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Acquisition of Brain Na Sensitivity Contributes to
Salt-Induced Sympathoexcitation and Cardiac Dysfunction
in Mice With Pressure Overload

Koji Ito, Yoshitaka Hirooka, Kenji Sunagawa

Abstract—In animal models of salt-sensitive hypertension, high salt augments sympathetic outflow via central mecha-
nisms. It is not known, however, whether pressure overload affects salt sensitivity, thereby modifying central
sympathetic outflow and cardiac function. We induced left ventricular hypertrophy with aortic banding in mice. Four
weeks after aortic banding (AB-4), the left ventricle wall thickness was increased without changing the percentage
fractional shortening. AB-4 mice were then fed either a high-salt (8%) diet or regular-salt diet for additional 4 weeks.
Cardiac dysfunction, wall thickness, and 24-hour urinary catecholamine excretion were increased with high-salt diet
compared with regular-salt diet. We then examined brain Na sensitivity. Intracerebroventricular infusion of high-Na (0.2
mol/L) artificial cerebrospinal fluid into AB-4 mice and mice Sham-4 increased urinary catecholamine excretion, arterial
pressure, and heart rate more in AB-4 mice than in Sham-4 mice. Intracerebroventricular infusion of an epithelial Na
channel blocker (benzamil) into mice with high-salt diet significantly decreased urinary catecholamine excretion and
improved cardiac function. Infusion of either an angiotensin II type 1 receptor blocker or a Rho-kinase inhibitor also
attenuated the salt-induced sympathetic hyperactivation and cardiac dysfunction in mice with high-salt diet. The levels
of angiotensin II type 1 receptor and phosphorylated moesin, a substrate of Rho-kinase, were significantly greater in
AB-4 mice than in Sham-4 mice. These results suggest that mice with pressure overload acquire brain Na sensitivity because
of the activation of epithelial Na channel via Rho-kinase and angiotensin II, and this mechanism contributes to salt-induced
sympathetic hyperactivation, further pressure overload, and cardiac dysfunction. (Circ Res. 2009;104:1004-1011.)

Key Words: hypertension m heart failure m hypertrophy m sympathetic nervous system m brain
m sodium chloride

As an environmental factor, high salt intake increases
sympathetic activity in genetic models of hyperten-
sion.'-3 In these salt-sensitive hypertensive rats, central mech-
anisms, such as enhanced Na sensitivity, as well as renal
mechanisms contribute to high salt-induced sympathetic
activation and arterial pressure elevation.'-3 Enhanced central
sympathetic outflow is also observed in animal models of
heart failure,*-7 and intracerebroventricular (ICV) infusion of
an amiloride analog, benzamil, which inhibits the epithelium
Na* channels (ENaCs), may reduce the enhanced sympa-
thetic drive and improve cardiac function in rats with myo-
cardial infarction.*

The effects of sustained cardiac pressure overload on
cardiac function and/or cardiac muscles have been investi-
gated using aortic banding models.?? It is not known whether
the sustained cardiac pressure overload without a genetic
predisposition to salt sensitivity influences brain Na sensitiv-
ity. Furthermore, few studies have examined the relationship
between central sympathetic outflow and cardiac function in
animals with pressure overload. Therefore, the aim of the

present study was to determine whether a sustained pressure
overload produced in mice without a genetic predisposition to
salt sensitivity induces brain Na sensitivity, thereby enhanc-
ing the central sympathetic outflow leading to cardiac dys-
function. For this purpose, we examined the effects of high
salt intake on brain Na concentration, sympathetic activity,
arterial pressure, and cardiac function in mice with pressure
overload produced by aortic banding. To elucidate brain Na
sensitivity, we infused high-Na artificial cerebrospinal fluid
(aCSF) ICV in mice with or without pressure overload
induced by aortic banding and evaluated sympathetic activity
and arterial pressure. In addition, to determine whether brain
Na sensitivity is acquired in this model, we examined the
effects of the ENaC blocker benzamil*$ on high salt-induced
activation of the sympathetic nervous system and arterial
pressure elevation, because ENaCs on the blood side of the
choroidal epithelium may have an important role in Na
transport into the CSF, as well as Na*-K" ATPase on the
CSF side of choroidal epithelium.3.'®.!! In addition, to explore
the mechanisms involved, we also evaluated the role of brain
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Figure 1. Experimental protocol and time line. W indicates weeks.

ENaCs in the enhanced sympathetic activity and cardiac
dysfunction induced by high salt intake in mice with pressure
overload and the relationship of brain ENaCs to the Rho/Rho-
kinase pathway and the renin-angiotensin system (RAS) in
the brain, because ENaCs in kidney are reported to be
activated by the Rho/Rho-kinase pathway'? and RAS.!3

Materials and Methods

Animals

The study was reviewed and approved by the Committee on Ethics
of Animal Experiments, Kyushu University Graduate School of
Medical Sciences, and conducted according to the Guidelines for
Animal Experiments of Kyushu University. Male Institute of Cancer
Research (ICR) mice (10 weeks old; SLC, Fukuoka, Japan)
were used.

Mouse Pressure Overload Model Preparation

The suprarenal abdominal aorta was banded in ICR mice (AB mice)
to create the pressure overload model'* or sham operation (Sham
mice) as a control. We divided these mice into the groups represent-
ed in Figure 1. For details, see the online data supplement, available
at http://circres.ahajournals.org.

Evaluation of Cardiac Function

Cardiac function was evaluated by echocardiography.!s.1¢ Serial
M-mode echocardiography was performed under light sodium pen-
tobarbital anesthesia with spontaneous respiration. Cardiac function
was also evaluated by the left ventricular end-diastolic pressure
(LVEDP). A conductance catheter (1.4 Fr; Miller Instruments) was
inserted into the right carotid artery and advanced across the aortic
valve into the left ventricle. See the online data supplement for
details.

Measurement of Arterial Pressure and Heart Rate
Under sodium pentobarbital anesthesia and mechanical ventilation, a
catheter was inserted into the right carotid artery and arterial pressure

and heart rate were measured. In another protocol, we also measured
arterial pressure and heart rate in awake AB mice fed a high-salt diet
(AB-H) and AB mice fed with a regular salt diet (AB-R) using a
radiotelemetry system implanted in the left carotid artery.'” See the
online data supplement for details.

Evaluation of Sympathetic Activity

Sympathetic activity was evaluated by measuring 24-hour urinary
norepinephrine (U-NE) and urinary epinephrine (U-E) excretion
using high-performance liquid chromatography.'s:'8

Evaluation of Na Sensitivity

We evaluated U-NE, U-E, arterial pressure, and heart rate responses
to a high-salt diet or high-Na aCSF (0.2 mol/L, 1 pL/min for 10
minutes) ICV infusion in each group. In addition, we measured Na
concentrations in the brain tissue (circumventricular tissues includ-
ing the hypothalamus) of mice in each group. Furthermore, to
examine the response of other central stimuli, we performed ICV
infusion of angiotensin II (0.5 nmol/L, 1 pL/min for 5 minutes) and
carbachol (0.1 mmol/L, 1 pL/min for 5 minutes). See the online data
supplement for details.

Measurement of Organ Weight

After completion of the experiments, mice were killed with an
overdose of sodium pentobarbital, and the heart and lungs were
removed and weighed.

Measurement of Serum Parameters
‘We measured the serum concentrations of sodium, creatinine, and
aldosterone in each group. See the online data supplement for details.

Evaluation of the Effects of Na Channel Blockade
in the Brain

To assess the effects of Na channel blockade in the brain, benzamil,
a specific ENaC blocker, was infused ICV (1 mg/ml, 0.11 pL/h for
28 days'#). The U-NE and U-E excretion, arterial pressure, heart rate,
and organ weight were measured, and echocardiography was per-
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formed as described earlier. See the online data supplement for
details.

Evaluation of the Effects of Rho-Kinase and
Angiotensin Type 1 Receptor Blockade in

the Brain

To assess the effects of Rho-kinase or angiotensin II type 1 receptor
(AT R) blockade in the brain, Y-27632 (a specific Rho-kinase
inhibitor!8) or telmisartan (an AT,R blocker) was infused ICV
(Y-27632: 5 mmol/L, 0.11 pL/h for 28 days; telmisartan: 4 and
20 mmol /L, 0.11 pL/h for 28 days). The U-NE and U-E excretion,
arterial pressure, heart rate, and organ weight were measured, and
echocardiography was performed as described earlier. See the online
data supplement for details.

Evaluation of AT,R Expression and

Rho-Kinase Activity

To assess AT,R expression levels and Rho-kinase activity, we
performed a Western blot analysis for AT,R (1:1000, Santa Cruz
Biotechnology, Santa Cruz, Calif) and phosphorylated-moesin, a
substrate of Rho-kinase!® (p-moesin, 1:1000, Santa Cruz Biotech-
nology) in the circumventricular tissues, including the hypothalamus
and brain stem tissues, of Sham-4 mice and AB-4 mice. See the
online data supplement for details.

Statistical Analysis

All values are expressed as means+SE. ANOVA was used to compare
U-NE and U-E excretion, organ weight, left ventricular end-diastolic
diameter (LVDD), left ventricular wall thickness (LVWT), percentage
fractional shortening (%FS), and arterial pressure measured by teleme-
try between groups. An unpaired ¢ test was used to compare changes in
arterial pressure and heart rate after high-Na ICV infusion, as well as
protein levels, between Sham mice and AB mice. Differences were
considered to be significant when P<0.05.

Results

Characteristics of the Pressure Overload Model
Relative heart weight (heart weight/body weight) was not
increased in AB-4 mice compared with Sham-4 mice (Figure

o * #
C
3 (ng/day) U-NE (ng/day) U-E .

100017 300 # vs AB-R, $P<0.05 vs Sham-4
5.0 - (n=8 in each group). C, The
) 600 24-hour U-NE and U-E excre-
; 600+ 1

W u

2A). AB-R mice, however, had a significantly higher relative
heart weight than Sham-R mice and a significantly lower
relative heart weight than AB-H mice. Relative lung weight
(lung weight/body weight) did not differ between groups
(Figure 2A). Body weight of AB mice was significantly lower
than that of Sham mice (body weight: Sham-4, 44.7+1.4 g;
AB-4,45.3+1.1 g; Sham-R, 47.8+0.5 g; AB-R, 42.5+0.6 g;
AB-H 40.6+0.9 g, n=6 for each); however, the absolute
heart weight in AB-H was significantly greater than that in
AB-R or Sham-R mice (heart weight: AB-H 0.26%+0.01 g;
Sham-R 0.24%+0.01 g; AB-R 0.24*0.01 g; n=6 for each).

Echocardiography revealed the following characteristics:
LVWT was greater in AB-4 mice than in Sham-4 mice, but
%FS did not differ between the groups (Figure 2B). After an
additional 4 weeks, cardiac function declined in AB-R mice
compared with Sham-R mice and declined significantly more
in AB-H mice compared with AB-R mice. LVDD was also
higher in AB-H mice than in AB-R mice (Figure 2B).

Sympathetic activity was not significantly different among
the AB-4 mice, AB-R mice, Sham-4 mice, and Sham-R mice.
U-NE and U-E excretion was significantly higher, however,
in AB-H mice compared with the other groups (Figure 2C).

LVEDP was significantly higher in AB-4 mice than in
Sham-4 mice. In addition, LVEDP in AB-H mice further
increased compared with Sham-R or AB-R mice (Table I in
the online data supplement).

Arterial Pressure Monitoring

Measurement Under Anesthesia

Mean arterial pressure and heart rate were significantly
higher in AB-4 mice compared with Sham-4 mice. In AB-R
and AB-H mice, arterial pressure was reduced to levels
similar to that in the Sham-R mice. Heart rate was signifi-
cantly higher in AB-4, AB-R, and AB-H mice than in Sham-4
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Acquisition of Na Sensitivity by Pressure Overload

600+

1007

(ng / day)
1200+

Ito et al
A (ng/ day) B
12000 NE .
%
600 =
DD_:l_“ |
400"
U-E .
PO s N e N i

Sham-R Sham-H AB-R AB-Hd5 AB-H

(mmHg) (mmHg)

4001

o:—]laJDD
J=real ]

R-N2ICVSham H-NaiCVSham R-NalCVAB H-NalCVAB

180 Sham-4 180 AB-4 AHR
160 160 (mmHg) AMAP * {bpm)
140 140 50 200
120 120 *
100 100
60 60
30
r 3 == K . 100
(bpm) (opm)
600 600 20 5
500 500 10
4001 W 400 0 0
300 300 Sham-4 AB-4 Sham-4 AB.4
4 -4 A T

Figure 3. A, The 24-hour U-NE and U-E excretion in each group (response of sympathetic activity to high-salt diets). *P<0.05 vs
Sham-R, Sham-H, and AB-R {(n=10 in each group). B, The 24-hour U-NE and U-E excretion in each group (response of sympathetic
activity to high-Na aCSF ICV infusion). *P<0.05 vs ICV R-Na Sham, #P<0.05 vs ICV R-Na AB, 1P<0.05 vs high-Na ICV Sham (n=5 in
each group). C, Response of arterial pressure and heart rate to ICV high-Na aCSF infusion. Left, Representative recordings from
Sham-4 and AB-4 showing arterial pressure and heart rate response to ICV high-Na aCSF infusion. Right, Group data of mean arterial
pressure and heart rate response to: ICV high-Na aCSF infusion in Sham-4 and AB-4. *P<0.05 vs Sham (n=3 in each group).

or Sham-R mice. There were no significant differences in
arterial pressure and heart rate between the groups of Sham
mice (Online Table 1I).

Measurement in Awake Mice Using
Radio-Telemetry System

In AB-4 mice (AB day 28), mean arterial pressure and heart
rate were significantly higher than that in the mice before
aortic banding, Furthermore, high salt intake (AB-H mice)
dramatically increased mean arterial pressure to 17125 mm Hg
by day 35 after aortic banding (1 week after the starting high
salt intake). The general conditions deteriorated in all AB-H
mice, however, likely because of severe lung congestion
(lung/body weight ratio, 7.0%0.1). In AB-R mice, mean
arterial pressure increased mildly, and the highest mean
arterial pressure value was 145%5 mm Hg on day 38 after
aortic banding and thereafter gradually decreased to
124+7 mm Hg on day 56 after aortic banding (n=3 for each;
see the online data supplement for details).

Salt Sensitivity in Sham Mice and AB Mice

High salt intake did not increase U-NE or U-E excretion in
Sham mice (Figure 3A). In AB mice, however, high salt
intake significantly increased U-NE and' U-E excretion.
Furthermore, U-NE excretion in AB-mice began to-increase
within 5 days (AB-Hd5 mice) of beginning the high-salt diet
(Figure 3A), although cardiac function was preserved (%FS
43%1%; n=35). ICV infusion of regular-Na: aCSF did not
significantly increase U-NE or U-E excretion in Sham mice
or AB mice (Figure:3B). ICV infusion of high-Na aCSF

significantly increased U-NE and U-E excretion in both Sham
mice and AB mice. The increase in U-NE excretion in AB
mice, however, tended to be greater than that in Sham mice
(P=0.1), and the increase in U-E excretion was significantly
greater in AB mice than in Sham mice (Figure 3B).

In the acute experiments, high-Na aCSF ICV infusion
increased arterial pressure and heart rate in both Sham-4 mice
and AB-4 mice, but the degree of these changes was signif-
icantly greater in-AB-4 mice: (Figure 3C). The  pressor
response to angiotensin II ICV infusion was greater in AB-4
mice than Sham-4 mice (AMAP 8.6:+1.2 mm Hg in' Sham-4,
22.3#3.4 mm Hg in AB-4 mice, n=4 for each), however, the
pressor response. to- carbachol ICV infusion did not differ
between groups (AMAP:-9.5+1.8 mm Hg. in Sham-4,
13.7+1.5 mm Hg in AB-4 mice; n=4 for each).

Na concentration in the brain tissues (circumventricular
tissues including hypothalamus) was higher in AB-H mice
than in the other groups (AB-H, 116%2 ppm; AB-R,
102:+4 ppm; Sham-R; 1042 ppm; Sham-H, 104%2 ppm;
n=5 for each; P<0.05).

Effects of High-Na aCSF ICV Infusion on

Cardiac Function

In AB mice, high-Na aCSF ICV: infusion significantly in-
creased LVDD (3.4+0.4 mm) and decreased %FS (32%£1%)
compared with regular-Na ‘aCSF ICV infusion (LVDD,
3.2x0.5 mm; %FS, 41+1%; n=5 for each; P<<0.05). Arterial
pressure did not differ between AB mice with high-Na aCSF
and regular-Na. aCSF (94£3 mm Hg in high-Na aCSF,
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101+5 mm Hg in regular-Na aCSF; n=4 for each). In Sham
mice, high-Na aCSF ICV infusion had no significant effects
on cardiac function compared with regular-Na aCSF ICV
infusion (LVDD, 3.1£0.2 mm in high-Na aCSF versus
3.1%+0.3 mm in regular-Na aCSF; %FS, 46*+2% in high-Na
aCSF versus 48+3% in regular-Na aCSF; n=5 for each).

Effects of ENaC Blocker ICV Infusion on

Cardiac Function

In comparison with AB-H mice, ICV infusion of the ENaC
blocker benzamil (AB-HB mice) significantly decreased
U-NE and U-E excretion (Figure 4A). Cardiac function
(LVDD and %FS) significantly improved in AB-HB mice
compared with AB-H mice (Figure 4B). Relative heart weight
decreased in AB-HB mice compared with AB-H mice (Figure
4C). Arterial pressure was significantly higher and heart rate
was lower in AB-HB mice than in AB-H mice (Online Table
II). ICV infusion of benzamil did not affect these measures in
AB-R mice, and ICV infusion of vehicle in AB-H mice also
did not significantly decrease U-NE and U-E excretion (data
not shown).

Brainstem Circumventricular

Brainstem Circumventricular

Rho-Kinase Activity and AT,;R Expression in

the Brain

The amount of AT,R and the expression of p-moesin, a
substrate of Rho-kinase, in the brain stem and circumventric-
ular tissue were significantly higher in AB-4 mice than in
Sham-4 mice (Figure 5).

Effects of ICV Infusion of Rho-Kinase Inhibitor
and AT,R Blocker on Cardiac Function

In comparison with AB-H mice, ICV infusion of the Rho-
kinase inhibitor Y-27632 (AB-HY mice) or AT ;R blocker
telmisartan (AB-HT mice) induced a significant decrease in
U-NE and U-E excretion (Figure 6A). In AB-HT mice, U-NE
and U-E decreased in a dose-related manner. Cardiac function
was also significantly improved in AB-HY mice or AB-HT
mice compared with AB-H mice (Figure 6B). Relative heart
weight was decreased in AB-HY mice or AB-HT mice
compared with AB-H mice (Figure 6C). Heart rate was
significantly decreased in AB-HY mice or AB-HT mice
compared with AB-H mice (Online Table II). Infusion of
vehicle (aCSF or DMSO) did not have these effects.

Figure 5. Left, Representative Western blots
demonstrating the expression of AT,R in the brain
(circumventricular tissues including hypothalamus
and brain stem tissues) of Sham-4 or AB-4. The
graph shows the means for the quantification of 4
separate experiments. Data are expressed as the
il relative ratio to g-tubulin expression (n=4 in each
group). *P<0.05 vs Sham-4. Right, Representative
Western blot demonstrating the expression of
p-moesin, a substrate of Rho-kinase in the brain

TR

(circumventricular tissues including hypothalamus
and brain stem tissues) of Sham-4 or AB-4. The

graph shows the means for the quantification of 3
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Serum Parameters

Serum Na concentration did not differ between groups (Sham-4,
151+2 mEq/L; AB-4, 151*1 mEq/L; AB-R, 150*+1 mEq/L;
AB-H, 152#+1 mEqg/L). Serum creatinine concentration, as a
marker of renal function, also did not differ between groups
(Sham-4, 0.11+0.01 mg/dL; AB-4, 0.09+0.01 mg/dL; AB-R,
0.12+0.01 mg/dL; AB-H, 0.11£0.01 mg/dL). Serum aldoste-
rone levels were not different between Sham-4 and AB-4 mice
and were significantly lower in AB-H mice than in AB-4 mice,
AB-R mice, and Sham-4 mice (Sham-4, 120*11 pg/dL; AB-4,
145+28 pg/dL; AB-R, 163+17 pg/dL; AB-H, 54+6 pg/dL;
n=6 to 7; P<0.05).

Discussion

The major findings of the present study were that mice with
pressure overload produced by aortic banding acquired brain
Na sensitivity via the activation of brain ENaCs through
stimulation of the Rho/Rho-kinase pathway and RAS. Be-
cause of the acquired brain Na sensitivity, high salt intake led
to sympathetic activation, which led to the deterioration of
cardiac function. These findings are novel and suggest new
targets for studies of the prevention and treatment of cardiac
deterioration in patients with pressure overload, such as
hypertensive heart disease.

The most important finding of the present study was that
the mice with pressure overload acquired brain Na sensitivity
and a high-salt diet increased the sympathetic outflow before
cardiac dysfunction was detected. In AB-4 mice, only LVWT
tended to increase compared to the Sham-4 mice, but there
was no effect on cardiac function. Both a high-salt and
regular-salt diet for an additional 4 weeks, however, induced
cardiac dysfunction in AB mice compared with Sham mice.
Furthermore, AB mice on the high-salt diet exhibited signif-
icantly more severe cardiac dysfunction and greater activa-

AB-H AB-HY AB-HT
4 mmol/L

tion of the sympathetic system than AB mice on the regular-
salt diet. This high-salt induced enhanced sympathetic drive
was obvious before cardiac function was impaired. In Sham
mice, a high salt intake did not increase U-NE and U-E
excretion and had no effect on cardiac function. These results
strongly suggest that the mice with pressure overload ac-
quired the salt sensitivity before cardiac function began to
deteriorate and that a high salt intake augmented cardiac
dysfunction by inducing sympathetic activation.

To clarify the contribution of central mechanisms to the
acquisition of salt sensitivity in mice with pressure overload,
we examined the effects of high-Na in the CSF on sympa-
thetic activity and arterial pressure after ICV infusion of
high-Na or regular-Na aCSF. Compared with ICV infusion of
regular-Na aCSF, high-Na aCSF induced significant in-
creases in U-NE and U-E excretion in both groups of mice.
The increased U-NE excretion in AB mice, however, tended
to be greater than that in Sham mice (P=0.1), and the
increase in U-E excretion was significantly greater in AB
mice than in Sham mice. Furthermore, ICV infusion of
high-Na aCSF induced significantly greater increases in
arterial pressure and heart rate in AB-4 mice than in Sham-4
mice. To assess the specificity of the pressure response to a
high-Na ICV infusion, we examined the response to other
central stimuli, such as angiotensin II and carbachol. The
response to angiotensin II was greater in AB-4 mice than
Sham-4 mice. In contrast, the response to carbachol was not
different between groups. The effect of the angiotensin II ICV
infusion was supported by the findings that the extent of brain
AT R was greater in AB-4 mice than Sham-4 mice, and the
effect of carbachol ICV infusion indicated the specific acti-
vation of the brain RAS and Na sensing system. Together
with the findings from the systemic salt loading, our findings
suggest that the acquisition of Na sensitivity in the brain of
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mice with pressure overload results from two different
mechanisms: (1) the enhancement of Na uptake into the brain
and (2) the increase in responsiveness to Na within the brain.

Another important finding of the present study was the
high-Na aCSF-induced activation of the sympathetic system,
which further deteriorates cardiac function in mice with
pressure overload. There are some reports that enhanced
sympathetic drive plays an important role in the progression
of heart failure.202! In the present study, in comparison with
ICV infusion of regular-Na aCSF, high-Na aCSF induced a
significant decline in cardiac function. To evaluate the
possibility that the increase in the afterload induced by
increased arterial pressure affected cardiac function, we
measured arterial pressure 2 weeks after ICV infusion of
high-Na aCSF and confirmed that arterial pressure did not
significantly increase compared with regular-Na ICV infu-
sion. These results suggest that high-Na aCSF-induced sym-
pathetic hyperactivation may lead to cardiac dysfunction in
mice with pressure overload and the deterioration of cardiac
function may not be attributable to the increase in the
afterload induced by the arterial pressure elevation. However,
high-salt loading caused further decreases in cardiac function
in AB mice, indicating that high-salt loading may induce
further decrease in cardiac function both by sympathetic
activation and an increase in arterial pressure in AB mice.

Arterial pressure in AB-4 mice was significantly higher
than that in Sham-4 mice; and arterial pressure in AB-H
1-week mice, which were loaded with a high-salt diet for 1
week, was further increased compared with that in AB-4
mice. Arterial pressure in AB-R mice and AB-H mice
decreased to levels similar or lower than that in Sham mice
within 8 weeks. This may relate to cardiac dysfunction. In
fact, the LVEDP in AB-H mice was significantly greater than
that in AB-R or Sham-R mice and the LV %FS in AB-H mice
was significantly smaller than that in AB-R or Sham-R mice.
To validate the arterial pressure measurements, we measured
arterial pressure and heart rate using a radio-telemetry system
with mice in the awake state. At day 28 after aortic banding
(AB-4 mice), arterial pressure was significantly higher than
that before aortic banding. Thereafter, in AB-H mice, arterial
pressure was significantly further increased at day 35 (1 week
after the starting high-salt diet), but the general health of the
mice deteriorated, likely because of severe lung congestion,
which was supported by the high lung/body weight ratio. In
AB-R mice, arterial pressure peaked at around day 40 and
then gradually decreased. Implantation of the telemetry cath-
eter in the carotid artery might further augment the pressure
overload and induce severe lung congestion in AB-H mice.
Therefore, we examined the arterial pressure under anesthesia
in acute experiments. The findings indicate that aortic band-
ing causes a pressure overload for LV and high-salt loading
superimposed on aortic banding further augments the pres-
sure overload.

To explore the mechanisms of the acquisition of brain Na
sensitivity, we examined the effects of an ENaC blocker,
benzamil. Brain ENaCs are involved in the high salt-induced
increase in central sympathetic outflow in salt-sensitive
hypertensive rats."3 In the present study, brain ENaC block-
ade by benzamil attenuated the high salt-induced activation

of the sympathetic nervous system and the deterioration of
cardiac function. Furthermore, we examined the brain Na
concentrations in each group. We were unable to measure Na
concentrations in the CSF in the present study, because in
mice it is difficult to obtain the volume of CSF required to
measure Na concentration. Therefore, we measured the Na
concentrations in the brain tissues and confirmed that AB-H
mice had higher Na concentrations than the other groups.
These findings support our hypothesis that the pressure
overload activates brain ENaCs and augments Na transport
from plasma to the CSF, resulting in sympathoexcitation.
However, we did not examine the effects of brain ENaCs on
Na transport directly and ENaCs have both epithelial and
neural components.!'! Therefore, it is possible that the ben-
zamil may affect ENaCs on neural components and cause
sympathoinhibitory effects. The role of ENaCs on neural
components in sympathetic modulation remains unclear. A
similar dose of benzamil was used as specific ENaC blocker
in previous studies,* and the estimated benzamil concentra-
tion in the CSF in the present study was considered to be
specific for ENaCs (<100 nmol/L).22-2¢ Therefore, the dose
of benzamil used in the present study was adequate for use as
a specific ENaC blocker. Further studies are required to
measure ENaC activity directly. Although some studies have
demonstrated that salt intake induces sympathoexcitation via
central mechanisms'-3 and the effects of brain ENaCs on
cardiac function,* these previous studies used genetic models
of salt-sensitive hypertension or heart failure induced by
myocardial infarction, whereas we used the pressure overload
produced by aortic banding model in mice without a genetic
background of salt sensitivity.

Finally, we focused on Rho-kinase and angiotensin II as
the mechanisms involved in brain ENaC activation in the
mice with pressure overload, because ENaCs in kidney are
reported to be activated by Rho-kinase!2 and angiotensin IL.!3
In addition, we recently reported that Rho-kinase!6:25-27 and
angiotensin II?8 in the brain contribute to cardiovascular
regulation via the sympathetic nervous system. In the present
study, we confirmed that compared to Sham-4 mice, the
brains of AB-4 mice had higher levels of AT,R and higher
Rho-kinase activity, and blockade of either AT,R or Rho-
kinase attenuates high salt-induced sympathetic activation
and cardiac dysfunction. These findings suggest that en-
hanced brain Na sensitivity results from the activation of
brain ENaCs via the Rho/Rho-kinase pathway and RAS in
mice with pressure overload. However, ENaCs may be
upstream of RAS in brain.2® In the present study, we did not
address this issue. Further studies are needed to clarify the
relationship between RAS and ENaCs in brain. It is possible
that renal blood flow is reduced in mice with suprarenal
abdominal aortic banding, resulting in renal dysfunction?®
concomitant with activation of the systemic RAS.3! It is
unlikely that this occurred in the present study because we
confirmed that serum creatinine and aldosterone levels were
not significantly different between groups and the mean
arterial pressure in the AB-4 mice measured from the right
femoral artery was above 90 mm Hg, suggesting that the
aortic banding procedure did not significantly reduce renal
blood flow and impair renal function. Previous studies
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demonstrated that excess stimulation of cardiopulmonary and
arterial baroreceptors impair baroreflex function3233 and
RAS3? or Rho-kinase3? in the brain might contribute to the
impaired baroreflex function. In the present study, we dem-
onstrated that arterial pressure measured from the carotid
artery and LVEDP were significantly greater in AB-4 mice
than in Sham-4 mice. The excess stimulation of cardiopul-
monary and arterial baroreceptor may contribute to the
activation of the Rho/Rho-kinase pathway and RAS in the
brains of the mice with pressure overload, even before
high-salt loading.

In conclusion, the present findings strongly suggest that mice
with pressure overload acquire brain Na sensitivity because of
the activation of brain ENaCs via the Rho/Rho-kinase pathway
and RAS. The acquired brain Na sensitivity contributes to high
salt-induced sympathetic activation, leading to deteriorating
cardiac function in mice with pressure overload.
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Inhibition of Tumor Necrosis Factor-a—Induced
Interleukin-6 Expression by Telmisartan Through
Cross-Talk of Peroxisome Proliferator-Activated
Receptor-y With Nuclear Factor kB and
CCAAT/Enhancer-Binding Protein-f3

Qingping Tian, Ryohei Miyazaki, Toshihiro Ichiki, Ikuyo Imayama, Keita Inanaga, Hideki Ohtsubo,
Kotaro Yano, Kotaro Takeda, Kenji Sunagawa

Abstract——Telmisartan, an angiotensin II type 1 receptor antagonist, was reported to be a partial agonist of peroxisome
proliferator-activated receptor-y. Although peroxisome proliferator-activated receptor-y activators have been shown to
have an anti-inflammatory effect, such as inhibition of cytokine production, it has not been determined whether
telmisartan has such effects. We examined whether telmisartan inhibits expression of interleukin-6 (IL-6), a
proinflammatory cytokine, in vascular smooth muscle cells. Telmisartan, but not valsartan, attenuated IL-6 mRNA
expression induced by tumor necrosis factor-o¢ (TNF-«). Telmisartan decreased TNF-a—induced IL-6 mRNA and
protein expression in a dose-dependent manner. Because suppression of IL-6 mRNA expression was prevented by
pretreatment with GW9662, a specific peroxisome proliferator-activated receptor-+y antagonist, peroxisome proliferator-
activated receptor-y may be involved in the process. Telmisartan suppressed IL-6 gene promoter activity induced by
TNF-e. Deletion analysis suggested that the DNA segment between —150 bp and —~27 bp of the IL-6 gene promoter
that - contains nuclear factor kB and CCAAT/enhancer-binding protein-B - sites was responsible for telmisartan
suppression. Telmisartan attenuated TNF-a—induced nuclear factor kB— and CCAAT/enhancer-binding protein-B—
dependent gene transcription and DNA binding. Telmisartan also attenuated serum IL-6 level in TNF-a—infused mice
and IL-6 production from rat aorta stimulated with TNF-« ex vivo. These data suggest that telmisartan may attenuate
inflammatory process induced by TNF-e in addition to the blockade of angiotensin II type 1 receptor. Because both
TNF-a and angiotensin II play important roles in atherogenesis through enhancement of vascular inflammation, telmisartan
may be beneficial for treatment of not only hypertension but also vascular inflammatory change. (Hypertension. 2009;53:
798-804.)

Key Words: interleukin-6. m TNF-« m PPARy m NF-«B m C/EBPj

Angiotensin II (Ang II) is'a main final effecter molecule
of the renin—angiotensin system. Physiologically, Ang II
plays an important role in the regulation of blood pressure,
fluid volume, and electrolyte balance.! However, Ang II is
also involved in the pathological processes; such as cardio-
vascular diseases, renal insufficiency, and metabolic disor-
ders.? Indeed, inhibition of the renin—angiotensin system by
Ang II type 1 receptor (AT1R) antagonists has been proven
beneficial for treatment of heart failure,® chronic kidney
diseases,* and myocardial infarction.® ATIR antagonists also
showed favorable effects on. prevention of new onset of
diabetes mellitus and atrial fibrillation.6.”

Telmisartan, one of the ATIR antagonists, was reported to
be a partial agonist of peroxisome proliferator-activated

receptor-y (PPARy).8% PPARy is a nuclear receptor tran-
scription factor,'? and the target genes of PPARy are involved
in the regulation of lipid and glucose metabolism and adipo-
cyte differentiation. In addition, it is reported that thiazo-
lidinediones (TZDs), synthetic PPARY. ligands, have an
anti-inflammatory * effect: and - inhibit . atherogenesis."" . The
anti-inflammatory-effect of TZDs' involves inhibition of the
function “of ‘nuclear factor- kB - (NF-xB), which plays an
important role in the expression of many genes mediating an
inflammatory process.!2

Interleukin-6 (IL-6) is one of the proinflammatory cyto-
kines and is induced by tumor necrosis factor-a (TNF-a),!?
Ang IL* and other stimuli in-vascular smooth muscle cells
(VSMCs), endothelial cells, and macrophages. IL-6 plays an
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important role in vascular remodeling and was reported to be
a useful biomarker in predicting future cardiovascular
events.!s

Telmisartan has been shown to induce differentiation of
adipocytes through activation of PPARy. A recent study
showed that telmisartan attenuated hepatic steatosis, inflam-
mation, and fibrosis in a rat model of nonalcoholic steato-
hepatitis.'6 It was also reported that telmisartan treatment of
patients with hypertension and coronary. heart disease de-
creased B2-integrin MAC-1 expression in peripheral lympho-
cytes independent of Ang IL.17 These data suggest that
telmisartan has an anti-inflammatory effect independently of
ATIR blocking effect. However, an anti-inflammatory effect
of telmisartan on blood vessel is incompletely characterized.
Therefore, we tested whether telmisartan inhibits TNF-q—
induced IL-6 expression through PPARy in VSMCs.

Materials and Methods

DMEM was purchased from GIBCO/BRL. FBS was from JRH
Biosciences. Recombinant TNF-« was a generous gift from
Dainippon-Sumitomo Pharmaceutical Co (Osaka, Japan). Telmisar-
tan was a generous gift from Boehringer Ingelheim (Ingelheim,
Germany). Valsartan was purchased from US Pharmacopeia. BSA
and GW9662 were purchased from Sigma. Pioglitazone was pur-
chased from LKT Laboratories. [a-3?P] dCTP and [y->?P]JATP were
purchased from Perkin-Elmer Life Sciences: Antibodies against
extracellular signal-regulated protein kinase (ERK), p38 mitogen-ac-
tivated protein kinase (MAPK), c-Jun N-terminal kinase (JNK), and
their phosphorylated forms were purchased from Cell Signaling
Technology. Other reagents were purchased from Wako Pure Chem-
icals unless otherwise mentioned specifically. TNF-« was dissolved
in DMEM with 0.1% BSA, and Ang II was suspended in sterile
water. Other reagents that added fo culture medium were dissolved in
dimethyl sulfoxide at a final concentration of 0.1%, which did not
show any effect on IL-6 induction.

Cell Culture

VSMCs were isolated from the thoracic aorta of Sprague-Dawley rats
and cultured in a humidified atmosphere of 95% air/5% CO, at 37°Cin
DMEM as described previously.'* Celis were grown to confluence and
growth-arrested in DMEM with 0.1% BSA for 2 days before use.
Passages between 5 and 13 were used for the experiments.

Northern Blotting

Total RNA was prepared according to the: acid guanidinium
thiocyanate-phenol-chloroform extraction method. Northern blot
analysis - of  IL-6- mRNA and: 18S: ribosomal RNA' (fRNA) was
performed as described previously.'* The radioactivity of hybridized
bands of IL-6 mRNA and rRNA was quantified with. a MacBAS
Bioimage Analyzer (Fuji Photo Film), It was reported that 2 species
of IL-6 mRNA were generated by an alternative polyadenylation.}®
The intensity of both bands was taken into account for quantification.

Quantification of Rat IL-6 by Sandwich ELISA
VSMCs were. stimulated: with TNF-a¢ (10 ng/mL) or Ang II' (100
nmol/L) for 24 hours in the presence or absence of telmisartan (1 to
20 pmol/L). Then the medium of VSMCs was collected and centrifuged
at 12 000 rpm for 1 minute. The supernatant was stored at —~70°C until
used for the assay. ELISA for rat IL-6 was performed with a Cytoscreen
ELISA kit (BioSource International) according to manufacturer instruc-
tions. The measurement was performed in duplicate.

Transfection of IL-6 Promoter—-Luciferase Fusion
DNA Construct to VSMCs

The IL-6 gene promoter—luciferase fusion DNA constructs and
luciferase assay were described previously.!4 Detailed protocols
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can be found in an online data supplement available at
http://hyper.ahajournals.org.

Plasmids of NF-«kB-luciferase and CCAAT/enhancer-binding
protein-B (C/EBPB)-luciferase were purchased from Stratagene Co.
Five copies of NF-kB consensus sequence or 3 copies of C/EBPf
consensus sequence were ligated to minimal promoter followed by
luciferase gene.

Gel Mobility Shift Assay

Gel mobility shift assay was performed as described previously!4
using synthetic NF-«B and C/EBPB DNA probe (NF-«kB: CAT GTG
GGA TTT TCC CAT GA; C/EBPB: CAC ATT GCA CAA TCT
TAA). Detailed protocols are indicated in the online supplement.

Effect of Telmisartan on Ang II- and
TNF-a~Induced IL-6 Production In Vivo

All procedures were approved by the institutional animal use and care
committee and were conducted in conformity with institutional guide-
lines of Kyushu University. Ang II (490 ng/kg per minute) or TNF-«
(80 ng/kg per minute) was administered subcutaneously to 9-week-old
C57/BL6 mice (Kyudo Co; Saga, Japan) by osmotic mini-pump (Alzet)
for 1 week. Doses of TNF-aw and Ang II were determined in a
preliminary experiment to detect a significant increase in the serum IL-6
level. Telmisartan was dissolved in water (10 pg/mL) and administered
ad libitum. The estimated dose of orally ingested telmisartan was 2
mg/kg per day. Blood pressure and heart rate were measured using
tail-cuff method (UR-5000; UEDA). After 1 week, mice were éutha-
nized under pentobarbital anesthesia, and peripheral blood was collected
from inferior vena cava. The serum concentration of IL-6 was measured
using ELISA kit (R&D Systems). No significant differences in body
weight were observed among the treatment groups (data not shown).

Ex Vivo Stimulation of Rat Aorta

Nine-week-old’ Sprague-Dawley rats were purchased from Kyudo
Co. Rats were euthanized under deep pentobarbital anesthesia. The
aorta was excised and adventitia was removed. The aorta was cut
into 6 pieces and stimulated with TNF-a¢ (50 ng/mL) or Ang II
(1 wmol/L) in the absence or presence of telmisartan (10 gmol/L) in
500 uL of DMEM supplemented with 0.1% BSA for 48 hours.
Concentrations of Ang II and TNF-a were determined in a prelim-
inary experiment to detect a significant increase in the production of
IL-6 in the supernatant of ex vivo—cultured aortic segments. The
supernatant was subjected to ELISA to measure IL-6 production.
The IL-6 concentration in the supernatant was normalized with the
wet weight of the aortic segment.

RT-PCR and Western Blot Analysis

Detailed protocols are indicated in the online supplement.
Statistical Analysis

Statistical analysis was performed with 1-way ANOVA and Fisher's

test if appropriate. A P value <0.05 was considered statistically
significant. Values are expressed as mean+SEM.

Results

Telmisartan Attenuated TNF-a-Induced

IL-6 Expression

VSMCs were incubated with or without telmisartan
(10 pmol/L) for 60 minutes. Then the cells were stimulated
with TNF-a (10 ng/mL) for 30 minutes. Northern blot
analysis revealed attenuation of TNF-a~induced IL-6 mRNA
expression by telmisartan (Figure 1A). However, valsartan
(10 pmol/L), another-AT1R antagonist, failed to suppress
TNF-a-induced IL-6 mRNA expression (Figure 1B). Telm-
isartan (1 to 20 umol/L) dose-dependently suppressed TNF-
a-induced IL-6 mRNA expression (Figure 1C). The concen-
tration range of telmisartan was chosen based on a previous
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Figure 1. Suppression of TNF-a-induced IL-6 mRNA expression by telmisartan (Tel). VSMCs were preincubated with Tel (10 pmol/L;
A), valsartan (Val; 10 umol/L; B), or various concentrations (1 to 20 umol/L; C) of telmisartan for 60 minutes and stimulated with TNF-«
(10 ng/mL) for 30 minutes. Total RNA was isolated, and expression of IL-6 mRNA and 18S rRNA was determined by Northern blot
analysis. Radioactivity of IL-6 mRNA was measured with an imaging analyzer and was normalized by radioactivity of rRNA. Values
(mean=SEM) are expressed as percentage of control culture in a bar graph (100%; No. of independent experiments was 5). *P<0.05;

**P<0.01 vs control; #P<0.05; ##P<0.01 vs TNF-a.

clinical study'® that showed that the steady-state serum level
of telmisartan was 1 to 5 wmol/L. when 80 to 160 mg per day
of telmisartan was given for 7 days to patients with essential
hypertension. And it was reported that telmisartan at concentra-
tions >25 pmol/L stimulated PPAR«.® Therefore, we did not
use telmisartan at concentrations >20 pmol/L in this study.

The protein level of IL-6 in the supernatant of VSMCs was
measured after 24 hours of stimulation with TNF-a (10 ng/mL)
with or without preincubation with telmisartan (1 to 20 yumol/L).
TNF-a~induced IL-6 protein expression was also dose-
dependently attenuated by telmisartan (Figure 2A). Ang 11 (100
nmol/L)-induced IL-6 production was inhibited completely by
telmisartan at lower concentrations (Figure 2B); thus, we con-
firmed that telmisartan is an effective ATIR antagonist.

We next examined whether telmisartan affected TNF
receptor expression. Semiquantitative RT-PCR analysis
showed that telmisartan did not affect TNF type 1 receptor
mRNA expression (supplemental Figure IB). We could not
detect TNF type 2 receptor mRNA in our VSMCs. We also
examined the effect of telmisartan on TNF-a-induced MAPK
activation (supplemental Figure II). Telmisartan did not affect
TNF-a-induced activation of ERK, p38MAPK, or JNK.
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Telmisartan Inhibition of TNF-a-Induced IL-6
Expression Was Dependent on PPARYy

To clarify the role of PPARy in telmisartan inhibition of
TNF-a~induced IL-6 expression, the effect of GW9662, a
PPARy-specific antagonist, was examined. Although
GW9662 itself did not affect IL-6 mRNA expression, prein-
cubation with GW9662 (10 wmol/L; 3 hours) blocked telm-
isartan inhibition of TNF-a~induced IL-6 expression (Figure
3A). Pioglitazone (10 gmol/L; preincubation for 1 hour), a
full PPARy agonist, also suppressed the TNF-a-induced IL-6
mRNA expression (Figure 3B).

Telmisartan-Inhibited IL-6 Gene

Promoter Activity

Next, the effect of telmisartan on IL-6 gene promoter activity
was examined. TNF-« (10 ng/mL) increased IL-6 gene
promoter activity by 2-fold. Preincubation with telmisartan
(10 pmol/L) significantly inhibited IL-6 gene promoter
activity (Figure 4). Deletion analysis of the IL-6 gene
promoter suggested that the DNA segment between —150
bp and —27 bp was responsible for the downregulation by
telmisartan (Figure 4A) because telmisartan inhibited the
luciferase activity in the —150-bp construct, but the —27-bp
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Figure 2. Suppression of TNF-a~ and Ang ll-induced IL-6 protein production by telmisartan (Tel). A, VSMCs were preincubated with
Tel (10 wmol/L) at various concentrations for 60 minutes and stimulated with TNF-a (10 ng/mL) for 24 hours. B, VSMCs were incubated
with Tel at 1 or § umol/L. and stimulated with Ang Il (100 nmol/L) for 24 hours. IL-6 protein production in the supernatant of VSMCs
was measured by ELISA. *P<0.05 vs control; **P<0.01 vs control; #P<0.05 vs TNF-o; ##P<0.01 vs TNF-a or Ang Il (No. of indepen-

dent experiment was 6 in duplicate).
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Figure 3. Effect of GW9662 on telmisartan
(Tel) inhibition of TNF-a~induced iL-6
expression. A, VSMCs were incubated
with GW8662 (10 pmol/L) for 3 hours fol-
lowed by preincubation with Tel

(10 pmol/L) for 60 minutes. Then the
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construct no longer responded to TNF-a or telmisartan. The
DNA segment between —150 bp and —27 bp contains NF-kB
and C/EBPB as consensus cis DNA elements.2® We therefore
examined whether telmisartan inhibited NF-«kB— and
C/EBPB-dependent gene transcription activated by TNF-a.
As shown in Figure 4B, telmisartan inhibited TNF-a—induced
activation of luciferase activity, which is solely dependent on
NF-«B or C/EBPS.

The gel mobility shift assay showed that telmisartan
inhibited TNF-a~induced NF-xB DNA binding activity (Fig-
ure 5A). Telmisartan also attenuated TNF-a-induced
C/EBPB DNA binding activity to a lesser extent (Figure 5B).

VSMCs were stimulated with TNF-a (10
ng/mL} for 30 minutes. B, VSMCs were
preincubated with pioglitazone (10 umol/L)
for 60 minutes, then stimulated with
TNF-e (10 ng/mL) for 30 minutes. North-
ern blot analysis of IL.-6 mRNA was per-
formed as described in Figure 1 legend.
*P<0.01 vs control; #P<0.05 vs TNF-a;
## P<0.01 vs TNF-o; $P<0.05 vs
Tel+TNF-a (No. of independent experi-
ments was 4).

Telmisartan Attenuated IL-6 Production In Vivo
and Ex Vive

To confirm that telmisartan inhibits IL-6 production in vivo,
Ang I (490 ng/kg per minute) or TNF-a (80 ng/kg per
minute) was administered to mice with or without telmisartan
(2 mg/kg per day) for 1 week. Ang II but not TNF-«
increased blood pressure level (Table). Ang H-induced high
blood pressure was inhibited by telmisartan. Heart rate was
not significantly different among the treatment groups. Ang
II-induced increase in serum IL-6 level was almost com-
pletely inhibited by telmisartan, and telmisartan significantly
attenuated TNF-a-induced IL-6 production (Figure 6A). To

Figure 4. Suppression of IL-6 gene pro-
moter activity by telmisartan (Tel). A,
After transfection of IL.-6 gene promoter/
luciferase (Luc) fusion DNA (5 pig),
VSMGCs were preincubated with or with-
out Tel (10 gmol/L; 60 minutes) and
stimulated with TNF-a (10 ng/mL) for 24
hours. AP-1 indicates activator protein-1.
B, NF-xB-Luc or C/EBPB-Luc was intro-
duced to VSMCs. VSMCs were preincu-

! bated with or without Tel (10 pmol/L; 60
minutes) and stimulated with TNF-« (10
ng/mL) for 24 hours. Luc activity was
normalized with g-galactosidase activity.
The relative promoter activity without
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Figure 5. Telmisartan (Tel) attenuated TNF-a~induced NF-xB and C/EBPg binding. A, Binding activity of NF-xB sequence of IL-6 gene
promoter to nuclear extracts from unstimulated (C), TNF-a-stimulated, Tel-stimulated, and Tel- and TNF-a-stimulated VSMCs were
examined by gel mobility shift assay. B, Binding activity of C/EBPg sequence.of IL-6 gene promoter to nuclear extracts from unstimu-
lated, Tel-stimulated, TNF-a—stimulated, and Tel- and TNF-a~stimulated VSMCs were examined by gel mobility shift assay. Fifty times
molar excess of unlabeled oligonucleotide (oligo) was added to the reaction mixture in the left lane (Cold DNA+). The same results
were obtained in other independent experiments (No. of independent experiment was 3).

confirm that IL-6 is produced from blood vessel, a segment of
rat aorta without adventitia was stimulated ex vivo with Ang
II (1 pmol/L) or TNF-e (50 ng/mL) in the presence or
absence of telmisartan (10 pmol/L) for 48 hours. Production
of IL-6 induced by TNF-e in the supernatant was signifi-
cantly attenuated by coincubation with telmisartan (Figure
6B). Ang.Il-induced production of IL-6 was completely
inhibited by telmisartan. These results were consistent with
those obtained during in vitro experiments.

Discussion
In the present study, we demonstrated that telmisartan but not
valsartan suppressed TNF-a—induced IL-6 expression
through a PPARYy-dependent manner. Inhibition of NF-xB
and C/EBPB DNA binding. activity by telmisartan may be
responsible for attenuation of TNF-a—induced IL-6 expres-
sion.. This is the first study demonstrating that telmisartan
modulates: cytokine production induced by non~Ang II stim-
ulus. The in vivo and ex vivo results were consistent with
those obtained from the in vitro study. The in vivo study
showed that telmisartan had an anti-inflammatory effect in
mice, and the ex vivo study indicated that IL-6 was produced
from blood vessel in response to TNF-a stimulation, and
telmisartan attenuated the induction.

On activation by ligands, PPARYy regulates expression of
several genes involved in lipid and carbohydrate metabolism
and inflammatory responses.2! PPARy regulates gene expres-
sion through" 2 different transcriptional regulatory mecha-

nisms: transactivation and transrepression. Transactivation
depends on PPARy response element. On activation, PPARy
forms a heterodimer with retinoid X receptor and binds to
PPARy response element in the promoter region of the target
genes.?? In contrast, transrepression involves an interference
with other transcription factors such as NF-«kB and activator
protein 1.22 Although telmisartan was reported to be a partial
agonist  of PPARwy; it has not been determined whether
telmisartan regulates gene expression through transrepression
mechanism, Our data suggest that telmisartan may have a
transrepression effect on gene expression in addition to ATIR
blockade.

The mechanism of transrepression by PPARYy activators is
less well known. A recent study.showed that PPARy activa-
tion by TZD induced  sumoylation of PPAR; resulting in
rétention of nuclear receptor corepressor/histone deacetylase
complex to the promoter and suppression of gene transcrip-
tion.'2 Troglitazone, another TZD, inhibited TNF-a~induced
and NF-kB-dependent gene transcription without affecting
NF-«B nuclear translocation or DNA binding in adipocytes,?
which may support the above-mentioned model. However, a
previous study showed that TZDs inhibited IL.-1B-activated
NF-«B and C/EBPB DNA binding to the IL-6 gene promot-
er.* It was ‘also reported that troglitazone inhibited TNF-a—
induced IL-6 expression in multiple myeloma cells by inhib-
iting' NF-kB and C/EBPS DNA binding.?s In this study,
activated PPAR<y competed for PPARy coactivator-1, a
transcription coactivator, with NF-«B, resulting in attenua-

Table. Heart Rate and Blood Pressure of Ang - and TNF-a~Treated Mice

Variable Control Tel Ang il Tel-+Ang Il INF-a Tel+TNF-«
HR (bpm) 57624 59821 599:+18 60827 611+47 58622
BP (mm Hg) 95.3+1.3 94.0+28 109.6:4.7 102.2x1.8t 97.3+0.9 955+1.4

HR indicates heart rate; BP, blood pressure.
*P<0.05 vs control; 1P<0.05 vs Ang li; n=5.



Tian et al

A (pg/mi)
*%k
400
[ o
©9
7§ 300
§% 200
35 *
8 100 Y tt
o] uD
Angll 490nghkg/min) —  — 4+ 4+ — -
TNF a (80nglkg/min) = el — — + +
Tel (2mglkg/day) - + - + —_ +
B (pg/mlig)
.. 3500 *
§5 3000
w3
€ 2 2000
o 3
£d
8= 1000
3
0
Angli (1 pmollL) - = + + - -
TNF a(50 ng/mL) - - e e 4 s
Tel (10 pmolll) - + -— + - +

Figure 6. Telmisartan attenuated IL-6 production in vivo and ex
vivo. A, Serum concentration of IL-6 was measured in mice
injected with' Ang If (490 ng/kg per minute) or TNF-a (80 ng/kg
per minute) in the presence or absence of telmisartan (Tel; 2
mg/kg per day) administration for 1 week (No. of independent
experiments was 5). *P<0.05; **P<0.01 vs control (no treat-
ment); #P<0.05 vs Ang II; +¥P<0.01 vs TNF-a. UD indicates
undetectable. B, An aortic segment was stimulated ex vivo with
Ang It (1 umol/L)-or TNF-a (50 ng/mL) in the presence or
absence of Tel (10. umol/L) in DMEM supplemented with 0.1%
BSA for 48 hours. The concentration of IL-6 in the supernatant
was measured and normalized with-wet weight of the aortic
segment (No. of independent experiment was 4 in duplicate).
*P<0.01 vs control; #2<0.05 vs Ang Il; TP<0.05 vs TNF-a.

tion: of TNF-e—-induced NF-kB. DNA. binding.. In contrast,

activated PPARYy physically. interacted with' C/EBPB; sug-

gesting that this protein—protein- interaction attenuates the
DNA binding of C/EBPB. Although the precise mechanisms
are not clear at this point, it may be possible that telmisartan
inhibits NF-kB and C/EBPB DNA binding activity through
the same mechanism.

Inflammation: plays a crucial role. in the initiation and
progression of atherosclerosis.?6. IL-6. enhanced VSMC
growth induced by platelet-derived growth factor.?” IL-6 also
increased both monocyte chemoattractant protein-1 produc-
tion and DNA synthesis of VSMCs, which may coordinate
inflammatory and proliferative responses.?® IL-6 is also a
useful biomarker predicting future cardiovascular events.?®
TNF-a also enhances: vascular inflammation. Blockade of
TNF-« activity by soluble TNF-«a receptor suppressed coro-
nary artery neointimal formation after cardiac transplantation
in rabbits. 3 Therefore, telmisartan inhibition of TNF-q-
induced IL-6 expression, which was not observed by valsar-
tan, may attenuate vascular inflammation.

A recent report showed that C/EBPB was involved in
IL-17-induced C-reactive protein expression in VSMCs.3!
Another report showed that C/EBPB regulated monocyte
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chemoattractant protein-1 expression in the aorta of hyperin-
sulinemic rats.3? These studies suggest that C/EBP is also
involved in vascular inflammation. Because NF-«B is well
known to regulate gene expression of various inflammatory
molecules,3? telmisartan inhibition of NF-kB and C/EBPS
may contribute to attenuation of a broad range of inflamma-
tory responses of blood vessel. However, it is not clear at this
point whether telmisartan modulates gene expression induced
by TNF-« other than IL-6 induction.

TZDs were constantly reported to inhibit atherogenesis in
various models. Rosiglitazone inhibited development of ath-
erosclerosis in LDL receptor—deficient mice.!! Rosiglitazone
was also shown to have additive effects on plaque regression
in the combination. treatment with simvastatin in an athero-
sclerotic rabbit model.>* AT1R antagonists were also reported
to suppress atherogenesis. Strawn et al demonstrated that
losartan attenuated atherogenesis in monkeys with hypercho-
lesterolemia.3s Based on these studies and our results, telm-
isartan may be more protective against vascular lesion for-
mation - attributable to PPARy activation and ATIR
antagonism.

Perspective

In the present study, we showed that telmisartan inhibited
Ang II- as well as TNF-a-induced IL-6 expression in
VSMCs, rat aorta, and mice. Inhibition of TNF-a—induced
IL-6 expression was mediated by PPARy. And inhibition of
NF-«B and C/EBPB DNA binding by telmisartan may be
responsible for suppression of TNF-a—induced IL-6 expres-
sion: The dual inhibition (Ang II- and TNF-e~induced IL-6
expression) of the inflammatory cytokine production by
telmisartan may be beneficial for treatment of not only
hypertension but also atherosclerotic cardiovascular diseases.
However, large clinical trials are needed to determine
whether these unique properties of telmisartan cause better
clinical outcome in cardiovascular disease prevention.
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Soluble Flt-1 Gene Transfer Ameliorates Neointima
Formation After Wire Injury in flt-1 Tyrosine
Kinase-Deficient Mice

Jun-ichiro Koga, Tetsuya Matoba, Kensuke Egashira, Mitsuki Kubo, Miho Miyagawa, Eiko Iwata,
Katsuo Sueishi, Masabumi Shibuya, Kenji Sunagawa

Objective—We have demonstrated that vascular endothelial growth factor (VEGF) expression is upregulated in injured
vascular wall, and blockade of VEGF inhibited monocyte infiltration and neointima formation in several animal models.
In the present study, we aimed to clarify relative role of two VEGF receptors, flt-1 versus flk-1/KDR, in neointima
formation after injury using flt-1 tyrosine kinase-deficient (Flt-1 TK /") mice and soluble Flt-1(sFlt-1) gene transfer.
Methods and Results—Neointima formation was comparable between wild-type and Flt-1 TK ™/~ mice 28 days after
intraluminal wire injury in femoral arteries. By contrast, neointima formation was significantly suppressed by sFlt-1
gene transfer into Flt-1 TK ™/~ mice that blocks VEGF action on flk-1 (intima/media ratio: 2.8+0.4 versus 1.420.4,
P<0.05). The inhibition of neointima formation was preceded by significant reduction of monocyte chemoattractant
protein (MCP-1) expression in vascular smooth muscle cells (VSMCs) and monocyte infiltration 7 days after injury.
Gene transfer of sFlt-1 or treatment of flk-1-specific antibody significantly inhibited VEGF-induced MCP-1 expression
determined by RT-PCR in cultured aortic tissue and VSMCs. MCP-1-induced chemotaxis was equivalent between

wild-type and Flt-1 TK™/~ mice.

Conclusions—These results suggest that endogenous VEGF accelerates neointima formation through flk-1 by regulating
MCP-1 expression in VSMCs and macrophage-mediated inflammation in injured vascular wall in murine model of wire
injury. (Arterioscler Thromb Vasc Biol. 2009;29:458-464.)

Key Words: restenosis m inflammation m smooth muscle cells m angiogenesis

ascular endothelial growth factor (VEGF) is one of the

most potent angiogenic and vascular permeability fac-
tors playing essential roles in neonatal and postnatal vascular
formation. VEGF has gathered growing attention because of
its possible contribution to cardiovascular pathophysiology
including therapeutic angiogenesis, endothelial regeneration,
and inflammation in the vascular wall. VEGF expression is
upregulated in human coronary arterial wall after stent implan-
tation, suggesting its role in reendothelialization, perivascular
angiogenesis, and neointima formation leading to clinical
restenosis.! VEGF induction is reproduced in various animal
vascular injury models including wire or cuff injury in mice,
and balloon injury in rats and rabbits, porcine coronary stent
model.2-# From these prior studies that supplement or inhibit
VEGF pathway in animal models, two conflicting mecha-
nisms have been demonstrated in which VEGF may contrib-
ute to neointima formation. One is that VEGF inhibits
neointima formation by promoting reendothelialization and
inhibiting vascular smooth muscle cell (VSMC) prolifera-

tion.> The other is that VEGF accelerates neointima formation
by promoting inflammation?4 and adventitial angiogenesis in
the vascular wall.2:3.6

In this controversy, clinical studies have been carried out to
examine the effect of VEGF gene delivery after percutaneous
coronary angioplasty without significant reduction in reste-
nosis.’® Thus, it is crucial to understand the mechanisms
underlying differential effects of VEGF during neointima
formation to optimize vasculoprotective effects and minimize
adverse effects of endogenous VEGF that may depend on
receptor, cell type, and the mode of vascular injury including
species studied. We have demonstrated that flt-1 (VEGF
receptor 1) is upregulated during neointima formation after
vascular injury, especially in the neointima, media, and
adventitia, and flk-1/KDR (VEGEF receptor 2) in the neointi-
ma and media, and that blockade of VEGF by soluble Flt-1
(sFlt-1) gene transfer inhibited monocyte infiltration and
neointima formation in several animal models.24 However,
contribution of each VEGF receptor was not fully clarified in
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previous studies including ours, because sFlt-1 as well as
other VEGF traps sequesters VEGF from its receptors non-
specifically.210 It is reported that flk-1/KDR mainly mediates
endothelial cell proliferation during angiogenesis,'' so that
flk-1 may promote reendothelialization and suppress neoin-
tima formation after injury. By contrast, flt-1 is reported to
regulate nitric oxide production in endothelial cells,'? and to
regulate monocyte chemotaxis that may promote inflamma-
tion and influence neointima formation.!3 Therefore, the
present study aimed to determine the relative role of each
VEGF receptor, flt-1 versus flk-1, in neointima formation
after vascular injury, using flt-1 tyrosine kinase-deficient
(Flt-1 TK™/7) mice!4 in the presence or absence of sFlt-1
gene transfer2's in wire injury model.

Methods

Experimental Animals

All study protocols were reviewed and approved by the Committee
on the Ethics of Animal Experiments in Kyushu University Graduate
School of Medical Sciences. To examine the role of flt-1, we used
Flt-1 TK ™/~ mice on C57B1/6J background because flt-1 deficiency
is known to be embryonic lethal.!4 Age-matched C57Bl/6J mice
(CLEA Japan, Tokyo, Japan) were used as wild-type (WT) control.
All mice were fed with normal diet and water at libitum.

Expression Vector
The 3.3-kb mouse sFLT-I gene, originally cloned from mouse lung
cDNA library, was subcloned into the BamH I (5') and Not I (3")
sites of the eukaryotic expression vector cDNA3 plasmid (Invitro-
gen, Carlsbad, Calif).2.16

Femoral Arterial Wire Injury

To examine the role of flt-1 in neointima formation, femoral arterial
wire injury was performed in male 12- to 20-week-old WT or Flt-1
TK™'~ mice. After exposure of left femoral artery, straight spring
wire (0.38 mm in diameter, COOK) was inserted into femoral artery
from the muscular branch. The wire was placed for 1 minute to
denude and dilate the artery. After removal of wire, branch artery
was ligated and restoration of blood flow was verified by pulsation
of peripheral arteries.2!? Twenty-eight days after injury, femoral
artery was excised after injection of 10% buffered formalin and
evaluated histopathologically. Heart rate and systolic blood pressure
were measured by tail cuff method before sacrifice.

Soluble Flt-1 Gene Transfer

To examine the role of flk-1, sFlt-1 gene transfer was performed in
Flt-1 TK™/~ mice as described elsewhere.24!5 Briefly, plasmid
vector encoding sFlt-1 cDNA (100 pg) was injected in the gastroc-
nemial muscle followed by electroporation to facilitate gene transfer.
sFlt-1 gene transfer was performed once every 2 weeks from 14 days
before until 28 days after injury, based on the data that serum sFlt-1
concentration was elevated over 28 days after single injection of
sFlt-1 plasmid with the peak at 14 day after injection (serum
sFlt-1concentration at baseline and 3, 14, and 28 days after injection
was 222+24, 396+59,* 970+55,* and 477+54* pg/mL, *P<0.05
versus baseline).

Histopathology and Immunohistochemistry

For histopathologic and immunohistochemical analysis, serial paraf-
fin sections of the femoral artery were prepared. Briefly, femoral
artery was excised after perfusion of 10% buffered formalin and
fixed overnight in formalin. After fixation, the tissue was embedded
in paraffin and cross sections (6 pm thick) were stained with Masson
trichrome or elastica van Gieson stains. Neointima area was defined
as the area surrounded by internal elastic lamina except lumen area.
Extent of neointima formation was evaluated by the areal ratio of
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intima to media (I/M ratio) and neointima area. Other sections were
subjected to immunostaining using rat anti-mouse macrophage mono-
clonal antibodies (Mac-3; BD Pharmingen), goat antimouse monocyte
chemoattractant protein-1 (MCP-1) antibodies (Santa Cruz Biotechnol-
ogy Inc). Proliferating cells were evaluated by the immunostaining with
antiproliferating cell nuclear antigen (PCNA) antibody (DAKO). Alpha-
smooth muscle actin («-SMA, DAKO) and CD31 antibody (Santa
Cruz) were also used as smooth muscle and endothelium marker. The
respective nonimmune IgGs were used as negative controls. After
incubation with biotinylated goat antirat IgG (Santa Cruz Biotechnology
Inc) or rabbit anti-goat IgG (Nichirei), the sections were incubated with
diaminobenzidine (DAB). The sections were then counterstained with
Mayer hematoxylin. Analysis was performed using a microscope with a
computerized, digital image analysis system and Scion Image Software
(Scion Corporation). Fluorescent immunostaining was performed with
secondary antibodies which are labeled by AlexaFluor 488 or 555
(Invitrogen).

Ex Vivo Culture of Mouse Aorta

Male 12- to 20-week-old WT Flt-1 TK™/~ and sFlt-1 plasmid-
injected Flt-1 TK™/~ mice were used in this experiment. In the first
experiment, sFlt-1 plasmid was injected 7 days before excision of
aorta. Aorta was excised from ascending aorta to the bifurcation of
iliac arteries and incubated with Dulbecco modified Eagle medium
(DMEM) containing 1% fetal bovine serum (FBS). After overnight
starvation, aorta was incubated with 50 ng/mL VEGF for 3 hours.
Then, mRNA was extracted and quantitative real-time RT-PCR was
performed by ABI PRISM 7000 Sequence Detection System (Ap-
plied Biosystems). MCP-1 and GAPDH primer, which is mixed with
probes as TagMan Gene Expression Assays, were commercially
available and purchased from Applied Biosystems. The second
experiment was performed using WT mice and blocking antibody of
fit-1(R&D Systems Inc) and flk-1 (R&D Systems Inc). After
overnight incubation with these antibodies, mRNA was collected in
a similar fashion.

VEGF-Induced MCP-1 Expression in VSMCs
Mouse aortic VSMCs (P53LMACO1)!8 was purchased from Health
Science Research Resource Banks and cultured in DMEM containing
10% FBS and phorbol-12myristate-13acetate (PMA, 100 nmol/L).
VSMCs were used after 9 passages in the experiment. VSMCs were
starved overnight and incubated with blocking antibody for flt-1 (10
pg/mL, R&D Systems) or flk-1 (1 pg/mL, R&D Systems). MCP-1
gene expression was analyzed by real-time PCR after 4-hour
stimulation with 200 ng/mL human VEGF.

Peritoneal Macrophage Chemotaxis

Peritoneal fluid containing macrophage was harvested 4 days after
intraperitoneal injection of thioglycolate. Macrophage migration was
measured in 96-well chemotaxis chambers (Neuro Probe Inc).
MCP-1 or VEGF in RPMI 1640 was added to the lower wells and the
isolated macrophages (1107 cells per mL) were placed in the upper
wells. The concentration of MCP-1 and VEGF was 5, 15, and 50
ng/mL. After incubation for 90 minutes at 37°C, the upper surface of
the membrane was washed with PBS and migrated cells on the lower
surface were counted after staining with trypan blue. The number of
cells per field was counted. All assays were performed in triplicate.

Statistics

All data are reported as the mean*SE. Statistical analysis of
differences was performed by Student ¢ test and 1-way ANOVA with
Bonferroni post test. Statistical analysis of chemotaxis assay was
performed by 2-way ANOVA with Bonferroni post test. Probability
values less than 0.05 were considered to be statistically significant,

Results

Distinct Role of flt-1 and flk-1 in Neointima
Formation After Wire Injury

To examine the role of flt-1 in neointima formation, we
examined the degree of neointima formation after wire injury
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Figure 1. Distinct effects of flt-1 TK deficiency and sFlt-1 gene
transfer on neointima formation. Neointima formation was com-
parable in wild-type (WT, n=7) and FIt-1 TK™’~ mice (n=8) 28
days after wire injury (A). Neointima formation was significantly
inhibited in Fit-1 TK™'~ mice transfected with sFlt-1 plasmid
(n=6) compared with empty plasmid (Empty, n=6; B). Scale bar
indicates 100 pum.

in femoral arteries of Flt-1 TK ™/~ mice. Flt-1 TK ™/~ mice
lack intracellular tyrosine kinase domain of flt-1 and thus
downstream signaling.!* Histological analysis revealed that
there was no significant difference in I/M ratio and
neointimal area 28 days after wire injury between WT and
Flt-1 TK™'~ mice (Figure 1A), suggesting that the role of
flt-1 is minor in neointima formation in this model.
Deficiency of flt-1 tyrosine kinase unaffected heart rate
(673%11 versus 662*19 bpm) or blood pressure (110*3
versus 104+3 mm Hg) in mice, also unaffected macrophage
infiltration evaluated as mac-3 staining, perivascular fibrosis
and vessel diameter (data not shown).

To examine the role of flk-1, sFlt-1 gene transfer was
performed into Flt-1 TK™~ mice. The sFlt-1 sequesters
VEGEF from both VEGF receptors and thus we could evaluate
the role of flk-1 when applied to Flt-1 TK™/~ mice. The
sFlt-1 gene transfer markedly inhibited neointima formation
with significant reduction of I/M ratio compared with control
empty plasmid in Flt-1 TK ™/~ mice (Figure 1B). The sFlt-1
gene transfer did not affect heart rate (662+19 versus
660+11 bpm) and blood pressure (95%5 versus
1074 mm Hg) in Flt-1 TK™/~ mice.
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Figure 2. Gene transfer of sFit-1 in Fit-1 TK™/~ mice decreased
PCNA-positive cells in the neointima (A), MCP-1 expression in
the endothelial layer and medial cells (B), and Mac-3-positive
monocytes/macrophages in the neointima and the adventitia (C)
7 days after injury (n=5 to 6 for each group). Scale bar indicate
50 pm. *P<0.05, **P<0.01 vs empty plasmid group. Arrow-
heads (V) indicates stained cells.

sFIt-1 Gene Transfer Suppressed Proliferation,
Monocyte Infiltration, and MCP-1 Expression in
Flt-1 TK™~ Mice

We have repeatedly shown the importance of MCP-1 and
monocyte-mediated inflammation in the vascular wall during
vascular remodeling in various vascular disease models.!?-22
Thus, we analyzed the effect of sFlt-1 gene transfer on
proliferation of vascular wall cells, MCP-1 expression, and
monocyte/macrophage infiltration at an early stage of neoin-
tima formation. Histology at 7 days after injury showed a
decrease in PCNA-positive cells in the neointima of Flt-1
TK™~ mice transfected with sFlt-1 gene that underpins
reduction in neointima formation (Figure 2A). Prominent
MCP-1 induction was found in the intimal and the medial
cells in Flt-1 TK™/~ mice, which was markedly suppressed
by sFlt-1 gene transfer (Figure 2B). Infiltration of Mac-3—
positive monocytes was found in the media and adventitia,
which was suppressed by sFlt-1 gene transfer as well (Figure
2C). These results suggest that endogenous VEGF upregu-
lates MCP-1 and macrophage recruitment via flk-1 in Flt-1
TK ™/~ mice during neointima formation after wire injury.

Distinct Role of flt-1 and flk-1 in VEGF-Mediated
MCP-1 Induction

To elucidate detailed mechanisms of VEGF-mediated MCP-1
induction in injured arteries, we first performed double
immunostaining of MCP-1 and a-SMA 3 days after injury
when the endothelium has not regenerated yet. We found
equivalent MCP-1 induction in the medial VSMCs in WT and
Flt-1 TK™/~ mice. In contrast, sFlt-1 gene transfer into Flt-1
TK ™/~ mice remarkably inhibited MCP-1 induction (Figure
3A). These results suggest that (1) wire injury induces MCP-1
expression primarily in the VSMCs and (2) flk-1, but not
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Figure 3. Blockade of flk-1 suppressed MCP-1 induction in
VSMCs in vivo and ex vivo. Immunostaining of MCP-1 and
«-SMA revealed that MCP-1 is induced in the medial VSMCs 3
days after injury (A). Scale indicates 200 pm. VEGF-induced
MCP-1 expression in cultured aortas was inhibited by sFit-1 gene
transfer (B, n=3 each) and anti-flk-1 antibody (C, n=3 each).
W: wild type mice, F: Flt-1 TK™/~ mice.

flt-1, mediates MCP-1 induction in the VSMCs immediately
after vascular injury. Next, we examined the role of each
VEGEF receptor in MCP-1 induction in ex vivo culture model.
Mouse aorta was harvested from WT, Flt-1 TK™/~, and sFlt-1
plasmid-administrated Flt-1 TK ™/~ mice. The aortas were
stimulated with VEGF (50 ng/mL) after 24-hour starvation,
and induction of MCP-1 was quantified by real-time PCR.
Real-time PCR showed that VEGF-induced expression of
MCP-1, which is partially but not significantly inhibited by
Flt-1 TK deletion and is completely inhibited by sFlt-1 gene
transfer, suggesting that VEGF-induced MCP-1 mRNA tran-
scription is primarily mediated by flk-1 (Figure 3B). Block-
ade of each VEGF receptor by neutralizing antibodies
showed that anti—flt-1 antibody had no effect; by contrast,
anti—flk-1 antibody completely inhibited VEGF-induced
MCP-1 expression (Figure 3C). Finally we examined the
effect of each VEGF receptor blockade on VEGF-induced
MCP-1 expression in mouse aortic VSMCs. Blocking anti-
body of flt-1 did not inhibit VEGF-induced MCP-1 expres-
sion. In contrast, blocking antibody of flk-1 significantly
inhibited VEGF-induced MCP-1 expression (supplemental
Figure I, please see http://atvb.ahajournals.org). These results
suggest that VEGF induces MCP-1 expression by flk-1-
mediated mechanisms in mouse VSMCs. We also examined
whether blockade of VEGF influences PDGF signaling that
may mediate MCP-1 induction in injured arterial wall.2? In
vitro study using cultured VSMCs revealed that blockade of
VEGF by sFlt-1 gene transfer or sFlt-1 protein does not
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Figure 4. Fit-1 TK deficiency blunted VEGF-induced chemotaxis
of macrophages. Chemotaxis of peritoneal macrophage to
VEGF or MCP-1 was examined in Boyden chamber experi-
ments. VEGF induced significant chemotaxis in WT mice, which
was blunted in Flt-1 TK™/~ mice (A). MCP-1 induced prominent
and equivalent chemotaxis in WT and Flt-1 TK™/~ mice (B). n=6
to 7 for each group. *P<0.05 vs control.

inhibit PDGF-induced phosphorylation of PDGF receptors,
suggesting that blockade of flk-1 inhibit MCP-1 induction via
PDGF-independent mechanisms (supplemental Figure II).

Macrophage Chemotaxis in WT and Flt-1

TK™/~ Mice

It is reported that human monocytes exclusively express flt-1
and that VEGF induces chemotaxis by flt-1-mediated mech-
anism.’> We performed Boyden chamber experiment to
examine macrophage chemotactic function in response to
VEGF or MCP-1 in WT and Flt-1 TK™’~ mice. VEGF
induced significant chemotaxis of peritoneal macrophage
from WT mice, which was abolished by Flt-1 TK deficiency
(Figure 4A), suggesting that flt-1 essentially mediates VEGF-
induced chemotaxis. By contrast, MCP-1 caused more prom-
inent chemotaxis in WT and Flt-1 TK™/~ mice equivalently
(Figure 4B). These results suggest that MCP-1-induced
chemotaxis was preserved in Flt-1 TK ™/~ mice, and MCP-1
is a primary mediator of flk-1-dependent macrophage re-
cruitment in injured vascular wall even in the Flt-1 TK
deficiency.
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