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Biotinylated ¢TnC was immobilized on the avidin-
coated QCM Au electrode and the sensor tips were
immersed in a solution consisting of (in mM) 43
MOPS/KOH (pH 7.0), 500 KCI, 0.9 MgCl; and 3.5
EGTA. Binding of the cTnl N-terminal peptide to
¢TnC were detected from AF upon cumulative injec-
tion of ¢Tnl N-terminal peptide into the bathing
solution. High ionic strength conditions were
adopted to reduce non-specific binding of the
N-terminal peptide to electrodes.

Generation of a transgenic mouse model

of HCM

Cloning and mutagenesis of human ¢InT cDNA
were carried out as described previously (Morimoto
etal.,, 1998; 2002). About 1.3 kb of the upstream
promoter region of the mouse ¢TnT gene obtained
from genomic mouse DNA by PCR was replaced into
an MHC class I promoter fragment of the cDNA
expression vector pLG1 (Morimoto et al., 2002), and
designated as pTG. The recombinant cDNA encod-
ing the WT or AE160 mutant ¢TnT was introduced
into the cDNA cloning site of the plasmid pTG. The
Spel-Xhol fragment isolated as a transgene was then
microinjected into the pronucleus of fertilized eggs
of C57BL/6 mice. Identification of the transgene in
founder mice and their progeny was performed by
Southern blot analysis and PCR using genomic DNA
isolated from tail. Homozygous transgenic mice
were produced by mating between heterozygous
AE160 cTnT transgenic mice and were used in this
study. Homozygosity was determined by genotyp-
ing using PCR. Human ¢TnT transgene mRNA
expression was detected by RT-PCR using a set of
primers (5’-ACC ACC TTC TGA TAG GCA G and
5-TCT GAC ATA GAA GAG GTG GTG), which
amplify a 902 bp DNA fragment. Expression level of
the cTnT transgene protein was determined by
immunoblot analyses of the skinned cardiac muscle
fibres using the monoclonal anti-human ¢TnT anti-
body 2D10 (Research Diagnostic, Concord, MA,
USA), which does not react with mouse ¢TnT and
the monoclonal anti-TnT antibody JLT-12 (Onco-
gene Science, Cambridge, MA, USA), which cross-
reacts with human and mouse cTnTs equally. The
transgenic mice were fed with standard rodent chow
and water provided ad libitum.

Analysis of working isolated hearts ‘
Hearts were excised from mice after anaesthesia
with pentobarbital sodium (50 mgkg™, i.p.) and
heparinization (15 U i.v.). The working hearts were
prepared and analysis was carried out as described
previously (Mizukami et al., 2008).
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Measurements of (a’” transient in

isolated cardiomyocytes

Cardiomyocytes isolated from mouse left ventricle
were loaded with Fura-2 acetoxymethyl ester, and
[Ca®']; was monitored using a fluorescence recording
system (lonOptix LLC, Milton, MA, USA) as
described previously (Du et al., 2007).

Data analysis

Data are presented as mean = SEM. Mean values for
more than three groups were compared by one-way
analysis of variance, followed by a post hoc Dun-
nett’s or Tukey’s multiple comparison test. The dif-
ference between two group means was analysed
with an unpaired Student’s t-test.

Materials
Catechins were purchased from Wako Pure Chemi-
cal Industries, Ltd. (Osaka, Japan).

Results

Figure 1 shows the structures of catechins examined
in this study. Figure 2A shows the force-pCa rela-
tionships in skinned cardiac muscle fibres deter-
mined in the presence of epicatechin derivatives EC,
EGC, ECg and EGCg. ECg and EGCg were found to
decrease Ca®* sensitivity, as shown by rightward
shifts of the force-pCa relationships with significant
reduction in pCas,. EGCg had a greater Ca®-
desensitizing effect than ECg. EC and EGC had no
significant effects on cardiac myofilament Ca%-
sensitivity, indicating that the galloyl group in ECg
and EGCg has a critical role in the Ca*-desensitizing
effects. On the other hand, closely related catechin
compounds, including (-)-catechin-3-gallate and (-)-
gallocatechin-3-gallate, which are diastereomers of
ECg and EGCg, respectively, had no significant
effects on the Ca® sensitivity of skinned cardiac
muscle fibres (Figure 2B), strongly suggesting that
Ca?*-desensitizing effects of ECg and EGCg derived
from a specific stereoselective molecular interaction
with a target molecule in cardiac muscle. These epi-
catechin and catechin derivatives had no significant
effects on the maximum force in skinned cardiac
muscle fibres (data not shown). EGCg decreased the
Ca?* sensitivity of skinned cardiac muscle fibres in a
concentration-dependent manner (Figure 2C).
EGCg was found to have a much weaker effect on
the Ca? sensitivity of fast skeletal muscle compared
with cardiac muscle (Figure 3A). Because cardiac and
fast skeletal muscle contraction is regulated by spe-
cific isoforms of Tn, ¢Tn and fsTn, respectively, we
tested the possibility that the cardiac isoform of Tn
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Effects of catechins on force generation in skinned cardiac muscle fibres. (A) Upper panel: Force-pCa relationships determined in the presence of
100 uM epicatechin derivatives. Lower panel: Effects of epicatechin derivatives on the Ca® sensitivity (pCaso) of force generation in skinned cardiac
muscle fibres. (B} Upper panel: Force-pCa relationships determined in the presence of 100 uM catechin derivatives. Lower panel: Effects of
catechin derivatives on the Ca?* sensitivity (pCaso) of force generation in skinned cardiac muscle fibres. (C) Upper panel: Force-pCa relationships
in skinned cardiac muscle fibres determined in the presence of 10, 30 and 100 uM EGCg. Lower panel: Concentration-dependent effects of EGCg
on the Ca* sensitivity (pCaso) of force generation in skinned cardiac muscle fibres. The data represent the means + SE of measurements on 10
and 5 fibres for control and samples, respectively. ***P < 0.001 versus control (Dunnett’s multiple comparison test). C, catechin; Cg, (-)-catechin-
3-gallate; EC, (-)-Epicatechin; ECg, (-)-Epicatechin-3-gallate; EGC, (-)-Epigallocatechin; EGCg, (-)-Epigallocatechin-3-gallate; GC, gallocatechin;
GCg, (-)-gallocatechin-3-gallate.
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protein(s) with similar mobility. Densitometric analyses of TnC isoforms in skinned fibres indicated that 83.5 + 3.0% (n = 7 fibres) of endogenous
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might be responsible for the greater effect of EGCg
on cardiac muscle, by exchanging whole Tn
complex in skinned fibres (Figure 3B). Exchanging
endogenous cTn in skinned cardiac muscle fibres
with fsTn reduced the Ca?-desensitizing effect of
EGCg to almost the same level as that observed in
the fast skeletal muscle fibres (Figures 3C,D). These
results provide strong evidence that cTn is a specific
target of EGCg in cardiac muscle that determines
the greater effect of EGCg on the Ca?* sensitivity of
cardiac muscle, compared with its effects on fast
skeletal muscle.

We next measured the binding of EGCg to the
c¢Tn subunits, using a quartz crystal microbalance
(QCM), a very sensitive mass measuring device.

1038 British Journal of Pharmacology (2010) 161 1034-1043

QCM analyses indicated that EGCg bound to ¢TnC,
but not to ¢Tnl or ¢TnT (Figure 4A). Using nuclear
magnetic resonance (NMR) spectroscopy, we have
previously demonstrated that EGCg bound to the
C-lobe of ¢TnC (Tadano etal., 2005a,b). As the
C-lobe of ¢TnC is known to interact with an
N-terminal a-helical region of cTnl, we measured
the binding of the N-terminal peptide of cTnl
(cTnlss.g) to ¢TnC, in the absence and presence of

- EGCg (Figure 4B). The results indicated that EGCg

enhanced the binding of the N-terminal H1 helix
region of ¢Tnl to cTnC.

Mutations in genes of human c¢Tn subunits have
been found to cause HCM (Harada and Morimoto,
2004; Marian, 2005). In vitro and in vivo studies
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Binding of EGCg to cTn subunits. (A) Binding of EGCg to cTnC, cTnl and cTnT were directly determined from the frequency changes (AF) of QCM
upon cumulative addition of EGCg. The data represent the means = SE of 3-4 measurements. The EGCg-cTnC binding data were fitted to a
hyperbolic one-site binding equation, and a best-fitted curve was obtained with a Ky of 14.6 pM. (B) Effects of EGCg on the binding of a cTnl
N-terminal peptide (cTnlss_s;) to cTnC. Binding of the cTnl N-terminal peptide (cTnlsss2) to cTnC was directly determined from AF of QCM upon
cumulative addition of the peptide in the absence or presence of 300 uM EGCg. The data represent the means + SE of 3 measurements. *P <0.05,
versus -EGCg (unpaired t-test). The data were fitted to a hyperbolic one-site binding equation, and best-fitted curves were obtained with Kp's of
9.1 and 1.4 pM for cTnC and cTnC+EGCg, respectively. EGCg, (-)-Epigallocatechin-3-gallate; QCM, quartz crystal microbalance.

using mutant proteins and transgenic animals indi-
cate that an increased Ca?* sensitivity of cardiac
myofilament is the causal functional defect trigger-
ing the pathogenesis of HCM associated with the
mutations in ¢Tn subunits (Harada and Morimoto,
2004; Ahmad etal, 2005, Morimoto, 2008,
Morimoto, 2009). We created a transgenic mouse
model of HCM expressing the deletion mutant
AE160 of ¢cTnT in the heart, which had been found
to cause familial HCM in human (Figures SA-C).
The mutant mice showed extensive level of cardi-
omyocyte disarray (Figure 5D), a hallmark of HCM,
and Ca*-sensitization in the force generation of
skinned cardiac muscle fibres (Figure SE). EGCg
reversed the increased myofilament Ca** sensitivity
of mutant mice (Figure 5E). Ex vivo analyses of iso-
lated working heart preparations showed normal
systolic function with diastolic dysfunction,
another hallmark of HCM, as shown by preserved
left ventricular dP/dtm.x and decreased left ventricu-
lar -dP/dtmi, (Figure 6A). Cardiac output from the
hearts of AE160cTnT-Tg mice was significantly lower
than those from WTcTnT-Tg mice or Non-Tg mice
due to diastolic dysfunction (Figure 6B). EGCg
improved the diastolic dysfunction of the hearts of
these mice (Figure 6A) and increased their cardiac
output (Figure 6B). EGC had no such beneficial
effects on the diastolic function and cardiac output

(data not shown). Figure 6C shows Ca®" transients
measured in Fura-2-loaded cardiomyocytes. The
peak amplitude and the peak rates of increase and
decrease in cytoplasmic Ca?* were decreased in
AE160cTnT-Tg mice as in the other Tg mouse
models of HCM caused by mutations of ¢Tnl and
cTnT (Wen et al., 2008; Willott et al., 2010); EGCg
tended to restore these parameters of Ca?* transient.
The resting Ca* levels of AE160cTnT-Tg mice were
not significantly different from those of WTcTnT-Tg
mice; EGCg had no significant effects on the resting
Ca? levels.

Discussion

In this study, we found that ECg and EGCg, major
polyphenols in green tea, are Ca** desensitizers that
directly decrease the Ca** sensitivity of cardiac myo-
filaments. We have previously reported that EGCg
induced amide chemical shift perturbations on
several residues of cTnC in NMR spectroscopy (Fig-
ure S1) (Tadano et al., 2005a,b). The residues T124,
G125 and 1128 of the FG loop and the C-terminal
residue E161 in the C-lobe undergo significant
chemical shift perturbations. GCg, a diastereomer of
EGCg, did not induce the chemical shift perturba-
tions on these residues of ¢cTnC (data not shown).
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Creation of a transgenic mice model for hypertrophic cardiomyopathy. (A) The transgene used to generate the transgenic mice expressing the
AE160 mutant cTnT. S, Spel; B, BamHl; E, EcoRl; X, Xhol. (B) RT-PCR analysis of total RNA extracted from various tissues (H, heart; M, skeletal muscle;
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multiple comparison test).

These results strongly suggest that EGCg binds to a
region near the FG loop in the C-lobe, consistent
with a recent NMR spectroscopic study using a
C-terminal half peptide of ¢TnC (Robertson et al.,
2009), and also binds to a region near the
C-terminus of cTnC in a stereospecific manner, both
of which lie in a close vicinity to the binding site of
the N-terminal H1 helix (residues 43-79) of ¢Tnl
(Figure S2). The present study, together with these
previous NMR spectroscopic studies, strongly
suggest that EGCg causes a Ca**-desensitization of
cardiac myofilaments by enhancing the interaction
of the H1 helix of ¢Tnl with the C-lobe of ¢TnC
through its stereospecific binding to the
C-termininal regions of ¢TnC. Interestingly, a Ca**
sensitizer EMD57033, which directly increases the
Ca* sensitivity of cardiac myofilament, has been
reported to disrupt the interaction of the N-terminal

1040 British Journal of Pharmacology (2010) 161 1034-1043

helix region of cTnl with the C-lobe of cTnC (Wang
et al., 2001), strongly suggesting that the stability of
this interaction plays a critical role in determining
the Ca?* sensitivity of cardiac myofilaments.

A recent NMR spectroscopic study has reported
that EGCg binds to the C-terminal half peptide of
c¢TnC very weakly with a Kp of 0.4-1 mM (Robertson
et al., 2009). However, aromatic stacking of EGCg
occurs in aqueous solution at high concentrations of
EGCg (Kitano et al., 1997; Wroblewski et al., 2001),
and this additional equilibrium would confound
accurate Kp determination in NMR spectroscopy
(Robertson et al., 2009). In fact, a fluorescence spec-
troscopic study using low concentrations of EGCg
shows that EGCg strongly binds to cTnC with a Kp of
3—4 uM (Liou et al., 2008). The present QCM study
also shows that EGCg binds to cTnC with
a high affinity (Kp value 15 pM). A significant
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Effects of EGCg on cardiac muscle function of HCM mice. (A) Maximum and minimum derivatives of left ventricular pressure determined on
working heart preparations. The data represent the means = SE for the numbers of hearts indicated in parentheses. (B) Cardiac outputs from
isolated working hearts of 2-3 months old mice. The data represent the means = SE of n hearts. (C) Ca?* transients induced by electrical
stimulation at 3 Hz in left ventricular cardiomyocytes. The data represent the means = SE of parameters determined on nine cardiomyocytes from
three3 hearts. **P < 0.01 versus non-Tg mice in panel A; *P < 0.05, **P < 0.01 versus WTcTnT-Tg mice in panels B and C (Dunnett’s multiple
comparison test). EGCg, (-)-Epigallocatechin-3-gallate; HCM, hypertrophic cardiomyopathy.

Ca?*-desensitizing effect of EGCg, however, was only
detected at above 30 pM on the skinned cardiac
muscle fibres. Although the reason for this discrep-
ancy remains to be elucidated, it should be noted
that the effective concentrations of Ca?*-sensitizers
pimobendan and EMD57033 in skinned cardiac
muscle fibres were also reported to be much higher
than those estimated in vivo (Fujino etal., 1988,
Solaro et al., 1993; Chu et al., 1999), suggesting that
drugs generally have much lower potency in
skinned cardiac muscle preparations than in vivo. In
the present study, a low concentration of EGCg
(3 uM) improved the diastolic dysfunction of the
hearts of AE160cTnT-Tg mice and increased their
cardiac output. We found that the peak amplitude
and the peak rates of increase and decrease in cyto-
plasmic Ca* were significantly decreased in the car-

domyocytes of AE160cTnT-Tg mice, irrespective
of the fact that the hearts of these mice showed
no significantly altered myocardial contractility
assessed by the left ventricular dP/dtmax. These find-
ings suggest that sarcoplasmic reticulum (SR) func-
tion in AE160cTnT-Tg mice might be reduced to
suppress an enhanced contractility expected to be
caused by increased myofilament Ca** sensitivity at
the cost of retardation of relaxation, in an opposite
manner to the case we have demonstrated in a
mouse model of dilated cardiomyopathy caused by
decreased myofilament Ca® sensitivity (Du et al.,
2007). We also found that EGCg increased the Ca**
transient in AE160cTnT-Tg mice without changing
the myocardial contractility assessed by the left
ventricular dP/dtmax and improved the diastolic dys-
function without changing the resting Ca*" level.
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These results suggest that EGCg restores the
impaired cardiac pump function due to diastolic
dysfunction by reversing the increased Ca*" sensitiv-
ity of cardiac myofilaments. Although further
studies are needed to see if EGCg has any direct effect
on SR function, the enhancement of Ca?* transients
by EGCg should be at least partly due to a decrease in
sarcomeric Ca*" buffering that could be caused by
Ca?* desensitizing effect of EGCg on ¢TnC.

HCM is an inherited cardiac disease with a high
prevalence and is the main cause of sudden death of
young adults, with no therapy being currently
established. Many mutations in genes for sarcomeric
proteins have been found to cause HCM (Harada
and Morimoto, 2004; Marian, 2005), and increased
Ca?* sensitivity of cardiac myofilaments is found to
be a primary cause for the pathogenesis of HCM, at
least those forms associated with the mutations in
the regulatory proteins ¢TnT, ¢Tnl, ¢TnC and
a-tropomyosin (Ahmad et al., 2005). To our knowl-
edge, EGCg and ECg are the first chemical com-
pounds that could ameliorate diastolic dysfunction
of HCM, at least partially, through their direct Ca*-
desensitizing effects on cardiac myofilament. The
present study suggests that EGCg or ECg might be a
useful material or lead compound for development
of therapeutic agents to treat the inherited HCM
caused by increased myofilament Ca® sensitivity.
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Sex differences in the risk profile and male
predominance in silent brain infarction in community-
dwelling elderly subjects: the Sefuri brain MRI study

Yuki Takashima!, Yoshikazu Miwa2, Takahiro Mori!, Manabu Hashimoto!, Akira Uchino?, Takefumi Yuzuriha!,

Toshiyuki Sasaguri? and Hiroshi Yao!

Although brain infarction is more common in men, the male predominance of silent brain infarction (SBI) was inconsistent in
the earlier studies. This study was to examine the relationship between sex differences in the risk profile and SBI. We conducted
a population-based, cross-sectional analysis of cardiovascular risk factors and SBI on MRI. We asked all the female participants
about the age at natural menopause and parity. SBI was detected in 77 (11.3%) of 680 participants (266 men and 414
women) with a mean age of 64.5 (range 40-93) years. In the logistic analysis, age (odds ratio (OR)=2.760/10 years, 95%
confidence interval (CI)=2.037-3.738), hypertension (OR=3.465, 95% Cl=1.991-6.031), alcohol intake (OR=2.494, 95%
Cl=1.392-4.466) and smoking (OR=2.302, 95% Cl=1.161-4.565) were significant factors concerning SBI. Although SBI was
more prevalent among men, this sex difference disappeared on the multivariate model after adjustment for other confounders.

In 215 women aged 60 years or older, age at natural menopause, early menopause, duration of menopause, number of children
and age at the last parity were not significantly associated with SBI after adjustment for age. Hypertension and age were
considered to be the major risk factors for SBI in community-dwelling people. Male predominance in SBI was largely due

to higher prevalence of alcohol habit and smoking in men than in women in our population.

Hypertension Research (2010) 33, 748-752; doi:10.1038/hr.2010.69; published online 30 April 2010
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INTRODUCTION
Brain infarction is more common in men.! Male sex may be a risk
factor for symptomatic stroke, whereas premenopausal women
appeared to be protected from cardiovascular events or stroke.
Exceptions were groups of 35-44 years and over 85 years, in which
women had slightly greater stroke incidence than men.? Estrogen may
have beneficial effects on endothelial function and atherosclerosis in
addition to the hormone’s effects on serum lipid concentrations,
raising the possibility of sex differences in arterial remodeling.> The
ability to have children at older age may be a marker for slow aging
and extreme longevity.* On the contrary, Zhang et al.® have found that
high gravity and high parity were associated with a higher risk of
ischemic stroke. In the Framingham Heart Study, early menopause
was associated with an increased incidence of ischemic stroke.® Taken
together, female sex may be a non-modifiable protective factor against
symptomatic ischemic stroke. However, the male predominance of
silent brain infarction (SBI) was inconsistent in the earlier studies.”=!!
With regard to SBI, the North Manhattan Study found that male
sex was independently associated with SBI on a multivariable logistic

regression model.” Although the Rotterdam Scan Study reported a
higher prevalence of SBI among women than men, the sex difference
was no longer statistically significant when adjusted for other risk
factors.® In a population-based consecutive autopsy series of residents
(the Hisayama Study), SBI tended to be more frequent (non-signifi-
cant on multivariate analysis) in female among 713 subjects without
clinical stroke: 16.2% of 390 men and 19.2% of 323 women with a
mean age at death of 78.3 years.” In contrast, sex was not indepen-
dently associated with an increased risk of SBI in the Cardiovascular
Health Study and Framingham Offspring Study.’®!! In this study, we
conducted a population-based, cross-sectional analysis of brain MRI
findings to examine the relationship between sex differences in the risk
profile and SBI.

METHODS

Between 1997 and 2007, we randomly contacted approximately 1200 inhabi-
tants aged 40 years or older, living in the rural community of Sefuri village,
Saga, Japan, through the village office, and 720 subjects (60%) visited for their
first MRI examination. These subjects were living independently at home
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without apparent dementia. Eight subjects did not undergo MRI examination
because of claustrophobia (1=5) and contraindications for MRI (n=3).
Subjects with a history of stroke (n=18), brain tumor (n=5), malignant
neoplasm (n=2), psychiatric disorders including depression (n=3) or a history
of head trauma (n=4) were also excluded. Two cases of transient ischemic
attack were included in subjects with a history of stroke: one had progressed to
overt stroke 2 days later and the other proved to be a small putamenal
hemorrhage on MRIL. The National Hospital Organization Hizen Psychiatric
Center Institutional Review Board approved the study (No. 15-1), and written
informed consent was obtained from all subjects.

Participants underwent a structured clinical interview, a neurological exami-
nation, general hematology tests, biochemistry tests and ECGs. Blood pressure
was measured in the sitting position by the standard cuff method after a 5-min
rest. Vascular risk factors were defined as described earlier.!>!3 Briefly, arterial
hypertension was considered present if a subject had a history of repeated
blood pressure recordings above 140/90 mm Hg or the subject was being treated
for hypertension. Diabetes mellitus was defined as fasting plasma glucose
>7.77mmoll™! and/or HbAlc >6.0%, or an earlier diagnosis of diabetes
mellitus. Hyperlipidemia was defined as total serum cholesterol concentration
>5.69mmoll™! or if the subject was being treated for hyperlipidemia. We
obtained information about usual alcohol intake and type of alcohol consumed
from a detailed questionnaire as described earlier.'®> We defined one drink as
10 g of ethanol, calculated as follows: 350 ml beers as 1.4 drinks, 180 ml sake
(rice wine) as 2.2 drinks, 180 ml shochu (white spirits) as 3.6 drinks, 60 ml
whisky as 2.0 drinks and 120 ml wine as 1.2 drinks. In this study, we defined
alcohol intake as one drink or more per week, because the earlier study from
the same population revealed that even light drinkers had the similar risk
for SBI (odds ratio (OR)=4.1, 95% confidence interval (CI)=1.7-10.0) as
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moderate drinkers (OR=3.1, 95% CI=1.3-7.0). Former drinkers were con-
sidered non-drinker in this study. Smoking was defined as present if the
subject smoked at least an average of 10 cigarettes per day.

We asked all the female participants about items discussed below using a
questionnaire, and analyzed potential risk factors for SBI in 215 women aged
60 years or older in relation to age at natural menopause and parity. Natural
menopause was considered to occur if a woman had ceased menstruating
naturally for at least 1 year. Age at natural menopause was the self-reported age
at last menstrual period. Early menopause was defined as natural menopause
before age 40. Women were also queried as to the cause of menopause (natural,
surgical, other), whether a hysterectomy was performed, number of ovaries
removed, the use of hormone replacement therapy, the total number of
children and the age at giving birth to her last child. Subjects with non-natural
menopause were excluded from the analysis.

The combination of TIWI, T2WI and FLAIR images is required to
accurately detect both SBI and white matter lesions (WMLs).!* Therefore, T1
weighted (TR/TE=510/12ms), T2 weighted (TR/TE=4300/110 ms) and FLAIR
(TR/TI/TE=6750/1600/22 ms) images were obtained with a slice thickness of
6 mm with a | mm interslice gap with an MRI (1.0T, Shimadzu Magnex XP,
Kyoto, Japan). SBI was shown as low signal intensities on T1-weighted images,
and their size was 5mm or larger as described earlier (Figure 1).1213
We differentiated enlarged perivascular spaces from SBI on the basis of their
location, shape and size.'*!¢ The WMLs were defined as isointense with normal
brain parenchyma on Tl-weighted images, high signal intensity areas on
T2-weighted images and were classified into deep white matter lesions
(DWMLs) and periventricular hyperintensities (PVHs). We used the validated
rating scale of DWMLs by Fazekas et al!”: Grade 0, absent; Grade 1, punctate
foci; Grade 2, beginning confluence of foci; Grade 3, large confluent areas.

Figure 1 (a-c) An 80-year-old man with silent brain infarction (SBI) in the right thalamus (arrow) and the left basal ganglia (arrow head). The SBI is shown
as low signal intensity on the T1 weighted (A), high signal intensity on the T2 weighted and iso or high signal intensity with or without low intensity at the
center on the fluid-attenuated inversion recovery (FLAIR) images. (d) A 70-year-old man with dilated periventricular spaces in the bilateral lower one-third of

basal ganglia (circles). Bar indicates 10mm. L, left.
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For PVHs, we determined the presence and severity (Grade 0, absent; Grade 1,
pencil thin; Grade 2, smooth halo lining) using FLAIR images. All scans were
reviewed independently by two authors (HY and AU) who were blinded to all
clinical data. In the case of disagreement between the raters, a consensus
reading was held.

All values were given as meants.d. The data were analyzed with the
Predictive Analysis Software (PASW Statistics 18.0, formerly called SPSS
Statistics, SPSS Inc., Chicago, IL, USA). A significance level of 0.05 was used
in all analyses. For the univariate analysis, the t-test for continuous variables,
the %2 test for categorical variables and the non-parametric Mann—Whitney
U-test for variables with skewed distribution were used as appropriate. We
chose the variables for entry into the multivariate analysis based on the clinical
and neuroradiological findings after univariate testing. Multivariate analysis
was performed using the forward stepwise method of logistic analysis.

RESULTS

The subjects comprised 266 men and 414 women with a mean age
of 64.5 (range 40-93) years (Table 1). SBI, DWMLs and PVHs
were detected in 77 (11.3%), 204 (30.0%) and 121 (17.8%) of 680
participants, respectively. The prevalence of all these MRI findings
increased steeply with age, whereas SBI alone were more frequent in
men than in women (Figure 2). Of 77 subjects with SBI, 73 (95%) had
only lacune(s) and 51 of 73 subjects (70%) had a single lacune.

The mean age at natural menopause was 48.7 + 4.4 years (a median
of 50 years), and the mean number of children was 3.5 + 1.4 (a median
of 3). Age at natural menopause, early menopause (10 of 215 women)
and age at the last parity were not significantly associated with SBI
(Table 2). Although duration of menopause (P=0.010) and number of
children (P=0.052) tended to be associated with SBI on univariate
analysis, these associations did not persist after adjustment for age. In
this group of female subjects aged 60 years or older, alcohol habit was
independently associated with SBIL. Even if hypertension, diabetes
mellitus and hyperlipidemia were forced into the multivariate model
regardless of statistical significance, they did not affect the results
of Table 2.

In the logistic analysis, age (OR=2.760/10 years, 95% CI=2.037-
3.738), hypertension (OR=3.465, 95% CI=1.991-6.031), alcohol
intake (OR=2.494, 95% CI=1.392—-4.466) and smoking (OR=2.302,
95% CI=1.161-4.565) were significant factors concerning SBI
(Table 3). Male sex was not significantly associated with WMLs.
Hypertension and age, but neither alcohol nor smoking, were the
major factors associated with both DWMLs and PVHs (Table 3).

Table 1 Sex differences in demographic measures

All Men Women

n=680 n=266 n=414
Age (years) 64.5+11.5 6431110 646+118
Education (years) 101124 105126 9.7t23
Body mass index (kg m-2) 23.0+3.2 23.0+3.2 22.9+3.3
Hypertension (%) 38.2 37.6 38.6
Systolic blood pressure (mm Hg) 138123 135+ 21 141 + 24*
Diastolic blood pressure (mm Hg) 79111 81+10 781 11**
Mean blood pressure (mm Hg) 99+13 99+12 99+ 13
Diabetes mellitus (%) 9.6 15.4 5.8%*
Hyperlipidemia (%) 238 19.9 31.9%
Alcohol (%) 39.1 74.1 16.7**
Smoking (%) 16.3 38.7 1.9**

Values are mean t s.d.
*P=0.002, **P<0.001 vs. men.
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Although SBI was more prevalent among men on univariate analysis
(P=0.015), this sex difference disappeared on the multivariate model
after adjustment for other confounders. Age, body mass index,
hypertension and blood pressure were well balanced between men
and women (Table 1). Hypertension was present in 260 (38.2%)
of 680 subjects. Blood pressure levels were 126 + 16/76 + 9, 153 £ 20/
81+11 and 166+17/89% 10mmHg in normotensive subjects
(n=420), treated hypertensive subjects (n=169) and non-treated
hypertensive subjects (n=91), respectively. Common vascular risk
factors such as diabetes mellitus, alcohol and smoking were more
frequent in men, and more frequent hyperlipidemia in women.

DISCUSSION

This is the first study, which showed that higher prevalence of lifestyle
risk factors rather than sex explains the male predominance of SBI. We
found a prevalence of SBI of 11.3% in community-dwelling subjects
with a mean age of 64.5 years. This is comparable with two prior
studies, the Atherosclerosis Risk in Community (ARIC) Study'® and
the Framingham Heart Study'! (prevalence and mean age: 11%, 63
years and 10.7%, 61 years, respectively). A Japanese brain check-up
study, among participants who received MRI at their own expense,
reported a similar prevalence of 10.6%.1° This study showed that age,
hypertension, alcohol habit and smoking were independently asso-
ciated with SBI. We found a male predominance of SBI (15.0% in men
vs. 8.9% in women), which was similar to the North Manhattan Study
(21.3% in men vs. 15.2% in women).” However, male sex was not
significantly associated with SBI after adjustment for other vascular
risk factors. In other words, higher prevalence of risk factors such as
alcohol and smoking in men produced male predominance of SBI
in this study.

Prevalence (%)
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Figure 2 Prevalence of silent brain infarction (SBI), deep white matter
lesions (DWMLs) and periventricular hyperintensities (PVHs) with increasing
age in male and female participants. ’
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In this study, assumed risk factors unique to women such as early
menopause did not associate with SBI, and older age at the last parity,
as a potential marker for longevity, seemed negative in terms of
preventing SBI in women. Age at natural menopause, early menopause
and age at the last parity were not significantly associated with SBIL
Duration of menopause and number of children, which tended to be
associated with SBI on univariate analysis, were not significant after
adjustment for age. As the majority of silent infarcts are related to
small vessel disease, menopause and parity might not be detected as
factors relevant to SBL. Alternatively, the age at menopause and parity
might be an important risk for atherosclerosis (for example large-
artery occlusive infarction, carotid atherosclerosis and coronary heart
disease).2%-22 Strengths of this study include that it is population based
and includes a relatively large number of residents. The limitation of
this study would be that we could not provide the sex differences in
incidence of SBI because of the cross-sectional nature. The Rotterdam
Scan Study, which reported higher prevalence of SBI among women
than men,® showed similar SBI incidence for both sexes.® Sex
differences in SBI incidence need to be further investigated in future
studies. Another limitation of this study would be that women
before age 60 were excluded from the analysis for the effects of
natural menopause and parity on SBI, because SBI was rare before
60 years (2 of 139 women). Therefore, we cannot exclude the

Table 2 Menopause, parity and silent brain infarction among women
aged 60 years or older

Multivariate

Univariate
P 0dds ratio 95% Cl P

Age (per 10 years) 0.004 2573 1.395-4.746 0.002
Alcohol 0.081 3.475 1.070-11.285 0.038
Age at natural menopause 0.506

Early menopause 0.119

Duration of menopause 0.010

(per 10 years)

No. of children 0.052

Age at the last parity 0.149

Abbreviation: Cl, confidence interval.
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possibility that early menopause or high parity could be the basis
for SBI at younger ages.

Age and hypertension are the most widely accepted risk factors for
SBI, and other cardiovascular risk factors for symptomatic stroke were
also found to raise the risk of SBL.?4 In the longitudinal Rotterdam
Study, age, blood pressure, diabetes mellitus, cholesterol, homocys-
teine levels and smoking were associated with new SBI in participants
without prevalent infarcts.?? Similarly, the Framingham Offspring
Study showed that atrial fibrillation, hypertension, systolic blood
pressure and an elevated plasma homocysteine, but neither age nor
gender were independently associated with an increased risk of SBL.'!
As most of silent infarcts are subcortical lacunar infarction, risk factors
for SBI are similar to those of lacunar infarction or the small vessel
disease. Recently, the community-based PATH Through Life Study
showed that hypertension was the major treatable risk factor for
lacunar infarcts.2> Therefore, the present results are compatible with
those reported earlier in terms of risk factor profiles of SBI.

Two earlier studies, the Cardiovascular Health Study and the ARIC
Study, have investigated the effects of alcohol intake on subclinical
MRI findings.?*?” The Cardiovascular Health Study found that
moderate alcohol consumption in older adults, aged 65 years or
older was associated with a lower prevalence of SBI, whereas the
ARIC Study showed that alcohol intake in middle-aged adults was not
associated with MRI infarction. Our earlier study as well as this study
revealed that even a low amount of regular drinking may be a risk
factor for SBI in community-dwelling Japanese people.* Effects of
alcohol on SBI were evident also in the selected group of female
subjects with natural menopause aged 60 years or older (Table 3).
Discrepancies between the results of our study and those of the earlier
studies may be partly explained by racial differences such as obviously
lower body mass index of Japanese compared with those of western
populations, and the frequent genetic deficiency in alcohol detoxifica-
tion in Japanese and Orientals.2® Furthermore, among a Japanese
population, lacunar infarction was the most common subtype of
cerebral infarction,? whereas stroke registries of western countries
have reported lower frequencies of lacunar infarction than of ather-
othrombotic and cardioembolic infarction. Alcohol may be partly
protective against proximal segment of the cerebrovascular tree, but
not for small vessels or SBI.

The relationship between smoking and SBI has been unclear. With
regard to symptomatic stroke, an early meta-analysis revealed that the

Table 3 Potential risk factors for silent brain infarction and white matter lesions

Silent brain infarction

Deep white matter lesions

Periventricular hyperintensities

) Muitivariate Multivariate Multivariate
Univariate Univariate Univariate
P 0Odds ratio 95% Cl P P 0dds ratio 95% Cl P P 0dds ratio 95% Ci P
Age (per 10 years)  0.000 2,760  2.037-3.738 0.000 0.000 2.084 1.737-2.502 0.000 0.000 3.478 2.648-4.570 0.000
Sex (male) 0.015 NS NS
Hypertension 0.000 3.465 1.991-6.031 0.000 0.000 1611 1.120-2.315 0.010 0.000 1.637 1.045-2.564 0.031
Diabetes mellitus 0.138 0.035 1914 1.092-3.355 0.023 NS
Hyperlipidemia 0.171 0.159 NS
Alcohol 0.032 2.494 1.392-4.466 0.002 NS NS
Smoking 0.018 2.302 1.161-4.565 0.017 0.100 0.121
Uric acid (per mg 0.000 0.150 0.019 1.167 1.001-1.361 0.048
per 100ml)

Abbreviations: Cl, confidence interval; NS, non-significant.
P>0.2.
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relative risk of stroke associated with smoking was 1.5 (95% Cl=
1.4-1.6).3% Subarachnoid hemorrhage was most clearly associated
with smoking, and cerebral infarction was almost twice as likely in
smokers compared with non-smokers. Although smoking may be
more strongly related to atherogenic strokes rather than small vessel
disease,3! the smoking-associated increased risk was found for lacunar
infarction.3>® Mannami et al33 summarized several plausible
mechanisms for smoking-related risk of stroke such as hypercoagul-
able states, reduced blood flow, reduced HDL cholesterol and direct
injury to endothelial cells. The ARIC Study showed that current
smoking and hypertension both almost doubled the odds of SBI
(1.88 for current smoking, 2.00 for hypertension).!”® In a high-risk
Japanese community-dwelling population, smoking status and systolic
blood pressure were independent determinant of the number of
SBI.34 This study also found an independent association of smoking
with SBL. Of note, the higher prevalence of SBI in men was partly
due to the fact that smoking habit in women was extremely low in
our population.

In conclusion, age, hypertension, alcohol and smoking were
considered to be the risk factors for SBI in community-dwelling
people. We showed that higher prevalence of alcohol habit and
smoking in men than in women rather than biological effects of sex
resulted in apparent male predominance in SBI in our population.
Therefore, modification of the lifestyle risk factors would prevent SBI
particularly in men and even in women with personal habits such
as alcohol consumption and cigarette smoking.
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Background: Differentiation-inducing factor-1 (DIF-1) is a putative morphogen that induces cell differentiation in
Dictyostelium discoideum. DIF-1 inhibits proliferation of various mammalian tumor cells by suppressing the
canonical Wnt/B-catenin signaling pathway. To assess the potential of a novel cancer chemotherapy based on the
pharmacological effect of DIF-1, we investigated whether DIF-1 exhibits anti-angiogenic effects in vitro and in vivo.

Results: DIF-1 not only inhibited the proliferation of human umbilical vein endothelial cells (HUVECs) by restricting
cell gycle in the Gy/G, phase and degrading cyclin D1, but also inhibited the ability of HUVECs to form capillaries
and migrate. Moreover, DIF-1 suppressed VEGF- and cancer cellsinduced neovascularization in Matrigel plugs
injected subcutaneously to murine flank. Subsequently, we attempted to identify the mechanism behind the anti-
angiogenic effects of DIF-1. We showed that DIF-1 strongly decreased vascular endothelial growth factor receptor-2

(VEGFR-2) expression in HUVECs by inhibiting the promoter activity of human VEGFR-2 gene, though it was not-
caused by inhibition of the Wnt/B-catenin signaling pathway.

Conclusion: These results suggested that DIF-1 inhibits angiogenesis both in vitro and in vivo, and reduction of
VEGFR-2 expression is involved in the mechanism. A novel anti-cancer drug that inhibits neovascularization and
Ltumor growth may be developed by successful elucidation of the target molecules for DIF-1 in the future.

Background
Angiogenesis is a multi-step process essential for tumor
growth and metastasis, which involves endothelial cell
proliferation, migration and capillary formation [1-4].
Among many soluble and matrix-derived angiogenic
growth factors and regulators of angiogenesis involved
in neovascularization, vascular endothelial growth factor
(VEGE) plays a crucial role in the proliferation, migra-
tion and survival of vascular endothelial cells [2,5-7].
The VEGEF family consists of six members, VEGF-A,
VEGE-B, VEGE-C, VEGF-D, VEGF-E and the placenta
growth factor (PLGF) [4,7,8]. Among them, VEGF-A is
known as the most important factor for many
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angiogenic processes. VEGF-A binds to two tyrosine
kinase receptors, VEGFR-1 (Flt-1) and VEGFR-2 (KDR/
Flk-1) [2,8-11]. Signaling through VEGFR-1 is related to
embryonic angiogenesis and acts as a regulator of
VEGFR-2 [7,8,12,13]. Although the affinity of VEGFR-2
for VEGF is lower than that of VEGFR-1, VEGER-2 is
more potent than VEGFR-1 in stimulating endothelial
cell proliferation and migration [11,14]. VEGFR-2
expression is almost restricted to vascular endothelial
cells and it has been reported that VEGFR-2 expression
was markedly up-regulated during chronic inflamma-
tion, wound repair and tumor growth [5,15,16].
Differentiation-inducing factors (DIFs) were identified
in Dictyostelium discoideum as morphogens required for
stalk cell differentiation [17]. In the DIF family, DIF-1
(1-(3, 5-dichloro-2, 6-dihydroxy-4-methoxyphenyl)-1-
hexanone) was the first to be identified. The actions of

© 2010 Yoshihara et al: licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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DIFs are not limited to Dictyostelium and they strongly
inhibit the proliferation of human cells [18,19]. Pre-
viously, we reported that DIFs inhibited the Wnt/B-cate-
nin signaling pathway via glycogen synthase kinase-33
(GSK-3p) activation, leading to cell cycle arrest at Go/Gi
phase through suppression of cyclin D1 expression in
various human tumor cells [20-23]. It is well known
that the Wnt/B-catenin signaling pathway plays a num-
ber of key roles in embryonic development and mainte-
nance of homeostasis in matured tissues. And also, this
signaling pathway has been reported to play important
roles in the proliferation and migration of endothelial
cells, resulting in the promotion of angiogenesis [24-28].
In this study, we investigated the effect of DIF-1 on
angiogenesis in in vitro and in vivo systems. We
revealed that DIF-1 decreased the expression of VEGFR-
2 in protein and mRNA levels via the suppression of the
promoter activity by a Wnt/B-catenin signaling path-
way-independent mechanism. Our results suggest that
the suppression of VEGFR-2 expression could be one
mechanism of the inhibition of angiogenesis induced by
DIF-1 and that DIF-1 suppressed not only the Wnt/B-
catenin signaling pathway but also neovascularization.

Results

DIF-1 inhibited HUVEC proliferation

DIF-1 exhibits powerful anti-proliferative effects in var-
ious mammalian cells [18-23] and we previously
reported that DIF-3 induced cell cycle arrest by redu-
cing cyclin D1 in HUVECs [20]. In this present study,
we first examined whether DIF-1 also inhibited HUVEC
proliferation. As shown in Figure 1A, DIF-1 strongly
inhibited HUVEC proliferation in a dose-dependent
manner. This anti-proliferative effect was unlikely to be
caused by cytotoxicity, because the number of dead cells
indicated by the trypan blue exclusion test was not
increased by treatment with DIF-1 (data not shown).
We next examined the effects of DIF-1 on cell cycle dis-
tribution using flow cytometry. As shown in Figure 1B,
the cell population in the Go/G; phase significantly
increased and the population in S and G2/M phases
decreased, indicating that DIF-1 induced Go/G; arrest in
HUVECs. These results were consistent with that pub-
lished in our previous reports [19-21].

DIF-1 induced proteolysis of cyclin D1 in HUVECs

We previously reported that DIF-1 had strong effects on
cyclin D1 protein level [21,22]. Therefore, we examined
the effects of DIF-1 on cyclin D1 protein quantity using
HUVECs. DIF-1 rapidly reduced the protein level of cyclin
D1 in time- and dose-dependent manners (Figure 2A and
2B, respectively). Next, we examined the effects of protea-
some inhibitor MG132, since cyclin D1 has been reported
to be degraded by ubiquitin-dependent proteolysis.
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MG132 significantly attenuated the effects of DIF-1, indi-
cating that DIF-1 induced proteolysis of cyclin D1 in
HUVECs (Figure 2C).

DIF-1 inhibited angiogenesis in vitro

To evaluate the effects of DIF-1 on angiogenesis in vitro,
we performed tube formation assay. HUVECs formed
blood vessel-like structure (tubes) on Matrigel-coated
wells following incubation for 8 h. However, DIF-1-trea-
ted HUVECs almost failed to form vessel-like structures
and the number of areas surrounded by tubes was sig-
nificantly smaller than that in control cells (Figure 3A).
Subsequently, the effects of DIF-1 on HUVECs migra-
tion were evaluated using a Boyden Chamber. Although
the cells migrated into the lower chamber even in the
absence of VEGF, the number of migrating cells
increased by about 30% when VEGF was added to the
lower chamber. Therefore, VEGF was added to the
lower chamber when the effect of DIF-1 was investi-
gated. Although VEGF in the lower chamber induced
cell migration after incubation for 10 h, DIF-1 signifi-
cantly reduced the number of migrated cells (Figure 3B).
These results clearly indicated that DIF-1 inhibited
angiogenesis in vitro.

DIF-1 inhibited angiogenesis in vivo

We examined the effects of DIF-1 on angiogenesis
in vivo by Matrigel plug assay. VEGF containing-Matri-
gel was prepared with or without DIF-1 (30 pM) and
injected into the flanks of mice. As shown in Figure 4,
blood vessels indicated by the expression of PECAM-1/
CD31, an endothelial cell-specific antigen, were strongly
induced into the injected Matrigel plugs. On the other
hand, the level of PECAM-1/CD31 expression was sig-
nificantly lower in DIF-1-containing Matrigel plugs than
in the control plugs, indicating the presence of fewer
blood vessels.

Subsequently, we examined the effects of DIF-1 on
tumor-induced angiogenesis using HeLa cells. Two
weeks after injection, Matirgel/HeLa cell mixture formed
tumor mass and blood vessels were grown into the
mass. Immunohistochemical analysis of PECAM-1/
CD31 in tumor masses clearly showed that the content
of blood vessels was much less in DIF-1-containing
masses (Figure 5A-I). This finding was also confirmed
by Western blot analysis. As shown in Figure 5], the
level of PECAM-1/CD31 expression was significantly
lower in DIF-1-containing masses than in the control
masses. These results indicated that DIF-1 inhibited
blood vessel growth induced by VEGF and tumor cells.

DIF-1 decreased VEGFR-1 and VEGFR-2 protein expression
It is well known that VEGEF-A, a major regulator for
angiogenesis, binds to VEGFR-1 (Flt-1) and VEGFR-2

— 353 —



Yoshihara et al. Molecular Cancer 2010, 9:245 Page 3 of 15
http://www.molecular-cancer.com/content/9/1/245
( 1
A B
107
ol control DIF-1 (30 pM)
contro
% 8- . GG, § GyM GG, § GM
% DIF-1 10 pM. - ——
c £
© *oke £100 100
T 4 4 DIF-120pM &
I= 4
X o ol "ok = 50 50
DIF-1 30 pM Q
0 L] L] L) 1]
0 1 2 3 PI fluorescence PI fluorescence
Day
*
G/G, (%) 309£23 68.6 +2.9"
S(%) 163=x15 87+06"
Gy/M (%) 528+ 34 22.7 £ 23"
Figure 1 DIF-1 inhibited HUVECs proliferation. (A) Cell proliferation assay. HUVECs seeded on a 24-well plate (1.0x10* cells/well) were
incubated with various amount of DIF-1. Cells were harvested by trypsin/EDTA treatment at the times indicated and enumerated. Values are
mean + SE of three independent experiments and statistically analyzed using a one-way ANOVA with Bonferroni post-hoc test. The asterisk
indicates *P < 0.05 and **P < 0.01 versus control. (B) Flow cytometry. HUVECs were incubated with DIF-1 (30 uM) for 24 h and then harvested
by the trypsin/EDTA treatment. Cells were stained with propidium iodide (Pl) and fluorescence of nuclei was measured. The percentages of cell
number in the cell cycle phases are also shown. The results are means + SE of three independent experiments. The asterisk indicates *P < 001
L and **P < 0,001 versus control. »

(KDR/FIlk-1) to transduce its signal. To clarify the
mechanism by which DIF-1 suppresses angiogenesis,
first we examined the effects of DIF-1 on VEGFR-1 and
VEGFR-2 expression in HUVECs by Western blot ana-
lysis. As shown in Figure 6A, although DIF-1 signifi-
cantly reduced the expression of both receptors in
HUVECs, the effect was much stronger in VEGFR-2
than VEGFR-1.

VEGF increases VEGFR-2 phosphorylation on Tyr!'”>
for activation [29-31]. Although DIF-1 decreased the
phosphorylation level of Tyr''”®> on VEGFR-2 in a time-
dependent manner, it was parallel with the time course
of the VEGFR-2 protein amount, indicating that DIF-1
had no significant effects on the level of VEGFR-2 phos-
phorylation (Figure 6B).

DIF-1 reduced VEGFR-2 protein synthesis
To clarify the mechanism of DIF-1-induced VEGFR-2
protein suppression, we first examined the effects of
DIF-1 on VEGFR-2 degradation using protein synthesis
inhibitor cycloheximide. As shown in Figure 7A, DIF-1
did not accelerate reduction in VEGFR-2 protein quan-
- tity, indicating that DIF-1 had no significant effects-on
VEGFR-2 proteolysis.
Next, we investigated VEGFR-2 protein synthesis.
HUVECs were pretreated with cycloheximide for 3 h
and then the medium was changed to fresh growth

medium to wash out cycloheximide. As shown in Figure
7B, after VEGFR-2 protein disappeared following cyclo-
heximide treatment, it was rapidly restored and reached
a plateau after 1 h incubation. However, restoration of
VEGFR-2 protein was significantly delayed by DIF-1
treatment.

DIF-1 suppressed VEGFR-2 mRNA level and VEGFR-2
promoter activity

Subsequently, we examined the effect of DIF-1 on the
mRNA expression of VEGFR-2 in HUVECs by real-time
PCR analysis and found that DIF-1 significantly sup-
pressed VEGFR-2 mRNA level (Figure 8A). We further
examined the effects of DIF-1 on human VEGFR-2 gene
promoter activity using a luciferase reporter plasmid.
Since the efficiency of DNA transfection in HUVECs
was low (10% to 20%), we also employed BAECs in
which transfection efficiency was much higher (60% to
70%) [32]. As shown in Figure 8B and 8C, luciferase
reporter activity driven by the 5'-flanking region of
human VEGFR-2 gene in HUVECs (B) or BAECs (C)
was increased as incubation proceeded. However, the
promoter activity was not significantly increased in DIF-
1-treated HUVECs and BAECs. Therefore DIF-1
appeared to suppress VEGFR-2 protein and mRNA
expressions by inhibiting the promoter activity in
HUVECs.
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Figure 2 The effect of DIF-1 on cyclin D1 protein amount. (A) Time-course. HUVECs were incubated with or without DIF-1 (30 uM) for the
periods indicated. Samples were subjected to Western blot analysis using the anti-cyclin D1 antibody. The membrane was re-probed with the
anti-GAPDH antibody. The levels of protein bands were quantified and shown as percentages of the control level at time 0. Values are mean +
SE of three independent experiments. The asterisk indicates *P < 0.01 and **P < 0.001 versus control. (8) Dose dependency. HUVECs were
incubated with or without various amount of DIF-1 for 4 h. Samples were subjected to Western blot analysis using the anti-cyclin D1 antibody.
The membrane was re-probed with the anti-GAPDH antibody. The levels of protein bands were quantified and shown as percentages of the
control level. Values are mean + SE of three independent experiments. The asterisk indicates *P < 0.001 versus control. (C) Effect of MG132.
HUVECs were pretreated with MG132 (10 pM) for 3 h and incubated with or without DIF-1 (30 uM) for 6 h. Samples were subjected to Western
blot analysis using the anti-cyclin D1 antibody and the membrane was re-probed with the anti-GAPDH antibody. The levels of protein bands are
quantified and shown as percentages of the degraded amounts. Values are mean + SE of three independent experiments. The asterisk indicates

*P < 001 and versus control.
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Wnt-3a suppressed VEGFR-2 promoter activity

As previously reported, DIF-1 suppressed the Wnt/B-
catenin signaling pathway by activating GSK-3f in
tumor cells. Moreover, the Wnt/B-catenin signaling
pathway has been shown to play an important role in
promoting angiogenesis. Therefore, we examined the
involvement of the Wnt/B-catenin signaling pathway in
DIF-1-induced VEGFR-2 suppression. As shown in Fig-
ure 9A, DIF-1 significantly inhibited TOPflash (TCF
reporter plasmid) activity, whereas it did not affect FOP-
flash (negative control) activity. Furthermore, as shown
in Figure 9B, DIF-1 reduced the phosphorylation level of
Ser’ on GSK-3B, indicating that DIF-1 certainly

inhibited the Wnt/B-catenin signaling pathway by acti-
vating GSK-3f in HUVECs.

Although VEGEF is one of the target genes of the Wnt/
B-catenin signaling pathway [33,34], it has not been elu-
cidated whether VEGFR-2 gene also belongs to the tar-
get genes of this signaling pathway. Therefore, the
effects of Wnt3a as an activator of the Wnt/B-catenin
signaling pathway on VEGFR-2 protein expression were
examined. Although the amount of VEGFR-2 protein
was increased after a 24 h-incubation period, treatment
with Wnt3a suppressed VEGFR-2 protein increase
(Figure 10A). This observation was confirmed by the
luciferase reporter assay using the 5'-flanking region of
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Figure 3 DIF-1 inhibited in vitro angiogenesis. (A) DIF-1 inhibited tube formation of HUVECs. HUVECs were seeded in Matrigel-coated well
with or without DiF-1 30 M and incubated for 8 h. The tube formation of control HUVECs was normalized as 100%. Each value represents the
mean + SE of thiee independent experiments. The asterisk indicates *P < 001 versus control. The scale bars indicate 200 pm. (B) DIF-1 inhibited
the migration of HUVECs. HUVECs were seeded into the upper part of Boyden chamber. The lower compartments were filled with 600 pl of
DMEM supplemented with 0.19% bovine serum albumin and 20 ng/mil (0.52 nM) VEGF. After HUVECs were incubated for 10 h, the migrated cells
on the jower surface of the membrane were quantified by counting the number of cells in ten random fields per membrane and expressed as

indicate 500 pm.

cells/ffields (mean + SE). Data are representative of three other experiments. The asterisk indicates *P < 0.01 versus control. The scale bars

the human VEGFR-2 gene. As shown in Figure 10B,
Wnt3a suppressed VEGFR-2 promoter activity slightly
but significantly in HUVECs, whereas it clearly
increased TOPflash activity. These results indicated that
Wnt3a suppressed VEGFR-2 expression via inhibition of
promoter activity, suggesting that VEGFR-2 gene
expression was suppressed by activating the Wnt/
B-catenin signaling pathway.

Taken together, although DIF-1 suppressed the Wnt/
B-catenin signaling pathway in HUVECs as well as
tumor cells, inhibition of VEGFR-2 promoter activity
induced by DIF-1 was not due to suppression of this
signaling pathway.

Discussion

In this study, we demonstrated that DIF-1 strongly
inhibited angiogenesis in vitro and in vivo. As it is
known that VEGF-A signal plays a prominent role in
angiogenesis, we paid special attention to two types of
VEGF receptors, VEGFR-1 and VEGFR-2. Although
DIF-1 decreased the levels of protein expression of both
receptors on HUVECs, the effects were faster and stron-
ger in VEGFR-2 than VEGEFR-1. Activation of VEGFR-2

by VEGF-A depends on the phosphorylation status of
several tyrosine residues (such as 951, 1059, 1175, and
1214) in VEGFR-2. Among these tyrosine residues,
Tyr**”® is the binding site of phospholipase-Cy, a main
signal transducer of VEGFR-2 [32-34]. However, as
shown in Figure 6B, DIF-1 did not have significant
effects on the Tyr'?”> phosphorylation status, suggesting
that DIF-1 did not affect VEGFR-2 activation. Since
VEGFR-2 is a direct signal transducer for pathological
angiogenesis as observed in cancers, the powerful reduc-
tion of VEGFR-2 protein levels may be involved in DIF-
1 induced anti-angiogenic effects.

We also attempted to clarify the mechanism by which
DIF-1 reduced the amount of VEGFR-2 protein. DIF-1
affected the synthesis rather than proteolysis of VEGFR-
2. This was consistent with the result that DIF-1 inhib-
ited the mRNA expression and promoter activity of
VEGER-2. However, degrees of suppression of the

“mRNA expression (29%)-and promoter activity (24%)

were relatively small compared to VEGFR-2 protein
quantity suppression (93%) after 24 h-treatment with
DIF-1. The same sort of phenomenon was also observed
by Wnt3a (16% promoter activity suppression vs. 34%
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Figure 4 DIF-1 suppressed VEGF-induced angiogenesis in Matrigel plug. VEGF-containing Matrigel was injected subcutaneously into the
flanks of 6-week old C57/BL6 mice. Seven days later, Matrigel plug was extracted and embedded in paraffin. Sections were stained with
hematoxylin-eosin staining (A-D) and immunofluorescence staining using PECAM-1(CD31) (E-H) (Higher magnification of the boxed areas in A, C,
E and G are shown in B, D, F and H, respectively). The scale bars indicate 500 um. (I) The expression of PECAM-1 (CD31) was analyzed with
fluorescence microscopy and expressed as the strengtn of fluorescence in Matrigel-plug (mean = SE) of three independent experiments. The
¥asterisk indicates *P < 0.05 versus control.
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Figure 5 DIF-1 inhibited angiogenesis in xenograft tumor. (A-l) DIF-1 suppressed human cervical carcinorna cell line {Hela)-induced
angiogenesis. Hela cells mixed with liquid Matrigel in the presence or absence of 30 M of DIF-1 were injected subcutaneously into the flanks
of nude mice. The removed tumor sections were stained with hematoxylin-eosin staining (A-D) and immunofluorescence staining using PECAM-
1(CD31) (E-H) (Higher magnification of the boxed areas in A, C, E and G are shown in B, D, F and H, respectively). The scaie bars indicate 500
um. () The expression of PECAM-1 (CD31) was analyzed with fluorescence microscopy and expressed as the mean strength of fluorescence in
Matrigel-plug (mean + SE) of three independent experiments. (J) DIF-1 suppressed PECAM-1 protein expression in the rernoved tumors. The
samples of the removed tumaor were subjected to Western biot analysis using the anti-PECAM-1 (CD31) antibody. The membrane was re- probed
with the anti-GAPDH antibody. The levels of protein bands were quantified and are shown as percentage of the control level. Values are mean +
SE of three independent experiments. The asterisk indicates *P < 0.05, **P < 0001 versus control
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