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Fig. 7. Relutionship berween the cutoff level of abdominal circumference and prevalence of metabolic syndrome. Upper:
NCEP-ATP Ill-defined metabolic syndrome; Lower: metabolic syndrome defined by the current Japanese criteria. Open circles,
closed circles and cross svmbols represent relationships in subjects without ASCD, those with ASCD and all subjects, respec-

tively.

females. However, it has not been confirmed that the relation-
ship between the level of VFA and the number of associated
obesity-related diseases is quantitatively the same in both
genders. Actually, a gender difference in the association of
visceral fat accumulation with the other components of meta-
bolic syndrome was recently reported by Miyawaki et al. (13)
and was confirmed in the present study as weli (Fig. 5).
Miyawaki et al. (13) analyzed data from 3,574 Japanese sub-
Jects aged 40-59 years obtained during health examinations.
The sensitivity and the specificity of VFA cutoff to predict
metabolic syndrome were 0.72 and 0.55 at 95 cm? and 0.67
and 0.60 at 100 cm? in males, and the values in females were
0.73 and 0.70 at 65 cm? and 0.66 and 0.74 at 70 cm®. These
gender-dependent VFA cutoff levels are similar to those
obtained in the present study (Fig. 5), indicating the need to
define a VFA cutoff for each gender.

ACy is a less accurate measure of visceral obesity than is
VFA, but it is easier to use for screening of metabolic syn-
drome. Based on the VFA cutoff level for predicting meta-

bolic syndrome in each gender and the regression equation for

" the VFA-ACy relationship (Fig. 3), the ACy, cutoff levels for

males and females weére calculated in the present study to be
83 c¢m and 78 cm, respectively. Miyawaki et al. (/3) calcu-
lated ACw cutoff levels for males and females of 86 cm and
77 cm, respectively, based on their VFA cutoff levels of 100
cm?® in males and 65 cm? in females. Although VFA was not
determined in their study, Hara et al. (14) recently applied the
waist circumference data for 692 subjects (age: 30-80 years)
who had undergone annual health examinations to ROC anal-
ysis to determine the ACw cutoff for diagnosis of metabolic
syndrome. They found that the cutoff levels of ACy yielding
maximum sensitivity and specificity were 85 cm for males
and 78 cm for females. The difference was partly due to the
fact that they measured waist circumference at the mid-level
between the lowest rib and the iliac crest, and that measure-
ment in females is a few centimeters longer than ACy, (at the
umbilicus level). Thus, Hara et al. (/4) also estimated ACy
cutoff levels for males and females of ~85 cm and ~80 cm,
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respectively. Taken together, the results of these two recent
studies (/3, /4) and the results of the present study on Japa-
nese subjects support the notion that the appropriate ACy cut-
off level for diagnosis of metabolic syndrome in Japanese
females is 78-80 cm. '

Prevalence of Metabolic Syndrome and Cutoff
Level for Diagnosis of Visceral Obesity

To illustrate the effect of change in the cutoff level of visceral
obesity on the prevalence of metabolic syndrome, we plotted
the calculated prevalence of metabolic syndrome in the sub-
jects for a range of ACw cutoff levels (Fig. 7). The prevalence
of NCEP-ATP IlI-defined metabolic syndrome was less sen-
sitive to change in the ACy cutoff level than was the preva-
lence of metabolic syndrome defined by the Japanese criteria,

" since visceral obesity is not a requisite in the former criteria.
As shown in Fig. 7, the prevalences of NCEP-ATP III-
defined metabolic syndrome in males were 51.0%, 59.2% and
62.0% for ACw cutoff levels of 102 cm (NCEP-ATP IiI), 90
cm (IDF for Asians), and 85 cm (Japanese criteria). The prev-
alences were reduced to 35.9%, 47.6% and 50.5% when they
were calculated for subjects without ASCD. The prevalences
in females were 40.5%, 43.9% and 39.6% for ACwm cutoff lev-
els of 88 cm (NCEP-ATP 1II), 80 ¢cm (IDF for Asians) and 90
cm (Japanese criteria), respectively, and these values were
reduced to 34.4%, 38.0% and 34.4%, respectively, when cal-
culated for subjects without ASCD. In contrast, the preva-
lence of metabolic syndrome defined by the Japanese criteria
is strongly dependent on ACy cutoff levels: male ACy cutoff
levels of 102, 94, 90, and 85 cm give prevalences of meta-
bolic syndrome of 4.6%, 16.0%, 23.8%, and 36.2%, and
female ACy cutoff levels of 88, 80, 90 and 78 cm give preva-
lences of 10.3%, 19.8%, 8.6% and 25.8%, respectively. Thus,
the use of an ACy cutoff level of 78 cm, which is suggested
by the present results, triples the prevalence of metabolic syn-
drome in the present subjects.

In the recent Tanno-Soubetsu Study (/5), the prevalence of
metabolic syndrome as defined by the modified NECP-ATP
I criteria (ACw cutoff=85 cm) was 25.3% in 808 males
undergoing health examinations, and their incidence of car-
diovascular events was almost two-fold higher than that in
subjects without metabolic syndrome (11.7% vs. 6.7%) dur-
ing a 6-year follow up. The prevalence of metabolic syn-
drome in the present male subjects was approximately two-
fold higher than that in the male subjects in the Tanno-
Sobetsu Study, but this is likely to be due to selection bias in

* the present study. First, the subjects in the present study were
older by 3 years (63t 14 years old vs. 60+ 12 years old) and
preferred in-hospital examination for ASCD and/or known
coronary risks. Second, the proportion of subjects with ASCD
was higher in this study than in the epidemiological studies.
Nevertheless, the present study suggested that the prevalence

of metabolic syndrome is lower in females than in males even
when an ACy cutoff of 78-80 cm was used for females.
Whether metabolic syndrome in females has the impact on
the cardiovascular events that it has in males will need to be
investigated in large cohort studies.

Cutoff Level for Visceral Obesity and ASCD

Recent studies have shown that metabolic syndrome is asso-
ciated with endothelial dysfunction (/6), a hallmark of early
atherosclerotic change, calcification of the coronary artery
(17, 18), and subclinical atherosclerosis of the carotid artery
(19, 20). On the other hand, obesity per se is an established
risk factor of ASCD. Thus, we postulated that the ACy cutoff
to predict ASCD might be larger than that to predict meta-
bolic syndrome, which consists of clustered minor risk fac-
tors. However, the ACy cutoff level to predict metabolic
syndrome and that to predict ASCD were very similar (Fig.
5B) in the present study. These results may suggest that the
level of visceral obesity does not need to be higher than the
level of obesity in metabolic syndrome in order for patients to
develop ASCD. Nevertheless, the ACy cutoff levels for diag-
nosis of metabolic syndrome appear to also be useful for
selecting patients who should be screened for ASCD.

Limitations in the Present Study

There were several limitations in the present study. First, data
collection was formed in a single institute by use of a retro-
spective and non-randomized method, which could have
resulted in selection bias. Second, since this study is cross-
sectional, a sequential relationship between visceral obesity
and development of ASCD cannot be established. Third, a
substantial number of the subjects were receiving treatment,
including lifestyle modification and medications. Although
the presence of diabetes mellitus does not preclude diagnosis
of metabolic syndrome (7-9), it has profound effects on the
metabolic profiles in patients. Furthermore, a recent Treating
to New Targets (TNT) study (2/) suggested that diabetes mel-
litus increases the incidence of cardiovascular events in
patients with metabolic syndrome. Thus, it may be problem-
atic to determine the VFA cutoff level for diagnosis of vis-
ceral obesity by use of mixed data from diabetic and non-
diabetic populations. Fourth, we did not perform age-adjust-
ment when calculating the ACy cutoff, though there was a
trend of age-dependent changes in VFA. Therefore, a further
investigation using a large population with age-adjustment
needs to be performed for obtaining a precise estimation of
ACw cutoff for diagnosis of metabolic syndrome in Japanese.
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"ORIGINAL'CONTRIBUTION o

Activation of ERK and suppression

of calcineurin are interacting mechanisms
of cardioprotection afforded by o-opioid
receptor activation

Abstract The aim of this study was to examine possible interactions of

ERK and calcineurin in cardioprotection afforded by -opioid receptor stim-
ulation. Infarction was induced in rat hearts by 20-min coronary occlusion
and reperfusion. Tissue ERK level and calcineurin activity were determined
by immunoblotting and an assay using a phosphopeptide substrate, respec-
tively. Administration of a 3-opioid receptor agonist, D-Ala*-D-Leu’-
enkephalin (DADLE, | mg/kg), before ischemia increased the phospho-ERK
levels during ischemia and reduced infarct size (as percentage of risk area,
%IS/RA) from 47.7 +2.3% to 23.2 + 2.5%. This protection was abolished by
10 mg/kg of natrindole hydrochloride (NT1),a 6-opioid receptor antagonist.
PD98059, a MEK 1/2 inhibitor, abolished both ERK1/2 activation and infarct
size limitation by DADLE. Calcineurin inhibitors, cyclosporine-A (5 mg/kg)
and FK506 (3.5 mg/kg), reduced %IS/RA (27.4+4.4% and 29.9+ 3.4 %, re-
spectively). The protective effects of these calcineurin inhibitors were inhib-
ited by PD98059, and the combination of DADLE with cyclosporine-A or
FK506 did not afford further cardioprotection. DADLE significantly sup-
pressed myocardial calcineurin activity,and this effect was inhibited by NTT.
Suppression of calcineurin activity by FK506 was associated with modest ac-
tivation of ERK1/2. These results suggest that suppression of calcineurin and
activation of ERK1/2 are interacting mechanisms involved in cardioprotec-
tion by d-opioid receptor activation.

Key words 8-opioid receptor - ERK - calcineurin - FK506 - infarct size
phosphatases in the cardioprotection afforded by &-opi-

oid receptor activation remains unclear. However,
Lakshmikuttyamma etal. [15] recently reported that

The &-opioid receptor is an important trigger in the
mechanism of ischemic preconditioning[18,25,28],and
activation of this receptor by its selective agonists af-
fords significant cardioprotection comparable with that
afforded by early or late preconditioning [4, 8, 10]. In-
vestigations in the last decade have indicated the in-
volvement of multiple signaling pathways mediated by
protein kinases, including protein kinase C and extra-
cellular signal-regulated kinase (ERK), in the mecha-
nism of this 8-opioid receptor-induced cardioprotection
[9-11, 18]. On the other hand, involvement of protein

calcineurin activity was elevated after ischemia/reperfu-
sion in the rat and human myocardium [4], and Sanna
etal. [24] demonstrated interactions between cal-
cineurin and ERK signaling pathways as regulatory
mechanisms of cardiac gene regulation and growth.
Whether such an interaction between protein phos-
phatases and protein kinases is operative in the mecha-
nism of cardioprotection against infarction has not been
examined.

In the present study, we examined the possibility that
8-opioid receptor activation suppresses calcineurin ac-
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tivity, which modifies ERK-mediated protective signal-
ing in cardiomyocytes. First, contribution of ERK to car-
dioprotection afforded by activated &-opioid receptors
and to protection afforded by calcineurin inhibitors was
pharmacologically assessed by using infarct size as an
end-point. In the second series of experiments, effects of
8-opioid receptor activation and calcineurin inhibition
on levels of phospho-ERKs before and after ischemia
were determined. In the last series of experiments, the
effect of d-opioid receptor activation on calcineurin ac-
tivity in the myocardium was compared with that of
FK506, a calcineurin inhibitor. The results support the
notion that interaction of pathways mediated by ERKs
and calcineurin contribute to the acquisition of anti-in-
farct tolerance in the myocardium after &-opioid recep-
tor activation.

Methods
This study was performed in strict accordance with the

guidelines of the Committee for Animal Research, Sap-
poro Medical University.

.~ Experiment I: Infarct Size Experiments
Surgical preparation

Male Sprague-Dawley rats weighing 280-390 g were pre-
pared for induction of myocardial infarction as in our
previous studies [20, 26, 28]. In brief, rats were anes-
thetized with sodium pentobarbital (40 mg/kg, i. p.), in-
tubated, and mechanically ventilated with a Harvard ro-
dent respirator (model 683, Harvard Apparatus, South
Natick, MA, USA) with oxygen supplement. The heart of
each rat was exposed via left thoracotomy and a snare
was passed around the left main coronary. Saline-filled
catheters were placed in the carotid artery and jugular
vein for blood pressure monitoring and drug infusion,
respectively. An electrocardiogram was recorded by
bipolar electrodes on the chest. Rectal temperature was
continuously monitored, and a heating lamp was used to
maintain the temperature within the range of 37.5 to
38.5°C. After 20-min of a stabilization period, myocar-
dial infarction was induced by 20-min coronary occlu-
sion and reperfusion. Based on the results of our previ-
ous studies {20, 26, 28] in which the coronary artery was
occluded for 20, 30 or 40 min to induce infarction, we se-
lected 20-min ischemia in this study to induce necrosis
in approximately 50 % of the risk area in untreated con-
trols. After 2 hr of reperfusion, rats were heparinized
and sacrificed by pentobarbital overdose. Hearts were
quickly excised for postmortem analysis.

ERK and calcineurin in cardioprotection against infarction
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Experimental protocol

Protocol 1: Rats were divided into 5 groups (Fig.1A),
and each group received no treatment (controls), D-
Ala2-D-Leu®-enkephalin (DADLE, 1 mg/kg, i.v.) at 15
min before ischemia, DADLE at 5 min before reperfu-
sion, PD98059 (2.5 mg/kg, i.v.), at 20 min before is-
chemia, or combination of PD98059 at 20 min before is-
chemia and DADLE at 15 min before ischemia.

Protocol 2: This series of experiments was performed
to confirm that infarct size limitation by DADLE (see re-
sults) was mediated by the d-opioid receptor. Rats were
pretreated with a 3-opioid receptor antagonist, nal-
trindole hydrochloride (NTI, 10mg/kg), or NTI and
DADLE (1 mg/kg) (Fig.1B). NTI was injected subcu-
taneously 35 min before ischemia and DADLE was in-
jected intravenously 15 min before ischemia. This dose
of NTI was selected on the basis of previous findings
that 10 mg/kg of NTI abolished the infarct size-limiting
effects of a 8-opioid agonist and ischemic precondition-
ing in rat hearts in situ (25, 28].

Protocol 3: Rats were divided into seven groups
(Fig. 1C) and received no treatment, FK506 (3.5 mg/kg,
i.v.), cyclosporine-A (5mg/kg, 1iv.), PD98059
(2.5mg/kg, i. v.) and FK506, PD98059 and cyclosporine-
A, FK506 and DADLE (1 mg/kg, i.v.), or cyclosporine-A

g Coronary occlusion g Reperfusion 140 min

Control
-15

L
:—js
T — S /—
) -2:—__—_:70 ]
roosoLEse [ — ]

DADLE-pre

.35 15 g Coronary occlusion 2 Reperfusion 40 min

- o — )
e — S——

C g Coronary occlusion g Reperfusion 140 min

Conol T y/—

Csa 'f:—:C:l

PO+FK

PD+Csh F—Il
FK+DADLE-pre ;—_—_f y/ A
CsA + DADLE-pre

Fig.1 Experimental protocols in infarct size experiments. A-C show protocal 1,
protoco! 2 and protocol 3, respectively. PD PD98059, NT/ natrindole hydrochloride,
FK FK506, CsA cyclosporin A. Solid arrowheads and open arrowheads indicate tim-
ings of DADLE injection and PD98059 injection, respectively. Hatched arrowheads
indicate the timing of injection of calcineurin inhibitors (i. e., FK506 or cyclosporin
A)
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and DADLE. FK506, cyclosporine-A and DADLE were
injected 15 min before ischemia. PD98050 was injected
at 20 min before ischemia.

Postmortem analysis

Excised hearts were mounted onto a Langendorff appa-
ratus, and after re-ligating the coronary artery, fluores-
cent polymer microspheres (Duke Scientific Co., Palo
Alto, CA)suspended in saline were infused into the aorta
to negatively mark the risk area. The heart was frozen
and then sliced into 2-mm sections, and the sections
were incubated with phosphate buffer containing 1%
triphenyltetrazolium (pH 7.4) to visualize infarcts.
Images of the risk areas and infarcted areas were taken
under black light and room light, respectively, and sizes
of these areas were determined by SigmaScan (SPSS,
Chicago, IL). Volumes of infarct and risk area in each
heart were calculated by multiplying size of each area by
thickness of the heart slice.

[0 Experiment |l: Inmunoblot Experiments
Surgical preparation and protocol

Rats were anesthetized and ventilated as in Infarct Size
Experiments.

Protocol 1: Rats received one of three pretreatments:
no pretreatment, DADLE (1 mg/kg, i.v.) 15 min before
ischemia or PD98059 (2.5mg/kg) 20 min before is-
chemia and DADLE at 15 min before ischemia. In each
treatment group, the heart was excised immediately be-
fore the onset of ischemia, at 5 min after ischemia, at 20
min after ischemia or at 5 min after reperfusion. Excised
hearts were immediately soaked in ice-cold saline. Then
Evans Blue dye was injected into the aorta to visualize
the area at risk, and ventricular tissue in the risk area
was quickly excised and frozen in liquid nitrogen.

Protocol 2: Rats received one of three pretreatments:
no pretreatment, FK506 (3.5 mg/kg) 15 min before is-
chemia or PD98059 (2.5 mg/kg) 20 min before ischemia
and FK506 15 min before ischemia. Hearts were excised
immediately before the onset of ischemia or at 20 min
after ischemia,and tissues in the risk area were frozen as
were in Protocol 1.

Immunoblotting for ERKs

Immunoblotting was performed as in our previous
studies [19-21]. In brief, frozen tissues (0.2-0.3 g) were
homogenized in ice-cold lysis buffer (pH7.5) containing
20 mM Tris, 150 mM NaCl, 1 mM Na,EDTA, 1 mM EGTA,
1% Triton, 2.5 mM sodium pyrophosphate, 1 mM B-
glycerophosphate, 1 mM Na;VO,, 1ug/ml leupeptine, 1
mM phenylmethylsulfonyl fluoride and protease cock-

R

tail (Complete Mini, Roche Diagnostics). The ho-
mogenate was centrifuged at 13,000 g for 15 min and the
supernatant was used for electrophoresis. A Bio-Rad
Protein Assay Kit (Bio-Rad, Hercules, CA) was used to
determine protein concentration, and 40 mg of protein
was electrophoresed on a 12.5% polyacrylamide gel.
Proteins were blotted onto a PVDF membrane (Mili-
pore, Bedford, MA), and after blocking with a Tris buffer
containing 5% nonfat dry milk and 0.1 % Tween 20, the
blots were incubated with 1000-fold diluted antibodies
against total ERK1/2 and phospho-ERK1/2 (Cell Signal-
ing Technology, Beverly, MA). ERK and phospho-ERK
were visualized by using an ECL Western blotting detec-
tion kit (Amersham, Buckinghamshire, UK) and quanti-
fied by densitometry using SigmaGel (SPSS, Chicago,
IL).

{J Experiment lll: Tissue Calcineurin Experiments
Surgical preparation and protocols

Rats were anesthetized and ventilated as in Infarct Size
Experiments, and the heart of each rat was exposed via
left thoracotomy. In Protocol 1, rats were randomly di-
vided into three groups and each group received intra-
venous injection of DADLE (1mg/kg), FK506
(3.5mg/kg) or no pretreatment 15 min before excision
of the heart. Excised hearts were soaked and rinsed in
ice-cold saline, and the left ventricular tissues were
quickly sampled and frozen in liquid nitrogen. In Proto-
col 2, rats randomly received NTI (10 mg/kg) or NTTand
DADLE (1 mg/kg). NTI was injected subcutaneously 35
min before tissue sampling and DADLE was injected in-
travenously 15 min before tissue sampling as in Protocol
1. In Protocol 3, rats received DADLE, FK506 or no pre-
treatment as in Protocol 1, and the coronary artery was
occluded 15 min after each pretreatment. Hearts were
excised at 20 min after coronary occlusion, and ventric-
ular tissues in the risk area were sampled as in Experi-
ment II.

Assay of calcineurin activity

Tissue calcineurin activity was determined according to
the method described in earlier reports [5, 12] with
slight modification. In brief, frozen tissues were homog-
enized in ice-cold lysis buffer as in Experiment II and
centrifuged at 100,000 g for 45 min. The supernatant was
diluted to 5ng protein/ml and used for assay of cal-
cineurin activity. Using a BIOMOL GREEN™ Cal-
cineurin Assay Kit (AK-804), calcineurin phosphatase
activity was determined by detecting phosphate re-
leased fromthe calcineurin-specific RIIphosphopep-
tide. Protein concentration was determined by using a
Bio-Rad Protein Assay Kit.
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Statistical Analysis

Results are presented as means + standard error (SE).
Differences in the hemodynamic parameters within and
between study groups were analyzed by two-way re-
peated measures analysis of variance (ANOVA). Inter-
group differences in infarct size data and immunoblot
data were tested by one-way ANOVA. When overall
ANOVA indicated a significant difference, multiple com-
parisons were conducted by Student-Newman-Keuls
post hoc test. A p-value less than 0.05 was considered to
be statistically significant.

Results
O Experiment|
Exclusion of rats

Ninety-two rats were used for Experiment I and 9 of
those rats (2 control, 2 DADLE-treated, 1 NTI + DADLE-
treated, 2 FK506-treated and 2 cyclosporine-A-treated
rats) were excluded because of intractable ventricular
fibrillation or hypotension during ischemia or reperfu-
sion. There was no significant difference between inci-
dences of exclusion in study groups.

Table 1 Summary of hemodynamic parameters

Hemodynamic data

As shown in Table 1, heart rate and blood pressure levels
are comparable in all study groups under baseline con-
ditions, and there were no significant inter-group differ-
ences between these hemodynamic parameters in each
protocol.

Infarct size data

Heart weight and the size of risk area were similar in all
study groups (Table 2). In Protocol 1, DADLE injected
before ischemia reduced infarct size as a percentage of
risk area (%IS/RA) from 47.7+2.3% in controls to
23.2+2.5% (Fig.2), and this protective effect was ab-
rogated by PD98059 (%IS/RA=43.5+4.4%), while
PD98059 alone did not modify %IS/RA (47.5+ 5.4%).1In
contrast, DADLE administered 5 min before reperfusion
failed to significantly reduce %IS/AR (40.1+4.3%). In
Protocol 2, infarct size-limiting effect of pretreatment
with DADLE was not detected in NTI-treated rats
(%IS/RA =44.7 +5.4% vs.46.3£2.3%, p=NS). In Pro-
tocol 3, FK506 and cyclosporine-A similarly reduced
%IS/RA  from 45.0+3.5% to 29.9+34% and
27.4+4.4%, respectively (Fig.3). The combination of
DADLE with FK506 or cyclosporine-A did not afford
further cardioprotection (%IS/RA=23.3%3.5 and
27.5£5%, both p=NS vs. FK506 alone and cy-
closporine-A alone). PD98059 significantly attenuated
the cardioprotection  afforded by  FK506

Treatment .. 0 N . HeartRate(beats permin)

. Protocol 1 - S - . : : .

" Control 7 424+16 415+18 409+8 9143 78+7 9616
DADLE-pre 7 436+15 429414 42315 E 10216 1036 10112
DADLE-post 8 46111 47011 445+15 . 10015 8616 94+2
PD 6 463+6 450+ 1 47+14 1016 86x8 8712
PD + DADLE-pre 6 455+21 455417 455+20 1113';7 1057 865

Protocol 2
NTI . 5 428+21 376+13 394+12 109+4 85+3 806
NT! + DADLE-pre 5 408+21 " 380+6 100+10 1029 97+10 101+£10

Protocol 3 o
Control 8 41712 428+17 B 419+7 . . 91+6 8549 9416
FK 6 432+19 460+33 2115 11148 9+10 98+7
PD + FK 5 408+13 39610 380+13 ) . 104+2 8048 87+7
FK + DADLE-pre 5 398+12 414414 4185 ] 1068 86+12 99+8
GA 5 43510 435+1 415+14 10247 8714 10148
PD + CsA 5 468+19 450+17 430%15 10443 816 867
CsA + DADLE-pre 5 408+21 380+6 378+7 99+5 8245 9345

Mean + SE

DADLE-pre DADLE before ischemia; DADLE-post DADLE after ischemia; PD PD98059, N/ natrindole hydrochloride; FK FK506; CsA cyclosporin A; Ischemia 10 min after
ischemia; Reperfusion 60 min after reperfusion

— 565 —



422 Basic Research in Cardiology, Vol. 101, No. 5 (2006)
© Steinkopff Verlag 2006
Table2 Summary of infarct size data Treatment N Heart Wetght o Area.at‘f}isk. ) Infaret e (cmi) TSR
Protocol 1
Control 7 1161003 0.29+0.04 0.14+0.02 47.7+23
DADLE-pre 7 1.16+0.05 0.25+0.03 0.06+0.01* 23.242.5*%
DADLE-post 8 1291004 0.30+0.04 0.13£002 - 401£43
PD 6  1.29+0.06 0.24+0.02 0.13£0.01 475154
PD + DADLE-pre 6 1321005 0.28+0.02 0.1410.02 43.5+44
Protocol 2
NT 5 1.57+0.07 0.22+0.02 0.10+0.01 463123
NTI + DADLE-pre 5 . 1.53+0.10 0.31+0.02 0.14+£0.02 447154
Protocol 3
Control 8  1.20+0.03 0.26+0.02 0.12£0.01 450+3.5
FK 6 1301005 0.23+0.02 0.07£0.01* 29.9+34*
PD + FK 5 1.23+0.05 0.30£0.02 0.12+£0.01 40.5+24
FK + DADLE-pre 5 1411005 0.27+0.02 0.08+0.02* 233435*
GA 5 1.21+0.05 0.23+0.02 0.07+0.02* 274144
PD + GsA 5  136+0.04 0.22+0.02 0.11+£0.01 46.6+3.5
* CsA+DADLE-pre 5 1.30+005 0.29+0.03 0.10+£0.01 27.5+5.0%
Mean + SE

%IS/AR infarct size as a percentage of area at risk; DADLE-pre DADLE before ischemia; DADLE-post DADLE after is-
chemia; PD PD98059; NTI natrindole hydrochloride; FK FK506; CsA cyclosporin A. * p < 0.05 vs. Control

%!S/IAR

Fig.2 Effects of DADLE on infarct size. A and B show data from protocol 1 and
those from protocol 2, respectively. %/S/AR infarct size as a percentage of area at
risk. PD PD98059, NT/ natrindole hydrochloride. * P < 0.05 vs. Control

(%IS/RA=40.5+2.4%) and that afforded by cy-
closporine-A (%IS/AR =46.6 £ 3.5%).

{7 Experimentll

Ninety-six rats were used in this series of experiments
and 6 of those rats were excluded because of intractable
ventricular fibrillation or hypotension during ischemia.
In Protocol 1, there was no significant difference in lev-
els of total ERK1/2 before and after ischemia/reperfu-
sion within and between study groups, and the levels of
phospho-ERK1/2 before ischemia were similar in the
study groups. Thus, levels of phospho-ERK1/2 after is-
chemia/reperfusion were expressed as percentage of

60
50
40
30

%IS/AR

20

Fig.3 Effects of calcineurin inhibitors on infarct size. FX FK506, PD PD98059, CsA
cyclosporin A. %IS/AR infarct size as a percentage of area at risk. * P < 0.05 vs. Con-
trol

each baseline level (Fig. 4). In controls, significant eleva-
tion of phospho-ERK1/2 levels was detected only after
reperfusion. Administration of DADLE before ischemia
significantly increased levels of phospho-ERK1/2 dur-
ing ischemia, which was attenuated by PD98059. Neither
DADLE nor PD98059 modified the increase in phospho-
ERK1/2 after reperfusion. In Protocol 2 also, total
ERK1/2 levels before and after ischemia were similar
within and between study groups. FK506 alone did not
change levels of phospho-ERK1/2 before ischemia but
modestly increased levels of phospho-ERK1/2 20 min
after ischemia (Fig. 5). However, this elevation of phos-
pho-ERK1/2 levels was not inhibited by PD98059.
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Fig.4 Effects of DADLE on phospho-ERK levels in

ERK and calcineurin in cardioprotection against infarction

Control
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the myocardium before and after ischemia/reperfu- [
sion. Pre-I pre-ischemia, /-5’ 5 min after ischemia, /- -
20" 20 min after ischemia, R-5’ 5 min after reperfu- Phospho-ERK
sion. Upper panels show representative
immunoblots and lower panels show summarized
data. * P < 0.05 vs. Pre-l level. N = 5~8 for each time
point in each study group
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Fig. 5. Effects of FK506 on ERK level in the myocardium before and after ischemia.
Pre-1 = pre-ischemia, |-20" = 20 min after ischemia. Upper panels show representa-
tive immunoblots and lower panels show summarized data. *P <0.05 vs. Pre-|
level. N =5~8 for each time point in each study group.

L1 Experimentlil

As shown in Fig. 6, calcineurin activity was significantly
reduced by FK506 and also by DADLE in Protocol 1.
There was no statistical difference between the cal-
cineurin activities in DADLE-treated and FK506-treated
hearts. In Protocol 2, calcineurin activity did not differ
between hearts treated with NTI and hearts treated with
NTI plus DADLE, and the levels of calcineurin activity
were similar to the level in untreated controls of Proto-
col 1. The results of Protocol 3 indicate that FK506 and
DADLE significantly reduced calcineurin activity in the
ischemic myocardium (Fig. 7) as they did in the non-is-
chemic myocardium, though ischemia increased cal-
cineurin activity by 1.5 fold in untreated hearts.

Total ERK . s e e e s e e

Pre-l 1-5° 1-20° R-5' Pre-l -5’ 1-20° R-5'

8 p42
O p4s

Pre-l 1-5° 1-20° R-§'

17 i

1
Samaaz—
—

Pre-1 I-5' 1-120° R-S’

Pre-l 1-5° 1-20" R-§’

Pre-l 15’ 1-20° R-5*

Calcineurin activity (pmolfmg/min)

Cont rol K DALE TTONTL NTI+DADLE

Fig.6 Effects of FK506 and DADLE on calcineurin activity in the non-ischemic
myocardium. A and B show data from protocol 1 and those from protocol 2, re-
spectively. FK FK506, NT/ natrindole hydrochloride. * P < 0.05 vs. Control. N = 8in
each study group of protocol 1, and n = 5 in each group of protocol 2

10
60
501
40F
30

Calcineurin activity (pmol/mg/min)

DADLE

Control FK

Fig.7 Effects of pretreatments with FK506 and DADLE on myocardial calcineurin
activity after 20-min ischemia. FK FK506. * P < 0.05 vs. Control. N = 5 in each study

group

Discussion

Contribution of ERKs to cardioprotection afforded by §-
opioid receptor activation in rat hearts has been indi-
cated by earlier findings that infarct size-limiting effects
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of 6-opioid receptor agonists were abrogated by MEK1/2
inhibitors and that phosphorylation of ERK is induced
by &-opioid receptor agonists [9, 10]. However, the rela-
tionship between timing of ERK activation and aug-
mentation of anti-infarct tolerance of the myocardium
has been variously reported for different cardioprotec-
tive interventions in different models of myocardial in-
farction [3,7,9-11, 14, 23, 27]. In the present study, sig-
nificant elevation of phospho-ERK1/2 levels by DADLE
was detected during ischemia, and inhibition of ERK
phosphorylation during the ischemic period by
PD98059 (Fig. 4) was associated with loss of cardiopro-
tection against infarction (Fig. 2). Furthermore, DADLE
administered before reperfusion failed to limit infarct
size. These results suggest that elevation of phospho-
ERK level by activated 3-opioid receptors during is-
chemia is crucial for enhancement of myocardial toler-
ance against infarction. However, the period when
up-regulated ERK during ischemia protects cardiomyo-
cytes from necrosis may be at the time of reperfusion,
since a close association of activated ERK upon reperfu-
sion with cardioprotection has been shown by recent
studies on preconditioning and post-conditioning (7,
14].

There are some apparent discrepancies between the
effects of PD98059 on ERK phosphorylation and those
on cardioprotection afforded by DADLE and FK506 in
the present study. PD98059 failed to inhibit phosphory-
lation of ERK after reperfusion in DADLE-treated
hearts, though this MEK inhibitor attenuated both DA-
DLE-induced protection and ERK phosphorylation dur-
ing ischemia. FK506-induced phosphorylation of ERK
during ischemia was also unaffected by PD98059,
whereas FK506-induced cardioprotection was inhibited
by the same dose of PD98059. The reasons for these ap-
parent discrepancies are not clear, but a few method-
ological problems may have been involved. First, ERK in
several intracellular compartments is separately regu-
lated [11, 23], which cannot be assessed from determi-
nation of phospho-ERK level in unfractionated tissue
samples. Second, the effect of even a high dose of
PD98059 (50 pM) can be overwhelmed when ERK is
strongly activated by a large signal input from the acti-
vated receptors (i. e, large amount of agonist or expres-
sion of a large number of receptors) [2]. Third, MEK-in-
dependent mechanisms of ERK activation such as
activation by protein kinase C (PKC) and phosphatidyl-
inositol-3-kinase [13] were not examined in this study.
Thus, inhibition of ERK relevant to cardioprotection by
PD98059 could have been masked if ERK in intracellu-
lar compartments that were irrelevant to cytoprotection
was phosphorylated by an overwhelmingly high level of
activated MEK or by MEK-independent mechanisms.

Intracellular compartments in which activated ERK
functions for myocyte protection have not been fully
characterized. Fryer etal. [11] showed that the level of

phospho-ERK in the cytosol but not that in the nucleus
was associated with anti-infarct tolerance of the myo-
cardium by ischemic preconditioning and a -opioid ag-
onist. However, in a recent study by Reid etal. [23], in-
farct size limitation by adenosine receptor agonists was
associated with elevation of phospho-ERK levels not
only in cytosolic but also mitochondria and membrane
fractions during both ischemia and reperfusion. Obvi-
ously further studies are necessary to clarify the role of
activated ERK in each intracellular compartment during
ischemia/reperfusion.

A role of protein phosphatase as a determinant of
anti-ischemic tolerance of cells has been implicated by
earlier findings that inhibitors of protein phosphatases
protected the myocardium and brain from ischemic in-
jury [1, 5, 6, 16, 17, 29, 30]. However, since those in-
hibitors are very different in terms of selectivity (to PPI,
PP2A and PP2B and tyrosine protein phosphatase), it is
difficult to identify a specific protein phosphatase rele-
vant to protection of cells from ischemic injury. It has
also not been known whether there is any endogenous
mechanism regulating protein phosphatase activity for
cell protection. The present study showed for the first
time that activation of the d-opioid receptor leads to
suppression of calcineurin activity in the myocardium
before and after the onset of ischemia (Figs.6 and 7).
Contribution of this suppression of calcineurin activity
to infarct size-limiting effect of 6-opioid receptor acti-
vation is supported by two lines of circumstantial evi-
dence. First, the level of suppression of tissue calcineurin
activity by DADLE was comparable with that by FK506
(Fig.6). Second, the same doses of DADLE and FK506
limited infarct size to equivalent levels, and the combi-
nation of DADLE with FK506 or another calcineurin in-
hibitor, cyclosporine-A, did not afford additive protec-
tion against infarction (Fig. 2 and Fig. 3).

The results of the present study are not sufficient to
identify signaling steps in which inhibited calcineurin
and activated ERK interact in cardiomyocytes. In the
non-ischemic myocardium, FK506 significantly reduced
calcineurin activity by approximately 40 % but did not .
increase phospho-ERK levels, indicating that suppres-
sion of calcineurin activity per se does not trigger acti-
vation of ERK. On the other hand, phospho-ERK level
after 20-min ischemia was elevated by FK506 (Fig.5),
which was associated with significant suppression of
calcineurin activity (Fig.7), and cardioprotection by
FK506 was abrogated by PD98059 (Fig. 3). These find-
ings suggest that ischemia-induced activation of ERK
was augmented by suppression of calcineurin,leading to
ERK-mediated cardioprotection. Although this notion is
argued against by the findings that ERK phosphoryla-
tion during ischemia by FK506 was not inhibited by
PD98059 (Fig.5), the apparent contradiction may have
been due to intracellular compartmentalization of ERK
as discussed above. An alternative explanation, however,
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ERK and calcineurin in cardioprotection against infarction

Fig.8 Possible interactions between ERK and cal-
cineurin in cardiomyocytes protection by 8-opioid re-
ceptor activation. Since infarct size-limiting effects of
calcineurin (CN) inhibitors are sensitive to PD98059, a
MEK1/2 inhibitor, there are two possible relation-
ships between CN and ERK-mediated pathway. Inhi-
bition of CN activity may induce myocyte protection
by suppression of ischemia-induced ERK phosphory-
lation, which would consequently open the mito-
chondrial ATP sensitive potassium channel (mKATP).
Alternatively, signal inputs from both the MEK-ERK
pathway and a pathway augmented by calcineurin
inhibition are required to activate downstream
mechanisms such as suppression of the mitochon-
drial permeability transition pore (mPTP). Whether G
proteins are involved in the suppression of CN by -
opioids and whether CN participates in regulation of
connexin-43 ((x43) phosphorylation remains to be
investigated

Cx43

|

GJ permeability

}

Propagation
of cell injury
within risk area

is that a cell protective signaling pathway augmented by
calcineurin inhibition and the MEK-ERK-mediated sig-
naling pathway are in parallel, and inputs from these
pathways are required to activate downstream mecha-
nisms such as suppression of opening of the mitochon-
drial permeability transition pore. The possible rela-
tionships between calcineurin and ERK in the d-opioid
receptor-induced cardioprotection are shown in Fig.8,
which incorporates recent findings on the role of
MEK/ERK activation in opening of the mitochondrial
ATP-sensitive potassium channel [22] and our findings
on the role of the gap junction downstream of PKC [19,
31). Nevertheless, further investigation is necessary to
clarify the interaction between calcineurin-mediated
and ERK-mediated pathways in the cardioprotective
mechanism.

As a limitation in the present study, it is unclear
whether the relative importance of calcineurin suppres-
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sion in the mechanisms of d-opioid receptor-induced
cardioprotection is independent of duration of myocar-
dial ischemia. DADLE significantly suppressed myocar-
dial calcineurin activity before and after 20-min is-
chemia (Fig. 6 and Fig. 7),but the possibility that such an
effect of DADLE is overcome by ischemia-induced ele-
vation of calcineurin activity after a longer period of is-
chemia cannot be excluded.

In summary, the present study showed that interac-
tion of activated ERK during ischemia and suppressed
calcineurin is involved in the mechanism of anti-infarct
tolerance of the myocardium afforded by 6-opioid re-
ceptor activation in rat hearts.
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Elevated serum low-density lipoprotein (LDL) is a risk factor for
atherosclerotic disorders. However, prominent atherosclerosis,
which has been observed in LDL receptor (LDLR)-knockout mice,
has diminished the significance of LDLR as a cause of athero-
sclerosis, while elaborate studies have focused on the receptors
for denatured LDL. Here we report that native LDL (nLDL)
activates vascular endothelial growth factor (VEGF) receptor 1
(VEGFR1) but not VEGFR2 through LDLR and is as potent as
VEGF in macrophage migration. Binding and co-endocytosis of
VEGFR1 and LDLR were enhanced by nLDL, which is concomi-
tant with ubiquitination-mediated degradation of VEGFR1. We
propose that LDLR-mediated use of VEGFR1 by nLDL could be a
potential therapeutic target in atherosclerotic disorders.
Keywords: VEGF receptor 1; LDL receptor; macrophage migration;
atherosclerosis

EMBO reports (2007) 8, 1155-1161. doi:10.1038/sj.embor.7401103

INTRODUCTION

Accumulating evidence indicates that serum low-density lipoprotein
(LDL) is a crucial risk factor for atherosclerotic cardiovascular
disorders. Therapeutic reduction in the serum LDL level can suppress
the onset and recurrence of these disorders, and eventually decrease
the mortality rate (Baigent et al, 2005). Mutations in the native LDL
(nLDL) receptor (LDLR) have been reported in familial hyper-
cholesterolaemia (Brown & Goldstein, 1986). Interestingly, however,
in both familial hypercholesterolaemia patients and LDLR-knockout
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mice {Ishibashi et al, 1994), paradoxical progression of atherosclerosis
has been observed, suggesting the possible existence of other
functional receptors for LDL. Receptors for modified versions of
LDL such as oxidized LDL, which include the scavenger receptors
(SR)-A, CD36 and FcyRIl-B2, have been extensively studied (Moore
& Freeman, 2006). Macrophages in the atherosclerotic plaque
are morphologically and functionally transformed by oxidized LDL
but not nLDL (Steinberg et al, 1989). However, nLDL induces
macrophage migration by unknown mechanisms (Hara et al, 1992),
whereas little attention has been paid to LDLR.

Microvessels in atherosclerotic plaques greatly contribute to
the progression and stability of atherosclerosis (Moulton et al,
2003). It is well known that vascular endothelial growth factor
(VEGF) has a central role in promoting vascularization. VEGF has
two specific receptors, VEGFR1 and VEGFR2, with tyrosine kinase
activity. Both are expressed in endothelial cells, VEGFR2
exclusively but VEGFR1 is also exceptionally expressed in
macrophages (Shibuya, 2006). it has been reported that VEGFRT1
antibody has an inhibitory effect on atherosclerotic plaque
formation in apoE~/~ hypercholesterolaemic mice, suggesting that
VEGFR1 promotes atherosclerosis (Luttun et al, 2002).

Here, we report a previously unrecognized linkage between
LDLR and VEGFR1.

RESULTS

Native LDL induces VEGFR1 endocytosis

Because of sterol-mediated transcriptional downregulation, LDLR
is thought to be upregulated by lipoprotein-deficient serum (LPDS)
or serum starvation (Brown & Goldstein, 1986). We found that
LDLR was expressed in a variety of cells when deprived of serum
(Fig 1A; supplementary Fig 1A online). When nLDL labelled with
Dil (1,1-dioctadecyl-3,3,3’,3" -tetramethylindocarbocyanine per-
chlorate) was applied to 293T cells transiently transfected with
VEGFR1 tagged with green fluorescent protein (GFP; VEGFR1-
GFP) and subsequently starved of serum for 8h, VEGFR1 was
internalized and colocalized with Dil-nLDL in a VEGF-independent
manner {Fig 1B,C). A similar phenomenon was observed in RAW
cells (Fig 18,C), a macrophage cell line that has been shown to

EMBO reports VOL 8| NO 122007 1155

— 571 —



scientificreport

Ligand-independent activation of VEGFR1 by LDL
R. Usui et al

* N
\9{\,'\@ 5 @0@ 6909
& TP A0 &
wa & koa & & & & £ 2 & o
250 — 250 ~— oa g ‘§
150 =58 DD e 150 == DN
50 — 150
50 Tinem oing @R (B: Actin
75 — 75 — . we et
IB: LDLR 18: LDLR 3T3/VEGFR1
C

VEGFR1-GFP
Pre-stimulation

VEGFR1-GFP
Pre-stimulation

Mo ket

LDLR--

RAW

VEGFR1-GFP

2937

VEGFR1

express endogenous VEGFR1 (Matsumoto et al, 2002). The
concentration of nLDL that gave a significant number of VEGFR1-
GFP endocytic vesicles was at least 10pg/ml, which was
comparable with that of VEGF on a molar basis in the same assay
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(Crouse et al, 1985; Kobayashi et al, 2004; supplementary Fig 1B
online, also see legend). Interestingly, denatured LDL such as
acetylated LDL (Dil-acLDL) failed to induce VEGFR1 endo-
cytosis (Fig 1D). Given that acLDL uses receptors that cannot
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Fig 1| Native low-density lipoprotein induces endocytosis of VEGFRI. (A) Immunoblotting (IB) of whole-cell lysates (WCLs; 30 pug each) from human
293T cells (left) with human LDLR antibody and those from rodent cells with mouse LDLR antibody, including the liver of LDLR / and WT mice,
RAW, CHO9, NIH3T3 cells overexpressing VEGFR1 (3T3/VEGFR1) and peritoneal macrophages (middle). Cell lines were cultured in 1% FCS for 24 h
before protein extraction. WCLs from 3T3/VEGFR1 cultured in 10% and 1% serum, or LPDS were also subjected to anti-LDLR and anti-actin
immunoblotting (right). (B) WCLs of 293T cells transfected with the VEGFR1-GFP expression vector or mock (—) were immunoblotted with GFP
antibody (left). Membrane localization of VEGFR1-GFP transfected into 293T or RAW cells before nLDL stimulation (right). Scale bars, 10 ym.

(C.D) 293T or RAW cells transfected with VEGFR1-GFP (green) were incubated with 10 pg/ml Dil-nLDL (red) (C) or 10 ug/ml Dil-acLDL (red)

(D) for 30 min. Note the merged images with nLDL but not acLDL. Scale bars, 10 um. (E) Peritoneal macrophages (M®) derived from WT, tk / ,
LDLR"/ and RAW cells were immunostained with VEGFR1 and LDLR antibodies before (—) and after (+) stimulation by nLDL at 100 pg/ml.
acLDL, acetylated LDL; GFP, green fluorescent protein; LDL, low-density lipoprotein; LDLR, LDL receptor; LPDS, lipoprotein-deficient serum;

nLDL, native LDL; VEGFR, vascular endothelial growth factor receptor; WT, wild type.

bind to LDL, we suppose that nLDL could stimulate specific
co-endocytosis of its own receptor LDLR and VEGFR1.

Native LDL stimulates recruitment of VEGFR1 to LDLR
Transient co-transfection of CHO9 cells with VEGFR1-GFP and
LDLR tagged with Flag (LDLR-Flag) showed nLDL-stimulated
endocytosis and colocalization of both receptors (supplementary
Fig 1C,D online). This was blocked by SU5416, a VEGFR tyrosine
kinase inhibitor. VEGF induced endocytosis of VEGFR1, but not
LDLR, suggesting that the co-endocytosis is governed by nLDL and
is VEGFR1-dependent. Clathrin has been shown to mediate LDLR
endocytosis (Brown & Goldstein, 1986). However, we repeatedly
failed to show nLDL-stimulated colocalization of VEGFR1 and
clathrin (supplementary Fig 2A online). These results indicate a
clathrin-independent pathway for LDLR endocytosis.

We established a RAW cell line that stably overexpressed the
Flag-tagged human LDLR (RAW/LDLR-Flag). Stimulation by nLDL
changed its subcellular localization from the membrane to the
internalized vesicles (supplementary Fig 2B online). We also
observed that some of the cells showed endocytic vesicles even
before nLDL stimulation (data not shown). VEGFR1 was detected
in the anti-Flag immunoprecipitates from RAW/LDLR-Flag celis.
We pulled down VEGFR1 by using the ability of VEGFR1 to bind
efficiently to a heparin column and used the heparin-bound
VEGFR1 as a size control.

To test whether the co-endocytosis of LDLR and VEGFR1 is
dependent on LDLR, we transiently transfected VEGFR1-GFP into
skin fibroblasts derived from wild-type or LDLR~'~ mice (Ishibashi
et al, 1994) and stimulated them with nLDL. As shown in
supplementary Figure 2C online, endocytosis was observed in
wild-type but not LDLR~ cells. We further examined the co-
endocytosis of endogenous LDLR and VEGFR1 in RAW cells and
peritoneal macrophages derived from wild-type, LDLR~/~ and tk~/~
mice (Hiratsuka et al, 1998), in which the intracellular domain of
VEGFR1 was genetically deleted (Fig 1E). Consistent with the results
shown above, we found that co-endocytosis is dependent on both
LDLR and the VEGFR1 tyrosine kinase domain.

Binding of endogenous LDLR to VEGFR1 in the anti-VEGFR1
immunoprecipitates from RAW cells was detected and increased
3.5-fold (average of three independent experiments) with nLDL
stimulation (Fig 2A). To test whether VEGFR1 in endothelial cells
also interacts with LDLR, we stimulated human umbilical vein
endothelial cells with nLDL. Enhanced binding between the
receptors was observed (Fig 2B). To confirm further the interaction
between the two receptors of endogenous origin, we immuno-
precipitated VEGFR1 from the whole mouse lung, as the lung is
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one of the organs that express VEGFR1 most abundantly (Shibuya,
2006). The antibody used for immunoprecipitation recognizes
only the intracellular domain of VEGFR1. The immunoprecipitates
contained endogenous LDLR when the lung was derived from
wild-type but not tk—— mice (Fig 2C). This indicates that the
interaction is specific, and the observed band is not a non-
specifically precipitated LDLR. To test whether the binding
between LDLR and VEGFR1 is mediated by the intracellular or
extracellular portion of each receptor, we tried another antibody
that recognizes only the extracellular domain of VEGFRI. As
LDLR was immunoprecipitated with VEGFR1 in both wild-type
and tk=/~ cells with a similar efficiency, we assume that the
binding might be mediated by the extracellular domains (Fig 2D).
In both VEGFR1 antibodies, the immunoprecipitates did not
contain nonspecific membrane proteins such as epidermal growth
factor receptor (EGFR) or platelet-derived growth factor receptor;
(PDGFR; Fig 2C,D).

Native LDL induces VEGFR1 autophosphorylation

As cells that express VEGFR1 at levels high enough for
experimentally controlled molecular analysis are unavailable,
we used NIH3T3 cells that stably overexpressed VEGFR1 (3T3/
VEGFR1) and that were previously shown to have VEGF-
dependent endocytosis of VEGFR1 (Kobayashi et al, 2004). We
initially confirmed that endocytosis of LDLR takes place in these
cells by an '5I-LDL internalization assay, as shown in supple-
mentary Fig 3 online. Both nLDL and VEGF induced degradation
of VEGFR1 {by 45% and 50% within 20 min, respectively) but not
LDLR in a time-dependent manner (supplementary Fig 4A,B
online). As ErbB2 receptor tyrosine kinase was internalized and
degraded by heat-shock protein 90 (Hsp90) inhibitor geldana-
mycin (Lerdrup et al, 2006), we examined the effects of the Hsp90
inhibitors on VEGFR1 (supplementary Fig 5A-D online). The
inhibitors induced time-dependent degradation of VEGFR1 by
more than 90% in 2 h. Geldanamycin also induced endocytosis of
VEGFR1 in NIH3T3 cells transiently transfected with VEGFR1-
GFP. Moreover, the geldanamycin-induced degradation of the
endogenous VEGFR1 was evident in RAW cells. However, neither
endocytosis (data not shown) nor protein degradation was
observed in LDLR in the presence of geldanamycin.

To gain an insight into the mechanism of nlLDL-induced
degradation of VEGFR1, 3T3/VEGFR1 cells transfected with
ubiquitin-Flag expression vectors were treated with VEGF,
geldanamycin or nLDL. In all cases, the degradation of VEGFR1
was accompanied by ubiquitination of VEGFR1 (supplementary
Fig 6A online). As the VEGF- or nLDL-induced degradation was
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receptor; WCL, whole-cell lysate; WT, wild type.

inhibited by MG132 or bafilomycin, both proteasomes and
lysosomes could be the site for degradation (supplementary
Fig 6B online).

Intriguingly, nLDL induced autophosphorylation of VEGFR1, but
not VEGFR?2, in 3T3 cells that overexpress either of the receptors
(Fig 3A,B). The phosphorylation was similarly observed with both
commercially available nLDL and nLDL freshly prepared from
volunteers (data not shown). The minimum dose of nLDL required
for VEGFR1 phosphorylation is 5-10 pg/ml (Fig 3C). VEGFR1 has
the ability to bind heparin. To eliminate the possibility that VEGFR1
could be activated by nLDL bound to heparin, which might have
been contaminated during the preparation of nLDL, heparinase
treatment experiments were carried out. The result was negative
(supplementary Fig 6C online). The intensity of the VEGFR1
autophosphorylation by nLDL was approximately 20-30% of that
by VEGF. As VEGFR1 could be transphosphorylated by Src family
tyrosine kinases, such as Fyn or Yes (Mary et al, 2002), when it is
stimulated by VEGF, we pretreated the cells with the VEGFR
inhibitor SU5416 or the Src inhibitor PP2. SU5416 suppressed
VEGFRT1 phosphorylation by nLDL or VEGF, but PP2 failed to do so
(Fig 3A). Anti-LDLR short interfering RNA (siRNA) experiments
were carried out to test the LDLR dependency for VEGFR1
activation. As shown in Fig 3D, knockdown of LDLR expression
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levels by more than 90% abrogated nLDL-induced VEGFR1
autophosphorylation and its degradation, whereas control RNAs
did not. Therefore, we suppose that phosphorylation of VEGFR by
nLDL is specific for VEGFR1 and mediated by LDLR. VEGFR1 has
major autophosphorylation sites, such as Tyr1169, which is
responsible for cell migration (Cunningham et al, 1997), and minor
ones, such as Tyr 1333 that we have shown to be essential for
receptor endocytosis with recruitment of the c-Cbl-CD2AP
complex (Kobayashi et al, 2004). Both anti-phospholipase C y
and anti-c-Cbl immunoprecipitates from 3T3/VEGFR1 cells stimu-
lated by nLDL contained autophosphorylated VEGFR1 (Fig 3E,F).
These results indicate that nLDL and VEGF use the same molecular
mechanism for endocytosis and protein degradation, and that nLDL
might regulate some biological functions of VEGF.

nLDL accelerates macrophage migration through VEGFR1
As reported previously (Hara et al, 1992; Shibuya, 2006),
peritoneal macrophage migration can be promoted by both VEGF
and nLDL (Fig 4). To eliminate the possibility that commercially
available nLDL might be oxidized to some extent and thus could
stimulate expression of the chemokine MCP1 (also known as
chemokine ligand 2 (CCL2); Berliner et al, 1992), we treated the
cells with MCP1-blocking antibody. Cells stimulated by MCP1,
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Fig 3| Native low-density lipoprotein induces autophosphorylation of VEGFRI. (A) 3T3/VEGEFRI1 cells untreated (—) or pretreated with a VEGFR
tyrosine kinase inhibitor SU5416 at 1 uM or Src inhibitor PP2 at 2 uM were stimulated by VEGF, GA or nLDL for 10 min. WCLs were immunoblotted
(IB) with phosphotyrosine (PY), VEGFR1 and actin antibody. (B) WCLs or anti-VEGFR2 immunoprecipitates (IP) from 3T3/VEGFR2 cells stimulated
with VEGF or nLDL were immunoblotted with PY, VEGFR2 and actin antibody. (C) WCLs from 3T3/VEGFRI1 cells stimulated by the indicated
concentration of nLDL after culture in 1% FCS or LPDS for 24 h were subjected to anti-PY, anti-VEGFRI and anti-actin immunoblotting.

(D) 3T3/VEGFRI cells pretreated with mock (-), anti-LDLR siRNAs (antisense/sense: AS) or control siRNAs (sense/sense: SS or irrelevant siRNA
against Nox!: AS*) at 40 nM were stimulated by nLDL for 10 min and then subjected to anti-PY, anti-VEGFR1, anti-LDLR and anti-actin
immunoblotting. Relative average values of the band intensities from three independent experiments are shown below the western blot panels. (E,F)
WCLs and (E) anti-PLCy or (F) anti-c-Cbl IP from 3T3/VEGFRI cells stimulated with VEGF or nLDL were immunoblotted with VEGFRI, PY, PLCy
(E), c-Cbl (F) and actin antibody. 3T3/VEGFR1, NIH3T3 cells that overexpress VEGFRI; GA, geldanamycin; LPDS, lipoprotein-deficient serum; nLDL,

native LDL; PLC, phospholipase C; siRNA, short interfering RNA; VEGFR,

added to the culture, showed migrating ability that was blocked by
the antibody. However, the antibody had no effect on the cells
stimulated by nLDL (supplementary Fig 7 online). Interestingly, the
nLDL-induced macrophage migration was repressed by SU5416
{Fig 4). This is consistent with the results shown in Fig 3E. The
requirement for nLDL-induced migration by the tyrosine kinase
activity of VEGFR1 was further confirmed by the inability of
peritoneal macrophages from tk=/~ mice to migrate. nLDL-induced
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vascular endothelial growth factor receptor; WCL, whole-cell lysate.

migration was totally absent in macrophages from LDLR-/-
mice, supporting our conclusion that nLDL activates VEGFR1
through LDLR.

DISCUSSION

The sorting proteins involved in LDLR endocytosis, such as
autosomal recessive hypercholesterolaemia (ARH; Garuti et al,
2005), exert their function by binding to the NPXY motif found in
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receptor; WT, wild type.

the intracellular domain of LDLR. A mutation in the tyrosine
residue within the motif abrogates receptor clustering in clathrin-
coated pits. However, a recent study showed that LDLR can be
internalized independently of this motif and dependently on the
ligand very low density lipoprotein (VLDL) (Michaely et al, 2007).
VEGFR1 has the conserved Tyr 1053 followed by NPD, which
might act as the NPXY motif. Although Tyr 1053 is not a major
autophosphorylation site in the detailed phosphotyrosine mapping
analysis (Ito et al, 1998), the possibility that it is one of the minor
sites cannot be completely excluded.

It still remains to be explained how VEGFR1 is activated by
nLDL. Ligand-independent activation of receptor tyrosine kinase
by another receptor is known in EGFR (Saito et al, 2001). In this
case, platelet-derived growth factor (PDGF) transactivates EGFR in
a superoxide-dependent or cytoplasmic Src tyrosine kinase-
dependent manner with heterodimeric formation of PDGFR and
EGFR. However, we repeatedly observed VEGFR1 activation and
colocalization of LDLR and VEGFR1 even in the presence of PP2
or N-acetyl-cysteine (data not shown). Enzyme-linked immuno-
sorbent assay of nLDL and fragment proteins containing the
extracellular domain of VEGFR1 fused to the Fc portion of the
immunoglobulin failed to prove direct binding between the two
(data not shown). VEGF was not upregulated in nLDL-treated cells,
thus negating the possibility of VEGFR1 activation by paracrine
mechanisms. As the interaction of both receptors outside of the
cells seems to be important for VEGFR1 activation by nLDL (Fig 2),
we assume that nLDL-bound LDLR directly induces a conforma-
tional setting of VEGFR1 that might mimic the VEGF-bound and
activated state.

VEGF expression is switched on and off depending on the
biological circumstances, such as hypoxia, whereas nLDL is
constantly and abundantly present in the serum. Given the
VEGFR1 activation by nLDL in the absence of VEGF, our findings
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indicate that nLDL not only is the source of denatured LDL that
activates scavenger receptors but also by itself could be a cause of
atherosclerosis through VEGFR1.

METHODS

Molecular reagents. Antibodies and chemicals are listed in
supplementary Table 1 online.

Plasmid construction. The GFP-tagged wild-type VEGFR1 ex-
pression vector has been described previously (Kobayashi et al,
2004). The full-length human LDLR complementary DNA was
isolated from a human placenta cDNA library (Shibuya, 2006),
sequenced and subcloned into pCMV-Tag4B expression vector.
Cell culture and transfections. NIH3T3 cells that overexpress
VEGFR1 (3T3/VEGFR1) and VEGFR2 (3T3/VEGFR2) were de-
scribed previously (Kobayashi et al, 2004). 293T, RAW264.7,
CHQO9 and NIH3T3 cells and skin fibroblasts isolated from wild-
type and LDLR~/~ mice were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum. LPDS
was prepared as described previously (Goldstein et al, 1983). The
combination of transfection reagents, cells and primers for siRNA
experiments are listed in supplementary Table 1 online.
Western blotting and immunoprecipitation analysis. 373/
VEGFR1 cells cultured for 16-24h in 1% FCS-containing DMEM
were stimulated with 100 ng/ml VEGF or 500pug/ml nLDL.
Immunoprecipitation and western blotting were carried out as
described previously (Okamoto et al, 2006) with the indicated
antibodies (supplementary Table 1 online). For immunoprecipita-
tion assay with lung lysates, 1% NP-40 was used instead of 1%
Triton X-100. The intensity of bands in western blotting was
quantified by Scion Image.

Immunofluorescence. 2937 and RAW264.7, and CHO9 cells
were transfected with VEGFR1-GFP and/or LDLR-Flag expression
vectors. At 24 h after the transfection, the cells were starved of
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serum for 8h before being stimulated for 15min at 37 °C with
Dil-nLDL at 10pg/ml, Dil-acLDL at 10ug/ml, nLDL at 1, 10 or
100 pg/ml, or VEGF at 100 ng/ml. Peritoneal macrophages from
mice were starved of serum for 24h in 1% FCS before nLDL
stimulation. They were then immunostained with the indicated
antibody (supplementary Table 1 online) as described previously
(Kobayashi et al, 2004). Fluorescent images were obtained by
using Zeiss confocal laser scan microscopy (Zeiss, Oberkochen,
Germany).

Ubiquitination assay. 3T3/VEGFR1 cells were transfected with a
Flag-ubiquitin expression vector. At 24 h after transfection, the
cells were treated with trypsin and replated to collagen-coated
culture dishes with 1% FCS-containing media for 20h. Cells
stimulated by 100 ng/ml VEGF, 10 uM geldanamycin or 500 pg/ml
nLDL were lysed in the ubiquitination assay buffer (50 mM NaCi,
10mM Tris (pH 7.4), 5mM EDTA, 50mM NaF, 1% NP-40,
100 U/ml aprotinin, 10 mM N-ethylmaleimide and 50 uM LLnL).
Macrophage migration assay. The Boyden-chamber cell migra-
tion assay was carried out as described previously (Hiratsuka et al,
1998) with or without VEGF or nLDL at the indicated concentra-
tions. In the statistical analyses, two-sided P-values of <0.05 were
considered statistically significant.

Supplementary information is available at EMBO reports online
(http://www .emboreports.org).
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Abstract Sterol regulatory element-binding protein
(SREBP)-1c is now well established as a key transcription
factor for the regulation of lipogenic enzyme genes such as
FAS in hepatocytes. Meanwhile, the mechanisms of lipo-
genic gene regulation in adipocytes remain unclear. Here,
we demonstrate that those in adipocytes are independent of
SREBP-1c. In adipocytes, unlike in hepatocytes, the stimu-
lation of SREBP-1c expression by liver X receptor agonist
does not accompany lipogenic gene upregulation, although
nuclear SREBP-1c protein is concomitantly increased, indi-
cating that the activation process of SREBP-1c by the cleavage
system is intact in adipocytes. Supportively, transcriptional
activity of the mature form of SREBP-1c for the FAS pro-
moter was negligible when measured by reporter analysis.
As an underlying mechanism, accessibility of SREBP-1c to
the functional elements was involved, because chromatin
immunoprecipitation assays revealed that SREBP-1c does
not bind to the functional SRE/E-box site on the FAS
promoter in adipocytes. Moreover, genetic disruption of
SREBP-1 did not cause any changes in lipogenic gene ex-
pression in adipose tissue.fli In summary, in adipocytes,
unlike in hepatocytes, increments in nuclear SREBP-1c are
not accompanied by transactivation of lipogenic genes;
thus, SREBP-1c is not committed to the regulation of lipo-
genesis.—Sekiya, M., N. Yahagi, T. Matsuzaka, Y. Takeuchi,
Y. Nakagawa, H. Takahashi, H. Okazaki, Y. lizuka, K
Ohashi, T. Gotoda, S. Ishibashi, R. Nagai, T. Yamazaki, T.
Kadowaki, N. Yamada, J-i. Osuga, and H. Shimano. SREBP-1-
independent regulation of lipogenic gene expression in
adipocytes. J. Lipid Res. 2007. 48: 1581-1591.

Supplementary key words  sterol regulatory element-binding protein «
lipogenesis « fatty acid synthase

The fatty acid biosynthetic pathway, composed of some
25 enzymes, has been elucidated in detail (1). Among
these enzymes, FAS, the main synthetic enzyme that cat-
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alyzes the condensation of malonyl-CoA to produce the
16 carbon saturated fatty acid palmitate, and acetyl-
coenzyme A carboxylase (ACC), which synthesizes malonyl-
CoA from acetyl-CoA, are of particular importance. The
regulation of these lipogenic enzymes has two remarkable
features. First, their overall enzymatic activities largely de-
pend on the amount of expressed protein that is primarily
controlled at the transcriptional level, although regulation
through phosphorylation is also important for some en-
zymes, such as ACC. Second, their rates of transcription
are coordinately regulated (2). Therefore, it has been pre-
sumed that these genes share a regulatory sequence in their
promoters that interacts with common frans-acting factors.
In the liver, the most likely factor conducting this coor-
dinated transcriptional regulation has been revealed to be
sterol regulatory element-binding protein (SREBP)-1 (3, 4).

SREBPs are transcription factors that belong to the basic
helix-loop-helix leucine zipper family and are considered
to be profoundly involved in the transcriptional regulation
of cholesterogenic and lipogenic enzymes (5, 6). Unlike
other members of the basic helix-loop-helix leucine zipper
family, SREBPs are synthesized as precursors bound to the
endoplasmic reticulum and nuclear envelope. Upon acti-
vation, SREBPs are released from the membrane into the
nucleus as mature protein by a sequential two-step cleav-
age process. To date, three SREBP isoforms, SREBP-1a,
-1c,and -2, have been identified and characterized. SREBP-1a
and -1c are transcribed from the same gene, each by a dis-
tinct promoter, and the predominant SREBP-1 isoform in
liver and adipose tissue is lc rather than 1a (7).

The role of SREBP-1c for the regulation of lipogenesis
in the liver has been well established by several lines of

Abbreviations:  ACC, acetyl-coenzyme A carboxylase; ALLN, N-acetyl-
leucylHeucyl-norteucinal; ChIP, chromatin immunoprecipitation; LXR,
liver X receptor; RXR, retinoid X receptor; SREBP, sterol regulatory
element-binding protein.
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