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Impaired Myocardium Regeneration With Skeletal
Cell Sheets—A Preclinical Trial for Tissue-Engineered
Regeneration Therapy
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Background. We hypothesized that autologous skeletal cell (SC) sheets regenerate the infract myocardium in porcine
heart as a preclinical trial.

Methods and Results. The impaired heart was created by implantation of ameroid constrictor on left anterior descend-
ing for 4 weeks. SCs isolated from leg muscle were cultured and detached from the temperature-responsive domain-
coated dishes as single monolayer cell sheet at 20°C. The following therapies were conducted: SC sheets (SC group,
n=5); sham (C group n=5). Echocardiography demonstrated that cardiac performance was significantly improved in
the SC group 3 and 6 months after operation (fractional area shortening, 3 months; SCvs. C=49.5%2.8 vs. 24.6 2.0%,
P<0.05) and left ventricle dilatation was well attenuated in the SC group. Color kinesis index showed that distressed
regional diastolic and systolic function in infarcted anterior wall was significantly recovered (SC vs. C=57.4=8.6 vs.
30.2+4.7%, P<0.05, diastolic: 58.5+4.5 vs. 35.4%6.6%, P<0.05, systolic). Factor VIII immunostains demonstrated
that vascular density was significantly higher in the SC group than the C group. And % fibrosis and cell diameter were
significantly lower in the SC group. And hematoxylin-eosin staining depicted that skeletal origin cells and well-
developed-layered smooth muscle cells were detected in the implanted area. Positron emission tomography showed
better myocardial perfusion and more viable myocardial tissue in the distressed myocardium receiving SC sheets
compared with the myocardium receiving no sheets.

Conclusions. SC sheet implantation improved cardiac function by attenuating the cardiac remodeling in the porcine
ischemic myocardium, suggesting a promising strategy for myocardial regeneration therapy in the impaired myocardium.
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D espite the recent remarkable progress in medical and
surgical treatments for heart failure, end-stage heart fail-
ure has been still a major cause of death worldwide. After
myocardial infarction, the myocardium is capable of a limited
regenerative capacity and no medication or procedure used
clinically has shown efficacy in regenerating myocardial scar
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tissue with functioning tissue. Thus, there is a need for new
therapeutics to regenerate damaged myocardium.

Recent developments in tissue engineering show prom-
ise for the creation of functional cardiac tissues without the
need for biodegradable alternatives for the extracellular ma-
trix (1). And we reported that cardiomyocyte sheets have
been developed by using temperature-responsive culture
dishes and these sheets survived in the back of nude rats and
showed a spontaneous contraction over a long period of time
(2). Recent reports suggested that cardiomyocyte sheets inte-
grated with the impaired myocardium and improved cardiac
performance in a rat model of ischemic myocardium (3).
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And more recently, in the aim of clinical application,
nonligature implantation of skeletal myoblast sheet regener-
ated the damaged myocardium and improved global cardiac
function by attenuating the cardiac remodeling in the rat li-
gation model (4) and dilated cardiomyopathy hamster model
(5). This cell delivery system by using cell sheets implantation
showed better restoration of damaged myocardium com-
pared with needle injection (4, 5). Moreover, grafting of
skeletal myoblast sheets attenuated cardiac remodeling and
improved cardiac performance in pacing-induced canine
heart failure model (6).

Given this body of evidence, we hypothesized that the
autologous skeletal cell (SC) sheet implantation might re-
model the chronic heart failure caused by ischemic injury.

Therefore, this preclinical study using Swine model was
designed to test therapeutic effectiveness.

MATERIALS AND METHODS

Myocardial Infarction Model

“Principles of Laboratory Animal Care” formulated by the National Soci-
ety for Medical Research and the “Guide for the Care and Use of Laboratory
Animals” prepared by the Institute of Laboratory Animal Resource and pub-
lished by the National Institutes of Health (NIH Publication No. 86-23, re-
vised 1985). This animal experiment was approved by the Animal Care
Committee of Osaka university graduate school of medicine. We induced
acute myocardial infarction of 10 swine (20 kg, KEARI, Japan) by the follow-
ing method. Swine were preanesthetized by intramuscular injection of ket-
amine hydrochloride 20 mg/kg (Ketalar, Sankyo, Japan) and xylazine 2
mg/kg (Seractar, Bayer). Animals were positioned spine and a 22-gauge in-
dwelling needle (Surflo F&F, Terumo, Tokyo, Japan) was inserted in the
central vein of the auricle. A three-way cock (Terufusion TS-TR2K, Terumo,
Tokyo, Japan) was attached to the external cylinder of the indwelling needle,
and an extension tube was connected for continuous anesthetic injection.
The animals were intubated with an endotracheal cannula (6 Fr, Sheridan)
using a pharyngoscope and then connected to an artificial respirator (Har-
vard, USA) by the cannula. Artificial respiration was implemented at a stroke
volume of 200 to 300 mL/stroke and a stroke frequency of 20/min. The
animals were continuously drip injected with propofol 6 mg/kg/hr
(Diprivan, AstraZeneca) and vecuronium bromide 0.05 mg/kg/hr (Muscu-
lux, Sankyo Yell Yakuhin Co., Ltd., Japan) using a syringe pump (Terufusion
TE-3310N, Terumo, Japan). The animal was then fixed in a recumbent po-
sition, so that the left thorax was exposed, and the outer layer of skin and
muscles between the third and fourth ribs were dissected. After confirming
the cutting into the thoracic cavity, the distance between the third and fourth
ribs was widened with a rib spreader to allow a direct view of the left auricle
and the LAD coronary artery. The pericardium was dissected along the LAD
from the upper part of the left auricle (~6 cm) to expose the myocardium
around the LAD. LAD on the proximal side below the left auricle from the
myocardium was exfoliated for approximately 1 c¢m, and then a small
amount of lidocaine hydrochloride jelly (Xylocaine jelly, AstraZeneca) was
applied to allow for anesthetizing the area. An ameroid constrictor (COR-
2.50-SS, Research Instruments) was then fit using No. 1 or 2 suture. The chest
cavity was closed to end the procedures. The animals were randomly divided
into two treatment groups: the first received autologous SC sheet implanta-
tion (SC group, n=5). For control, we have performed sham operation
(C group, n=5).

Preparation of Skeletal Cell Sheets for Grafting
One week after implantation of ameroid constrictor on LAD, skeletal
muscle weighing approximately 5 g was removed from the pretibial re-
gion with the porcine under general anesthesia. Following the addition of
trypsin-ethylenediaminetetraacetic acid (Gibco, Grand Island, NY), ex-
cessive connective tissue was carefully removed to minimize the content
of contaminating fibroblasts, and the muscle tissue was minced until the
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fine pieces formed a homogeneous mass. The specimens were then incubated
at 37°C in shaker bath with 0.5% type 1 collagenase (Gibco) in Dulbecco’s
modified Eagle’s medium (Gibco). After brief placement, the fluid was
collected, and the same volume of culture medium, SkBM (Cambrex, Walk-
ersville, MD) supplemented with fetal bovine serum (Thermo Trace, Mel-
bourne, Australia), was added to halt the enzymatic digestion process. The
cells were collected by centrifugation, and the putative SCs were seeded into
150 cm? polystyrene flasks after removal of fibroblasts by sedimentation for a
few hours and cultured in SkBM at 37°C. During the culture process, we
maintained cell densities at less than 70% confluence by carrying out passag-
ing of cells for one time to prevent SCs from premature differentiation and
fusion process resulting in myotubes formation. When the cells become ap-
proximately 70% confluent after 10 to 11 days cultivation, the cells were
dissociated from the flasks with trypsin-ethylenediaminetetraacetic acid and
reincubated on 100 mm temperature-responsive culture dishes (Cellseed,
Tokyo, Japan) at 37°C with the cell numbers adjusted to 1X 107 per dish. More
than 90% of these cells were desmin positive (Fig. 1). After 4 days, the dishes were
removed to refrigerator set at 20°C, and left there for approximately 30 min.
During that time, the SC sheets detached spontaneously from the surfaces. Each
sheet had a diameter of 30 to 40 mm and consisted of layers of SCs; the sheets
were approximately 100-pm thick in cross-sectional views (Fig. 1). Approxi-
mately 10 sheets were obtained from the 5 g of skeletal muscle.

Implantation of Skeletal Cell Sheets

Autologous SC sheet implantation was performed in the swine 4 weeks
after LAD ligation. Swine were anesthetized as mentioned above. The swine
were exposed through the sternum. The infarct area was identified visually
on the basis of surface scarring and abnormal wall motion. In the SC group,
we implanted 10 SC sheets into the infarcted myocardium. The control
group was treated similarly but received no SC sheets. Because pilling up four
or more sheets caused the central necrosis of the myoblasts presumably be-
cause the lack of in oxygen supply, we decided to pile two or three layers of the
SC sheet over the broad surface of the impaired heart.

Measurement of Cardiac Function

Swine were anesthetized as mentioned above. Cardiac ultrasonography
was performed with a commercially available echocardiograph, SONOS
5500 (PHILIPS Electronics, Tokyo, Japan). A 3-MHz annular array trans-
ducer was placed on a layer of acoustic coupling gel that was applied to the left
hemithorax. Swine were examined in a shallow left lateral decubitus position.
The heart was first imaged in the two-dimensional mode in short-axis views
at the level of the largest left ventricle (LV) diameter. The calculation of the
LV volume was based on the LV short-axis area using AQ system (7). And
fractional area shortening (FAS) of the LV diastolic was calculated as follows:

FAS (%)=[(LVend-diastolic area—LV end-systolic area [ESA])/
LV end-diastolic area] X 100

These data are presented as the average of measurements of two or three
selected beats.

Quantification of Regional Diastolic and Systolic
Function by Color Kinesis

Diastolic CK images were obtained using a commercially available ultrasound
system (SONOS 5500, Philips Medical Systems) from the LV midpapillary short-
axis view for the determination of wall motion asynchrony as previously re-
ported (8). CK examined every image pixel within the region of interest, which
was drawn around the LV cavity, classifying it as blood or tissue based on inte-
grated backscatter data. During diastole, each pixel was tracked into the next
frame, and pixel transitions from endocardium to blood were detected and in-
terpreted as diastolic endocardial motions. These pixel transitions were encoded
using a color hue specific to each consecutive video frame, so that each color
represents the excursion of that segment during a 33-ms period of time. The sites
of regional LV diastolic wall motion or regions of interest were set on the basis of
standard segmentation models: anterior, lateral, posterior, inferior, anteroseptal
wall. The CK diastolic index was defined as the LV segmental filling fraction
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FIGURE 1. Histological character-
istics of skeletal cell (SC) sheet. (a)
SC sheet detached from the Poly
(N-isopropylacrylamide)-grafted

polystyrene by lowering the temper-
ature. Its size is approximately 3
cmx2 cm?. (b) Hematoxylin-eosin
(H&E) stain; cross-sectional views of
SC sheet in vitro. SC sheet demon-
strates homogeneous heart-like tis-
sue. (c) Not so many smooth muscle
cells were detected in the SC sheets.
The arrow indicates the smooth mus-
cle cellsin the SC sheet. (d) H&E stain
revealed that SC sheets attached on
the surface of epicardium. Left square
bracket indicates implanted SC sheets.
(e) Oval-shaped cells that showed posi-
tive for eosin in cytoplasm were de-
tected in the SC group microscopically
in some layers over epicardium. (f) Elas-
tica Masson Goldner showed that oval-
shaped cells that supposed to origin
from skeletal tissue exist in the transplan-
tation site. Arrows indicate oval-shaped
cells that suppose to be originated form
skeletal tissue.

during the first 30% of the diastolic filling time (LV segmental cavity area expan-
sion during the first 30% of diastole, divided by the segmental end-diastolic LV
cavity area expansion, expressed as a percentage). We introduced the use of color
kinesis method that displays endocardial motion in real time to evaluate the
regional systolic function (8).

Histopathology

LV myocardium specimens were obtained 6 months after the SC sheet
implantation. Each specimen was fixed with 10% buffered formalin and
embedded in paraffin. A few serial sections were prepared from each
specimen and stained with hematoxylin-eosin (H&E) stain and elastica
Masson-Goldner for histological examination or with Masson’s
trichrome stain to assess the collagen content.

To label vascular endothelial cells so that the blood vessels could be
counted, immunohistochemical staining of factor VIII-related antigen was
performed according to a modified protocol. Frozen sections were fixed with
a 2% paraformaldehyde solution in phosphate-buffered saline (PBS) for 5
min at room temperature, immersed in methanol with 3% hydrogen perox-
ide for 15 min, then washed with PBS. The samples were covered with bovine
serum albumin solution (DAKO LSAB Kit DAKO CORPORATION, Denmark)
for 10 min to block nonspecific reactions. The specimens were incubated over-
night with an Enhanced Polymer One-Step Staining (EPOS)-conjugated anti-
body against factor VIlI-related antigen coupled with horseradish peroxidase
(DAKO EPOS Anti-Human Von Wille brand Factor/HRP, DAKO, Denmark).
After the samples were washed with PBS, they were immersed in diaminobenzi-
dine solution (0.3 mg/mL diaminobenzidine in PBS) to obtain positive stain-
ing. Ten different fields at 200X magnification were randomly selected, and
the number of the stained vascular endothelial cells in each field was counted
under a light microscope. The result was expressed as the number of blood
vessels per square millimeter.

The following antibodies against smooth muscle cells and skeletal myosin
(slow) were used to evaluate the existence of SCs: primary antibodies, anti-

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Transplantation * Volume 90, Number 4, August 27, 2010

smooth muscle actin (clone 1A4, DAKO) antiskeletal myosin (slow) (clone
NOQ7.5.4D, Sigma); secondary antibodies, anti-mouse Ig biotinylate (DAKO).

Picro-sirius red staining for the assessment of myocardial fibrosis or peri-
odic acid-Schiff staining for that of cardiomyocyte hypertrophy was per-
formed as described (9).

Positron Emission Tomography Procedure

We performed positron emission tomography (PET) studies on pigs which
were transplanted SC sheets and control by using '*0-water and '*F-FDG. The
pigs were anesthetized by the introduction of pentobarbital followed by contin-
uous inhalation of propofol (4 mg/kg/hr) and were placed supine on the bed of
the scanner. PET was performed using a HEADTOME-III tomograph (Shi-
madzu, Kyoto, Japan) and data were analyzed as described elsewhere (10).

Holter Electrocardiography

To evaluate arrhythmia we used Holter electrocardiography (ECG) for 24
hours. We checked arrhythmia by checking the number of ventricular prema-
ture beat after SC sheet implantation in myocardial infarction porcine (n=3).

Data Analysis

Data are expressed as means *= SEM and subjected to multiple analysis of
variance (ANOVA) using the StatView 5.0 program (Abacus Concepts, Berkeley,
CA). Echocardiographic data were first analyzed by two-way repeated measure-
ment ANOVA for differences across the whole time course, and one-way
ANOVA with the Tukey-Kramer posthoc test was used to verify the significant
for the specific comparison at each time point. To assess the significance of the
differences between individual groups concerning other numeral data, statistical
evaluation was performed with an unpaired ¢ test. Statistical significance was
determined as having a P value less than 0.05.
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Masson trichrome

Smooth muscle actin

FIGURE 2. The detection of a large
quantity of skeletal cells (SCs) in the cen-
ter of the scar. (a and b) Masson
trichrome staining reveals that some lay-
ered muscles are detected in the center
ofthe scarin the SC sheet transplantation
group, whereas not in the control. (c—f)
Smooth muscle actin staining demon-
strated that well-developed smooth
muscle cells occupied in the center of
the scar in the SC sheet transplantation
group, whereas only smooth muscle
cells which are formed vasculature are
detected in the control. (g and h) Slow-
type myosin staining showed that no
positive cells exist in the center of the
scar. This means that SCs which are de-
tected inthe center of the scar are notthe
residual myocyte after infarction.

RESULTS

Characteristics of Myoblast Sheet

We obtained monolayered myoblast sheets by lowering
the temperature, which released them from the Poly(N-
isopropylacrylamide)-grafted polystyrene. Its size is approx-
imately 3 cmx2 cm? (Fig. 1a). H&E staining demonstrated
that SC sheet contained a lot of SCs and SC sheets had an
appearance of homogenous tissue, which thickness of one SC
sheet was approximately 100 wm (Fig. 1b). Some smooth
muscle cells are detected in the SC sheets, but those cells are
not majority (Fig. 1c).

Histological Assessment

H&E staining demonstrated that transplanted SC
sheets were attached in the epicardium (Fig. 1d) and oval-
shaped cell that showed positive for eosin in cytoplasm were
detected in the SC group microscopically in some layers over
epicardium (Fig. le). Elastica Masson-Goldner showed that
oval-shaped cells that supposed to origin from skeletal tissue
exist in the transplantation site (Fig. 1f). These cells were not
seen in the control group. And the SC group demonstrated
decrease in the cross-sectional LV area compared with the C
groups (Fig. 2a). Masson’s trichrome staining showed that
clustered SCs were detected in the center of the scar, whereas
clustered SCs were not detected in the C group (Fig. 2a, b).
Many clusters of well-developed smooth muscle cells exist in
the center of the whole scar in the SC group, whereas in the C

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Smooth muscle actin

Myosin slow

Miyagawa et al. 367

Control

Skeletal cell sheet

group, smooth muscle cells which formed vasculature exist in
the scar (Fig. 2c—f). Although slow-type myosin-positive cells
exist only on the endocardium and epicardium, those cells
were not detected in the center of scar (Fig. 2g,h). So these
figures depict that the skeletal muscle cells that exist in the
center of the scar is not residual myocyte after infarction.

Quantification of Histopathology

In the SC group, vascular density was found to be sig-
nificantly higher than in the C groups (SCvs. C=217.1£30.2
vs. 114.2+18.2 /field; P<<0.05) (Fig. 3b).

Picro-sirius red staining demonstrated that % fibrosis
was significantly reduced in the SC group compared with the
Cgroup (SCvs. C=1.6%0.2 vs. 3.1+0.3%; P<<0.05) (Fig. 3b).
Periodic acid-Schiff staining showed that cell diameter was
significantly shorter in the SC group than the C group (SC vs.
C=10.7%0.3 vs. 18.3%1.4 wm; P<0.05) (Fig. 3b).

These histological findings were universally identified
in the native myocardial tissue without distinction of distance
from the grafted region.

Functional Assessment of the Infarcted
Myocardium

The FAS and LV end-ESA scores at baseline were not
significantly different between the two groups.

Three months after the implantation, two-dimensional
echocardiography showed significant improvement of the
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FIGURE 3. Macroscopicimages of impaired myocardium receiving skeletal cell (SC) sheets and histological evaluation.
(a) In the SC group, the anterior wall has recovered compared with the C group. In the SC group, the short axis area of the
left ventricle (LV) is small compared with the C groups. In contrast, the C group shows a dilated LV and the anterior wall is
thinner than in the SC groups. (b) Histological evaluation. Vascular density: the SC group showed a significant improvement
in vascular density as assessed by immunostaining for the factor VIII-related antigen. *P less than 0.05 vs. C. The ratio of
fibrosis-occupied area (% fibrosis) at a site remote from the infarcted heart region: picro-sirius red staining demonstrated
that % fibrosis at a site remote from the infarcted heart region was significantly reduced in the SC group compared with the
C group. *Pless than 0.05 vs. C. The diameter of cardiomyocyte: the diameter of cardiomyocyte is significantly shorterin the
SC group than the C group. *P less than 0.05 vs. C.

FIGURE 4. Global functional effects FAC ESA
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FIGURE 5. Systolic function: regional systolic function was significantly recovered in the skeletal cell (SC) group 3
months after implantation compared with the C group in the anterior, lateral, and anteroseptal wall. *P less than 0.05.
Diastolic function: regional dysfunction was significantly recovered in the SC group 3 months after implantation compared
with the C group in the anterior, lateral, and anteroseptal wall. Before treatment, diastolic dysfunction was observed in the
infarction area of myocardium and the regional delayed relaxation was detected in the remote site of infarction by color
kinesis. But this phenomenon was disappeared after SC sheet implantation. *P less than 0.05, l: SC sheet, @: control.

FAS (Fig. 4a) in the SC group compared with the C group (SC
vs. C=49.5%2.8 vs. 24.62.0%, P<0.05). These functional
improvements were preserved 6 months after implantation
(SC vs. C=50.8%6.4 vs. 25.3+2.8%, P<<0.05). The ESA was
significantly smaller in the SC group than in the C group 3
months after the implantation (SC vs. C=4.3%+0.5 vs. 9+1.3
cm?, P<0.05) (Fig. 4b). These attenuation of LV dilatation
were preserved 6 months after implantation (SC vs.
C=4.9+0.8vs. 7.5+ 1.4 cm?, P<0.05). During this long-term
observation, all SC sheet-treated animals were alive and ex-
hibited no malignant arrhythmia assessed by 24-hour Holter
ECG once a week (data not shown).

Before treatment, diastolic dysfunction was observed
in the infarction area of myocardium and the regional de-
layed relaxation was detected in the remote site of infarc-
tion by color kinesis. After 3 months after implantation,
CK-diastolic index in the lateral (SC vs. C=61.7+6.4
vs. 43.7+4.8%, P<<0.05), anterior (SC vs. C=57.4+8.6 vs.
30.2%+4.7%, P<<0.05), and anteroseptal (SC vs. C=59+6.6vs.
38.46.6%, P<<0.05) segment were significantly ameliorated
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in the SC group compared with the C group, and regional
systolic function in transplanted site was significantly im-
proved in the SC group while not in the C groups (SC vs. C:
lateral, 59.8£3.3 vs. 43.6+5.4%, P<<0.05; anterior, 58.5+4.5
vs. 35.4%*6.6%, P<0.05; anteroseptal, 59.8+3.3 wvs.
43.6+5.4%, P<0.05), respectively (Fig. 5).

We could detect no ventricular premature beat for 24
hr by the Holter ECG in three myocardial infarction porcine
received SC sheets.

Regional Myocardial Blood Flow and Residual
Myocardial Tissue

PET study by using '*0-water showed that the myocar-
dial water-perfusable tissue fraction and myocardial blood
flow were higher in the anterior wall where SC sheets were
implanted compared with the myocardium receiving no
sheets. These data depict that myocardial blood flow was bet-
ter and microcirculation in the infarcted myocardium was
preserved in the SC sheets implanted myocardium. PET study
by using '®F-EDG revealed that more viable myocardial tis-
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FIGURE 6. Positron emission tomography (PET) study
revealed that perfusable tissue fraction (PTF) and myocar-
dial blood flow (MBF) were higher and more viable myo-
cardial tissues were preserved in the skeletal cell sheets
implanted site compared with the myocardium receiving
no sheets.

sues were preserved in the skeletal sheet implanted myocar-
dium compared with the myocardium receiving no sheets.
Coronary angiography revealed that LAD was occluded by
the ameroid constrictor in both cases (Fig. 6).

DISCUSSION

Over the past several years, increasing awareness of the
shortcomings of heart transplantation and left ventricular as-
sist system implantation has led cardiovascular surgeons to
consider alternative means of treating end-stage heart failure.
In clinical setting, cellular cardiomyoplasty has been reported
to have the potential of fundamental regenerative capability
and has already been introduced in clinical trials with skeletal
myoblast (11) or bone marrow mononuclear cells (12), and
results suggest that it is a relatively feasible and safety therapy
as a therapeutic angiogenesis. In this setting, cardiac tissue
implantation was proposed to the treatment of end-staged
heart failure as a new concept of regenerative therapy and
experimentally some groups depicted it’s effectiveness in the
damaged myocardium (13, 14). We also reported that cell
sheets have great impacts on restoration of damaged myocar-
dium in the rat infarction model (3, 4) and dilated cardiomy-
opathy hamster (5). To convince the effectiveness of cell
sheets in preclinical trial, we examined whether autologous
SC sheets implantation might become one of the armamen-
tarium of regenerative therapy for chronic heart failure
caused by myocardial infarction in the porcine model.

The potential added advantages of the cell sheet im-
plantation method include the implantation of a high num-
ber of cells with minimum cell loss. In contrast, the injection
method is associated with a high loss of cells or surface pro-
teins due to the trypsin treatment. Despite a high number of
cell loss in needle injection, the cell sheet implantation
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method might provide the advantages of a higher number of
cell implantation without cellular community destruction,
leading the more improvement of cardiac performance rather
than cell injection method (4). In case of needle injection,
inflammation accompanied with destruction of myocardium
induced by needle injection promotes graft death after cell
transplantation (15).

To examine the effects of the SC sheet implantation
therapy, we analyzed cardiac function and performed a his-
tological assessment of the infarcted heart after SC sheet
transplantation in a swine infarction model. SC sheet implan-
tation therapy significantly induced angiogenesis, reduction
of fibrosis histologically. And cell diameter of host myocyte
was significantly attenuated its hypertrophy compared with
the no treatment group. PET study revealed the better re-
gional blood perfusion and better regional myocardial viabil-
ity in the myocardium receiving cell sheets compared with the
myocardium receiving no sheets.

Moreover, SC sheet implantation induced functional
recovery of damaged myocardium. Especially, we demon-
strated that the regional diastolic and systolic dysfunction was
well recovered in the sheet implanted group. Before treat-
ment, diastolic dysfunction of infarcted area and regional de-
layed relaxation of noninfarcted site were detected by color
kinesis in the porcine infracted myocardium. After treatment,
diastolic dysfunction of infarcted site was significantly recov-
ered and the phenomenon of regional delayed relaxation in
noninfarcted site was not seen. Presumably, implanted elastic
myoblast sheets and a large quantity of well-developed
smooth muscle cells, which are detected in the center of the
scar, improved the regional diastolic dysfunction of im-
planted site. Although SC sheet can not contract in vivo after
implantation, this recovery of diastolic disassociation of LV
might result in the recovery of systolic dysfunction.

To the best of our knowledge, this is the first report in
which tissue-engineered SC sheets implantation was success-
fully used to improve cardiac performance in a large animal
model of ischemic myocardium according to the Laplace’s
theory.

The mechanisms of the restoration of damaged myo-
cardium by SC sheet implantation might be complicated and
many pathways might affect the recovery of ischemic myo-
cardium. Recent reports depict that cell sheets enhance the
recruitment of hematopoietic stem cells through the release
of stromal-derived factor 1 (4). The fact of thicker anterior
wall and the improvement of regional function might depend
on both the recruitment of cytokine releasing stem cells, sur-
vival of grafted cells, and well-developed smooth muscle cells.
And these cells might have good elasticity and these elastic
cells and tissues softened the stiffness of anterior wall in asso-
ciation with the attenuating fibrosis even in the infarct area.
This reduced stiffness of anterior wall might lead to the im-
provement of the diastolic dysfunction. Transplanted SCs
cannot differentiate into cardiomyocyte anymore, but re-
gional systolic function improved in the transplanted site.
Probably, the improvement of regional diastolic function due
to elastic cells might be responsible for the restoration of re-
gional systolic dysfunction. Recent reports demonstrated that
regional left ventricular myocardial relaxation was closely re-
lated to regional myocardial contraction (16) and the im-
provement of regional myocardial relaxation leads to the
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recovery of global diastolic function (17). Moreover, the
improvement of regional systolic function is closely related
to global systolic function (18). We assume that this theory
about the relationship between diastolic and systolic func-
tion is one of the mechanisms about the improvement of
diastolic and systolic function in the cell sheet transplanted
myocardium.

Question is why the well-developed smooth muscle
cells exist in the center of the scar in the SC sheet group after
transplantation despite a small quantity of smooth muscle
cells in the SC sheet? Does a small quantity of smooth muscle
cells in the SC sheet proliferate after transplantation? Do pro-
genitor cells in the SC sheet differentiate to smooth muscle
cells? Do progenitor cells or smooth muscle cells in the host
myocardium migrate to the implanted site and proliferate?
To the regret, there is no data to answer these questions ex-
actly in this article and more detailed studies are needed to
elucidate this important question.

Some reports depicted that the expression of hepato-
cyte growth factor (HGF) in the myoblast sheet transplanted
ischemic myocardium is higher compared with the nontrans-
planted ischemic myocardium (4). HGF has an antifibrotic
activity both through the activation of a matrix degradation
pathway (19), restoration of cytoskeletal proteins on cardio-
myocyte (20), and induce angiogenesis in the ischemic myo-
cardium (21). Our study demonstrated that % fibrosis was
significantly reduced in the SC sheet transplanted group. This
paracrine secretion of HGF from SC sheets might attribute
the reduction of % fibrosis. In our study, much more factor
VIII-positive cells are detected in the SC sheet transplanted
myocardium. This might be induced by paracrine secretion
of HGF and angiogenesis might rescue the ischemic host
cardiomyocyte and bring about the improvement of the dis-
tressed function of host cardiomyocyte. The distressed cy-
toskeletal proteins on the cardiomyocyte in the ischemic
myocardium might be reorganized by the HGF secreted from
skeletal sheet and the restoration of cytoskeletal proteins
might lead to the improvement of cardiac function. And
some reports demonstrated that myoblast sheets maintain
the distressed cytoskeletal proteins on the host cardiomyocyte
in the dilated cardiomyopathy hamster model (5). Conse-
quently, cell sheet treatment is appropriate for recovery of
ischemic cardiomyopathy. Recent research works demon-
strated that several regenerative factors such as insulin-like
growth factor-1 (22) and Thymosin b4 (23) were expressed in
the rat ischemic myocardium model after myoblast sheet im-
plantation by reverse-transcriptase polymerase chain reaction
analysis (data not shown). After myoblast sheet transplantation
to ischemic myocardium, several regenerative factors are ex-
pressed in the transplanted site, and these long-term and low-
dosed expressed regenerative factors might cooperatively restore
the damaged myocardium.

We could find no ventricular premature beat analyzed
by Holter ECG after SC sheet implantation. We have already
proved that in the rat infarction model, arrhythmia is less in
the SC sheet implantation group compared with the needle
injection group and this work represented that more mono-
cyte chemotactic protein- 1-positive cellsand CD11b (macro-
phage marker)-positive cells were detected in the needle
injection group compared with SC sheet implantation (data
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not shown). We speculate that needles destroy the myocar-
dium and this destroyed myocardium may induce the inflam-
mation and this inflammation may induce the arrhythmia.
Conversely, SC sheet implantation technique normally doses
not destroy the myocardium when they are implanted to
recipient heart. Moreover, SC sheet will survive on the epi-
cardium and electrical wave originated from implanted myo-
blasts may not deliver to the recipient myocardium directly.
But when we implant myoblasts by needle injection, im-
planted myoblasts survive in the center of the myocardium
and electrical wave will deliver to the myocardium directly,
leading to the arrhythmia.

In conclusion, we have preclinically demonstrated SC
sheets produced histologically and functionally apparent pre-
vented the deterioration of the impaired myocardium in the
swine model. These data provide a basis for attempting clin-
ical cell sheet implantation in ischemic disease as the arma-
mentarium to promote the regeneration of chronic heart
failure caused by myocardial infarction.
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Pertussis Toxin Up-regulates Angiotensin Type 1 Receptors
through Toll-like Receptor 4-mediated Rac Activation™
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Pertussis toxin (PTX) is recognized as a specific tool that
uncouples receptors from G; and G, through ADP-ribosylation.
During the study analyzing the effects of PTX on Ang II type 1
receptor (AT1R) function in cardiac fibroblasts, we found that
PTX increases the number of ATIRs and enhances ATIR-
mediated response. Microarray analysis revealed that PTX
increases the induction of interleukin (IL)-1 among cytokines.
Inhibition of IL-1 suppressed the enhancement of AT1R-me-
diated response by PTX. PTX increased the expression of IL-13
and ATIR through NF-«B, and a small GTP-binding protein,
Rac, mediated PTX-induced NF-kB activation through NADPH
oxidase-dependent production of reactive oxygen species. PTX
induced biphasic increases in Rac activity, and the Rac activa-
tion in a late but not an early phase was suppressed by IL-1(
siRNA, suggesting that IL-13-induced Rac activation contrib-
utes to the amplification of Rac-dependent signaling induced by
PTX. Furthermore, inhibition of TLR4 (Toll-like receptor 4)
abolished PTX-induced Rac activation and enhancement of
ATIR function. However, ADP-ribosylation of G;/G, by PTX
was not affected by inhibition of TLR4. Thus, PTX binds to two
receptors; one is TLR4, which activates Rac, and another is the
binding site that is required for ADP-ribosylation of G;/G,,.

PTX,” a major virulence factor of Gram-negative bacillus
Bordetella pertussis, which causes whooping cough, is well
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established as a pharmacological tool for a specific inhibitor of
G; signaling. PTX is composed of A-protomer and B-oligomer,
and A-protomer exerts ADP-ribosyltransferase activity on the
a subunit of heterotrimeric G, proteins (Ge;), leading to inhi-
bition of receptor-G protein coupling (1, 2), whereas B-olig-
omer of PTX recognizes and binds carbohydrate-containing
receptors that deliver A-protomer into the cytosol (3). How-
ever, several reports have demonstrated that PTX has addi-
tional effects, such as enhancement of immune responses
(4-6), increase in adenosine A, receptor density (7), and acti-
vation of tyrosine kinase, mitogen-activated protein kinase, and
NF-«B (8 -10). These effects of PTX are reported to be inde-
pendent of G; modification.

Angiotensin (Ang) II plays an important role in the regula-
tion of hypertrophy and/or hyperplasia of cardiovascular cells
(11-13). In cardiac fibroblasts, Ang Il has been demonstrated to
stimulate the processes related to extracellular matrix remod-
eling (14). The biological function of Ang Il is mediated by Ang
II receptors located on the plasma membrane. Two isoforms
(type 1 (AT1) and type 2 (AT2)) of Ang II receptor have been
identified, but most of the cardiovascular effects of Ang II are
attributed to ATIR (15). ATIR belongs to the G,-coupled
receptor family. Stimulation of AT1R activates phospholipase
C and increases [Ca”>"], through the production of inositol
1,4,5-trisphosphate, leading to the modulation of fibroblast
activities, such as cell proliferation and extracellular matrix
protein synthesis (16).

Anincrease in AT1R density is one of the features to enhance
fibrogenic responses of the heart. For example, an increase in
ATIR density has been reported in the heart after myocardial
infarction (17, 18) and in hearts from biopsies from patients
with spontaneous intracerebral hemorrhage (19). Several cyto-
kines, such as tumor necrosis factor (TNF)-a and interleukin
(IL)-1B, have been reported to up-regulate AT1R (17, 20). How-
ever, the molecular mechanism responsible for the increase in
ATIR density is still unknown.

Many studies suggest that low concentration of ROS acts as a
second messenger in the cardiovascular system (21, 22). Stim-
ulation of IL-183 and TNF-« induces ROS production through

razolo[1,5-b]pyridazine; ROS, reactive oxygen species; TNF-«, tumor necro-
sis factor-a; WT, wild type; ELISA, enzyme-linked immunosorbent assay;
siRNA, small interfering RNA.
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NADPH oxidase activation (23). A small GTP-binding protein,
Rac, regulates the activity of NADPH oxidase (24) and mediates
IL-1B- or TNF-a-induced ROS production and NF-«B activa-
tion (25). We have previously reported that Rac mediates Ang
II-stimulated ROS production through NADPH oxidase activa-
tion in cardiac myocytes and cardiac fibroblasts (26, 27). Over-
expression of constitutively active Racl induces hypertrophic
responses in isolated cardiomyocyte and dilated cardiomyopa-
thy in vivo (28, 29). Although a high concentration of hydrogen
peroxide (H,0,) is reported to decrease AT1R density (30), it is
unknown whether production of low concentration of ROS via
Rac-mediated NADPH oxidase activation participates in the
receptor-stimulated increase in AT1R density of cardiac cells.

Toll-like receptors (TLRs) play a critical role in both innate
and adaptive immunity (31). There are at least 10 TLRs identi-
fied so far in humans, which specifically recognize and bind to a
variety of pathogenic factors, including lipopolysaccharide. The
mouse heart expresses at least six receptors (TLR2, -3, -4, -5, -7,
and -9), and the stimulation of these receptors induces activa-
tion of NF-«B. TLR2 and TLR4 have been extensively studied in
the heart, and both receptors are in part responsible for cardiac
dysfunction in certain pathological conditions (32). Recent
studies have elucidated that PTX functions as a superior ligand
for TLR4 (6, 10). Although stimulation of TLR4 results in pro-
duction of proinflammatory cytokines, it has not been reported
that PTX exerts some pharmacological action(s) through TLR4
in cardiovascular cells, and it is unknown whether PTX-in-
duced ADP-ribosylation of G;/G, requires TLR4-mediated
entry into cells.

During the study of the role of G; proteins in AT1R-mediated
fibrotic responses using rat neonatal cardiac fibroblasts, we
found that PTX enhances Ang II-induced increase in [Ca®"],.
Because we previously reported that the treatment with PTX
increases Rac activity in rat neonatal cardiac myocytes (26), we
hypothesized that Rac is implicated in PTX-induced enhance-
ment of Ang Il signaling in cardiac fibroblasts. In this study, we
demonstrate that PTX B-oligomer induces Rac activation
through a pathway independent of ADP-ribosylation of G,/G,,
PTX increases IL-18 induction through sequential activation of
TLR4, Rac, NADPH oxidase, and NF-kB, which leads to AT1R
up-regulation through amplification of Rac-dependent signal-
ing in rat cardiac fibroblasts.

EXPERIMENTAL PROCEDURES

Materials, Recombinant Adenoviruses, and Culture of Car-
diac Fibroblasts—PTX, simvastatin, and anti-Ge,,,, antibody
were purchased from Calbiochem. Ang Il was from Peptide
Institute. Mastparan-7, ATP, wortmannin, and diphenylene-
iodonium (DPI) were purchased from Sigma. Ro-106-9920 was
from Tocris. Rat IL-18 and PTX B-oligomer were from Wako.
Rabbit anti-rat IL-1$3 antibody and the rat IL-138 ELISA kit were
from Endogen. Anti-Ga,,, anti-PLC;, anti-IkBa, anti-p65,
anti-RhoA, anti-rabbit IgG, and anti-mouse IgG antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). ['**I]Ang II, [**P]NAD, and glutathione-Sepharose
beads were from Amersham Biosciences. Anti-Racl and anti-
Rapl antibodies were from Transduction Laboratories. Anti-
Ras antibody was from Upstate Biotechnology. Anti-phospho-

asEmE\

MAY 14, 2010-VOLUME 285-NUMBER 20

Up-regulation of AT1 Receptors by Pertussis Toxin

Akt and anti-Akt antibodies were from Cell Signaling.
Fura2/AM was from Dojindo. 2,7-dichlorofluorescein diac-
etate and Alexa Fluor 488 goat anti-rabbit antibody were from
Molecular Probes. Collagenase and Fugene 6 were from Roche
Applied Science. Dual luciferase reagents were from Promega.
pNF-kB-Luc and pRL-SV40 were from Stratagene. The
sequences coding the Rapl-binding domain of Ral-GDS, Rac-
binding domain of p21-activated kinase, Rho-binding domain
of rhotekin, or Ras-binding domain of Raf were cloned,
sequenced, and ligated into pGEX-4T-1 to make glutathione
S-transferase fusion protein constructs. Glutathione S-trans-
ferase fusion proteins were expressed at room temperature and
purified using gluthathione-Sepharose as described (33). The
c¢DNA encoding GRP1-PH was provided by Dr. Alexander Gray
(University of Dundee, Scotland). Recombinant adenoviruses
of GRK2 (G protein-coupled receptor kinase 2)-ct, RGS4 (reg-
ulator of G protein signaling 4), WT Ga,, Ga;-ct, IkBam, GFP-
fused WT Rac, GFP-fused constitutively active Rac (G12V),
DN-Rac (T17N), DN-p4777°* and p115-RGS were produced as
described previously (26, 34). Stealth siRNAs oligonucleotides
for rat IL-13, TLR4, and Racl were from Invitrogen. Sequences
of stealth siRNA used were described in supplemental Table 1.
Cardiac fibroblasts were prepared from ventricles of 1-2-day-
old Sprague-Dawley rats, as described previously (27).

Quantification of Intracellular Ca®* and ROS Concentration—
[Ca® ")’ was measured by the method described previously (35).
Briefly, cells (5 X 10%) were plated on a 3 X 10-mm microcov-
erglass (MATSUNAMI) and loaded with 1 um fura-2/AM in
the cultured medium at 37 °C for 30 min. Cells were washed
with HEPES-buffered salt solution containing 107 mm NaCl,
6 mm KCl, 1.2 mm MgSO,, 0.5 mm EGTA, 20 mm HEPES (pH
7.4), and 11.5 mM glucose. Measurement of intracellular ROS
concentration was performed in 2 mm Ca’’-containing
HEPES-buffered salt solution with a fluorescent dye, 2,7-di-
chlorofluorescein diacetate, as described previously (27). Fluo-
rescence images were recorded and analyzed with a video
image analysis system (Aquacosmos, Hamamatsu Photonics).
The peak changes (AF/F,) of dichlorofluorescein fluorescence
intensity were identified as values obtained by subtracting the
basal fluorescence intensity (F,) from the maximal intensity
during a 15-min PTX treatment.

Measurement of IL-18 mRNA and Protein Expression—EXx-
pression of [IL-13 mRNA and protein was measured by real time
reverse transcription-PCR and ELISA, as described previously
(36). For the preparation of real time reverse transcription-PCR
analysis, cells (3 X 10°) plated on 6-well dishes were treated
with PTX for 24 h and lysed with 400 pl of RLT buffer (Qiagen).
For ELISA, cells (1 X 10°) on 12-well dishes were treated with
PTX (100 ng/ml) in 500 wl of medium, and cells were then
collected together with medium. After cells were homogenized
with a 26-gauge syringe, 100 ul of supernatants were used.
Assays were performed according to the manufacturer’s
instructions.

Microarray Analysis—Cells (1 X 10°) plated on 35-mm
dishes were treated with PTX for 24 h and lysed with 400 ul of
RLT buffer. Total RNA was extracted with the RNeasy minikit
(Qiagen) and RNase-free DNase set (Qiagen). Total RNA was
converted to biotin-labeled cRNA, which was hybridized to the
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rat genome U34A GeneChip (Affymetrix) for 16 24 h at 45 °C.
The hybridization signals on the microarray were scanned and
computed at a target intensity of 500 by a GeneChip Scanner
3000 and GeneChip Operating Software (Affymetrix), respec-
tively. The data analysis was performed as follows. At the first
step, probe sets without expression in the fibroblasts, which
were indicated as absent by absolute analysis in more than half
of the replicates in both the control and PTX-treated groups,
were eliminated from the data set. Then, if the difference in the
mean signal intensity of a given probe set was equal to the cut-
off (1.25-fold) or more between the control and PTX-treated
groups and if its p value calculated by Student’s ¢ test was less
than 0.05, that probe set was employed. At the last step, probe
sets with an annotation “signal transduction” (GO:0007165) in
the AmiGO data base (available on the World Wide Web) were
extracted, using the NetAffx Gene Ontology Mining Tool
(available on the World Wide Web).

Ang Il Binding Assay—Measurement of Ang receptor bind-
ing was performed according to the previous report (15) with a
slight modification. After various treatments for 24 h, cardiac
fibroblasts were rinsed with 10 ml of ice-cold phosphate-buff-
ered saline and mechanically detached in 1 ml of ice-cold lysis
buffer containing 10 mm Tris, pH 7.4, 5 mm EDTA, 5 mm
EGTA, 1 pg/ml benzamidine, 10 pg/ml soybean trypsin inhib-
itor (type II-S), and 5 ug/ml leupeptin. The cell lysate was cen-
trifuged at 45,000 X g for 10 min at 4 °C. The pellet containing
crude membrane fraction was resuspended in 1 ml of ice-cold
lysis buffer with a Potter type homogenizer, frozen, and stored
at —80 °C until use. After the concentration of membrane pro-
tein was determined, membrane protein (20 ug) was used for
the binding studies. The membrane was incubated with 0.1 nm
'?51-Ang I1in 75 mm Tris, pH 7.4, 12.5 mm MgCl,, 2 mm EDTA,
and increasing concentrations of unlabeled Ang II (014 nm)
for 1 h at 25 °C. Nonspecific binding was determined in the
presence of 1 uM unlabeled Ang II. The reaction mixture was
filtered over Whatman GF/C filters. The filters were washed
with ice-cold buffer containing 25 mm Tris, pH 7.4, and 1 mm
MgCl,. The bound '**I-Ang I1 on the filters was measured with
a y-counter. The values of K, and B, ,, were calculated by
Prism software (GraphPad Software, San Diego, CA).

Measurement of NF-kB Activity—After adenovirus was
infected at 100 MOI for 2 h in serum-free medium, fibroblasts
(3 X 10° cells) in a 24-well plate were transiently co-transfected
with 0.45 ug of pNF-kB-Luc and 0.05 pg of pRL-SV40 control
plasmid, using Fugene 6 (27). Luciferase activity was measured
48 h after transfection with dual luciferase reagents.

Measurement of Small GTPase Activities—Activation of
small G proteins was determined as described previously (26).
Activated Rac, Rho, Ras, and Rap1l were pulled down with 5 ug
of glutathione S-transferase-fused Rac-interacting domain of
p21-activated kinase (PAK-CRIB), Rho-binding domain of rho-
tekin (34), Ras-binding domain of Raf-1 (37), and Rap1-binding
domain of Ral-GDS (38), respectively. Pulled-down small G
proteins were detected with anti-Rac1, anti-RhoA, anti-Ras and
anti-Rap1 antibodies. For knockdown of Rac1, cells were trans-
fected with a mixture of Racl siRNAs (50 nMm each) for 72 h.
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Confocal Visualization of GFP-fused Proteins and NF-«B p65
Subunit—Cells (1 X 10°) plated on glass bottom 35-mm dishes
were infected for 24 h with GFP, GFP-Rac, GFP-constitutively
active Rac, GFP fusion protein with PX domain of p40”"o*
(p407"°*-PX), and p40”"**-PX (R105K). After the treatment
with PTX (100 ng/ml) for 24 h, cells were fixed by 10% formal-
dehyde neutral buffer solution. For localization of NF-«B, cells
were stained with anti-p65 antibody. Fluorescence images were
measured at an excitation wavelength of 488 nm with a laser-
scanning confocal imaging system (Carl Zeiss LSM510).

In Vitro PTX-catalyzed ADP-ribosylation Assay—In vitro
ADP-ribosylation of Ge; proteins by PTX was performed as
described previously (39) with a slight modification. Briefly,
cardiac fibroblasts pretreated with or without 100 ng/ml PTX
for 24 h were harvested with ice-cold lysis buffer containing 50
mM Tris (pH 7.5), 5 mm EDTA, 5 mm EGTA, 10 pg/ml benza-
midine, 5 ug/ml aprotinin, and 5 ug/ml leupeptin. After centri-
fugation at 15,000 rpm for 10 min at 4 °C, the pellet was resus-
pended in lysis buffer. PTX was preactivated by incubation in
the solution containing 50 mm Tris (pH 7.5), 5 mm ATP, 20 mm
dithiothreitol, and 1 mg/ml bovine serum albumin for 30 min at
30 °C. Then activated PTX was added to the assay mixture,
including 100 ug of the membrane, and incubated for 60 min at
30 °C. The final concentrations of all reagents in the assay mix-
ture were as follows: 50 mm Tris (pH 7.5), 50 um GDP, 10 mm
thymidine, 5 um NAD, 0.5 um [**P]NAD, 20 ug/ml PTX, 0.2
mg/ml bovine serum albumin, 1 mm ATP, and 4 mm dithiothre-
itol. The reaction was stopped by the addition of an excessive
amount of ice-cold 50 mM Tris (pH 7.5), and the samples were
centrifuged at 15,000 rpm for 10 min at 4 °C. The pellet was
solubilized in SDS sample buffer, boiled, and subjected to 12%
SDS-PAGE. Radioactive bands were detected by filmless auto-
radiographic analysis (BAS2000 system, Fujifilm).

Statistical Analysis—The results are presented as mean *
S.E. from at least three independent experiments. The repre-
sentative data of time course experiments were plotted from
one of three similar experiments that were performed with
more than 20 cells. The mean values were compared with con-
trol by one-way analysis followed by Dunnet’s ¢ test (for three or
more groups) or Student’s ¢ test (for two groups).

RESULTS

PTX Enhances Ang Il-induced Ca®" Release through ATIR
Up-regulation—During the study of AT1R function in cardiac
fibroblasts, we found that treatment with PTX enhances tran-
sientincrease in [Ca®*],induced by Ang II at low concentration
in the absence of extracellular Ca®" (Fig. 14). The EC, value of
Ang II for the changes in [Ca®"], increases was 464 = 44 pm in
control cells, whereas the EC, value was decreased to 91 *+ 33
pMm in PTX-pretreated cells (Fig. 1B). However, the ATP-in-
duced Ca®" release was not affected by PTX (Fig. 1C). These
results suggest that PTX selectively enhances Ca”>* response
induced by ATIR stimulation. We also found that treatment
with PTX for 24 h resulted in a 2-fold increase in maximal
'5I-Ang 1I binding activity (B,,,,) in comparison with PTX-
untreated membrane (Fig. 1D). PTX increased AT1R density in
atime-dependent manner, and more than 18 h was required for
a 2-fold increase in AT1R density (supplemental Fig. 1). The
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FIGURE 1. PTX enhances Ca®* responses by Ang Il through AT1R up-reg-
ulation. A, average time courses of Ca>* response induced by Ang receptor
stimulation with Ang |1 (100 pm) in control and PTX-treated cells. Band C, peak
increases in [Ca®"]; (ARatio) plotted against various concentrations of Ang Il
(B) and ATP (C) in control, PTX-treated, and IL-13-treated cells. Cells were
treated with PTX (100 ng/ml) or IL-18 (10 ng/ml) for 24 h before agonist
stimulation.D and E, increases in AT1R density induced by PTX (100 ng/ml) for
24 h. The B,,,., (D) and K, (E) values for Ang Il binding were calculated with
GraphPad Prism software. F, effects of PTX on expression of Ga,1, and PLCS5.
¥ p < 0.05 versus PTX-untreated cells. Error bars, S.E.

PTX-induced increase in B, ,, was completely suppressed by
CV11974 (1 um, AT1R-selective blocker) but not by PD123319
(1 uM, AT2R-selective blocker) (data not shown). The K, value
was not affected by PTX (Fig. 1E), indicating that the PTX-
induced enhancement of ATIR function is not explained by
structural changes in AT1R. It has been reported that the
increased expression of Ga,,,, and PLCP; is involved in the
enhancement of Ang Il-induced Ca®" responses in the ische-
mic heart (40, 41). However, PTX did not affect the expression
levels of Ger,, Ga,,, and PLCB; (Fig. 1F). These results suggest
that the enhancement of Ang II-induced Ca®" release in PTX-
treated cells is due to AT1R up-regulation but not up-regula-
tion of components of the Ga -PLCS pathway.

Because commercially available PTX contaminates with
other endotoxins, including lipopolysaccharide, it is possible
that other endotoxins contribute to enhancement of AT1R
function. Thus, we examined the effects of denatured PTX or
PTX purchased from another manufacturer (Sigma) on AT1R
functions. Pretreatment of PTX with heat significantly reduced
the enhancement of Ang II-induced Ca®" release induced by
PTX (supplemental Fig. 1). In contrast, the Ang IlI-induced
Ca”" release was also enhanced by PTX purchased from Sigma
as well as that induced by PTX from Calbiochem. These results
suggest that PTX proteins per se induce AT1R up-regulation in
cardiac fibroblasts.

IL-1B Production Induced by PTX Treatment—To examine
whether PTX treatment induces production of a factor(s) that
participates in up-regulation of AT1R, we performed microar-
ray analysis of mRNAs from PTX-treated fibroblasts. For each
gene, we calculated the average intensity in expression for both
control and PTX-treated cells and plotted the ratio of these two
induction values. Genes were chosen whose expression was at
least 1.25-fold increased or decreased as compared with control
cells. The probe sets of 405 genes showed significant changes by
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PTX treatment. Genes were then assigned to several groups
according to their function, and we picked out 70 genes in the
gene cluster that is termed “signal transduction” in the AmiGO
data base (supplemental Table 2). PTX treatment selectively
increased AT1IR mRNA (Fig. 2A) but not other G protein-cou-
pled receptors. Among genes increased by PTX treatment,
IL-1cx and IL-13 mRNAs showed a marked increase in expres-
sion (Fig. 24). Real-time PCR confirmed the strong induction of
IL-18 mRNA by PTX treatment (Fig. 2B). Although PTX is
reported to increase IL-12 expression by inhibition of G, signal-
ing in T lymphocytes (42), PTX did not significantly increase
mRNA expression of other cytokines (supplemental Table 1).
Treatment with mastoparan-7 or the expression of WT Ge, or
inhibitory polypeptides of G; signaling (Ga;-ct, a polypeptide
that specifically inhibits receptor-G; protein coupling (39);
RGS4, a GTPase-activating protein that specifically binds the
GTP-bound form of Ge; and Ge, (43); and GRK2-ct, a GBy (By
subunit of heterotrimeric G protein)-sequestering polypeptide
(44)) did not increase IL-18 mRNA expression (Fig. 2B). We
also confirmed that the expression of Ga;-ct did not enhance
Ang Il-induced Ca*" release (data not shown), and the treat-
ment with B-oligomer of PTX enhanced Ang II-induced Ca**
release (Fig. 2C). Furthermore, ELISA revealed that the treat-
ment with PTX actually increased the expression of IL-18 pro-
tein levels, whereas the expression of IL-1« protein was below
the detection level in PTX-treated cardiac fibroblasts (Fig. 2D).
These results suggest that PTX selectively induces IL-18 pro-
duction, and G; modification is not required for PTX-induced
IL-1 production.

IL-1B Mediates PTX-induced Enhancement of Ang Il-in-
duced Ca®" Response—Because it has been reported that IL-13
increases AT1R density in cardiac fibroblasts (17, 45), the cells
were treated with IL-1B. Treatment with IL-13 (10 ng/ml)
enhanced Ang II-induced Ca®* release (ECy, = 31 = 26 pm) but
not ATP-induced Ca”* release, in rat cardiac fibroblasts (Fig. 1,
Band C). These effects of IL-1 are similar to the effects of PTX
treatment, and the enhancement by IL-13 seems to be consis-
tent with the findings that PTX treatment increased the induc-
tion of IL-18 mRNA and protein. Thus, we examined whether
PTX-induced IL-18 production participates in the enhance-
ment of AT1R function. The PTX-induced IL-18 production
was suppressed by the treatment with IL-18 siRNAs (Fig. 2E).
The enhancement of Ang Il-induced Ca*" release by IL-1B
treatment was almost completely suppressed by anti-IL-1f3
neutral antibody (Fig. 2F), indicating that the antibody suffi-
ciently inhibits IL-1B-mediated responses. The enhancement
of Ang II-induced Ca”* release by PTX was also suppressed by
anti-IL-1Bantibody and IL-1BsiRNAs (Fig. 2G), indicating that
PTX-induced IL-18 secretion mediates the enhancement of
Ang Il-induced Ca®" release.

Involvement of NF-«kB in PTX-induced IL-13 Expression—As
the promoter regions of IL-13 and AT1R contain a putative
NF-«B binding site (46 -48), we next examined the involve-
ment of NF-«B in PTX-induced IL-18 production. As shown in
Fig. 3A, PTX-induced increase in IL-13 mRNA expression was
suppressed by the treatment with Ro-106-9920, a selective
inhibitor of IkB phosphorylation, and by the expression of a
dominant negative IkB, IkBam. Because Ro-106-9920 showed
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induced by Ga, 4 activation (36), we
next examined the involvement of
NADPH oxidase. Treatment with
PTX increased NF-kB-dependent
luciferase activity (Fig. 3, E and F).
This NF-kB activation was sup-
pressed by the treatment with DPI
or by the expression of dominant
negative (DN)-Rac and DN-p477"°%,
both of which are essential for
NADPH oxidase activation (24), but
not by p115-RGS, a Ga, ;-inhibitory
polypeptide (26). These results sug-
gest that PTX induces NF-«kB acti-
vation through Rac-NADPH oxi-
dase pathway and that NF-«B
mediates PTX-induced IL-18 pro-
duction and AT1R up-regulation.
Rac Mediates PTX-induced IL-13
Production and ATIR Up-regula-
tion—We have previously reported
in rat neonatal cardiomyocytes that
PTX increases basal Rac activity
(26). Because the PTX-induced
NF-«B activation and IL-1f pro-
duction was suppressed by DN-Rac
(Figs. 2 and 3), we next examined
whether PTX increases Rac activity
in cardiac fibroblasts. Rac was acti-
vated from 10 min after PTX treat-
ment and still activated at 24 h after
the treatment (Fig. 4A4). We also
found that PTX did not affect the
activities of other small G proteins,
Ras, Rap1, and RhoA (supplemental
Fig. 2). It has been reported that
phosphatidylinositol (PI) 3-kinase
participates in PTX B-oligomer-in-
duced antiapoptotic action against
HIV-Tat infection in NK cells (49).
We confirmed that PTX B-oligomer
increased Rac activity in cardiac
fibroblasts (supplemental Fig. 3).
Pretreatment with wortmannin
completely suppressed PTX-in-
duced Rac activation (Fig. 4B). The
activated Rac has been reported to
translocate from cytosol to the
plasma membrane through recogni-
tion of membrane phospholipids,
such as PI 3-phosphate (PI-3-P), PI

cytotoxic effects at higher concentration, we could not increase
the concentration to observe complete inhibition of the IL-13
induction. The enhancement of AT1R function by PTX was
suppressed by Ro-106-9920 and IkBam (Fig. 3B), and the PTX-
induced increase in AT1R density was suppressed by IkBam
(Fig. 3, C and D). Because an inhibition of NADPH oxidase
activity suppresses NF-«B activation and IL-18 production
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4-phosphate, PI 5-phosphate, and PI 3,4,5-trisphosphate,
through the carboxyl-terminal polybasic region of Rac (50 —52).
Confocal imaging revealed that PTX actually translocated GFP-
fused WT Rac from cytosol to the plasma membrane, as
observed with constitutively active Rac (Fig. 4C). Pretreatment
with wortmannin inhibited PTX-induced membrane localiza-
tion of Rac. To demonstrate the involvement of P1-3-P, p40”/**-

ACEEVON

VOLUME 285-NUMBER 20-MAY 14,2010

L10Z ‘1Z YoJB UO ‘s80u8iog YjesH JO 81nysu| [euoneN 1e 610 ogmmm woly papeojumoq



E 204 O (-) PTX 1.59 2
< +) PTX e
< 15 e 3 151
o * w 1.01
= \3 *%
B 104 T 14
: 5’05_ * %
é 54 T 0.54
o
o 4
E ol 0 o
- None Ro  IxBam PTX () () () () NN g
= Ro () () () (+) S
PTX
€15 6
[0}
g = 1
1.0 * sS4
g T =
- o
©° X 2
2 0.5
=
% 0 0 —
an LacZ IkBam DN-Rac LacZ IkBam DN-Rac
PTX PTX
E F O (-) PTX
31 20, M (+) PTX
5 )
& €15
2 27 £
= =
*g ] § 1.04
M 4
¥ 14 F o5
e z
0 T T r 0- p—
0 12 24 36 R a
s |

E 8

3

m

®¥ z
a

PTX (h)

DN-pa7 "
p115-RGS

FIGURE 3. Requirement of NF-«B for PTX-induced enhancement of Ca?*
response by Ang Il stimulation. A, effects of Ro106-9920 and |kBam on
PTX-induced IL-13 mRNA expression. Cells were pretreated for 20 min with
Ro106-9920 (1 um) or infected with IkBam (100 MOI) for 48 h before the
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Il-induced Ca?* responses in PTX-treated cells. C and D, effects of IkBam and
DN-Rac on PTX-induced increase in AT1R density. Cells were infected with
adenoviruses expressing IkBam or DN-Rac 24 h before PTX treatment. ATTR
density was determined with receptor binding assay. E, time course of PTX-
induced changes in NF-«kB-dependent luciferase activity. F, effects of IkBam,
DN-Rac, DN-p47°"°*, DPI, and p115-RGS on PTX-induced NF-«B activation.
Cells were infected with LacZ, IkBam, DN-Rac, DN-p47°"°*, or p115-RGS at
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of PTX (100 ng/ml) for 6 h. ¥, p < 0.05; **, p < 0.01 versus PTX-untreated or
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PX, a specific marker for PI-3-P, was expressed (53). Under the
basal condition, p40”"°*-PX was predominantly localized in the
PI-3-P-enriched early endosome and nucleus (Fig. 4D). Treat-
ment with PTX for 10 min promoted the translocation of
p407"*.PX from early endosome to the plasma membrane.
However, PTX did not affect the localization of p40”"**-PX
(R105K), a mutant that cannot recognize PI-3-P. The localiza-
tion of the PH domain of GRP1 (54), a marker for PI 3,4,5-
trisphosphate, and that of the PH domain of PLC81, a marker
for PI 4,5-bisphosphate, were not changed by PTX (data not
shown). These results suggest that PTX-induced PI-3-P pro-
duction through PI 3-kinase activation is required for translo-
cation and activation of Rac.
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Involvement of Rac in PTX-induced ROS Production—One of
the targets for Rac is NADPH oxidase. Because the PTX-in-
duced NF-kB activation was suppressed by DPI, DN-Rac, and
DN-p477"°* (Fig. 3F), Rac-mediated activation of NADPH oxi-
dase may participate in PTX-induced NF-«B activation. We
found that PTX gradually increased dichlorofluorescein fluo-
rescence intensity, indicating ROS production in cardiac fibro-
blasts (Fig. 5). The expression of DN-Rac completely sup-
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pressed this ROS production, suggesting that PTX activates Rac
and turns on a signaling cascade downstream of Rac.

Essential Role of Rac in PTX-induced ATIR Up-regulation—
Because PTX-induced ROS production, NF-«B activation, and
increase in ATIR density were inhibited by DN-Rac, Rac may
play a central role in regulation of AT1R density. Inhibitors
of 3-hydroxy-3-methylglutaryl-CoA reductase (statins) are
known to suppress the activity of Rho family G proteins by
inhibition of isoprenylation (55). It has been reported that sim-
vastatin inhibits Rac activity in the H9c2 cell line and rat neo-
natal cardiomyocytes (56, 57). Simvastatin is also reported to
reduce ATIR density in vascular smooth muscle cells (58).
Therefore, we examined whether simvastatin inhibits IL-13-
induced up-regulation of AT1R by inhibition of Rac. Treatment
with simvastatin completely suppressed the IL-1B-induced Rac
activation (supplemental Fig. 4). Consistent with this result, the
IL-1B-induced up-regulation of AT1R was also suppressed by
simvastatin and DN-Rac. The Ang II-induced Ca*" release was
also enhanced in IL-13-treated cells, and this enhancement was
completely suppressed by simvastatin. These results suggest
that simvastatin suppresses IL-1B-induced up-regulation of
ATI1R by inhibition of Rac activity. To prove the requirement of
Rac in ATIR up-regulation more directly, we used Racl
siRNAs. Knockdown of Racl almost completely suppressed
IL-1B-induced Rac activation (Fig. 64), increase in AT1R den-
sity (Fig. 6B), and enhancement of AT1R-stimulated Ca®"
responses (supplemental Fig. 4). Thus, Racl may predomi-
nantly regulate AT1R up-regulation by agonist stimulation.
Because IL-1f3 induces Rac activation and PTX-induced IL-13
production was completely suppressed by knockdown of Racl
(Fig. 6C), we hypothesize that PTX-induced IL-18 production
plays a role in amplification of Rac activation. Treatment with
IL-1B siRNA suppressed the PTX-induced Rac activation at a
late phase of activation (from 6 h after the treatment) but did
not suppress Rac activation at an early phase of activation (Fig.
6, D and E). Furthermore, IL-18 siRNA also suppressed PTX-
induced nuclear localization of NF-«B in a late phase but not an
early phase (Fig. 6, F and G). These results suggest that PTX-
induced IL-18 production participates in the sustained activa-
tion of Rac and NF-«B, which is essential for ATIR
up-regulation.

PTX Stimulates TLR4, Leading to Rac Activation—We next
examined which receptor(s) functions as a target of PTX in
cardiac fibroblasts. Because TLR4 is reported to work as a puta-
tive candidate receptor of B-oligomer (10), we examined
whether stimulation of TLR4 is required for PTX-induced
ATIR up-regulation in cardiac fibroblasts. Treatment with
TLR4 siRNAs (si-88, si-1002, and si-1621) significantly
decreased TLR4 mRNA levels but did not decrease ATIR
mRNA levels (Fig. 7A). The PTX-induced enhancement of Ang
II-induced Ca®" release and increase in Rac activity were com-
pletely abolished by TLR4 siRNA treatment (Fig. 7, Band C). In
contrast, PTX-induced ADP-ribosylation of Ge; proteins was
not suppressed but preferably enhanced by TLR4 knockdown
(Fig. 7D). These results suggest that TLR4 mediates PTX-in-
duced Rac activation and AT1R up-regulation, but TLR4 does
not mediate PTX-induced ADP-ribosylation of Ge; proteins.
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FIGURE 6. Amplification of Rac-mediated signaling by PTX-induced IL-13
production. A, cells were transfected with siRNAs for Rac1 (si-RacT) or their
randomized controls (si-Cont) for 72 h before 5-min stimulation with IL-13 (10
ng/ml). B, effects of si-Rac1 on the maximal increases in AT1R density by IL-13
stimulation. Cells were treated with IL-18 for 24 h before membrane prepa-
ration. C, effects of si-Rac1 on PTX-induced production of IL-1 proteins. Cells
were treated with PTX (100 ng/ml) for 90 min. D and E, effects of IL-13 siRNA
on PTX-induced Rac activation. Cells were transfected with IL-13 (412) siRNA
(100 nm) for 48 h before treatment with PTX (100 ng/ml). F and G, effects of
IL-1B (412) siRNA on PTX-induced nuclear localization of the NF-«B p65 sub-
unit. More than 100 cells were scanned and quantified the subcellular local-
ization of p65 using Photoshop (13, 27). *, p < 0.05; ***, p < 0.001 versus
IL-1B-treated or control siRNA-treated cells. Error bars, S.E.

DISCUSSION

In this study, we demonstrated a novel action of PTX that
enhances AT1R-stimulated Ca®" response through AT1R
up-regulation independently of ADP-ribosylation in rat car-
diac fibroblasts. Using PTX as a powerful tool for analyzing
the mechanism of AT1R up-regulation, we demonstrated
that stimulation of TLR4 by PTX B-oligomer enhances
ATIR function. Previous reports have suggested that Syk
(spleen tyrosine kinase) and PI 3-kinase participate in TLR4-
mediated responses (49, 59). We found that PTX-induced
Rac activation was completely suppressed by inhibition of
Syk (supplemental Fig. 3) and PI 3-kinase (Fig. 5), suggesting
that Syk and PI 3-kinase mediate PTX-induced Rac acti-
vation. We also found that Rac-mediated NF-«B activation
through ROS production plays a central role in the regula-
tion of ATIR density. The PTX-induced NF-«B activation
was suppressed by DPI and the dominant negative mutants
of Rac and p47””°* (Fig. 3). Because DPI is an inhibitor of
NADPH oxidase and Rac and p477"°* are essential compo-
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nents of NADPH oxidase activation, the origin of PTX-in-
duced ROS production may be NADPH oxidase. In addition,
PTX induced degradation of IkBa proteins in a time-depen-
dent manner, which was abolished by Rac inhibition (sup-
plemental Fig. 3). Although molecular mechanism underly-
ing ROS-mediated NF-«B activation is still unknown, this
result implies that ROS-mediated inhibition of mitogen-ac-
tivated protein kinase phosphatases may be involved (60).
Because the promoter regions of IL-18 and AT1R contain a
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FIGURE 7. Roles of TLR4 in PTX-induced Rac activation and ADP-ribosyla-
tion of G,/G,. A, effects of TLR4 siRNAs on the expression of TLR4 and AT1R
mRNAs. B, effects of TLR4 siRNAs on PTX-induced enhancement of Ang II-
induced Ca?" responses. Cells were treated with PTX for 24 h after siRNA
treatment for 48 h. C, effects of TLR4 siRNA (si-1002) on PTX-induced Rac
activation. D, effects of TLR4 siRNA on PTX-induced ADP-ribosylation of Ge;
proteins. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Error bars, S.E.
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FIGURE 8. Schema of TLR4-mediated AT1R up-regulation induced by PTX. PTX induces ROS production
through sequential activation of TLR4, Syk, PI 3-kinase (PI3K), Rac, and NADPH oxidase. Although the mecha-
nism of NF-«B activation induced by ROS is still unknown, ROS mediate NF-«xB-dependent expression of IL-18.
Induction of IL-1p also induces Rac activation through IL-1 receptor stimulation, leading to amplification of
Rac-dependent signaling. Sustained activation of Rac may be required for PTX-induced AT1R up-regulation in
rat cardiac fibroblasts. A-protomer of PTX enters the cells through unidentified binding site, and ADP-ribosy-
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putative NF-kB binding site, AT1R up-regulation may be
induced by direct interaction of ATIR promoter with
NF-«kB. However, PTX-induced enhancement of Ca®"
response by AT1R stimulation was almost completely sup-
pressed by anti-IL-18 antibody and IL-18 siRNAs (Fig. 2).
Thus, IL-1B released from fibroblasts by PTX treatment may
be the main mechanism of PTX-induced AT1R up-regula-
tion. Furthermore, Rac1 inhibition suppressed PTX-induced
IL-1B production, and IL-18 inhibition suppressed PTX-in-
duced Rac activation at a late but not an early phase (Fig. 6).
Thus, Rac-mediated IL-18 production may amplify Rac-de-
pendent signaling through IL-1B-mediated Rac activation.
These results suggest that PTX induces AT1R up-regulation
through a TLR4 — PI 3-kinase — Rac — NADPH oxidase —
ROS — NF-kB — IL-1B-dependent signal pathway (Fig. 8).

We revealed that stimulation of TLR4 mediates PTX-in-
duced AT1R up-regulation. It is thought that MyD88 and Trif-
related adaptor molecule mediate TLR4-mediated NF-«B acti-
vation (32). However, it has recently been reported that
oxidized LDL induces NADPH oxidase-dependent ROS pro-
duction through TLR4 stimulation in macrophages (59). These
authors have also demonstrated that Syk but not MyD88 is
responsible for TLR4-mediated ROS production. In addition,
another study has shown that stimulation of TLR4 by PTX
B-oligomer induces activation of MyD88-independent signal-
ing pathways (10). Thus, PTX induces stimulation of TLR4 that
preferentially activates the Syk-dependent Rac signaling
pathway.

PTX is frequently used as a specific tool to examine the
involvement of G, in cellular signaling. Abolishment of TLR4 by
siRNA did not affect PTX-mediated ADP-ribosylation of G;
and G, (Fig. 7D). Thus, PTX binds to two receptors; one is
TLR4 that activates Rac and another is the binding site that
liberates the A-protomer into cells. So far, the G;/G,-indepen-
dent signaling pathway is not usually considered when PTX is
used in vitro and in vivo. Because
PTX activates Rac in addition to
ADP-ribosylation of G, and G, it is
no longer thought that PTX is a
specific inhibitor of receptor-G;
signaling.

Another important finding of this
study is that Rac is a physiological
mediator of ATIR up-regulation
induced by IL-1 stimulation. The
inhibition of Rac suppressed the in-
crease in ATIR density and the
enhancement of Ang Il-induced
AT1R Ca®" response by IL-13 stimulation
upregulation (Fig. 6 and supplemental Fig. 4).
Because other agonists that up-reg-
ulate ATIR, such as Ang II and
TNF-q, also increase Rac activity,
Rac-mediated AT1R up-regulation
may be a common mechanism
among various stimuli. Statins are
inhibitors of 3-hydroxy-3-methyl-
glutaryl-CoA reductase and appear
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to have pleiotropic effects on the cardiovascular system that are
independent of their ability to decrease serum cholesterol (14,
55). These include inhibition of cardiac hypertrophy and left
ventricular dysfunction, anti-inflammatory effects, and antioxi-
dative effects (55, 61). Recent studies have demonstrated that
statins inhibit ROS production and myocardial apoptosis by
inhibition of Rac (57). Up-regulation of AT1R is thought to be
one of the features involved in cardiac remodeling. Thus, the
present results suggest a novel mechanism in which statins
inhibit cardiac fibrosis by inhibition of AT1R up-regulation
in cardiac fibroblasts. Statins also inhibit Rho activity by
inhibition of isoprenylation. However, we could not detect
the activation of Rho, Ras, and Rapl by PTX treatment
(supplemental Fig. 2). Thus, inhibition of Rac is essential for
the inhibition of AT1R up-regulation by statin.

In conclusion, we demonstrated a novel action of PTX that
induces AT1R up-regulation independently of ADP-ribosyla-
tion of G,/G,. This mechanism includes TLR4-mediated Rac
activation, ROS production, and NF-«B activation. Activation
of NF-«B induces IL-1f production, resulting in amplification
of Rac signaling, which leads to increase in AT1R density. The
involvement of the TLR4-Rac signaling pathway in the regula-
tion of AT1R density will provide a possible novel target for
inhibiting cardiac remodeling. In addition, we have provided
pharmacologically important information indicating that PTX
per se influences G protein-coupled receptor signaling inde-
pendently of Ge; inhibition. Activation of the TLR4-Rac signal-
ing pathway by PTX suggests that we should consider pharma-
cological actions of PTX in addition to a specific inhibitor of
G,/G,-mediated signal transduction.

Acknowledgment—We thank Miyuki Toyotaka for analyzing the
localization of the NF-«kB p65 subunit.
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