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Fig. 5. (A-D) In vitro cell viability assay and apoptosis assay. (A) Representative photographs of MSC and MNC. (B) Quantitative analysis of cell viability by
trypan blue staining. The percentage of dead cells in MSC was significantly lower than that in MNC.(C) Representative photographs of apoptotic MSC and
MNC. Apoptosis of MSC or MNC was detected by TUNEL staining (green). Nuclei were stained with DAPI (blug). Serum starvation and hypoxia
substantially induced MNC apoptosis. {12} Quantitative analysis of TUNEL-positive cells. The percentage of TUNEL-positive cells in MNC was significantly
higher than that in MSC. Data are mean£S.EM. *P<0.01 vs. Control, (E) Western blot analysis for hypoxia-inducible factor (HIF)-lec and {p-actin. The
expression of HIF-1a protein was not detected in MSC and MNC under the condition of normoxia (n). However, HIF-Ta protein was expressed in both cell
types after exposure to serum-free hypoxia (h). (F) Representative photographs of in vitro Matrigel assay. After 6-h ineubation in serum-free hypoxia, MSC
formed typical tube-like structures. In contrast, MNC did not show any morphological change. Bars: 100 pm.

percentage of TUNEL-positive cells was significantly
higher in MNC than in MSC (Fig. 5D). The expression of
HIF-1a protein was observed in both MSC and MNC under
serum-free and hypoxic conditions (Fig. 5E). The ratios of
HIF-la/p-actin did not significantly differ between MSC
and MNC (data not shown).

3.6. Tube formation under serum starvation and hypoxia
After 6-h incubation on Matrigel, tube formation was

observed in MSC, whereas MNC did not show any

morphological change (Fig. 5F).

3.7. Secretion of angiogenic factors from MSC and MNC
VEGF and bFGF were detected in conditioned medium

of cultured MSC and MNC. Compared with MNC, MSC
secreted significantly greater amounts of VEGF and bFGF

(VEGF: 817436 vs. 188432 pe/10° cells, P<0.01; bFGF:
47+5 vs. 4+ 1 pg/10° cells, P<0.01). Although SDF-la was
not detected in conditioned medium of MNC, MSC secreted
a large amount of SDF-Ta (171 ng/10° cells).

4, Discussion

In the present study, we demonstrated that (1) trans-
plantation of MSC as well as MNC induced angiogenesis
in a rat model of hindlimb ischemia, (2) the extent of
neovascularization was significantly greater in MSC
transplantation than in MNC tansplantation, (3) trans-
planted MSC highly differentiated into endothelial cells
compared with transplanted MNC, and (4) only MSC
differentiated into vascular smooth muscle cells in
ischemic tissue. We also demonstrated in vitro that (5)
MSC were more tolerant to an ischemic stimulus than
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MNC and that (6) MSC sccreted large amounts of
angiogenic factors compared with the amounts secreted
by MNC.

Earlier studies have shown that MNC transplantation
enhances neovascularization by supplying endothelial pro-
genitor cells and multiple angiogenic factors such as VEGF,
bFGF, and angiopoietin-1 [3,4,16]. In fact, MNC trans-
plantation significantly augmented blood perfusion and
capillary density in the ischemic hindlimb in the present
study. Other studies have shown that transplanted MSC
differentiate into endothelial cells, secrete angiogenic
factors, and thereby induce neovascularization in ischemic
tissue [9,17,18]. However, it remains unclear whether the
angiogenic potency of MSC transplantation is comparable
or superior to that of MNC transplantation. In the present
study, we injected equal numbers of MSC or MNC into
ischemic muscle to compare the therapeutic effects of the
two types of cells. Interestingly, MSC transplantation
markedly increased blood perfusion and capillary density
in the ischemic hindlimb compared with MNC trans-
plantation. Moreover, perfusion recovery of 1x10° MSC
transplantation was equivalent to that of 5x10° MNC
transplantation. These results suggest that MSC trans-
plantation is more potent in therapeutic angiogenesis than
MNC transplantation.

The underlying mechanisms responsible for the supe-
riority of MSC in therapeutic angiogenesis remain
unknown. Earlier studies have shown that many trans-
planted cells undergo apoptosis immediately after trans-
plantation because of a lack of oxygen and nutrition,
although they should survive for a sufficiently long
period to induce angiogenesis [3,19]. In fact, the present
study showed in vitro that MNC readily underwent cell
death and apoptosis under conditions of serum starvation
and hypoxia. These findings raise the possibility that the
therapeutic potency of transplanted MNC is considerably
attenuated by an ischemic environment. In contrast, MSC
survived well under these conditions. Thus, MSC may be
more appropriate for cell transplantation with respect to
cell survival than MNC.

The present study showed that transplanted MSC and
MNC participated in vascular structures and expressed
vWF, an endothelial cell marker. The number of MSC-
derived vWF-positive cells in ischemic muscle was signifi-
cantly higher than that of MNC-derived vWF-positive cells,
Previous studies have shown that both transplanted MSC
and MNC are capable of differentiating into endothelial

cells in ischemic tissue [3,9]. However, the present study

showed that a combination of serum starvation and hypoxia
greatly reduced MNC viability. Furthermore, only MSC
induced tube formation in serum-free and hypoxic con-
ditions. Taking these results together, it is interesting to
speculate that transplanted MSC survive well and differ-
entiate into endothelial cells in an ischemic environment and
thereby induce angiogenesis more efficienily than trans-
planted MNC.

During the process of necovascularization, vascular
smooth muscle cells play an important role in vessel
maturation [20,21]. In the present study, none of the
transplanted MNC expressed aSMA, which is consistent
with recent findings that MNC-derived CD34-positive cells
rarely expressed a vascular smooth muscle cell marker and
highly differentiated into endothelial cells in ischemic
muscle [22]. On the other hand, earlier studies have shown
that MSC readily acquire vascular smooth muscle properties
in vitro and that transplanted MSC differentiate into
vascular smooth muscle cells in ischemic tissue [9,23].
The present study also demonstrated that some transplanted
MSC were positive for aSMA, a vascular smooth muscle
cell marker, and formed vascular structures as mural cells.
Thus, unlike MNC, transplanted MSC may contribute to
vessel maturation.

Recent studies have demonstrated that the angiogenic
potential of MSC and MNC is attributed not only to their
differentiation into vascular endothelial cells but also to
their ability to produce various angiogenic factors, including
VEGF and bFGF [4,16-18]. The present study demonstra-
ted that MSC secreted large amounts of VEGF and bFGF
compared with the amounts secreted by MNC. Interestingly,
only MSC significantly secreted SDF-1a, which also has
been shown to induce angiogenesis in vivo and in vitro
[24,25]. These findings suggest that MSC transplantation
induces angiogenesis more efficiently than MNC trans-
plantation partly through the release of angiogenic factors.

From a clinical standpoint, MNC transplantation is
considered to be an established procedure that is easy to
implement without any immunosuppressive agents and
expensive facilities [2,4,26-31]. In contrast, MSC trans-
plantation requires time and considerable cost to obtain an
adequate number of MSC under strictly aseptic conditions.
Nevertheless, MSC are an attractive source for cell therapy
because they are casily isolated from a small amount of
bone marrow and rapidly expand in culture. Thus, MSC
transplantation may be one of the most attractive cell
therapies in the treatment of critical limb ischemia.

In conclusion, MSC transplantation caused significantly
greater improvement in hindlimb ischemia than MNC
transplantation. Compared with MNC, MSC survived well
in an ischemic environment and differentiated into not only
endothelial cells but also vascular smooth muscle cells.
Thus, MSC transplantation may be a new therapeutic
strategy for the treatment of severe peripheral vascular
disease.

Acknowledgements

We thank Dr. Masaru Okabe for providing us with GFP-
transgenic rats. This work was supported by the Research
Grant for Cardiovascular Disease (16C-6) from the Ministry
of Health, Labor and Welfare, the Industrial Technology
Research Grant Program in "03 from the New Energy and



T fwase et al. / Cardiovascular Research 66 (2005) 543-551

Industrial Technology Development Organization (NEDO)
of Japan, Health and Labor Sciences Research Grants-
genome 005, and the Promotion of Fundamental Studies in
Health Science of the Organization for Pharmaceutical
Safety and Research (OPSR) of Japan.

References

[1] Ouriel K. Peripheral arterial disease. Lancet 2001:358:1257-64.

[2] Higashi Y, Kimura M, Hara K, Noma K, Jitsuiki D, Nakagawa K, ¢t

al. Autologous bone-marrow mononuclear cell implantation improves

endothelium-dependent vasodilation in patients with limb ischemia.

Circulation 2004;109:1215 -8,

Shintani S, Murohara T, Tkeda H, Ueno T, Sasaki K, Duan J, et al.

Augmentation of postnatal neovascularization with autologous bone

marrow transplantation. Circulation 2001;103:897--903.

Tateishi-Yuyama E, Matsubara H, Murohara T, lkeda U, Shintani S,

Masaki H, et al. Therapeutic angiogenesis for patients with limb

ischaemia by autologous transplantation of bone-marrow cells: a pilot

study and a randomised controlled trial. Lancet 2002;360:427-35,

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca

ID, et al. Multitineage potential of aduit human mesenchymal stem

cells. Science 1999:284:143-7.

6] Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker PH, Verfaillie
CM. Origin of endothelial progenitors in human postnatal bone
marrow. J Clin Invest 2002;109:337-46,

{7] Wakitani S, Saito T, Caplan Al. Myogenic cells derived from rat bone

marrow mesenchymal stem cells exposed to 5-azacytidine. Muscle

Nerve 1995;18:1417--26.

Annabi B, Lee YT, Turcotte S, Naud E, Desrosiers RR, Champagne

M, et al. Hypoxia promotes murine bone-marrow-derived stromal cell

migration and tube formation. Stem Cells 2003;21:337--47.

{91 Al-Khaldi A, Al-Sabti H, Galipeau J, Lachapelle K. Therapeutic
angiogenesis using autologous bone marrow stromal cells: improved
blood flow in a chronic limb ischemia model. Ann Thorac Surg
2003;75:204-9.

[10] Murohara T, tkeda H, Duan J, Shintani 8, Sasaki K, Eguchi H, et al.
Transplanted cord blood-derived endothelial precursor cells augment
postnatal neovascularization, J Clin Invest 2000;105:1527--36.

{11} Mortola JP, Merazzi D, Maso L. Blood flow to the brown adipose

tissue of conscious young rabbits during hypoxia in cold and warm

conditions. Pflugers Arch 1999;437:255 - 60.

Smith Jr RS, Lin KF, Agata J, Chao L, Chao 1. Human endothelial

nitric oxide synthase gene delivery promotes angiogenesis in a rat

model of hindlimb ischemia, Arterioscler Thromb Vasc Biol
2002;22:1279-85.

{13] Messina LM, Podrazik RM, Whitehill TA, Ekhterae D, Brothers TE,
Wilson JM, et al. Adhesion and incorporation of lacZ-transduced
endothelial cells into the intact capillary wall in the rat. Proc Natl
Acad Sci U S A 1992:89:12018--22.

[14] Okabe M, Tkawa M, Kominami K, Makanishi T, Nishimune Y. *‘Green
mice’ as a source of ubiquitous green cells. FEBS Lett 1997,407:
3139,

[15] Ohta M, Suzuki Y, Noda T, Ejiri Y, Dezawa M, Kataoka K, et al. Bone

marrow stromal cells infused into the cerebrospinal fluid promote

functional recovery of the injured rat spinal cord with reduced cavity
formation. Exp Neurol 2004;187:266-78.

Kamihata H, Matsubara H, Nishive T, Fujiyama 8, Tsutsumi Y, Ozono

R, et al. Implantation of bone marrow mononuclear cells into ischemic

myocardium enhances collateral perfusion and regional function via

[3

Puiet

14

s

8

o)

{12

mnd

[16

[y

L
W

side supply of angioblasts, angiogenic ligands, and cylokines.
Circulation 2001:104:1046-52,

[17] Al-Khaldi A, Eliopoulos N, Martineau D, Lejeune L, Lachapelle K,

Galipeau J. Postnatal bone marrow stromal cells elicit a potent

VEGF-dependent neoangiogenic response in vivo. Gene Ther 2003;

10:621-9.

Kinnaird T, Stabile E, Burnett MS, Shou M, Lee CW, Barr S, et al,

Local delivery of marrow-derived stromal cells augments collateral

perfusion through paracrine mechanisms. Circulation 2004;109:

15439,

[19] Zhang M, Methot D, Poppa V, Fujio Y, Walsh K, Murry CE.
Cardiomyocyte grafting for cardiac repair: graft cell death and anti-
death strategies. ] Mol Cell Cardiol 2001;33:907-21.

[20] Dor Y, Djonov V, Abramovitch R, Itin A, Fishman GI, Carmeliet P, et

al. Conditional switching of VEGF provides new insights into adult

neovascularization and pro-angiogenic therapy. EMBO J 2002:21:

1939-47.

Rissanen TT, Markkanen JE, Gruchala M, Heikura T, Purancn A,

Kettunen MI, et al. VEGF-D is the strongest angiogenic and

lymphangiogenic effector among VEGFs delivered into skeletal

muscle via adenoviruses, Circ Res 2003:92:1098-106.

Pesce M, Orlandi A, lachininoto MG, Straino 8, Torella AR, Rizzuti

V, et al. Myoendothelial differentiation of human umbilical cord

blood-derived stem cells in ischemic limb tissues. Circ Res

2003;93:e51-62.

Kashiwakura ¥, Katoh Y, Tamayose K, Konishi H, Takaya N, Yuhara

S, et al. Isolation of bone marrow stromal cell-derived smooth muscle

cells by a human SM22alpha promeoter: in vitro differentiation of

putative smooth muscle progenitor cells of bone marrow. Circulation
2003,107:2078-81.

j24] Salcedo R, Wasserman K, Young HA, Grimm MC, Howard OM,
Anver MR, et al. Vascular endothelial growth factor and basic
fibroblast growth factor induce expression of CXCR4 on human
endothelial cells: In vive neovascularization induced by stromal-
derived factor-lalpha. Am ] Pathol 1999;154:1125-35.

[25] Salvucei O, Yao L, Villalba S, Sajewicz A, Pittaluga S, Tosato G.
Regulation of endothelial cell branching morphogenesis by
endogenous chemokine  stromal-derived factor-1. Blood 2002;
99:2703 - 11,

{26] Assmus B, Schachinger V, Teupe C, Britten M, Lehmann R, Dobert
N, et al. Transplantation of progenitor celis and regeneration
enhancement in acute myocardial infarction (TOPCARE-AMI).
Circulation 2002;106:3009 - 17.

[27] Fuchs S, Satler LF, Kornowski R, Okubagzi P, Weisz G, Baffour R,
et al. Catheter-based autologous bone marrow myocardial injection
in no-option patients with advanced coronary artery disease: a
feasibility study. J Am Coll Cardiol 2003:41:1721--4,

[28] Hamano K, Nishida M, Hirata K, Mikamo A, Li TS, Harada M, et al.
Local implantation of autologous bone marrow cells for therapeutic
angiogenesis in patients with ischemic heart disease: clinical trial and
preliminary results. Jpn Circ J 2001:65:845 -7

[29] Perin EC, Dohmann HF, Borojevic R, Silva SA, Sousa AL, Mesquita

CT, et al. Transendocardial, autologous bone marrow cell trans-

plantation for severe, chronic ischemic heart failure. Circulation 2003;

107:2294-302.

Strauer BE, Brehm M, Zeus T, Kostering M, Hernandez A, Sorg RV,

ct al. Repair of infarcted myocardium by autologous intracoronary

mononuclear bone marrow cell transplantation in humans. Circulation
2002;106:1913~8.

[31] Tse HF, Kwong YL, Chan JK, Lo G, Ho CL, Lau CP. Angiogenesis in
ischaemic myocardium by intramyocardial autologous bone marrow
mononuclear cell implantation. Lancet 2003:361:47-9.

18

ety

{21

e

22

[hinr

{23

e

.
o
[t



Transplantation of Mesenchymal Stem Cells
Improves Cardiac Function in a Rat Model of
Dilated Cardiomyopathy
Noritoshi Nagaya, MD; Kenji Kangawa, PhD; Takefumi ftoh, MD; Takashi Iwase, MD;
Shinsuke Murakami, MD; Yoshinori Miyahara, MD; Takafumi Fujii, MD; Masaaki Uematsu, MD;

Hajime Ohgushi, MD; Masakazu Yamagishi, MD; Takeshi Tokudome, MD; Hidezo Mori, MD;
Kunio Miyatake, MD; Soichiro Kitamura, MD

Background—Pluripotent mesenchymal stem cells (MSCs) differentiate into a variety of cells, including cardiomyocytes
and vascular endothelial cells. However, little information is available about the therapeutic potency of MSC
transplantation in cases of dilated cardiomyopathy (DCM), an important cause of heart failure.

Methods and Results—We investigated whether transplanted MSCs induce myogenesis and angiogencsis and improve
cardiac function in a rat model of DCM. MSCs were isolated from bone marrow aspirates of isogenic adult rats and
expanded ex vivo. Cultured MSCs secreted large amounts of the angiogenic, antiapoptotic, and mitogenic factors
vascular endothelial growth factor, hepatocyte growth factor, adrenomedullin, and insulin-like growth factor-1. Five
weeks after immunization, MSCs or vehicle was injected into the myocardium. Some engrafted MSCs were positive for
the cardiac markers desmin, cardiac troponin T, and connexin-43, whereas others formed vascular structures and were
positive for von Willebrand factor or smooth muscle actin. Compared with vehicle injection, MSC transplantation
significantly increased capillary density and decreased the collagen volume fraction in the myocardium, resulting in
decreased left ventricular end-diastolic pressure (111 versus 161 mm Hg, P<0.05) and increased lefl ventricular
maximum dP/dt (6767+323 versus 51382280 mm Hg/s, P<0.05).

Conclusions—MSC transplantation improved cardiac function in a rat model of DCM, possibly through induction of
myogenesis and angiogenesis, as well as by inhibition of myocardial fibrosis. The beneficial effects of MSCs might be
mediated not only by their differentiation into cardiomyocytes and vascular cells but also by their ability to supply large
amounts of angiogenic, antiapoptotic, and mitogenic factors. (Circulation. 2005;112:1128-1135.)

Key Words: myocyles ® angiogenesis 8 heart failure @ growth substances @ transplantation

Dcspiw advances in medical and surgical procedures,
congestive heart failure remains a leading cause of
cardiovascular morbidity and mortality.' Idiopathic dilated
cardiomyopathy (DCM), a primary myocardial disease of
unknown etiology characterized by a loss of cardiomyocyies
and an increase in fibroblasts, is an important cause of heart
failure.? Although myocyte mitosis and the presence of
cardiac precursor cells in adult hearts have recently been
reported,® the death of large numbers of cardiomyocyies
results in the development of heart failure. Thus, restoring
lost myocardium would be desirable for the treatment of
DCM.

Mesenchymal stem cells (MSCs) are pluripotent, adult
stem cells residing within the bone marrow microenviron-

ment.* In contrast to their hematopoietic counterparts, MSCs
are adherent and can be expanded in culture. MSCs can
differentiate not only into osteoblasts, chondrocytes, neurons,
and skeletal muscle cells but also into vascular endothelial
cells® and cardiomyocytes.®7 In vitro, MSCs can be induced
to differentiate into beating cardiomyocyles by 5-azacytidine
treatment.® In vivo, MSCs directly injected into an infarcted
heart have been shown to induce myocardial regeneration and
improve cardiac function” In addition, MSC implantation
induces therapeutic angiogenesis in a rat model of hindlimb
ischemia through vascular endothelial growth factor (VEGF)
production by MSCs.'-'' Myocardial blood flow abnormali-
ties, even in the presence of angiographically normal coro-
nary arteries, have been documented in patients with DCM."?
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These findings raise the possibility that transplanted MSCs
have beneficial effects on myocardial structure and function
via myogenesis and angiogenesis. However, little information
is available about the therapeutic potential of MSCs for
DCM.

A unigue model of myocarditis in the rat has been created
by immunization with porcine cardiac myosin,'* which re-
sults in severe heart failure characterized by increased cardiac
fibrosis and left ventricular (LV) dilation.'* Thus, the late
phase of this model can serve as a model of DCM.

The purpose of this study was to investigate the following
topics: (1) whether transplantation of MSCs induces myogen-
esis and angiogenesis, decreases collagen deposition in the
myocardium, and thereby improves cardiac function in a rat
model of DCM and (2) whether the beneficial effects of
MSCs are mediated by their differentiation into cardiomyo-
cytes and vascular cells and/or by their supplying angiogenic,
antiapoptotic, and mitogenic factors.

Methods

Expansion of Bone Marrow MSCs

MSC expansion was performed according fo previously described
methods.® In brief, we humanely killed male Lewis rats and
harvested bone marrow by flushing their femoral and tibial cavities
with phosphate-buffered saline (PBS). Bone marrow cells were
cultured in a-minimal essential medium supplemented with 10%
fetal bovine serum and antibiotics. A small number of cells devel-
oped visible symmetric colonies by days § to 7. Nonadherent
hematopoietic cells were removed, and the medium was replaced.
The adherent, spindle-shaped MSC population expanded to >5X 107
cells within ~4 10 5 passages afler the cells were first plated.

Flow Cytometry

Cultured MSCs were analyzed by fluorescence-activated cell sorting
(FACS) (FACScan flow cytometer, Becton Dickiason), Cells were
incubated with fluorescein isothiocyanate (FITC)-conjugated mouse
monoclonal antibodies against rat C331 (clone TLD-3A12, Becton
Dickinson), €34 (clone 1CO-115, Santa Cruz), CD45 (clone OX-1,
Becton Dickinson), CD90 (clone OX-7, Becton Dickinson), vimen-
tin (clone V9, Dako), and smooth muscle actin (SMA; clone 1A4,
Dako). FITC-conjugated hamster anti-rat CD29 monoclonal anti-
body (clone Ha2/5, Becton Dickinson) and rabbit anti-rat ¢-Kit
polycional antibody (clone C-19, Santa Cruz) were used. Isotype-
identical antibodies served as controls.

Model of DCM

Male Lewis rats weighing 220 to 250 g (Japan SLC Inc, Hamamatsu,
Japan) were used in this study. These isogenic rats served as donors
and recipients of MSCs to simulate autologous implantation. DCM
was produced by inducing experimental myocarditis, as described
previously.! 44 In brief, | mg (0.1 mL) of porcine heart myosin
(Sigma) was mixed with an equal volume of Freund’s complete
adjuvant (Sigma) and injecied into a footpad on days | and 7. Five
weeks after immunization, these rats served as a8 model of heart
failure due to DCM.

MSC Transplantation

In a preliminary experiment, we performed dose-response studics to
obtain the maximal effects of cell transplantation. Because the effect
of 10" MSCs was modest, we used SX 10° MSCs for transplantation.
Five weeks after immunization, we injected a total of 5X10°
MSCs/100 pL. PBS, or PBS alone, into the myocardium at 10 points.
in brief, the LV was divided into 3 levels (basal, middle, and apical).
The basal and middle levels were each subdivided into 4 segments,
and the apical level was subdivided into 2 segments. Injection into

MSC Transplantation for Dilated Cardiomyepathy 1129

cach segment was performed with a 27-gauge needle. Sham rats
received intramyocardial injections of 100 ul. PBS. This protocol
resulted in the creation of 3 groups: DCM rats given MSCs
(MSC-treated DCM group, n=10); DCM rats given PBS (untreated
DCM group, n=10); and sham rats given PBS (sham group, n=10).
The Animal Care Committee of the National Cardiovascular Center
approved this experimental protocol.

Echocardiographic Studies

Echocardiographic studies were performed by an investigator,
blinded 10 treatment allocation, at § weeks afler immunization
(hefore treatment) and 4 weeks after cell wransplantation (after
treatment). Two-dimensional, targeted M-mode tracings were ob-
tained at the level of the papillary muscles with an echocardiographic
system equipped with a 7.5-MHz transducer (HP Sonos 5500,
Hewlett-Packard).'® LV dimensions were measured according to the
American Society for Echocardiology leading-edge method from at
feast 3 consecutive cardiac cycles. Fractional shortening was calcu-
fated as (LVDd-LVDsYLVDdX 100, where LYDd=LV diastolic
dimension and LVDs=LV systolic dimension,

Hemodynamic Studies

Hemodynamic studies were performed 4 weeks after cell ransplan-
tation. A 1.5F micromanometer-tipped catheter (Millar Instruments)
was inseried into the right carotid antery for measurement of mean
arterial pressure.'s Next, the catheter was advanced into the LY for
measurement of LV pressure. Hemodynamic variables were mea-
sured with a pressure transducer (model P23 1D, Gould) connected to
a polygraph. After completion of these measurements, the left and
right ventricles were excised and weighed.

Histological Examination

To detect fibrosis in cardiac muscle, the LY myocardium (n=35 from
each group) was fixed in 10% formalin, cul transversely, embedded
in paraffin, and stained with Masson's trichrome. Transverse sec-
tions were randomly obtained from the 3 levels (basal, middle, and
apical), and 20 randomly selected fields per section (n=60 per
animal) were analyzed. After each field was scanned and computer-
ized with a digital image analyzer (WinRoof, Mitani Co), collagen
volume fraction was calculatied as the sum of all areas containing
connective tissuc divided by the total area of the image.'’

To detect capillaries in the myocardium, samples of harvested muscle
(n=5 each) were embedded in OCT compound (Miles Scientific),
snap-frozen in LN, cut into transverse sections, and stained for alkaline
phosphatase by an indoxyltetrazolium method. Transverse sections were
randomly obtained from the 3 levels (basal, middle, and apical), and 5
randomly selected fields per section (n=15 per animal) were analyzed.
The number of capillaries was counted by light microscopy at a
magnification of X200. The number of capillaries in each field was
averaged and expressed as the number of capillary vessels. These
morphometric studies were performed by 2 examiners who were
blinded 1o treatment assignment.

Assessment of Cell Differentiation

Suspended MSCs were labeled with fluorescent dyes with use of a
PKH26 red fluorescent cel linker kit (Sigma), as reported previous-
ly."? Fluorescence-labeled MSCs were injected into the myocardium
5 weeks after immunization. Rats (n=35) were humanely killed 4
weeks after cell transplantation. LV samples were embedded in OCT
compound, snap-frozen in LN,, and cut into sections. Immuneflvo-
rescence staining was performed with monoclonal mouse anti-
cardiac troponin T (Novo), anti-desmin (Dako), anii-connexin-43
{Sigma), polyclonal rabbit anti-von Willebrand factor (Dako), and
monocional mouse SMA (Dako)., FITC-conjugated 1gG antibody
(BD Pharmingen) was used as a secondary antibody. To perform
quantitative analysis of the magnitude of MSC differentiation into
cardiomyocytes, heart cells from each rat (n=35) were isolated by
incubation in balanced salt solution containing 0.06% collagenase
type {1 (Worthington Biochemical Co), as reporied previously. '
PKH26/roponin T double-positive cells were detected by FACS.
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Figure 1. Flow-cytometric analysis of the adherent, spindle-shaped MSC population expanded to 4 to 5 passages. Most of the MSCs
expressed CD29 and CDY0, whereas they were negative for CD31, CD34, CD45, and SMA. Some of the cells were positive for c-Kit

and vimentin.

Western Blot Analysis of Matrix Metalloproteinases
To identify the protein expression of matrix metalloproteinases
(MMPs)-2 and -9, Western blotting was performed with rabbit
polyclonal antibody raised against MMP-2 (Laboratory vision Co)
and MMP-9 (Chemicon Co). The LV obiained from individual rats
was used for comparison among the 3 groups (n=5 each), These
samples were homogenized on ice in 0.1% Tween 20 homogeniza-
tion buffer with a protease inhibitor. Then, 40 ug of protein was
transferred into sample buffer, loaded on a 7.5% sodium dodecyl
sulfate—polyacrylamide gel, and blotted onto a polyvinylidene fluo-
ride membrane (Millipore Co). After being blocked for 120 minutes,
the membrane was incubated with primary antibody at a dilution of
1:200. The membrane was incubated with peroxidase labeled with
secondary antibody at a dilution of 1:1000. Positive protein bands
were visualized with an ECL kit (Amersham) and measured by
densitometry. Western blot analysis with a mouse polyclonal anti-
body raised against S-actin (Santa Cruz) was used as a proiein
loading control,

Assay for Angiogenic, Antiapoptotic, and
Mitogenic Factors

To investigate whether MSCs produce angiogenic and growth factors,
we measured VEGF, hepatocyte growth factor (HGF), insulin-like
growth factor-1 (IGF-1), and adrenomeduliin (AM) levels in condi-
tioned medium 24 hours afler medium replacement. VEGF, HGF, and
IGF-1 were measured by enzyme immunoassay (VEGF immunoassay,
R&D Systems Inc; rat HGF enzyme immunoassay, Institute of Immu-
nology Co, Lid; and aciive rat IGF-1 enzyme immunoassay, Diagnostic
Systems Laboratories, Inc). AM level was measured with a radioimmu-

noassay kit (Shionogi Co), as reported previously.” The amounts of
these products produced by MSCs were compared with those produced
by bone marrow-derived mononuclear cells (MNCs) because MNCs
have commonly been used for regenerative therapy.' 2! There was no
significant difference in cell viability between MSCs and MNCs 24
hours after seeding (88 5% versus 854% by trypan blue solution), in
vivo, circulating levels of VEGF, HGF, IGF-1, and AM were measured
hefore and 24 hours after administration of MSCs or vehicle (n=6 from

each group).

Statistical Analysis

Numerical values are expressed as mean®=SEM unless otherwise
indicated. Comparisons of parameters between 2 groups were made
with unpaired Student 1 test. Comparisons of parameters among 3
groups were made with a 1-way ANOVA, followed by the Scheffe
multiple-comparison test. Comparisons of changes in parameters
among the 3 groups were made by a 2-way ANOVA for repeated
measures, followed by the Scheffe multiple-comparison test. A value
of P<0.05 was considered significant.

Results

Characterization of Cultured MSCs

Most cultured MSCs expressed CD29 and CD90 (Figure 1).
In contrast, the majority of MSCs were negative for CD31,
D34, CD435, and SMA. Some of the MSCs expressed ¢-Kit
and vimentin.
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Figurs 2. Differentiation of transplanted MSCs into cardiomyo-
cytes. Transplanted MSCs were engrafted in the myocardium
and stained for cardiac troponin T {A) and desmin (B). Engrafted
MSCs also expressed connexin-43, a gap junction protein, at
contact points with native cardiac myocytes (eft arrow) and
other transplanted cells {right arrow) (C). Magnification x400.

Myogenesis and Angiogenesis Induced by MSCs
Red fiuorescence-labeled MSCs were transplanted into the
myocardium 5 wecks after immunization, Four weeks after
transplantation, MSCs were engrafled into the myocardium
(Figure 2). Immunofluorescence demonstrated that transplanted
MSCs were positive for the cardiac markers cardiac troponin T
and desmin (Figure 2). Transplanted MSCs also expressed
connexin-43, a gap junction protein, at contact points with native
cardiac myocytes as well as with MSCs. FACS analysis of
isolated heant cells demonstrated that 8+ 1% of transplanted
MSCs were double-positive for PKH26 and troponin T. These
results suggest that a small number of transplanted MSCs can
differentiate into cardiomyocyltes.

Some transplanted MSCs formed vascular structures in the
myocardium and were positive for von Willebrand factor
(Figure 3A). Other MSCs were positive for SMA and
participated in vessel formation as mural cells (Figure 3B).
Alkaline phosphatase staining of the ischemic myocardium
showed marked augmentation of neovascularization in the
MSC-treated DCM group (Figures 4A~4C). Quantitative
analysis demonstrated that capillary density was significantly

A B

VWF SMA

Figure 3. Differentiation of transplanted MSCs into vascular en-
dothelial cells and smooth muscle cells. Some of the trans-
plantad MSCs were positive for von Willsbrand factor (YWF, A)
and SMA (B) and formed vascular structures (A and B). Scale
bars=10 pm.
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Figure 4, A-C, Representative samples of alkaline phosphatase
staining of myocardium. Magnification, x200. Scale bars=10
pm. D, Quantitative analysis of capillary density in the myocardi-
um. Data are mean=SEM *P<0.05 vs untreated DCM group.

higher in the MSC-treated DCM group than in the untreated
DCM group (Figure 4D).

Angiogenic, Antiapeptotic, and Mitogenic Factors
Released From MSCs

After 24 hours of culture, MSCs secreted large amounts of
angiogenic and antiapoptotic factors, including VEGF, HGF,
and AM (Figure 5). Compared with MNCs that have com-
monly been used for regenerative therapy,® 22 MSCs se-
creted 4-fold more VEGF and 5-fold more HGF. Similarly,
MSCs secreted 6-fold more AM, an angiogenic and antiapo-
ptotic peptide, compared with MNCs. MSCs also secreted a
large amount, 10-fold greater than MNCs, of IGF-1, a growth
hormone mediator for myocardial growth (Figure 3). Trans-
plantation of MSCs significantly increased circulating VEGF
(45.8+1.6 to 68.5%3.6 pg/mL, P<0.05), HGF (431.8£56.6
to 517.2%67.1 pg/mL, P<0.05), and AM (23.4=08 10
41.2+4.8 pg/mL, P<0.035) 24 hours after transplantation,
although vehicle injection did not alter these parameters.
Serum IGF-1 tended to increase after MSC transplantation
(938.1151.6 1o 1063.52116.9 pg/mL, P=NS), but this
increase did not reach statistical significance.

Hemodynamic Effects of MSC Transplantation

Nine weeks after immunization, LV end-diastolic pressure
showed a marked elevation in the untreated DCM group; this
elevation was significantly attenuated in the MSC-treated
DCM group (Figure 6A). LV maximum dP/dt was signifi-
cantly lower in the untreated DCM group than in the sham
group (Figure 6B). However, LV maximum dP/di was
significantly improved 4 weeks afier MSC transplantation.
There was no significant difference in heart rate or mean
arierial pressure among the 3 groups (the Table). Echocar-
diographic studies demonstrated LV dysfunction and dilation
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in the untreated DCM group, as indicated by a decrease in
percent fractional shortening and an increase in LV diastolic
dimension (Figure 6C and 6D). However, MSC transplanta-
tion increased percent {ractional shortening and inhibited the
increase in LV diastolic dimension.

Reduction of Myocardial Fibrosis by

MSC Transplantation

Masson’s trichrome staining demonstrated modest myocardial
fibrosis in the untreated DCM group (Figure 7A). However,
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Figure 5. A-D, Angiogenic, antiapoptot-
ic, and mitogenic factors produced by
MSCs and bone marrow-derived MNCs).
Compared with MNCs, MSCs secreted
large amounts of VEGF, HGF, AM, and
IGF-1. *P=<0.05 vs MNCs.

MSC transplantation significantly attenuated the development of
myocardial fibrosis. Quantitative analysis also demonstrated that
the collagen volume fraction in the MSC-treated DCM group
was significantly smaller than that in the untreated DCM group
(Figure 7B). Western blot analysis showed that myocardial
contents of MMP-2 and MMP-9 in the untreated DCM were
significantly increased compared with those in the sham group
(Figure 7C-E). However, the increascs in MMP-2 and MMP-9
levels were attenuated by MSC transplantation, although the
change in MMP-9 did not reach statistical significance.
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g = ® Figure 6. A and B, Effects of MSC trans-
= g ﬁ plantation on hemodynamic parameters.
26061 LVEDP indicates LV end-diastolic pres-
sure; Max dP/dt, LV maximum dP/dt.
o o Data are mean+SEM. *P<0.05 vs sham
Sham Lsmmd MSC-mued Sham Untreated MSC-treated  9roup; TP<0.05 vs untreated DCM
DCM BCM group. C and D, Changes In echocardio-
C D graphic parameters induced by MSC
30 10 transplantation. %FS indicates LV frac-
Sham tional shortening. Data are mean* SEM
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* Ustreated +P<0.05 vs the time-maiched unireated
9 MSC-treated 5 b DCM group.
£ 30 b Es
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Physiological Profiles of the 3 Experimental Groups

Untreated MSC-Treated

Sham DCM DCM
a 0 10 10
Body wit, g 421+8 x4 3895
LV wi/body wi, g/kg 1914005 2.18+0.06% 2056005
RV witbody wt, g/kg 0.55=0.01 0.68+0.02* 0.60:0.031
Heart rate, bpm 403+10 432+15 41712
Mean arterial pressure, 1342 1233 1325
mm Hg

wt indicates weight; RV, right ventricle. Sham-operated rats were given
vehicie only, The untreated DCM group included DCM rats treated with vehicle.
The MSC-treated DCM group included DCM rats treated with MSCs. Data are
mean+ SEM.

*P< (.05 vs sham group; $P<0.05 vs untreated DCM group.

Discussion

In the present study, we have demonstrated the following
effects of MSC transplantation in a rat model of DCM: (1)
induction of myogenesis and angiogenesis; (2) differentiation
of transplanted MSCs into cardiomyocytes, vascular endothe-
lial cells, and smooth muscle cells; (3) secretion of large
amounts of VEGF, HGF, AM, and IGF-1; (4) improvement
of cardiac function and inhibition of ventricular remodeling;
and (5) decrease in collagen volume fraction in the
myocardium.

Earlier studies have shown that transplaniation of MSCs
improves cardiac function in experimental models of ische-
mic heart discase.??* However, little information is available
about the therapeutic potential of MSCs for chronic heart
failure due to DCM. Previous studies have shown that porcine
cardiac myosin-induced myocarditis progresses to a chronic
phase resembling DCM.'*4 Thus, we used this model 5
weeks after immunization as an example of experimental
DCM.

In the present study, transplanted MSCs were engrafted
into the myocardium in a rat mode! of DCM. Four weeks after
transplantation, some of the engrafted MSCs were positively
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stained for cardiac woponin T and desmin. Transplanted
MSCs also cxpressed connexin-43, a gap junction protein, at
contact points with native cardiac myocytes as well as with
MSCs. These results suggest that MSCs differentiate into
cardiomyocytes in the myocardium and form connections
with native cardiomyocytes in rats with DCM. Unlike earlier
studies that have used a model of myocardial infarction,?2?
we used a rat model of DCM to demonstrate the engraftment
and cardiogenic differentiation of MSCs. Importantly, MSC
transplantation improved cardiac function in these rats, as
indicated by a significant decrease in LV end-diastolic
pressure and an increase in LV dPfdi,.,. Thus, the improve-
ment in cardiac function may be a result of MSC-induced
myocardial regeneration; however, further studics are neces-
sary to investigate the mechanisms by which MSCs develop
into cardiac myocyte-like cells.

Some of the transplanted MSCs were positive for a vascular
endothelial cell marker and participated in vessel formation.
MSC transplantation significantly increased capillary density in
the myocardium. SMA staining revealed that MSCs differenti-
ated into vascular smooth muscle cells, which play an important
role in vessel maturation. Earlier studies have shown that
transplantation of MNCs induces therapeutic angiogenesis in
patients with limb ischemia or ischemic heart disease.?* 22 The
angiogenic potential of MNCs is mediated at least in part by
production by the cells of a variety of angiogenic factors.?*
Although MSCs have also been shown to produce VEGF, 023
there has been no study to compare their production between
MSCs and MNCs. The present study demonstrated that MSCs
secreted =4-fold more VEGF compared with MNCs. Further-
more, MSCs secreted large amounts of HGF and AM, potent
angiogenic factors.20 % Taking these findings together, MSCs
may contribute to neovascularization in the myocardium not
only through their ability to generate capillary-like structures but
also through growth factor-mediated paracrine regulation. Myo-
cardial blood flow abnormalitics have been documented in
patients with heart failure caused by DCM.'? Thus, it is possible
that MSC-induced neovascularization contributes to improve-
ment in cardiac function.

Figure 7. Effects of MSC transplantation
on myoccardial fibrosis. A, Photomicro-
graphs show representative myocardial
sections stained with Masson’s
trichrome. Scale bars=10 um. B, Quanti-
{ative analysis demonstrated that the
collagen volume fraction in the MSC-
treated DCM group was significantly
smaller than that in the untreated DCM
group. C, Reprasentative Western blots
for MMPs-2 and -9 and B-actin in the
heart. D and E, Quantitative analysis of
cardiac tissue contents of MMP-2 and
-8, Data are mean*SEM *P<0.05 vs
sham group; 1P<0.05 vs untreated DCM
group,
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HGF has not only angiogenic but also cardioprotective
effects, including antiapoptotic, mitogenic, and antifibrotic
activities.>27 HGF gene transfer into the myocardium im-
proves myocardial function and geometry.?* In particular, the
antifibrotic effects of HGF through inhibition of transforming
growth factor-8 expression is beneficial for heart failure.
Cultured MSCs secreted a large amount of HGF. In vivo,
transplantation of MSCs slightly increased plasma HGF in
rats. It significantly attenuated the development of myocar-
dial fibrosis in a rat model of DCM. These results suggest that
MSC-derived HGF may contribute to improvements in car-
diac function partly through its antifibrotic effects.

MSCs also produced AM, a potent vasodilator and cardio-
protective peptide.? We have shown that AM prevents
cardiomyocyte apoptosis through the phosphatidylinositol
3-kinase/Akt~dependent pathway'® and that it has potent
angiogenic offects ™ AM inhibits proliferation of cardiac
fibroblasts through the cAMP-dependent pathway.* Admin-
istration of AM inhibits LV remodeling and improves cardiac
function in heart failure.’ 3 In the present study, culturcd
MSCs secreted a large amount of AM in vitro. In vivo,
transplantation of MSCs markedly increased plasma AM
level, Taken together, these findings suggest that MSCs may
exert their cardioprotective effects through AM-mediated
paracrine regulation,

IGF-1, a growth hormone mediator, plays an important role in
myocardial and skeletal muscle growth.’s* Administration of
IGF-1 improves cardiac function after myocardial infarction
through enhancement of myocardial growth.” Its protective and
antiapoptotic properties have been demonstrated in different
models of myocardial ischemia™® Furthermore, IGF-1 exents
Ca’*-dependent, positive inotropic effects through a phosphati-
dylinositol 3-kinase—dependent pathway. ™ Interestingly, the
present siudy demonstrated that MSCs scereted significant
amounts of IGF-1 in vitro, 10-fold greater than MNCs. These
findings raise the possibility that MSC-derived IGF-1 may
participate in myocardial growth and ephancement of myocar-
dial contractility in a rat model of DCM.

MMPs also play a crucial role in extracellular remodeling in
heart failure. In fact, pharmacological inhibition of MMP
activities prevents progressive LV remodeling in an animal
model of heart failure.! In the present study, cardiac MMP-2
and MMP-9 were increased in rats with DCM, which is
consistent with recent findings in patients with heart failure. %042
Interestingly, MSC wransplantation aticnuated the increases in
cardiac MMP-2 and MMP-9 in a rat model of DCM. Although
the underlying mechanisms remain unclear, MSC transplanta-
tion may influence extracellular remodeling in heant failure.

The present study has some limitations. First, immunohisto-
chemical evidence suggests differentiation of MSCs into cardio-
myocyles, vascular endothelial celis, and smooth muscle cells.
However, further studies are necessary to convincingly demon-
strate differentiation of MSCs into a specific cell type. Second,
the model of DCM used in this study was an injury model, and
the effects of treatment may be related to attenuation of the
injury rather than to the established cardiomyopathy. Nonethe-
less, the experiment was performed S to 9 weeks after myosin
injection, by which time inflammatory changes were hardly
observed and had been replaced by fibrosis.#?

Conclusions

MSC transplantation improved cardiac function in a rat
model of DCM, possibly through induction of myogenesis
and angiogenesis, as well as by inhibition of myocardial
fibrosis. The beneficial effects of MSCs may be mediated al
least in part by their differentiation into cardiomyocyics and
vascular cells and by their ability to supply large amounts of
angiogenic, antiapoptotic, and mitogenic factors. Thus, MSC
transplantation has potential as a new therapeutic strategy for
the treatment of DCM.
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