
Cosmo Bio Co. Lrd. Recombinane sLR11 protein lacking the 104 C-ter-
minal amino acids o ing the ¢ I region (sLR11) was
prepared as described (20). Purified sLR 11 was used for experiments ara
concentration of 1 pg/ml, estimared from its biological acrivity in stimu-
lating the migrarion of rabbit SMCs. The ARBs valsartan (CGP48933) and
candesartan (CV-11974) were obtained from Novarts and Takeda Pharma-
ceutical Co. Lrd., respectively.

Cells. Primary cultures of mouse SMCs were prepared as described (45).
In brief, the whole aortae prepared from 10.week-old mice were cut into
pieces of approximarely 1 mm? afrer removal of adventitial connecrive tis-
sue and luminal endothelial cells. The pieces were digested with 1 mg/ml
collagenase (Nitta Gelatin [nc.) and 20 U/ml elastase (Elastin Products
Cao. Inc.) in DMEM (Sigma-Aldrich) for 30 minutes ar 37°C, and cen-
erifuged ac 2,000 g for 10 minuces ar 4°C. The precipitate was resus-
pended in DMEM supplemented with 10% FBS (GIBCO; Invirrogen) and
40 pg/ml gentamyein (Schering-Plough). After 2 co 10 passages, cells
from the primary culture were used for experiments. Primary cultures of
rabbit SMCs were prepared from the medial layers of anrrae as described
{13) and used ar passages 3 and 4. The LR11-overexpressing A7rS cells
(a rar embryonic aortic SMC line), R-1, and the eontrol line C-1 were
established as described (13), Before migration, biochemical, and immu-
nological assays, cells were preincubated with various agents under the
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Figure 10

Ang li-induced migration via the LR11/uPAR pathway In SMCs. (A) Effect of blocking LR11 activation on the Ang li-induced increase of attach-
mant of rabbit SMCs. The SMCs attached 1o plastic plates were counted after | jon in the pres or of Ang Il {1 uM) with or with-
out valsartan (10 nM), anti-LA11 antibody, or sLA11 (1 ug/ul). Data are presented as mean = SD (n = 3). *P < 0,05, (B) Effect of uPAR silencing
on the Ang li-induced increase in rabbil SMCs migration. The migrated SMCs treated with exogeneous siRNA specific for uPAR or control (Cont.)
RNA were countad after intha p of ab of Ang Il (1 uM) with or without candesartan (10 nM}. Insat: Membrane extracts
(10 g protein) prepared from these cella ware subjectad to immunablot analysis with antl-uPAR (-50 kDia) or anti-LR11 antibody (~250 kDa).
Data are presented as mean = SD (n = 3). (C) Effect of Ang || on the PDGF-induced migration of LR11 pressing SMCs. The number of
migrated A7r5 cells transfected with LR11 cONA (R-1), or control cells (C-1) in the presence or absence of PDGF-BB (PDGF, 10 ng/ml) were

determinad after incubation with or without sLA11 (1 ug/ul), Ang Il (1 uM), or valsartan (10 nM). Data are presented as mean = SD (n = 10).

conditions indicated in the figure legends ar 37°C, and then aliquors of
the cell suspension were used for the experiments.

RT-PCR. Total RNA was purifisd from the microdissected or cultured
cells using an RNeasy kit (QIAGEN] as described (11). The methods for
RT-PCR have been described (46}, The amplified products were visual-
wed after gel el phoresis. Forg ifi of rranscript levels, real-
time PCR was performed using SYBR Green PCR master mix (Applied
Biosystems). The sequences of th2 PCR primers were acconding to known
c[INA sequences: LR11, 5"-AATGGTGTTTGGTTGAAACACACATCT-
TAG-3 and §-TACGTGGTTTCAACTACCAGAAATGCGCTT-3; LRPI,
§'“CGGAACTGTACCATTTCA-Y and 5“GGTGTTGACAACCCATTCG-
3. NMMHCIL-B, §""-TGGAGCATCCCGAGAGGTATCT-3" and §'-
GGAATCCACACCAGCTTTTTAGC-3'; SM1, 5-CTCAAGAGCAAACT-
CAGGAG-} and 5 -TCTGTGACTTGAGAACGAAT-3'; P-actin,
5. AGAGGGAAATCGTGCGTGAC-3 and 5" -CAATAGTGATGACCTG-
GCCGT-3'. mRNA amounts were normalized to levels of fl-acrin mRNA,
which served as the internal standard

M ot ne i

and

using a cell proliferanon ELISA system (Amersham). In brief, after 48-hour
incubation at 37° C without FBS, SMCs (8,000 cells/well) were labeled with
BedU (10 pemol/N) in the presence or absence of Ang 11 for 8 hours. DNA syn-
thesis was d by g the of BrdU incorporarion into
the DNA, which was detected by the above immunoassay system.
g and precig Cul d cells were washed
3 times with PBS and harvested in PBS containing 0.5 mM PMSF and
2.5 uM leupepein. The pellet afrer ultracentrifugation ac 100,000 g for
1 hour was resuspended in solubilizacion buffer (200 mM Tris-maleace, pH
65,2 mM CaCly, 0.5 mM PMSF, 2.5 pM leupeprin, and 1% Triton X-100) as
previously described (11). Cond d medium was { 20-fold
using Centricon-100 concentrators (Millipore) (5). 50 ml of serum was puri-
fied using a RAP-GST affinirty col Fori blorring, equal
of inembrane protein, protein extracted from pellered beads, or concentrated
medium were subjecred o 10% SD5-PAGE after hearing o 95°C for S minutes
as described (47) under reducing conditions and transferred o a nitrocellulose
L Incubations were with antibody against LR11 (5-4-30-19.2, 1:500

iy ad prolif assays. Cell
invasion were measured essenrially as previously described (13), using a
96-well micro-Boyden chamber, its surface coared with rype | collagen, and
Transwell (Corning) 24-well plates -oated with 100 ul collagen gel, respective-
Iy. The lower chamber contained 1% FBS-DMEM wirh or without 10 ng/ml
POGHE-BB, After 3 4-hour incubasion atr 37*C, the cells on the upper sur-
faces were washed, fixed, and staired by Diff\Quik (International Reagents
Corp.). The number of cells thaz migrated to the lower (ourer) surface of the
filters (high-power field) was determined mucroscopically by counring, Cell
adhesion was determined in a 96-well plate, the surface of which was coared
with type | collagen, as described (20), Afrer a 2-hour incubation ar 37°C,

filueion; or prnl L, 1:200 dilution), LRP1 (1:500 dilution) (phospho-) pad/42
MAP kinase (1:1000 dilurion) (phosphe-) Sracl (1:500 dilunon), Rac1 (1:1000
dilurion), integrin avf)3 (MAB1976, 1:1000 dilurion), or uPAR (1:500 dilu-
tion) followed by peroxid jugated ant ., anri-rabbir, or anti-goar
IgG. For precip 100 pg of b protein was mixed with
sLR11 (1 pg/pld) ar 4°C for 3 hours in the presence or absence of apoE (S0 ug)
or RAP (10 pg), as indicated tn Pigure 6B. The LRL1 /uPAR/integrin/antibody
complex was precipitated by protein A-Sept The ¢ were released
into 25 pl SDS sample buffer by heanng o 95*C for 5 minutes. For immu-
nodetection, pm 1 1 {1:200 diluton) was used, followed by perosddase-conju-
gared anti-rabbir IgG. Development was performed with rhe ECL detecrion

1

nonadherent cells were removed by gently washing with PBS and adk
cells were determined by counting. Cell proliferation was measured based

v ). The signals were quantified by densitomernic scanning
using NIH Image software. The sLR11 level of each subject’s serum (50 ul) was

on the incorporarion of BrdU dunng DNA synthesis of p ing cells
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Effect of the ARB candesartan on intimal thickness after arterial injury in sLA11-overproducing mice. BLE nude mice were implanted subcuta-
neously with A7r5 ceils transfected with LR11 cDNA (R-1) or control cells (C-1). Sections of femoral aneries of cell-implanted mice after cuftl
placemant with or without administration of candesartan or antl-uPAR neutralizing antibody were subjacted to histological analysts using elastica
van Gieson (EVG) staining (A-E). Serial sections were histochemically analyzed using antibody against SMA (F—J), LR11 (K-0), or
NMHCII-B (P=T). Asrowheads indicate the intemal elastic layers. Scale bars: S0 um (A-J); 10 um (K=T). (U) I'M ratio of aneries is presented as
mean + SD (0 = §). *P < 0.05. (V) mAMA levels of LR11 and NMHCII-B In injured arteries. Total RNA isolated from thickenad intima or media of
mica using LCM was reverse transcribed and subjected to real-time PCR analysis using specific primers for NMHCII-B and LR11, respectivaly.
The amounts of amplified products are expressed relative to the amounts of fi-actin transcript, and the ratio of mANA exprassion leveis of intima
and media are presented as mean = SD (n = 3)

RIPA buffer, respectively. GTP-Rac 1 activity was measured wich 2 PAK-1 PHDY/
Rac activation assay kit (Upscace Biotechnology). In brief, lysates were incu-
bated ar 4*C with 10 g of PAK-1 PBD Protein GST beads for 60 minutes. The

intensinies resulting from independent assays and expressad as a rario ro thar
of a standard serum. The imn logical estimation ind d thar the signal
of | U {in 50 pl serum) corresponded to appre ly 50 ng/mil of recombi-

nantsLRL 1. For analysis of phosphorylated ERK, Racl pull-dewn, and FAK
phosphorylanon, cells were starved for 24 hours in 0.3% FES-DMEM followed
by the addition of sLRI1 (1 pg/ml) for the indicared times in the presence
or absenice of anti-integrin antibody (MAB1976 or RMV-7, 1:200 dilution) as
described (13). Por Rac! pull-down znd FAK phosphorylation assays, cells were
lysed directly in the plates with wecold magnesium-containing hyss buffer and

2744 The Journal of Clinical Investigation
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proteins were neleased into 25 pl SDS sample buffer by heating to 95°C for 5
minutes. For FAK phosphorylanon measurement after immunoprecipitation
with antibody against FAK (MAb2A7), lyzares were subjected to electrophore-
sis in 7.5% SDS gels and rransferred o nitrocellulose k The mem-
branes were probed with an antibody specific for PAK-pY397 (1:1000) and
then reprobed with an ann-FAK annibody (MABZAT, 1:500),
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paraformaldehyde in PBS at
4*C for 15 minutes, as described
{11). P-actin was labeled using
Alexa Fluor 488 phalloidin (1:40
dilution, A12379; Invitrogen)
for measurement of ruffle for-
mation. Slides were examined
with a Zeiss LSM5 PASCAL
confocal laser scanning micro-
scope. The 488-nm line of the
argon laser was used for exci-
tation of Alexa Fluor 488. The
number of cells with membrane
ruffling were counred with 500
cells in the field
sLRI1-overproducing mouse
model. R-1 and C-1 cells were
grown to near confluence,
YT {, and ded in
DMEM with 10% FBS After
cencrifugarion, cell pellets were
resuspended in PBS. Eighr-
week-old ICR nude mice were
injected subcutaneously wirh
eicher 1 x 107 R-1 cells or C-1
cells. The injecrion through
21-gauge needles into subcura-

inhibits the

dati

neous areas of nude mice was
performed under anesthesia,

Intemnalization of uUPAR via LAP1, resulting in m@lﬁmw The uPA/UPAR system
and i

Increases cell mobility through bath | d ECM d

i “‘AKJ'ERKFH:: 1

gLR11 ™ described (23). The surgical

signaling, which in tumn promotes actin ruffiing and my ~ain isof

display increased migratory capacity in response to PDGF-BB and/or Ang Il. Thus, LR11 hwnblmﬂonwm'l
its counteracting pariner LRP1 regulates the migration of intimal SMCs in Injured anteres and atherosclerctic
d LR11

plagues via modulation of the uPA/UPAR system. The

g. The SMC& pi

operations for cuff placement
and connection to & supply

diated migration of intimal SMCs

and

may be modulated by other Ang |l-nduced malecul

literation by blockade of signals medi

Tranufection of SMCs with aRNA. Oligonucleotides were 1)mthmx.ed f{x
siRMA (Takara Bio Inc.). A led sense and li
(25 nM each), 5-UGGCUUCCAAUGUUACAGCTT-3" and 5 -GCUGUAA-
CAUUGGAAGCCATT-Y ponding to the uPAR or §-GAUGC-
CAUCUGUAGUCACUTT-3 and 5-AGUGACUACAGAUGGCAUCTT-3
for control were mansfecred into SMCs (1 % 10° cells/100 mm dish) and incu-
bated for 2 days as described (14). Cells were then used for experiments.
ry. Serial paraffi bedded sections (5 pm) were used
for immunchistostaining as described (11). Deparaffinized sections were
pretreared with 0.3% HyO; to inacrvare endogenous peroxidase. Slides were
stained in the presence of 3% BSA with antibody against LR11 (pm11, 1:50
dilution), NMHCILB (1:100 dilurion), or SMA (1:1 dilution) ar 23*C for
1 hour followed by HRP-conjugated anti-rabbit 1gG secondary anribodies
(Molecular Probes) ar 1:200 dilution. The slides were counrerstained with
hematoxylin. Conrrols with nonimmune rabbit IgG were conducred in par-
allel with each immunoassay procedure.

Immunofluorescence, Cells were grown to 70% confluence on LabTek
chamber slides [Nunc). For assays of membrane ruffling, cells were
preincubared wich PDGF-BB (10 ng/ml), Ang II {1 uM), sLR11
(1 pg/ml), anti-LR11 antibody (pm) 1, 1:5 dilurion), anti-uPAR anci-
body (10 pg/ml), anti-integrin avd antibody (10 pg/ml), or PDIBOSS
(10 uM; Calbiochem) for the indicated rimes, Cells were fixed in 4%

B g b
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particulary
PAI-1 (48). ARBs inhibit (a) the migration of intimal SMCs mrnud'l downreguilation of LR11 and (b) their pro-
d by Tsp-1/TGF-§ and PDGF-BB.

hirpe/ foane joiong

osmotic minipump for cande-
sarran (0.1 mg/kg/day) followed
4 weeks after cell implantations.
Polyclonal antibodics against
uPAR (1:500 dilurion) or against
GST {control, 1:200 dilution) in
PBS were injected intraperitoneally, in each case 2-3 days after cuff orear-
ment of mice injected with R-1 cells. Blood samples were collected for
the immunodetection of sLRIL Six weeks after cell implantation, the
femoral arteries were 1 d for i histol | analvses.

Statizucs. Sravistical analysis was performed with SPSS version 13.0
(SPSS Japan Inc.). Associations of IMT or sLR11 levels with risk fac-
tors were examined by Pearson correlarion analysis for contnuous vari-
ables and by unpaired ¢ test for categorical variables berween groups
(sex and king) (see Suppl | Table 2), Sub ly, multiple
linear regression analyses were used to calculare the ORs for the IMT
for Table 1 (a) by controlling for age, blood pressure, and HDL-C, which
are significancly correlared with IMT, with P < 0.001 by above analyses
{model 1); and (b) by additionally controlling for all risk factors (age, sex,
BMI, blood pressure, smoking, LDL-C, HDL-C, triglycerides, LDL size,
malondialdehyde-LDL, glucose, and insulin) used for the above analy-
ses (model 2). Finally, the ORs were calculated for the IMT with raised
baseline sLR11 (second, third, and fourth quartiles) compared with low
baseline sLR11 (lowesr quartle) by controlling for age. In the fgures,
the resulrs are shown as mean = SD for each index. 1-way ANOVA was
used to compare between 2 groups, and Duncan’s mulriple-range test
was used for comparison of multiple groups. A value of P < 0.05 was
considered significant.

endothelial cell-derived
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Matrix Metalloproteinase-3 Enhances the
Free Fatty Acids-Induced VEGF Expression
in Adipocytes Through Toll-Like Receptor 2

Toru KawaMura,* KEntaro MurakamL* HipEAK] Bujo, ! Hirovukr Unokn, 1
Mg1z1 Jiang,T TosHmNort NARAYAMA,§ AND Yasusai Sarro*
*Department of Clinical Cell Biology, tDepartment of Genome Research and Clinical Application,
1Deparment of Applied Translation Research. and §Department of Immunology, Chiba University
Graduate School of Medicine, Chuo-ku, Chiba 260-8670, Japan

Infiltrated macrophages (M) are believed to cause pathological
hanges in the surr i dipocytes th gh the tion of
active molecules in vi 1 fat. Matrix metallog (MMP)-

3 is secreted from Mg, and enhances expression of the
inflammatory cylokines through the activation of toll-like
receptor (TLR) 2. Visceral adipocyles express high levels of
vascular endothelial growth factor (VEGF), and the degree of
visceral fat is lated with the pl VEGF
concentration in obese subjects. The aim of the study is to
clarity the role of MMP-3 in the enhancement of the free fatty
scids (FFAs)induced VEGF expression through TLR2 In
visceral adipocytes. One mM FFAs induced VEGF mRNA and
protein exp in 3T3-L1 adipocy The FFAs-induced
VEGF expression was mostly medisted by TLR2, A high fat
intake increased the VEGF mRANA expression in visceral fat and
the VEGF tion In pl panied with the
in the FFAs in mice. These
increases mwmlnmuhmmmmm
FFAs-induced VEGF expression was | d in the pr
ot HHoﬂdllloned ﬂrldium (CM) in adipocytes, lmi the
ited by a MMP-3 Inhi or a neutraliz-
ing antibody mlrm MMP-3, The active form of MMP-3 induced
the VEGF mRMNA sxpression, as well as TLRZ, in adipocyles. The
increase In the VEGF expression by MMP-3 was inhibited by the
treatmant with sIANA for TLRZ The enhancement of FFAs-
Induced TLRZ expression hy Mg-CM was inhibited by hluklng

ontibody sgainst TNF-a. These results indicate that MMP-3 In
Mé-CM the FFAs d VEGF expression in
adipocytes through the increase In the TLRZ expression. The
MMP-3 secreted from the Infilirated Mé may be a regulator of the
VEGF expression in visceral adipocytes. Exp Biol Med 233:1213-
1221, 2008

Key wm matrix metalioproteinase-3; toll-ike receplor 2,
phage; vascular endothelial growih factor, adipocyle,
visceral fal

Introduction

Adipocytes secrete a wide variety of cytokines, and
some cause metabolic disturbance through the development
of insulin resistance (1-3). The expression of wll-like
receplor (TLR) 2 gene is associated with the genc
expression of TNF-a (4), onc of the cytokines that causes
an inhibition of insulin signals in fat, muscle and liver (1-3,
5). High fat feeding leads to an increased population of
TLRZ/TNF-a co-expressing adipocyles i visceral far, but
not in subcutaneous fat in mice (4). A microarray analysis

of the MMP-3, The increase Inl.h-VEGF mRANA exg by
M¢-CM or MMP-3 was partially | d by a lizing
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led that the accumulated visceral fal is accompanied
with drastic changes in expression of matrix metalloprotei-
nase (MMP) family genes, among which MMP-3 potenti-
ated free fatly acids (FFAs)-induced TNF-a secretion from
adipocytes (6). Infiliraied macrophage (M) has a potential
for a pathological link with surrounding adipocytes through
the secretion of MMP-3 followed by TNF-a expression in
adipocytes in visceral fat tissue (7).

Vuscular endothelinl growth factor (VEGF) is abun-
danily secreted from adipocytes, and it plays a key role in
the process of fat lissue formation through the regulation of
angiogenesis in the tissues (8). The inhibition of angio-
genesis leads 10 o decreased volume of developing fat tissue
or fal grafting after ransplantation in mice (9. 10), VEGF is
highly expressed in visceral far, and the circulating VEGF
concentration is positively comrelated with visceral fa

1213
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volume in obese mice (11). These observations suggesi thal
the TLR2 expression in adipocytes is relaied 1o the
expression of VEGF as well as TNF-a In this coniext. the
tight association between visceral fat accumulation and the
plasma VEGF level is in fact observed in obese human
subjects (12). However, the mechanism for the induction of
VEGF expression in visceral fat has not been elucidated.

FFAs have been shown to activate the downsiream
signals of TLR2 (13, 14). The aim of this study was 1o
clarify the role of MMP-3 in the enhancement of the FFAs-
induced VEGF expression through TLR2 in visceral
adipocytes, The significance of TLR2 for the FFAs-induced
VEGF expression was at first analyzed in cultured
adipocytes and the viscerul fai of TLR2-deficient mice.
Next, the possible pathological role of the MMP-3 secreted
from M in the FFAs-induced VEGF cxpression through
TLR2 was assessed in & culture system using conditioned
medium (CM) of Md.

Materials and Methods

Adipocyte Culture. 3T3-L1 preadipocytes (Ameri-
can Type Culre Collection, Rockville, MD) were cultured
in high-glucose DMEM (DMEM-H, GibcoBRL, Tokyo.
Japan) supplemented with 10% FBS (Sigma, St. Louis, MO)
and antibiotics. After the 3T3-L1 preadipocytes were grown
1o near confluence, the differentiation to mature adipocyies
was performed using insulin (Sigma), dexamethasone
(Sigma), and 3-isoburyl-1-methyl-xanthine (Sigma), as
described previously (7). A vast majority of cells (—90%)
had accumulated lipid droplets between 10-14 days afier
differentiation and were used for further experiments.

Cell Treatment with FFAs. The treatment of 3T3-
L1 cells with FFAs was performed essentially according to
the method previously described (15). After overnight
incubation in serum-free DMEM-H supplemented with
0.1% FFAs-free BSA, the cells were treated in serum-free
DMEM-H supplemented with 0.19% FFAs-free BSA with |
mM FFAs (a cockiail containing 0.5 mM palmitic acid and
0.5 mM myristic acid, Sigma) for indicated times, and then
incubated in serum-free DMEM-H supplemented with 0.1%
FFAs-free BSA with 1| mM FFAs in the presence or absence
of | pg/ml zymosan A (Wako, Tokyo, Japan), 10 pg/ml
peptidoglycan (PGN, Invitrogen, Tokyo, Japan), or 100 pg/
ml active form of MMP-3 purified from human fibroblasts
(Sigma), a neutrnlizing antibody against TNF-a (15) (R&D
Sysiems, Minneapolis, MN) or non-immune 1gG (R&D
Systems) for indicated times. The composition rutio of
FFAs/BSA in the medium corresponds 1o 6:1 for the first
incubation medium.

Quantitative Real-Time Reverse Transcriptase-
Polymerase Chain Relation (RT-PCR). Total RNA
was extracted from fat tissue or 3T3-L1 adipocytes using
RNeusy Mini kit (QIAGEN, Vilencia, CA), and was reverse
transcribed using the GeneAmp Gold RNA PCR Reagent
kit (PE Applied Biosystems, Foster City, CA) us described
previously (7). Quantitative RT-PCR amplifications were

KAWAMURA ET AL

performed using TugMan Universal PCR Master Mix und
Assay-on-Demand Gene expression Assay Mix specific for
mouse VEGF A (MmDO0437304_m1) or TLR2
(MmO0442346_m1) mRNA. All PCRs were performed in
an ABI PRISM 7500 sequence detection system (PE
Applied Biosystems)

Enzyme-Linked Immunosorbent Assay (EL)-
SA). The VEGF concentration of plasma or cell culture
medium wus measured using a Quamtikine Mouse VEGF
Immunoassay kit (R&D Systems),

siRNA Knockdown Treatment. 3T3-L| adipocytes
or THP-1-derived M¢ were transfected either with 5 nmol
siIRNA for TLR2 (QIAGEN) or MMP-3 (Invitrogen), or
Allstars Negative Control (QIAGEN) siRNA by clectro-
poration as described previously (7). The cells were
reseeded afier electroporation, and incubated with DMEM-
H containing 10% FBS for two days. After ovemight
incubation in serum-fre DMEM-H supplemenied with
0.19% FFA-free BSA, the siRNA-treated 3T3-L1 adipocytes
were incubated in serum-free DMEM-H supplemented with
0.1% FFA-free BSA and | mM FFAs for 6 h. The CM of
the siRNA d M was prepared by the incubation for
the following 24 h.

Mice. TLR2™ mice were kindly provided by Dr.
Shizuo Akira (Osaka University) (16). Briefly, mouse TLR2
gene was disrupted by introducing a targeted mutation into
El14.1 embryonic siem cells, A targeling veclor was
designed 1o replace a part of the exon that encodes Lhe
transmembrane and the cytoplasmic domain of TLR2 with
the neo gene. ES cell lines containing a mutant TLR2 allele
were microinjected into C57BL/6 blustocysts. Heterozygous
mice were intercrossed 1o produce TLR2™" mice and
TLR2** mice. The TLR2Z ™ mice grew healthy and did not
show uny obvious ubnormality until 20 weeks. TLR2
mRNA could not be detected in either the mesenteric or
subcutancous fat tissue of the TLR2™ mice. From five
weeks of age, female TLRZ'" and TLR2™ mice were
given either a regular (D12450B, Research Diet, New
Brunswick, NJ, see Table 1) or a high fat diet (D12492).

Preparation of M¢-CM. The preparation of Mb-CM
was performed essentially as described (7). The human
monocytic cell line THP-1 (American Type Culture
Collection) was cultured in RPMI 1640 supplemented with
I-glutamine (GibcoBRL) and antibiotics and 10% FBS. To
allow the monocytes to differentiate into adherent macro-
phages, THP-1 cells were washed in PBS (calcium- and
magnesium-free, GibcoBRL, medium A) and re-suspended
in fresh medium A confaining 50 ng/ml phorbol 12-
myristate—| 3-acetate (PMA, Sigma) for 3 days (at day 0).
The cells were incubated for 3 more days in DMEM
supplemented with 2% BSA, and then at day 4. the cells
were treated for the CM preparation for 24 h. Control CM
was prepared by incubating the THP-1 cells withour the
differentiation treatment (THP1-CM).

Treatment of Adipocytes with M-CM. Aficr
rreatment in serum-free DMEM-H supplemented with
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Table 1. Contents of Regular and High Fat Diets

Regular diet (D12450B)

High fal diet (D12482)

g%

keal % a% keal %

Protein 19.2

Carbohydrate 67.3

Fat 4.3
Total
kealg 385

Casein, B0 mesh

L-Cystine

Com starch

Maltodextrin 10

Sucrose

Cellulose, BW200

Soybean oil

Lard

Mineral mix 510026
DiCalcium phosphate
Calcium carbonate
Potassium citrate, 1 H20
Vitamin mix V10001
Choline bitartrate

Total

20 26.2

70 26.3

10 349
100

5.24

keal
)]
12
1260
140
1400
1]
225
180

40

773.85 4075

0.1% FFA-free BSA and | mM FFAs for 6 h, 3T3-L1
adipocytes were incubated in serum-free DMEM-H supple-
mented with 0.1% FFA-irec BSA and | mM FFAs with
Mdb-CM or THPI-CM at 10% of the final volume, or the
active form of MMP-3 for the indicated time periods. Md-
CM or THP1-CM was treated with an MMP-3 inhibitor,
NNGH (N-isobutyl-N-(4-methoxyphenylsulfonyl)-glyeyl-
hydroxamic acid; Calbiochem, San Diego, CA) (17. 18).
goat anti-MMP-3 polyclonal antibody (Santa Cruz, Santa
Cruz, CA) or non-immune goat 1gG (Santa Cruz) for 12 h,
prior to the addition to adipocytes.

Statistical Analyses. The resulls are presented as
the mean * SD. Statistical significance between (wo groups
was evaluated by Student's f-test. Statistical significance
among several groups was performed using a one-way
ANOVA, A value of P < 0.05 was considered 10 be
significant.

Results

FFAs-iInduced VEGF mRNA Expression Is
Mediated by TLR2 in 3T3-L1 Adipocytes. FFAs
induce the TNF-a expression through the increased TLR2
expression in adipocytes (4). The effect of FFAs on the
expression of VEGF mRNA through TLR2 was analyzed in
3T3-L1 adipocytes. The VEGF mRNA expression levels
were increased time-dependently in the presence of 1 mM
FFAs (a cocktail containing 0.5 mM palmitic acid and 0.5
mM myristic acid) (Fig. 1A), The VEGF concentration in
the medium for 72 hr afier ncubation of 3T3-L1 adipocyles
in the presence of 1 mM FFAs was significantly higher than
that in the absence of FFAs (Fig. 1B). Zymosan A, a TLR2

ligand that induces the TNF-x mRNA expression in 3T3-L1
adipocytes (4, 19), showed the effect additive 10 the
treatment with FFAs on the increase in the VEGF mRNA
expression in the cells (Fig. 1C). Furthermore, the VEGF
mRNA expression was increased to ).8-fold by 10 g/ml
peptidoglycan (PGN), another TLR2 ligand (19), in
comparison to that without the addition in the cells
incubated with FFAs (data not shown). The FFAs-induced
increase in the VEGF mRNA expression level was mostly
abolished in the adipocytes trunsfected with TLR2-specific
siRNA in comparison 1o that in the cells ransfected with
control SiRNA (Fig. 1D). These results indicate that FFAs-
induced VEGF mRNA expression is most likely mediated
by TLR2 in 3T3-L1 adipocytes.

A High Fat Intake Increases the VEGF mRNA
Expression in Visceral Fat, Accompanied with
an Increase in Plasma VEGF Concentration in
TLR2*"* Mice, but Not in TLR2™/~ Mice. The above
observations for the FFAs-induced VEGF expression
through TLR2 in cultured adipocytes suggest that a high
fut intake may induce the VEGF mRNA expression through
the FFAs-mediated TLR2 expression in fat tissues. The
expression levels of VEGF mRNA in the fal tissoes of
TLR2** mice and TLR2™ mice were investigated after fat
feeding for six weeks. Plasma FFAs levels were signifi-
cantly increased in the high fatfed TLR2Z' mice in
comparison (0 those in the regular diet-fed TLRZ™ mice,
and were not significantly different from the high fat-fed
TLR2™ mice (Fig. 2A). The expression levels of VEGF
mRNA in mesenteric fat were significantly increased in the
high fat-fed TLR2'™ mice in comparison o (hose in regular
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Figure 1, The sffect of FFAs with zymosan A or TLR2 knockdown on the VEGF expression in 3T3-L1 adipocyles, (A) Total RNA was extra
from adipocytes after incubation with 1 mM FFAs (a cocktall of 0.5 mM palmitic acid and 0.5 mM myristic acid) for indicaled time. The V
mANA level was evalualed by quantitative real-ime RT-PCA. mANA lavels were calculated as the lold increase of the control at 0 h. The bars
reprasent the mean = SD (n=3). * P < 0.05, (B) Conditioned media were collectad alter incubation of adipocyles with 1 mM FFAs for 72 h. The
VEGF concentration was measured using ELISA, and then presenled by the correction with the incubated cell number, The cell appearance
was not changed afler the incubation with FFAS, and no s cant difference was observed In the cell counts between the adipocytes incubated
with and without FFAs, The bars represent the mean = * P < 0.05. (C) Adipocytes were incubated with or without 1 mM FFAs for 6 h
and then with or withoud 1 mM FFAs in the presence or absence of 1 | Zymosan A for & h Total ANA was exiracted from adipocytes, and
F mANA level was svalusted by quantitative raal PCA. The mRNA levels were calculated as the fold increase of the control in
the absence of FFAs or zymosan A. The bars represen S0 (n=23). * P < 0.05. (D) Adipocytes were transfectad either with TL
specific siANA or control siFNA. Total RNA was exir ed from adipocytes after incubation with or without 1 mM FFA 1 h. The mR
levels were calculated as the fold increase of those of cells Ira actad with control siRNA without the FFA treatment. The bars represant the
mean = SD (n=5).* P< 0.05
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(B} Total RNA was extracted from sither mas. ic ot subcutaneous fat tissue spacimens of mice. The mANA
lavels corr { by protein weight of lissuss were calculated as the lold increase of the control in mesentaric TLR2™ mice wi
leeding (note: the fold Increases of the control for 3T3-L1 preadipocyte and adipocyle are 017 = 0.04 and 0. 18, respe
raprasent the meen = SD (n=5). * F < 0.05. n.5., not significant (C} The plasma VEGF concenlralion was measured using an

mean = S =5)." P

SA. The bars

represent the mean = SO (n=5).* P< 0.05
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diet-fed TLR2™ mice (Fig. 2B). However, the expression the high fat-fed TLRZ™" mice were not observed in high
levels of VEGF mRNA in the mesentenic fm did not far-fed TLR2™" mice. There were no significant differences
significantly change between the TLR2 mice fed a in the VEGF mRNA expression levels in the subcutiuncous
regular diet and & high fut diet. Thus, the increase in the fat either berween the high far-fed TLRZ' mice and the
expression levels of VEGF mRNA in the mesenteric fal of regular diet-fed TLR2™" mice, or between the high lai-fed
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represent the mean = SO (n=4).* P < 0,05. (D) After the Incubation with 1 mM FFAs for 6 h, adipocytes were irealed with or withoul 10% Mé-
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TLR2™ mice and the high far-fed TLRZ™™ nuce. The
plasma VEGF concentration was significantly increased n
the high fat-fed TLR2* mice in comparison 1o thosc in the
regular diet-fed TLR2*"* mice (Fig. 2C). The plasma VEGF
level in the high fat-fed TLR2™" mice did not change in
comparison fo thut in the regular diet-fed TLR2™ mice, und
significantly decreased in compurison fo those of the high
fa1-fed TLR2*™ mice. Thus, the TLR2 ablation abolished an
increase in the VEGF mRNA expression in the visceral fm
and the plasma VEGF concentration in the mice fed a high
far dier

M¢ Enhances the FFAs-induced VEGF mRNA
Expression in Adipocytes Through MMP-3. Infil

rated M causes the induction of TNF-u expression in the

adipocytes of visceral far tissues (20, 21). A recent study
identified that MMP-3 is secreted from M, and responsible
for the induction for the TNF-2 expression using co-culture
system (7). To assess whether MMP-3 is a regulatory player
far the VEGF expression in adipocytes accumulated in
mesenteric regions, the blocking effect of MMP-3 on the
action of Md-CM for the FFAs-induced VEGF mRNA
expression was firstly examined in 3T3-L1 adipocytes. The
addition of M¢-CM significantly enhanced the VEGF
mRNA expression in the adipocytes treated with | mM
FFAs for 6 h, but not in cells without the treatment with
FFAs (Fig. 3A). The stimulatory effect of Md-CM on the
FFAs-induced VEGF mRNA expression was dose-depend-
enly inhibited by the ireatment of udipocyles with NNGH. a
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specific inhibitor of MMP-3 (17}, n the range similar 10 that
for the inhibition of MMP-3 in microglia (18) (Fig. 3B) The
effect of MG-CM on the FFAs-induced VEGF mRNA
expression wus ulso inhibited by the treatment of un unti-
MMP-3 neutralizing untibody to an extent similur to that by
NNGH. In addition. the stimulatory effect of M$-CM on the
FFAs-induced VEGF mRNA expression was not observed
using the CM of M¢ pretreated with siRNA specific for
MMP3 (Fig. 3C), and the decreased VEGF mRNA
expression increased by the addition of active form of
MMP-3 in a dose-dependent manner; the recovered
expression level by the addition of 200 pgfml MMP-3
was again inhibited to that without MMP-3 by the
incubation together with NNGH at 60 pM. Finally, the
VEGF concentration in the media of 3T3-L1 adipocytes
significantly increased in the presence of sctive form of
MMP-3 in addition to the treatment with 1| mM FFAs, in
comparison to those in the absence of MMP-3 or without
the incubation with FFA (Fig. 3D). These resulis strongly
suggest that M¢ enhances the FFAs-induced VEGF mRNA
expression in adipocytes, in pan through the action of
secreted MMP-3,

MMP-3, Secreted from Mé, Enhances the FFAs-
Induced VEGF Expression Through the Expression
and Activation of TLR2 in Adipocytes. We have
shown thal the expression of TLR2 is tightly associated with
that of TNF-a in viscerul adipocytes, und the population of
TLR2/TNF-a co-expressing adipocytes is increased in
viscerul fai of the high fut-fed mice (4). Therefore, the role
of TLR2 in the enhancement of FFAs-induced VEGF
mRNA expression by MMP3 was analyzed in 3T3.L1
adipocytes. The TLR2 mRNA expression level after treal-
ment with ImM FFAs for 6 h was significantly increased by
the incubation of adipocytes with active form of MMP-3

(Fig. 4A). The i in the exp level of TLR2
mRNA in the presence of MMP-3 was dose-dependently
inhibited by the logether with NNGH. Further-

more, the VEGF mRNA expression induced by MMP-3 was
abolished in the 3T3-L1 adipocytes treated with siRNA
specific for TLR2 (Fig. 1B). The FFAs-induced TLR2
expression level was significantly increased in the presence
of M$-CM in comparison 1o that in the presence of THP-1-

KAWAMURA ET AL

was partially, but significanily, inhibited by the blocking of
TNF-2. These results indicate that Md, through the action
of secreted MMP-3, enhances the FFAs-induced VEGF
expression through the TLR2 expression, und in pant the
following expression of TNF-a in adipocytes.

Discussion

In the series of experiments using a culture system and
TLR2-knockout mice, we at first investigated the role of
TLR2 in the FFAs-induced VEGF expression in adipocytes.
FFAs induced the VEGF mRNA and prolein expressions,
and the FFAs-induced VEGF expression was mosily
mediated by TLR2. Nexi, a high fat intake caused
significant increases in the VEGF mRNA expression in
visceral fat and the VEGF concentration in plasma in mice,
and the effects of a high fat intake were inhibited in TLR2-
deficient mice. The FFAs-induced VEGF expression was
increased in the presence of M¢-CM in 3T3-L] adipocytes.
The increased expression was almost inhibited by the
blocking of MMP-3, Furthermore, active form of MMP-3
enhanced the FFAs-induced VEGF and TLR2 mRNA
expression, and the increased VEGF expression by MMP-
3 wais not observed by the TLR2 knockdown in adipocytes
The ent of FFAs-induced TLR2 expression by
M¢-CM was again almost completely inhibited by the
blocking of MMP-3. Finully, the MMP-3-mediated VEGF
expression was in part inhibited by the blocking of TNF-a
in 3T3-L1 adipocytes. These results indicated that MMP-3,
secreted from Md, enhances the FFAs-induced VEGF
expression through the induction in the expression of TLRZ
and its downstream molecule, TNF-2, in adipocyles.

Adipocytes transplanted to the mesenteric regions
express a variety of genes in comparison lo those in the
subcutanecus regions in mice (6). MMP-3 is one of the
highly expressed genes in m ic regions, and enhanced
the FFA-induced TNF-u secretion from adipocytes (7). The
M infiltration has been observed in the accumulated fat
tissues, and active M causes a change in the surrounding
adipocytes in visceral fat, thus leading to the progression of
insulin resistance (20, 21). The degree of visceral fu
accumulation has shown to be closely associsted with the
development of insuli wee (1, 2. A variety of

CM (Fig. 4C), and the increase in the FFA ed TLR2
expression level by the incubation with M¢-CM was
decreased by the addition of NNGH or a neutralizing
antibody against MMP-3; the dose range of NNGH for the
inhibition of Md¢-CM-mediaicd TLR2 expression was
ncarly the same as those for the Mg-CM-mediated VEGF
mRNA expression and MMP-3-mediated TLR2 expression
(Fig. 3B and 4A, respeciively). Finally, we evaluated the
effect of an addition of a neutralizing untibody ugainst TNF-
a2 in M$-CM on the FFAs-induced VEGF mRNA
expression wt uround 2 pg/ml, which is a concentration that
was previously shown 1o block the TNF-a action in 3T3-L1
adipocytes (15) (Fig. 4D). The enhancement in the FFAs-
induced VEGF mRNA expression by M¢-CM or MMP-3

inflammatory bioactive molecules play an important role in
the pathological interaction between M and adipocytes in
visceral fat (1-3, 20, 21). In this comexy, infiltrated Md may
thus have o pathological link with the swrounding
adipocytes through the secretion of MMP-3 followed by
the TLR2 and TNF-a expression in the adipocytes in
visceral fat tissues,

The pl VEGF ¢ ation, s well as the VEGF
gene expression in visceral far, is induced in db/db and KK-
Ay mice (11). A high fat intake causes an increase n the
number of TLR2/TNF-a co-expressing adipocyles in
visceral fat, bul not in subcutaneous fat, in mice (4). The
current siudy showed that TLR2 enhances the FFAs-
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induced VEGF expression, as well as the TNF-a expression.
The ablation of TLR2 expression reduced the FFAs-induced
VEGF cxpression in cultured cells and plasma VEGF levels
in high fat-fed mice. The mechunism of VEGF mRNA
expression in TLR2-expressing adipocytes has not yel been
fully elucidated. A recent study showed that the inflamma-
tory cylokines, IL-6 and oncostatin M, up-regulaie VEGF
expression in fat tissues via the JAK/STAT pathways, and
these effects were reflected by the increased visceral obesity
accompanied with the increased plasma VEGF concen-
iration in mice (22, 23). Hypoxia is another potent stimulus
for VEGF mRNA expression in human adipocytes (24).
There is a possibility that MMP-3 cleaves a protein in the
M¢-CM that becomes a ligand for the TLR2 receptor or
another receptor for the induction of TLR2 expression, in
addition to the direct interaction of MMP-3 with the cell

surface of

yies, in the p culture system. Further

¥

analyses to address the regulation of TLR2 expression by
MMP-3 are thus called for 1o elucidate the specific VEGF
expression in adipocytes of visceral fat and the relationships
berween the plasma VEGF concentration and visceral

adiposity, which is lightly
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Macrophages regulate tumor necrosis factor-o
expression in adipocytes through the secretion of
matrix metalloproteinase-3

H Unoki'*, H Bujo?, M Jiang?, T Kawamura®, K Murakami® and Y Saito®

' Division of Applied Translational Research, Chiba University Graduate School of Medicine, Chiba, Japan; ? of
Genome Research and Clinical Application, Chiba University Graduate School of Medicine, Chiba, Japan and artment
of Clinical Cell Biology, Chiba lgvamy Graduate School of Medicine, Chiba, Japan

Objective: Adipocytes accumulated in the visceral area change their function to induce tumor necrosis factor-a (T NF-a)
secretion with concomitant matrix metalloproteinase (MMP)-3 induction in mice. This study was performed to clarify the role of
macrophages (Mé)-secreted MMP on the functional changes in adipocytes using a culture system.

Design: Cultures of 3T3-L1 adipocytes with THP-1 M or the M¢-conditioned medium were used to investigate the role of M¢-
MMP on the TNF-a gene in 3T3-L1 adipocytes by the addition of MMP inhibitors, For animal experiments, male C57BL/6) mice
were rendered insulin resistant by feeding a high-fat diet, and the expression of an M¢ marker F4/80, and MMP-3 genes in
mesenteric and subcutaneous fat tissue specimens were examined.

Results: Md-conditioned media (M$-CM) increased the levels of TNF-a mRNA expression in 3T3-L1 adipocytes, and these
adipocyte responses were abolished by treatment with GM6001, a broad-spectrum MMP inhibitor, or NNGH (N-isobutyl-N-(4-
methoxyphenylsulfonyf)-glycylhydroxamic acid), an MMP-3 inhibitor, The activated form of MMP-3 enhanced glycerol release
as well as TNF-a protein secretion from 3T3-L1 adipocytes. The incubation of adipocytes with MMP-3 inhibited insulin-induced
glucose uptake in adipocytes. Furthermore, a high-fat intake increased the expression of MMP-3, decreased the insulin-induced
glucose uptake of adipocytes and induced of F4/80 in mesenteric fat tissue of C57BL/6 mice.

Conclusion: M¢ may cause a pathological link with surrounding adipocytes through the secretion of MMP-3 followed by TNF-a

expression in adipocytes in visceral fat tissue.

International Journal of Obesity (2008) 32, 902-911; doi:10.1038/ijo.2008.7; published online 19 February 2008

Keywords: macrophage; matrix metalloproteinase-3; tumor necrosis factor-a; adipocyte; insulin resistance

Introduction

Disturbed insulin sensitivity plays an important role in the
asccumulation of various metabolic disorders, and has been
recognized as ‘metabolic syndrome’.’* In accordance with
the clinical significance of evaluation of visceral fat accu-
mulation in metabolic synd , it has become evident that
visceral fat has direct interaction with other tissues, such as
muscles, liver or vessel walls, through the secretion of several
molecules regulating the insulin sensitivity in tissues.** The

Corresp Dr H Bujo, Depar of Genome Research and Clinical
o Chibe \ ity Gradh Sehool of Medicine, 1-8-1 Inoh
Chuo-ky, Chiba 260-8670, japan

E-mall: hbujo@aculty.chiba-u.jp

*Current adk Lak for Diabetic N y, SNP Resesrch Centes,

The Institute of Physical and Chemical Research, Kanagawa 230-0045, Japan.
Received 11 August 2007; revised 28 December 2007; accepted 7 January
2008; published online 19 February 2008

- 1563 -

transplantation of cultured cells into the intramesenteric
space of mature mice has been established as an adequate
mode for the analyses of the interaction between visceral fat
and insulin sensitivity.® The mice with transplanted cultured
adipocytes showed that visceral fat, and not subcutaneous
fat, secretes the tumor necrosis factor-a (TNF-u), and the
secreted molecules actually disturb the insulin sensitivity
based on the decreased insulin action in tissues.® The
accumulated visceral fat caused drastic changes in expression
of matrix metalloproteinase (MMP) family genes, among
which MMP-3 potentiated free fatty acid-induced TNF-x
secretion from adipocytes.® Therefore, the MMP-3 activity in
visceral fat seems to be directly linked to cytokine expression
in adipocytes.

There is an infiltration of macrophages (M¢) in the
accumnulated fat tissues, and sctive Mé cause a pathological
inter-relationship with surrounding adipocytes in visceral
fat, which leads to the progression of insulin resistance.”



A variety of inflammatory bioactive molecules plays an
important role in pathological interaction between M¢ and
adipocytes in visceral fat.*'* An overexpression of monocyte
chemoattractant protein (MCP)-1 in adipose tissues causes
macrophage recruitment and insulin resistance in mice.’*"’
TNF-a secretion is highly related to the free fatty acid (FFA)-
induced inflammatory changes in both adipocytes and
Mé.'*'S The peroxisome proliferstor-activated receptor
activation in Mg is able to regulate the FFA-induced TNF-a
secretion from adipocytes.’

The present study was designed to identify the role of
MMFP-3 in the interaction between M¢ and adipocytes for
TNF-a gene induction. Conditioned media from M¢ (Mé¢-
CM) increased the TNF-a mRNA expression in adipocytes.
The induced levels of TNF-a mRNA were largely abolished by
treatment with GM6001, a broad-spectrum MMP inhibitor,
or N-isobutyl-N-(4-methoxyphenylsulfonyl)-glycylhydroxa-
mic acid (NNGH), an MMP-3 inhibitor. The active form of
MMP-3 enhanced release of TNF-a and glycerol from 3T3-L1
adipocytes, and inhibited insulin-induced glucose uptake
into the cells. The MMP-3 expression in M, in addition to
adipocytes, is potentially important for the development of 3
pathological link between Mé and adipocytes through TNF-a
secretion in visceral fat tissue.

Methods

Cell culture and preparation of Mé conditioned media
3T3-L1 cells (American Type Culture Collection, Manassas,
VA, USA) were'cultured and differentiated into adipocytes as
described previously.’® The human monocytic cell line THP-
1 (American Type Culture Collection) was cultured in RPMI
1640 supplemented with l-glutamine (GibcoBRL, Tokyo,
Japan) penicillin/streptomycin (100U per 100mgmi™;
GibeoBRL) and 10% fetal bovine serum (GibcoBRL, medium
A). To allow the monocytes to differentiate into adherent
macrophages, THP-1 cells were washed in phosphate-buf-
fered saline (calcium- and magnestum-free; GibcoBRL, buffer
A) and resuspended in fresh medium A containing phorbol
12-hyristate-13-scetate (SOngmi~? PMA; Sigma, St Louis,
MO/ USA) for. 3 days (at day 0), and were incubated for 3
more days in Dulbecco’s modified Eagle's medium (EM

supplemented‘with 2% bovine serum albumin (BSA)-At day
3, the culture media were collected, centrifuged and stored as
Md¢-CM. Control CM were prepared by incubating the THP-1
cells with DMEM supplemented with 2% BSA for 3 days
(THP1-CM). M¢-CM and THP1-CM were stored at -80°C
until use. The differentiation of THP1 to mature Mg was
evaluated by the quantification of CD11b and CD68 mRNA
levels using real-time PCR. The differentiated macrophages
with CD11b and CD68 mRNA levels of more than two fold
greater than those in THP-1 were used for further experi-
ments. Co-culture of adipocytes and Mé was performed
using transwell inserts with 0.4-um porous membrane
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(Becton Dickinson, Franklin Lakes, NJ, USA) to separate
adipocytes from M¢. To determine the role of Mdé-secreted
factors on adipocyte responses, serom-starved 3T3-L1 adipo-
cytes were incubated with M¢-CM or THP1-CM ranging
from 10 to 50% of the final volume, for the indicated time
periods. To evaluate the effects of MMP inhibition on Mo-
CM, M¢-CM was treated with a broad-spectrum MMP
inhibitor GM-6001, a specific peptide inhibitor of the
gelatinases MMP-2 and -9, CTTHWGFTLC-decapeptide
(CTT) or an MMP-3 inhibitor, NNGH (Calbiochem, San
Diego, CA, USA) prior to the addition to adipocytes.

RNA preparation and quantitative real-time RT-PCR

Total RNA was isolated from cultured cells, and quantitative
real-time reverse transcription (RT)-PCR was performed with
sn ABl 7000 sequence detection system using TagMan
Universal PCR Master Mix and Assays-cn-Demand Gene
Expression Assay Mix (PE Applied Biosystems, Foster City,
CA, USA) described previously.!” The quantification of a
given gene, expressed as relative mRNA Jevel compared with
a control, was calculated after normalization to 185 rRNA.

Enzyme-linked immunosorbent assay

Serum-starved 3T3-L1 adipocytes were incubated with
100 ugml~? human MMP-3 (Sigma) for 1-3 days, and the
culture medium was assayed for mouse TNF-a using
commercial enzyme-linked immunosorbent assay (ELISA)
kits (BioLegend, San Diego, CA, USA) according to the
manufacturer's instructions as described previously.'®

Glycerol release measurement

Differentiated 3T3-L1 adipocytes were incubated with
DMEM supplemented with 1% FFA-free BSA for 2 days, and
then treated with same medlum with M¢-CM at 50% of
volume, THP1-CM at 50% of volume or human MMP-3 at
100 pgml™~", in the absence or presence of 60uM NNGH for
6h. The concentrations of glycerol in the media were
determined using a free glycerol determination kit (Sigma)
following the manufacturer’s protocol.

2-Deoxyglucose uptake assay

Differentiated 3T3-L1 adipocytes were preincubated in
serum-starved DMEM with 50% M¢-CM, 50% THP1-CM or
human MMP-3 at 100 pgm]~’, in the absence or presence of
60 M NNGH for 6h. Single adipocytes were prepared from
mesenteric or subcutaneous fat of mice, fed with high-fat
or regular diet as described.’ The cells were Incubated
in DMEM without serum for 2h at 37°C, and then either
treated or not treated with 100nM insulin for 15min at
37°C, as described previously.'® After stimulation, 10uM
2-[*H]deoxyglucose was added and incubated for Smin.
Glucose uptake was stopped by the addition of ice-cold
Krebs-Ringer HEPES buffer with 5um cytochalasin B and
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25mM glucose. The cells were washed three times with ice-
cold Krebs-Ringer HEPES buffer with 25mm glucose, and
the *H-labeled radjoactivity was counted using a scintillation
counter (15-6500; Beckman Coulter Inc., Fullerton, CA, USA).

Animals and animal care

Male C57BL/6] mice (Charles River, Wilmington, MA, USA)
were rendered insulin resistant by feeding a high-fat diet
consisting of 20% protein, 20% carbohydrate and 60% fat
(Research Diet, New Brunswick, NJ, USA) starting at 8 weeks
of age for 2 weeks as described previously.” Control mice
were fed a standard diet consisting of 4.5% fat (Research
Diet). Mesenteric and subcutaneous fat tissue specimens
were resected, and total RNA was isolated as described
previously.’* All applicable institutional and governmental
regulations concerning the ethical use of animal were
followed during this research. All animal care and procedures
were approved by the Animal Care Committee of Chiba
University School of Medicine as described previously.

Western blot analysis

Membranes from fat tissue specimens were prepared and
solubilized in solubilization buffer (200 mM Tris-maleate, pH
6.5, Zmm CaClg, 0.5mm PMSF, 2.5mM leupeptin and 1%
Triton X-100) as previously described.’® The protein con-
centrations were determined using the BCA Protein Assay
Reagent (Plerce, Rockford, IL, USA). For immunoblotting,
equal amounts of membrane protein, protein extracted from
pelleted beads, or concentrated media were separated by 10%
SDS-PAGE after heating to 95°C for Smin under reducing

conditions, and transferred to a nitrocellulose membrane.
The blots were incubated with antibody against MMP-3 (SC-
6839, 1:100 dilution), followed by peroxidase-conjugated
anti-goat 1gG, and then they were developed using the ECL
detection reagents (Amersham Pharmacia, Piscataway, NJ,
USA). The signals were quantified by densitometric scanning
using the NIH image software program.

Statistical analysis

Results are presented as meanzs.d. Statistical significance
between two groups was evaluated by Student's t-test.
Statistical significance among several groups was performed
using a one-way ANOVA. A value of P<0.05 was considered -
to be significant,

Results

of M¢-CM on TNF-a gene expression in 3T3-L1

3T3-L1 adipocytes were incubated with M¢ in the transwell
system to evaluate the interactions between Mé and
adipocytes. A co-culture of adipocytes and Mé revealed
significant induction of TNF-a gene In adipocytes relative to
the control culture at 24 h (Figure 1a). The extent of changes
in TNF-o mRNA expression was dependent on the number
of Mé (data not shown). The role of Mé factors on TNFa
gene in adipocytes was Investigated by incubating 3T3-L1
adipocytes with M¢-CM for 4 h. Consistent with the results
in the transwell system, M¢-CM significantly induced
expression of TNF-a mRNA In adipocytes (Figure 1b). The
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Figure 1 M. d factors the of twmor necrosis factor-a (TNF-a) in 37T3-L1 adipocytes. (s) Time course of the TNF-a expression in 3T3-11

adipocytes co-cultured either with THP.1 c:ﬁ(;pmdmn)otwtﬁhddrm}, 3T3-L1 adipocytes were first seeded on the well bottom, and then THP-1 cells or

THP-1 Mé were seeded on the permeable membrane of the insert. TNF-a mANA level were snalyzed uting quantitative reak-time RT-PCR. Relative ratios of TNFz
mRNA levels in 3T3-11 Wuwwmmmtmmmmmm.mmummumlwan(mw}mpmmumum
expressed a1 mean £ 1.d. (n=4). "F<0.05 in comparison to the value with THP1-CM. (b) EHects of the conditioned media of THP.1 (THF1.CM) or Mé cultures (Mé-
€M) on the TNF-a gene expression in 3T3-11 adipocytes. Serum-starved 3T3-L1 adipocytes were trested with either 10% THPT-CM or Mé-CM for 4 h. TNF-a mANA
levels in 3T3-L1 adipocytes were analyzed wsing quantitative real-time RT-PCRL The relative ratios of TNF-o mRNA levels In 373-L1 adipocytes with M-CM to those
with THF1-CM ( 1) were pr Data are exp d a1 mean £ 3.d. (n=4). *P<0.05 in comparison 1o the value of the control with THP1-CM. (c) Dose
dependent effect of THP1-CM or M$-CM on TNF-x gene expression in 3T3-L1 adipocytes. The ThF-a mANA levels in 37311 adipocytes were analyzed using
quantiative real-time RT-PCR. Relative ratios of TNF-2 mANA levels to those with THP1-CM 2t 10% of volume (; I} were p d. Data are exps s
mean 2 5.d. (n=4), "P<0.05.
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induction of mRNA for TNF-x was 1.9-fold after 4h of molecular mechanisms of the above observed interaction
{ncubation with M$-CM in comparison to that in control. between Mé and adipocytes, the role of MMF secreted from
M¢-CM dose-dependently increased TNF-a mRNA expres- Mé in the induction of TNF-a mRNA was investigated in
sion at the concentrations from 10 to 50% (Figure 1c). There adipocytes. The expression of MMP genes significantly
were no obvious changes in the morphology of the increased in M¢ in comparison to those in THP-1 cells
adipocytes, and there was no apparent toxicity with either (Figure 2). Among them, MMP-9 was most induced gene in
M¢-CM or THP1-CM (data not shown). Mé (199-fold). The expression of MMP-3 and -12 genes was
hardlyjdetected in THP-1 cells. These results raise the
possibility that M¢-secreted MMP enhances the expression
Role of Md-derived factors in induction of TNF-a mRNA in of the TNF- gene in 3T3-L1 adipocytes in co-culture system.
adipocytes M¢-CM treated with various types of MMP inhibitors
The expression of the MMP-3 gene is one of most induced was added to 3T3-L1 adipocytes to examine the changes of
genes in accumulated visceral fat tissues, and MMP-3 induces TNF-a gene expression in 3T3-L1 adipocytes (Figure 3).
the TNF-a secretion from adipocytes.® To explore the GM6001, 2 broad-spectrum MMP inhibitor, markedly altered
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Figure 2 The ex; of matrix proteinase (MMFP) family genes was induced in Mé. THP-1 cells were diff d into M by incubating PMA for 72 h.
MMP-2, MMP-3, MMP-9, MMP-12 and TIMP-1 mRNA levels were analyzed using quantitative real-time RT-PCR. Relative ratios of mANA levels in M¢ to thase in
THP-1 cells (control) or absolute MRMA levels were presented. Data are expressed as mean 25.d. (n=6), *P<0,05 in comparison to the value of the control with
THP-1 cells. N.D., not detected.
ntenational Joumnal of Obesity

Macrophage MMP-3 for the function of adipocytes

- 156 -



Macrophage MMP-3 for the function of adipocytes
H Linokd #f of

W

TNF-2/18S rRNA (fold)
- »

THP1-CM
M¢-CM - + -
GME001 - - +
CTT - - .
NNGH - . -
Figure 3 Effect of the inhib of matrix i

n.s.
- I - '
0 jLIM
+ - + - + - + -

+ - + - +
* - - - -
- + + - -
- . - +* +

(MMP) activity on Mé-CM-induced tumor necrosis factor-a (TNF-a) gene expression in adipocytes.

Serum-starved 3T3-L1 adipocytes were treated with THP-1-CM or M$-CM in the absence or presence of 10 M GM&001, B5 v CTT or 60 pmt NINGH for 4 h, the

TNF-2 MANA levels were analyzed using quantitative real-time RT-PCR. Relative

(controf) were presented. Data are expressed 83 mesn £ 5.d. (n=4). *P<0.05.
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8 b. g 3K
6
= E
N ;E_ 5 -’ g
g 2t
= 4 - i
£, g
2 "
3, {
= :
20 0 i
0 100 %3 , 2 3
MMP-3 (ng/mi) ~ Time (days)
Figure 4 Matrix P MIF}- induced the tumor necrosis factor-x (TNF-z) mRNA and protein expression in 3T3-L1 adipocytes. (a) Serum-starved
3T3-L1 adipocytes were treated with the: ictive form of MMP-3 (100 ngmi™") for 8 h. The TNF-2'mRNA levels were analyzed using quanti -time RT-PCR.
mmmmumm-«mmwmmwv-s, ) were p Data afé exp 83 meantad. (nm 6). "P<0.05 compared to the
value of the control. (b) Serum-starved STIIL1 adipocytes were treated with MMP-3 for 1-3 days. TNF-x protein inc maedia were analyzed

using an ELISA, Relative ratios of TNF-x concentration with those in the absence of MMP-3 for a day (controf) were presented. Data are expressed as mean 5.d.

(n=6). *P<0.05 in comparison 1o the value without MMP:3,

the stimulatory effects of M$-CM on the gene expression
of TNF (—42%). The gelatinases inhibitor, CTT and an
MMP-3 inhibitor, NNGH were used to determine the role of
the gelatinases (MMP-Z and -9) and MMP-3 on the TNF-a
gene expression in 3T3-L1 adipocytes. The stimulatory
effect of M¢-CM on the TNF-a gene expression was not
significantly Inhibited by CTT treatment. In contrast, the
induction of TNF-a by M¢-CM was markedly inhibited by
NNGH treatment (—56%), suggesting an important role for
MMP-3 in the adipocyte function. To determine if MMP-3 is
the soluble mediator causing TNF-a induction in adipocytes,
3T3-L1 adipocytes were treated with activated MMP-3,
and TNF-« mRNA expression and release were measured.
MMP-3 treatment significantly increased TNF-a mRNA
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expression by 3.2-fold (Figure 4a), and the increases were
also detected after 50-200 ng mi~' MMP-3 treatments for 8h
(data not shown). Figure 4b shows that MMP-3 treatment
(100ngml~") increased TNF-« secretion in a time-dependent
manner.

B
.

Active MMP-3 induces lipolysis, and reduces insulin-induced
glucose corporation in 3T3-L1 adipocytes

In order to determine the role of M-derived MMP-3 in the
functional changes of adipocytes to induce the TNF-a mRNA
expression in adipocytes, the effect of MMP-3 on the
lipolysis of 3T3-L1 adipocyte was analyzed (Figure 5a). The
glycerol release was significantly increased in the media of




