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HUVECs, indicating that AM does not function indirectly
through upregulation of VEGF. Interestingly, AM and CRLR
are both upregulated under hypoxic conditions in microvascu-
lar endothelial cells, although expression of RAMPs is not
activated by hypoxia in microvascular cells (54). The activity
of the CRLR promoter under hypoxic conditions is regulated at
least in part through hypoxia-responsive regulatory element
binding transcription factor HIF-1. Thus the simultaneous
transcriptional upregulation of CRLR and its ligand AM in
endothelial cells might play a significant role in the vascular
responses to hypoxia and ischemia by creating a potent sur-
vival loop.

SMCs are essential for the generation of functional and
mature blood vessels (26). We demonstrated in vivo that
intramuscular administration of AM increased the number of
aSMA-positive cells involved in the formation of vascular
structures (25). In vitro, AM enhanced SMC migration, which
was inhibited by wortmannin, a PI3K inhibitor. Recent studies
using homozygous AM knockout mice have suggested that
AM is essential for vascular morphogenesis (6, 21, 70). Taking
these findings together, it is possible that AM contributes to
vessel maturation through enhancement of SMC migration via
a PI3K/Akt-dependent pathway (Fig. 1). This feature of AM-
induced angiogenesis is different from VEGF-induced angio-
genesis, which is not associated with vessel muturation.

In tumor cells, inflammation and hypoxia increase AM
expression, and the elevated expression of AM is associated
with tumor neovascularization in xenografted endometrial tu-
mors and renal cell carcinoma (12, 86). AM also acts as a
tumor cell survival factor underlying human carcinogenesis.
Thus hypoxia-induced AM plays a part in tumor angiogenesis
in conjunction with VEGF, and facilitates tumor growth under
hypoxic conditions. As angiogenesis is an essential process in
tumor-host interactions for tumor growth, maintenance, and
metastasis, finding ways to regulate the action of AM may
provide a new avenue for developing anticancer therapy (16).

THERAPEUTIC ANGIOGENESIS

A variety of studies have demonstrated that AM gene de-
livery serves as therapeutic tool to protect the cardiovascular
system, including the heart (9, 32, 85), kidney (83), and
vasculature (2, 84). In this section, we describe the angiogenic
potential of AM gene transfer using novel gene delivery
systems.

Nonviral gene transfer. Peripheral vascular disease is a
crucial health issue affecting an estimated 27 million people
(5). Despite recent advances in medical interventions, the
symptoms of some patients with critical limb ischemia fail to
be controlled. Although gene therapy has been shown to be an
effective approach for angiogenesis (10, 24, 72), it is still
unsatisfactory because of the biohazard of viral vectors, low
transfection efficiency, and premature tissue-targeting. There-
fore, highly efficient and safe gene transfer is desirable. Re-
cently, we developed a novel nonviral vector, gelatin hydrogel,
which allows highly efficient and long-lasting gene transfer
(13, 30, 81). Gelatin has been widely used as a carrier of
protein because of its capacity to delay protein degradation (76,
77). Plasmid DNA is known to be negatively charged. Thus we
used gelatin as a vector for gene therapy. Biodegradable gelatin
was prepared from pig skin. The gelatin was characterized by
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a spheroid shape with a diameter of ~30 pm, water content of
95% and an isoelectric point of 9 after swelling in water (76,
77). After 2-h incubation, positively charged gelatin held
negatively charged plasmid DNA in its positively charged
lattice structure. DNA particles are released from the gelatin
through its degradation. As a result, DNA-gelatin complexes
can delay gene degradation, leading to efficient gene transfer
(13, 30, 44, 81).

We examined whether nonviral vector gelatin-mediated AM
gene transfer induces therapeutic angiogenesis in a rabbit
model of hindlimb ischemia (81). Seven days after intramus-
cular injection of AM DNA-gelatin complexes, there was
intense AM immunoreactivity surrounding the gelatin in the
skeletal muscles. AM production in the AM-gelatin group was
enhanced compared with that in the naked AM DNA group,
which received plasmid AM DNA alone. Unlike AM produc-
tion in the naked AM group, AM overexpression in the AM-
gelatin group lasted for longer than 2 wk. Importantly, AM
DNA-gelatin complexes induced more potent angiogenic ef-
fects in a rabbit model of hindlimb ischemia than naked AM
DNA, as evidenced by significant increases in histological
capillary density, calf blood pressure ratio, and laser Doppler
flow. These results suggest that the use of biodegradable
gelatin as a nonviral vector augments AM expression and
enhances AM-induced angiogenic effects. AM DNA-gelatin
complexes were distributed mainly in connective tissues. It is
interesting to speculate that the delay of gene degradation by
gelatin may have been responsible for the highly efficient gene
transfer. Thus gelatin-mediated AM gene transfer may be a
new therapeutic strategy for the treatment of severe peripheral
vascular disease.

Cell-based gene transfer. Recently, transplantation of stem
cells or progenitor cells has been shown to regenerate a variety
of tissues. Endothelial progenitor cells (EPCs) have been
discovered in adult peripheral blood (4, 79). EPCs are mobi-
lized from bone marrow into the peripheral blood in response
to tissue ischemia or traumatic injury, migrate to sites of
injured endothelium, and differentiate into mature endothelial
cells in situ (15, 34). Transplantation of EPC induces thera-
peutic angiogenesis in the ischemic heart or limb (34, 42, 71).
However, some patients are refractory to conventional cell
therapy because of insufficient cell number, poor survival, or
impaired differentiation. Thus a novel therapeutic strategy to
enhance the angiogenic properties of EPCs is desirable. Con-
sidering the variety of protective effects of AM on vascular
endothelial cells, we hypothesized that AM gene transfer into
EPCs would strengthen the therapeutic potential of EPCs.
Genetically modified EPCs may serve not only as a tissue-
engineering tool to reconstruct the vasculature but also as a
vehicle for gene delivery to injured endothelium.

Here, we present a new concept for cell-based gene delivery
into the vasculature, consisting of three processes (44). First,
positively charged gelatin is readily complexed with negatively
charged plasmid DNA. Second, EPCs phagocytose ionically
linked plasmid DNA-gelatin complexes in coculture, which
allows nonviral gene transfer into EPCs with high efficiency.
Third, intravenously administered gene-modified EPCs are
incorporated into injured vascular beds. This novel gene de-
livery system has great advantages over conventional gene
therapy; it is nonviral and noninvasive, and it provides highly
efficient gene targeting into the vasculature. These benefits
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may be achieved mainly by the capability of EPCs to phago-
cytose DNA-gelatin complexes and to migrate to sites of
injured endothelium. Genetically modified EPCs markedly
secreted AM into the culture medium, and AM overproduction
lasted for more than 2 wk. The proliferative activity of AM
DNA-transduced EPCs exceeded that of nontransduced EPCs.
Furthermore, AM gene transfer inhibited apoptosis of EPCs in
vivo and in vitro. Thus ex vivo AM gene transfer strengthened
the therapeutic potential of EPCs.

Primary pulmonary hypertension (PPH) is a rare, but life-
threatening disease characterized by progressive pulmonary
hypertension, ultimately producing right ventricular failure and
death (67). Median survival in patients with PPH is considered
to be 2.8 years from the time of diagnosis. Thus novel and
effective therapy is needed for the treatment of pulmonary
hypertension. Because endothelial dysfunction may play a role
in the pathogenesis of pulmonary hypertension such as PPH
(3), pulmonary endothelial cells may be a therapeutic target for
the treatment of pulmonary hypertension. We have demon-
strated that administration of AM peptide decreases pulmonary
vascular resistance in patieats with PPH (45, 46, 48, 51). Thus
we investigated the effects of AM gene-modified EPCs on
pulmonary hypertension in rats (44). AM gene-transduced
EPCs were similarly incorporated into the pulmonary vascula-
ture. Immunohistochemical analyses demonstrated that the
transplanted EPCs were of endothelial lineage and formed
vascular structures. Intravenous administration of AM-express-
ing EPCs significantly decreased pulmonary vascular resis-
tance compared with EPCs alone (—39%). Kaplan-Meier sur-
vival curves demonstrated that rats with pulmonary hyperten-
sion transplanted with AM-expressing EPCs had a significantly
higher survival rate than those given culture medium or EPCs
alone. These findings suggest that AM gene-modified EPCs
using gelatin may serve not only as a tissue-engineering tool to
reconstruct the pulmonary vasculature, but also as a vehicle for
gene delivery to injured pulmonary endothelium. This hybrid
cell-gene therapy may be applicable for intractable cardiovas-
cular disease, including ischemic heart disease. Thus genetic
manipulation of stem cells opens new avenues for regenerative
medicine.
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Abstract

Objective: Mesenchymal stem cells (MSC) are pluripotent cells that differentiate into a variety of cells including endothelial cells and
vascular smooth muscle cells. Although transplantation of bone marrow-derived mononuclear cells (MNC) has already been applied for the
treatment of critical limb ischemia, little information is available regarding comparison of the angiogenic potency between MSC and MNC.
Accordingly, we injected equal numbers of MSC or MNC in a rat model of hindlimb ischemia and compared their therapeutic potential.
Methods and results: Immediately after creating hindlimb ischemia, rats were randomized to receive MSC transplantation (MSC group),
MNC transplantation (MNC group), or vehicle infusion (Control group). Three weeks after transplantation, the laser Doppler perfusion index
was significantly higher in the MNC group than in the Control group (0.69+0.1 vs. 0.57£0.06, P<0.01). Furthermore, there was a marked
improvement in blood perfusion in the MSC group (0.81+0.08). Capillary density was highest in the MSC group. The number of
transplanted cell-derived endothelial cells was higher in the MSC group than in the MNC group. Transplanted cell-derived vascular smooth
muscle cells were detected only in the MSC group. In vitro, MSC were more tolerant to apoptotic stimulus (serum starvation and hypoxia)
than MNC.

Conclusions: MSC transplantation caused significantly greater improvement in hindlimb ischemia than MNC transplantation. Compared
with MNC, MSC survived well under 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.

© 2005 European Society of Cardiotogy. Published by Elsevier B.V. All rights reserved.

Keywords: Angiogenesis; Apoptosis; Cell therapy

1. Introduction peripheral vascular disease, progression of tissue hypoper-
fusion results in ischemic ulceration and gangrene. Unfortu-

Peripheral vascular disease is a major health care nately, amputation is required in more than a third of these
problem in an aging society [1]. In the late stages of patients. Transplantation of bone marrow-derived mono-

nuclear cells (MNC) has been shown to induce therapeutic

neovascularization in critical limb ischemia [2-4]. Thus,

* Corresponding author. Tel.: +81 6 6833 5012; fax: +81 6 6833 9865. MNC have been established as a tool for cell therapy.
E-mail address: nnagaya@rincve.go.jp (N. Nagaya). However, MNC transplantation requires harvesting a large
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544 T Iwvase et al. / Cardiovascular Research 66 (2005) 543-551

amount of bone marrow under general anesthesia, which
may impose a load on some patients with severe compli-
cations such as myocardial ischemia, heart failure, cerebral
disease, or renal failure.

Mesenchymal stem cells (MSC), which reside in the
bone marrow stroma, possess pluripotency and differentiate
into osteoblasts, chondrocytes, neurons, skeletal muscle
cells, endothelial cells and vascular smooth muscle cells [5-
7]. MSC have an adherent nature and are expandable in
culture. Thus, it would be easy to obtain a sufficient number
of MSC for cell therapy. MSC have been shown to form
capillary-like structures in an in vitro Matrigel assay [8].
Furthermore, MSC transplantation has been shown to
induce neovascularization in a rat model of hindlimb
ischemia [9]. These findings suggest that, like MNC,
transplantation of MSC may have beneficial effects in
patients with critical limb ischemia. However, there has
been no study on the therapeutic potency of MSC compared
with that of MNC.

Thus, the purposes of this study were (1) to compare the
therapeutic potencies of MSC and MNC transplantation in a
rat model of hindlimb ischemia and (2) to investigate the
mechanisms underlying the angiogenic potential of MSC.

2. Methods
2.1. Animal model of hindlimb ischemia

Male Lewis rats weighing 250 to 275 g were used in this
study. These isogenic rats served as donors and recipients to
simulate autologous implantation of MSC or MNC. To
create a hindlimb ischemia model, the left common iliac
artery of each rat was resected under anesthesia with
pentobarbital sodium (50 mg/kg i.p.). The distal portion of
the saphenous artery and all side branches as well as veins
were dissected free and excised. The right hindlimb was
kept intact and used as a nonischemic limb. All protocols
were performed in accordance with the Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996).

2.2, Expansion of MSC and isolation of MNC

MSC expansion was performed as described previ-
ously [7]. In brief, we sacrificed male Lewis rats and
harvested bone marrow by flushing the cavity of the
femurs and tibias with phosphate-buffered saline (PBS).
Bone marrow cells were introduced into 100-mm dishes
and cultured in «-MEM supplemented with 10% FBS
and antibiotics. A small number of cells developed
visible symmetric colonies by days 5 to 7. Nonadherent
hematopoietic cells were removed and the medium was
replaced. The adherent, spindle-shaped MSC population
expanded to over 50 million cells at approximately 4 to 5

passages after first culturing the cells. MNC were isolated
from whole marrow cells by Ficoll density gradient
centrifugation (Lymphoprep, Nycomed) as described
previously [3].

2.3. MSC and MNC transplantation

Immediately after resection of the left common iliac
artery, 30 rats were randomized to the following three
groups: (1) MSC transplantation (MSC group, n=10), (2)
MNC transplantation (MNC group, »=10), and (3) PBS
injection (Control group, n=10). In each group, 5x10°
MSC, 5x10° MNC or PBS was injected into the
ischemic thigh muscle with a 26-gauge needle at five
different points.

2.4. Assessment of blood perfusion

A laser Doppler perfusion image (LDPI) analyzer
{Moor Instruments) was used to measure serial blood
flow over a period of 3 weeks. Low or no blood
perfusion was displayed as dark blue, whereas the highest
perfusion was displayed as red. After blood flow had
been scanned twice, the average flow values of the
ischemic and nonischemic limbs were calculated by
computer-assisted quantification using stored images.
The LDPI index was determined as the ratio of ischemic
to nonischemic hindlimb blood perfusion [10].

Blood flow of the ischemic hindlimb was also assessed by
use of colored microspheres 3 weeks after transplantation as
reported previously [11,12]. In brief, 2x10° microspheres
(Dye-Trak, Triton Technology) were injected into the left
ventricle under anesthesia and artificial ventilation. Refer-
ence blood samples were withdrawn from the right carotid
artery at a rate of 0.3 ml/min. Rats were then killed, and
muscle samples from the adductor, semimembranous and
gastrocnemius muscles were harvested and weighed. These
samples were processed according to the manufacturer’s
instructions, and the absorbance of dye from muscle samples
(AUnuscie) and reference blood samples (AUgample) was
measured with a spectrophotometer. The regional blood flow
of ischemic muscle was calculated as 0.3%X(AU, uc1e)
(AUsampie) and presented normalized per 100 g body weight.

2.5. Histological assessment

Rats were killed 3 weeks after transplantation. Four
pieces of ischemic tissue from the adductor and semi-
membranous muscles were obtained and snap-frozen in
liquid nitrogen. Frozen tissue sections were stained with
alkaline phosphatase using an indoxyltetrazolium method
to detect capillary endothelial cells [3,10]. Five fields
from four tissue sections were randomly selected, and the
number of capillaries was counted in each field. To avoid
overestimation or underestimation of capillary density as
a result of myocyte atrophy or interstitial edema, the
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capillary number adjusted per muscle fiber was used to
compare the differences in capillary density among the
three groups [3].

2.6. Monitoring of transplanted MSC or MNC in ischemic
hindlimb muscle

An additional 10 rats were used to examine whether
transplanted MSC or MNC differentiate into endothelial
cells or vascular smooth muscle cells in ischemic muscle.
Suspended MSC and MNC were labeled with fluorescent
dye (PKH26 Red Fluorescent Cell Linker Kit, Sigma
Chemical) as reported previously [13]. Red fluorescence-
labeled MSC (5x10° cells per animal) or MNC (5x10°
cells per animal) were transplanted into the ischemic
thigh muscle in rats (MSC and MNC groups, n=5 each).
This subgroup of rats was killed 3 weeks after MSC or
MNC transplantation, and frozen tissue sections were
obtained from the ischemic muscle. The tissue sections
were incubated with anti-von Willebrand factor polyclonal
antibody (vWF, DAKO) or anti-a-smooth muscle actin
monoclonal antibody (a«SMA, DAKO), followed by

incubation with Alexa Fluor® 633 IgG antibody (Molec-
ular Probes) or fluorescein isothiocynate (FITC)-conju-
gated 1gG antibody (BD Pharmingen), respectively. Five
high power fields (40%) of each section were randomly
selected to count the number of transplanted cells, vWF-
positive cells, and aSMA-positive cells.

Green fluorescent protein (GFP)-expressing MSC or
MNC were also transplanted to examine cell differ-
entiation. MSC and MNC were isolated from male GFP-
transgenic rats, which were provided by Dr. Masaru
Okabe (Osaka University, Japan) [14,15]. GFP-expressing
MSC (5x10° cells per animal) or MNC (5x10° cells per
animal) were transplanted into the ischemic thigh muscle
in male Spargue-Dawley rats (MSC group, n=3; MNC
group, #n=3). Immunohistochemical analysis for vWF was
performed 3 weeks after cell transplantation.

2.7. Cell viability assay
MSC or MNC were plated in serum-free medium on

12-well plates (1x10° cells per well) and cultured in
hypoxic conditions (1% 0,/5% C0»/94% Nj) for 24 h.
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Fig. 1. (A) Representative examples of serial LDPL. Blood perfusion of the ischemic hindlimb markedly increased in the MSC group 3 weeks after
transplantation (red to orange). (B) Quantitative analysis of hindlimb blood perfusion. LDPI index was determined as the ratio of ischemic to nonischemic
hindlimb blood perfusion. The increase in the LDPI index was not significant in the Control group. LDPI index was significantly higher in the MNC and MSC
groups than in the Control group 3 weeks after surgery. LDPI index in the MSC group was highest among the three groups. Data are mean+S.E.M. *P<0.05
and TP<0.01 vs. Control; *P<0.01 vs. MNC. (C) Blood flow assessment of ischemic muscle by use of microspheres. Data are meantS.E.M. *P<0.01 vs.
Control; P<0.05 vs. MNC. (D) Incidence of limb necrosis and self-amputation 3 weeks after transplantation. (E) Comparison between the number of
transplanted cells and perfusion recovery of the ischemic hindlimb. LDPI index of 1x10° MSC transplantation was equivalent to that of 5% 10° MNC
transplantation. Data are mean+S.EM. *P<0.01 vs. Control; 'P<0.01 vs. 1x10° MNC; *P<0.05 vs. 5x10° MNC; $P<0.05 vs. 1x10° MSC.
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Hypoxic conditions were obtained by the use of a CO,/
multigas incubator (ASTEC). After exposure to serum-
free hypoxia, the cells were suspended using trypsin and
mixed with 0.4% trypan blue solution (Sigma Chemical).
Percentages of viable cells were evaluated by two blinded

observers and normalized to the total cell number in the
field.

2.8. In vitro apoptosis assay

Terminal dUTP nick-end labeling (TUNEL) assay
(ApopTag Fluorescein kit, Serological Corporation) was
performed to evaluate apoptosis of MSC or MNC
induced by the combination of serum starvation and
hypoxia. After incubation for 24 h, MSC or MNC were
fixed in 1% paraformaldehyde, and TUNEL was
performed for detection of apoptotic nuclei according to
the manufacturer’s instructions. The cells were then
mounted in medium containing 4 ,6-diamidino-2-phenyl-
indole (DAPI). Randomly selected microscopic fields
(n=5) were evaluated to calculate the ratio of TUNEL-
positive cells to total cells. '

2.9. Western blot analysis of hypoxia-inducible Jactor (HIF)

To identify the protein expression of HIF-1a, Western
blotting was performed using a mouse monoclonal
antibody raised against HIF-la (clone Hla67, Novus
Biologicals). Serum-starved MSC or MNC were cultured
in normoxic or hypoxic conditions for 24 h. Cells were

X5

=]

Capillary/muscle fiber ratio

Control

MNC

homogenized on ice in 150 pul lysis buffer with a
protease inhibitor. Then 15 pg of protein was transferred
to sample buffer, loaded on 7.5% SDS-polyacrylamide
gel, and blotted onto a polyvinylidene fluoride membrane.
After being blocked for 60 min, the membrane was
incubated with a primary antibody in blocking buffer
(1:1000), followed by incubation with a peroxidase-
conjugated secondary antibody. Positive protein bands
were visualized by chemiluminesence using an ECL kit
(Amersham). Western blot analysis using a monoclonal
antibody raised against B-actin (Sigma Chemical) was
used as a protein loading control.

2.10. In vitro tube formation assay

In vitro Matrigel assay was performed to investigate
whether MSC or MNC induce tube formation under
the condition of serum-free hypoxia [6,8]. MSC or
MNC were plated in serum-free medium on 12-well
plates (1x10° cells per well) coated with Matrigel
(Becton Dickinson). After 6-h incubation in hypoxia,
tube formation was examined with a phase-contrast
microscope.

2.11. Measurements of angiogenic factors

To compare the secretion of angiogenic factors from
MSC with that from MNC, a total of 1x10° MSC or
MNC were plated in serum-free medium on 6-well plates.
After 24-h incubation, the conditioned medium was

MSC

Fig. 2. (A) Representative examples of aikaline phosphatase staining in ischemic hindlimb muscles. In the MNC and MSC groups, the number of capillaries
markedly increased compared with the Control group. (B) Quantitative analysis of capillary density in ischemic hindlimb muscles, Capillary density is shown
as capillary/muscle fiber ratio. The capillary/muscle fiber ratio of ischemic hindlimb muscle was highest in the MSC group, followed by the MNC group and
Control group. Data are mean+S.EM. *P<0.01 vs. Control: TP<0.01 vs. MNC, Scale Bars: 50 um.
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collected and, levels of VEGF, basic FGF (bFGF), and
stromal cell-derived factor-lae (SDF-la) were measured
using enzyme immunoassay kits (Quantikine, R&D
Systems).

2.12. Statistical analysis

All values are expressed as mean£S.E.M. Comparisons
of parameters among the three groups were made by one-
way ANOVA followed by Scheffe’s multiple comparison
test. Student’s unpaired z-test was used to compare differ-
ences between two groups. A probability value <0.05 was
considered statistically significant.

Transplanted cells
__PKH26

Transplanted cells
GIE

vWF

3. Results

3.1. Blood perfusion of ischemic hindlimb after
transplantation

Blood perfusion of the ischemic hindlimb was consid-
erably impaired 3 weeks after surgery (Control group, Fig.
1A). On the other hand, improvement of hindlimb
ischemia was observed in the MNC and MSC groups
compared with the Control group. Hindlimb ischemia was
markedly improved in the MSC group. Quantitative
analysis demonstrated that the LDPI index was highest
in the MSC group, followed by the MNC group and

Merged

40

Number of PKH26/FVW-double
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o
S

MNC MSC

| Mege |

Fig. 3. Endothelial differentiation of transplanted cells. (A) Incorporation and differentiation of transplanted MSC in ischemic thigh muscle. Red fluorescence
(PKH26)-labeled MSC were incorporated into interstitial tissues between muscle fibers and were positive for vWF (blue). (B) PKH26/vWF-double-positive
cells (pink) were frequently observed in the MSC group. (C) The number of PKH26/vWF-double-positive cells (MNC-derived endothelial cells) was
significantly higher in the MSC group than in the MNC group. Data are mean+S.E.M. *P<0.01 vs. MNC. Bars: 50 um. (D) Representative photographs of
MSC-derived vascular structures. Green fluorescent protein (GFP)-expressing MSC were transplanted into ischemic thigh muscle. GFP (green)/vWF (red)-
double positive cells (orange, arrows) were observed 3 weeks after transplantation. Bars: 50 pm.
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Control group (Fig. 1B). The regional blood flow of
ischemic muscle was highest in the MSC group, followed
by the MNC group and Control group (Fig. 1C). The
incidence of limb necrosis and self-amputation of ischemic
hindlimb was minimal in the MSC group, followed by the
MNC group and Control group (Fig. 1D).

To examine the relationship between the number of
transplanted cells and their angiogenic potential, a smaller
number of MSC or MNC (1x10° cells per animal) was
transplanted into the ischemic thigh muscle (#=10 each).
Transplantation of 1x10° MNC tended to improve blood
perfusion of the ischemic hindlimb 3 weeks afier trans-
plantation, but these changes did not reach statistical
significance. On the other hand, transplantation of 1x10°
MSC significantly improved hindlimb ischemia. The LDPI
index of 1x10° MSC transplantation was equivalent to that
of 5x10° MNC transplantation (Fig. 1E).

3.2, Capillary density of ischemic hindlimb

A large number of capillaries were detected in the
ischemic muscle of the MSC and MNC groups (Fig. 2A).
Importantly, quantitative analysis demonstrated that the
capillary/muscle fiber ratio of ischemic muscle was highest
in the MSC group, followed by the MNC group and Control
group (Fig. 2B).

3.3. Endothelial differentiation of transplanted cells
Red fluorescence-labeled MSC and MNC were detected

in the interstitial tissues between muscle fibers 3 weeks after
transplantation (Fig. 3A). PKH26-positive cells expressed

Transplanted cells
_ PKH26 _

MNC [

MSC

oSMA

vWE, an endothelial marker, in both the MSC and MNC
groups. Importantly, PKH26/vWF-double-positive celis
were frequently observed in the MSC group (Fig. 3B).
Quantitative analysis demonstrated that the number of
PKH26/vWF-double-positive cells was significantly higher
in the MSC group than in the MNC group (Fig. 3C). GFP-
expressing MSC and MNC were also detected in the
ischemic muscle and were positive for vWF 3 weeks after
transplantation (Fig. 3D). The number of GFP/vWF-double-
positive cells was significantly higher in the MSC group
than in the MNC group (data not shown).

3.4. Differentiation of transplanted cells into vascular
smooth muscle cells

Some of the transplanted MSC were positive for aSMA,
a marker of vascular smooth muscle cells. They participated
in the formation of vascular structures as mural cells. In
contrast, none of the MNC was stained by aSMA (Fig. 4).

3.5. Cell survival under serum starvation and hypoxia

After 24-h incubation under serum-free and hypoxic
conditions, the majority of cultured MNC revealed cyto-
plasmic shrinkage; disintegration into small vesicles, and
membrane blebbing (Fig. 5A). In contrast, these morpho-
logical changes were rarely observed in MSC. The
percentage of dead cells, assessed by the trypan blue
exclusion test, was significantly higher in MNC than in
MSC (Fig. 5B). TUNEL staining showed that serum-free
hypoxia markedly induced MNC apoptosis, whereas only a
small number of MSC were TUNEL-positive (Fig. 5C). The

Merged

Fig. 4. Differentiation of wansplanted cells into vascular smooth muscle cells. Red fluorescence (PKH26)-labeled MSC were stained by aSMA, whereas

transplanted MNC did not express «SMA. Bars; 50 nm.
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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 (blue). Serum starvation and hypoxia
substantially induced MNC apoptosis. (D) 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)-1e and p-actin. The
expression of HIF-1a protein was not detected in MSC and MNC under the condition of normoxia (n). However, HIF-1a 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 incubation in serum-free hypoxia, MSC
formed typical tube-like structures. In contrast, MNC did not show any morphological change. Bars: 100 um.

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-1a/B-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. 188+32 pg/10° cells, P<0.01; bFGF:
4745 vs. 4+ 1 pg/10° cells, P<0.01). Although SDF-1e was
not detected in conditioned medium of MNC, MSC secreted
a large amount of SDF-la (17+1 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 transplantation, (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 secreted 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 VEGEF,
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
vWE, 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 efficiently than trans-
planted MNC.

I Iwase et al. / Cardiovascular Research 66 (2005) 543-351

During the process of neovascularization, 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 «SMA, 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 easily 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.
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Rationale: Adrenomedullin, a potent vasodilator peptide, regulates
cell growth and survival. However, whether adrenomedullin con-
tributes to lung regeneration remains unknown. Objectives: To in-
vestigate whether adrenomedullin influences the kinetics of bone
marrow cells, and whether adrenomedullin promotes regeneration
of alveoli and vasculature and thereby improves lung structure and
function in elastase-induced emphysema in mice. Methods: Adre-
nomedullin or vehicle was randomly administered to C57BL/6 mice
for 5 days. We counted the numbers of mononuclear cells and stem
cell antigen-1-positive cells in circulating blood. After intratracheal
injection of elastase or saline, mice were randomized to receive
continuous infusion of adrenomedullin or vehicle for 14 days. Func-
tional and histologic analyses were performed 28 days after treat-
ment. Results: Twenty-eight days after elastase injection, destruction
of the alveolar walls was observed. However, adrenomedullin infu-
sion significantly inhibited the increase in lung volume, static lung
compliance, and mean linear intercept in mice given elastase. Adre-
nomedullin increased the numbers of mononuclear cells and stem
cell antigen-1-positive cells in circulating blood. Adrenomedullin
significantly increased the number of bone marrow-derived cells
incorporated into the elastase-treated lung. Some of these cells
were positive for cytokeratin or von Willebrand factor. Infusion of
adrenomedullin after the establishment of emphysema also had
beneficial effects on fung structure and function. In vitro, addition
of adrenomedullin attenuates elastase-induced cell deathin alveolar
epithelial cells and endothelial cells. Conclusions: Adrenomedaullin
improved elastase-induced emphysema at least in part through
mobilization of bone marrow cells and the direct protective effects
on alveolar epithelial cells and endothelial cells.

Keywords: bone marrow cells; differentiation; mobilization; regeneration

Pulmonary emphysema, a major cause of respiratory dysfunction
and death worldwide, is defined as abnormal permanent enlarge-
ment of airspaces distal to terminal bronchioles (1-3). Because
many mediators with overlapping actions are involved in pulmo-
nary emphysema, there is no effective treatment that prevents
the progression of this disease. Destruction of the alveolar walls,
one of the pathologic changes in pulmonary emphysema, had
been considered irreversible. However, recent studies have
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demonstrated that bone marrow cells are mobilized into the
peripheral blood to be involved in regeneration of alveoli (4, 5).
Thus lung regeneration by bone marrow cells may be desirable
for the treatment of pulmonary emphysema.

Adrenomedullin (AM) is a potent vasodilator peptide that
was originally isolated from human pheochromocytoma (6). Im-
munoreactive AM has subsequently been detected in a variety
of tissues, including the lungs (7, 8). The AM receptor has been
shown to be expressed strongly in the basal cells of the airway
epithelium and type II pneumocytes, both of which are involved
in epithelial regeneration of the lung (9). Recent studies have
shown that AM activates the phosphatidylinosito] 3-kinase
(PI3K)/Akt-dependent pathway in vascular endothelial cells,
which is considered to regulate multiple critical steps in cell
growth (10-13). These findings raise the possibility that AM may
play an important role in the regulation of pulmonary homeosta-
sis. However, whether AM is involved in lung regeneration re-
mains unknown.

Thus the purposes of the present study were to () investigate
whether infusion of AM influences the kinetics of bone marrow
cells, (2) investigate the direct effects of AM on alveolar epithe-
lial cells and endothelial cells, and (3) examine whether AM
promotes regeneration of alveoli and vasculature in the lung
and thereby improves lung structure and function in elastase-
induced emphysema in mice.

METHODS

Animal Model

We used 10-week-old female C57BL/6 mice. To investigate whether
AM influences the kinetics of bone marrow cells, AM or saline was
randomly administered to 48 mice. Transgenic mice (C57BL/6 back-
ground) that ubiquitously express green fluorescent protein (GFP) were
provided by Prof. Masaru Okabe (Osaka University, Japan) (14). To
assess the kinetics of bone marrow cells, 10 GFP-positive bone marrow
chimeric mice were established. Four weeks after bone marrow trans-
plantation, the chimeric mice were given intratracheal injection of por-
cine pancreatic elastase (200 units/kg; Sigma, St. Louis, MQO). An addi-
tional 42 wild-type mice were used to examine whether AM improves
lung structure and function in elastase-induced emphysema. Finally, 10
GFP-positive bone marrow chimeric mice and 42 wild-type mice were
used to examine the effects of AM on established emphysema. All
protocols were performed in accordance with the guidelines of the
Animal Care Ethics Committee of the National Cardiovascular Center
Research Institute.

AM Preparation and Administration

Recombinant human AM was obtained from Shionogi Co., Ltd., Osaka,
Japan. The homogeneity of AM was confirmed by reverse-phase, high-
performance liquid chromatography and amino acid analysis. Forty-
two wild-type mice were randomly given intratracheal injection of either
elastase or saline and assigned to receive continuous infusion of AM
or vehicle. AM was administered by a subcutaneous osmotic minipump
(Alzet minipumps #1002; Durect Corp., Cupertino, CA) with a delivery
rate of 0.05 pg/kg/minute for 14 days. This protocol resulted in the
creation of three groups: sham mice given vehicle (sham group, n =
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14), elastase mice given vehicle (vehicle group, n = 14), and elastase
mice treated with AM (AM group, n = 14). Ten GFP-positive bone
marrow chimeric mice were divided into two groups: elastase mice
given vehicle and elastase mice treated with AM (n = 5 each).

To investigate the effects of AM on established emphysema, the
mice were randomly given intratracheal injection of either elastase or
saline according to a previously described protocol by Massaro and
colleagues (15). Twenty-five days after elastase or saline injection, the
mice received continuous infusion of AM or vehicle for 12 days (sham,
vehicle, and AM groups, n = 14 each). These mice were evaluated on
Day 37. In addition, 10 GFP-positive chimeric mice were investigated
by a similar protocol to assess the kinetics of bone marrow cells.

Isolation of Mononuclear Cells and Flow Cytometric Analysis

AM (1, 2, or 5 pg in 100 wl saline) was randomly administered to
C57BL/6 mice (n = 8 each) by intraperitoneal injection daily for 5
days. Control mice received 100 pl saline according to the same schedule
{n = 8). In addition, AM or vehicle was administered to other mice
(n = 8 each) by a subcutaneous osmotic minipump with a delivery rate
of 0.05 pg/kg/minute for 5 days. Blood samples were obtained on Day 5
and mononuclear cells were separated using Histopaque-1083 (Sigma),
as described previously (16). The mononuclear cells were counted
manually and analyzed for the expression of stem cell antigen-1
(Sca-1)-fluorescein isothiocyanate (BD Pharmingen, San Diego, CA). Im-
munofluorescence-labeled cells were analyzed by quantitative flow cytom-
etry with a FACSCalibur flow cytometer (BD Biosciences, Mountain
View, CA). An isotype-identical antibody (BD Pharmingen) served as
a control.

Bone Marrow Chimeric Mice

Bone marrow chimeric mice were created as described previously (17).
In brief, wild-type recipient C57BL/6 mice were lethally irradiated
(900 c¢Gy) and transplanted with GFP mouse-derived bone marrow
cells (3 X 10°cells/300 pl) via the tail vein. To quantify the reconstitution
of mouse bone marrow, peripheral blood mononuclear cells and bone
marrow cells were analyzed by flow cytometry 4 weeks after bone
marrow transplantation.

Assessment of Bone Marrow Cell Homing and Differentiation

Cryosections were obtained from the lungs of GFP-positive chimeric
mice 28 days after elastase injection. The number of GFP-positive cells
in the alveolar walls was counted and expressed as the number per 100
alveoli. Alveolar epithelial cells were identified using a murine mono-
clonal antibody anti—cytokeratin 5 and 8 (Chemicon, Temecula, CA)
and a goat Alexa fluor 633-conjugated antimouse antibody (Molecular
Probes, Eugene, OR) (4). Vascular endothelial cells were identified
using a rabbit polyclonal antibody raised against von Willebrand factor
(vWF; Dako, Copenhagen, Denmark) and a goat Alexa fluor 633-
conjugated antirabbit antibody (Molecular Probes). The numbers of
GFP/cytokeratin double-positive cells and GFP/YWF double-positive
cells were counted and expressed as the number per 100 alveoli. Histo-
logic examinations were performed in a blinded fashion by three
observers.

Morphologic and Functional Analyses

Twenty-eight days after elastase or saline injection, the mice were
paralyzed and static lung compliance was measured using a computer-
controlled small animal ventilator (flexiVent; Scireq, Montreal, PQ,
Canada; n = 7 each). The lungs were removed and fixed at a constant
transpulmonary pressure of 25 cm H,O for 24 hours (n = 7 each). The
lung volume was measured by the method of Scherle (18). The mean
linear intercept, a morphometric parameter of emphysema, was calcu-
lated by light microscopy on 20 randomly selected fields as described
previously (19). Morphologic examinations were performed in a blinded
fashion by three observers.

Assessment of Vascular Density

Paraffin sections were obtained from the lungs (n = 7 each). To investi-
gate whether AM induces angiogenesis in the elastase-treated lung,
tissue sections were stained for vWF (20). The number of vWF-positive

vessels per millimeter squared was counted in a blinded fashion by
three observers.

Assessment of Cell Proliferation

Cryosections were obtained from the lungs of GFP-positive chimeric
mice. To investigate whether AM promotes cell proliferation, tissue
sections were stained for Ki-67, a marker for cell proliferation, using
a rat antimouse Ki-67 antibody (Dako) and a goat Alexa fluor 633-
conjugated anti-rat antibody (Molecular Probes). The number of Ki-67-
positive cells per millimeter squared was counted in a blinded fashion
by three observers.

In Vitro Study

AS549 human alveolar type II epithelial cells (American Type Culture
Collection, Rockville, MD) were cultured in F-12K medium (Invitrogen
Corp., Carlsbad, CA) supplemented with 10% fetal calf serum (Invitrogen
Corp.} and 1% penicillin-streptomycin (Invitrogen Corp.). Human um-
bilical vein endothelial cells (HUVEC) (Cambrex Corp., East Ruther-
ford, NJ) were cultured in Medium 199 (Invitrogen Corp.) supple-
mented with 20% serum and 1% penicillin-streptomycin. To investigate
whether AM attenuates elastase-induced cell death, cells were treated
with elastase (0.3 units/ml) along with various concentrations of AM
(107 to 107" M) (21). Twenty-four hours after elastase administration,
cell number and DNA fragmentation were assessed. Cell number was
assessed using a CellTiter 96 aqueous one solution cell proliferation
assay kit (Promega, Madison, WI) according to the manufacturer’s
directions (n = 4 each). DNA fragmentation was detected by terminal
deoxynucleotidyl transferase-mediated dUTP biotin nick-end labeling
(TUNEL) assay with a commercially available kit (ApopTag; Chemi-
con). The cells were then mounted in medium containing 4',6-diamid-
ino-2-phenylindole. The ratio of TUNEL-positive cells to total cells
was calculated by counting at least 300 cells/well (n = 4 each). Finally,
6 hours after elastase administration, caspase-3 activity was measured
with a commercially available kit (Promega) according to the manufac-
turer’s directions {(n = 4 each). :

Assessment of Nitric Oxide Release and Detection
of Soluble Kit-Ligand

In vitro, murine bone marrow stromal cells were prepared, as reported
previously (26). Bone marrow stromal cells were cultured in Dulbecco’s
modified Eagle medium (Invitrogen Corp.) supplemented with 10%
serum and 1% penicillin-streptomycin. The cells were treated for 20
minutes with control buffer, AM, or AM plus wortmannin (5 X 107% M;
Wako Pure Chemical Ind., Ltd., Osaka, Japan), a PI3K inhibitor. To
estimate total amounts of nitric oxide (NO) released from bone marrow
stromal cells, nitrite content in the culture medium were measured
using 2,3-diaminonaphthalene kit (Dojindo Laboratories, Kumamoto,
Japan; n = 6 each).

In vivo, 5 days after continuous infusion of AM (0.05 pg/kg/minute)
or vehicle, murine bone marrow plasma was collected by flushing femurs
and tibias with a total of 0.5 mi saline. After spinning, supernatants were
analyzed for soluble kit-ligand, a key molecule for stem cell recruitment,
expression by ELISA (R&D Systems, Minneapolis, MN; n = 8 each)
(22).

Measurement of Vascular Endothelial Growth Factor

To investigate the effect of AM on endogenous production of vascular
endothelial growth factor (VEGF) in the elastase-injected mice, serum
VEGF concentration was measured using a mouse VEGF ELISA kit
(R&D Systems; n = 7 each).

Statistical Analysis

Numeric values were expressed as mean * SEM unless otherwise indi-
cated. Comparisons were made by one-way analysis of variance, fol-
lowed by Newman-Keuls’ test. A value of p < 0.05 was considered
statistically significant.

RESULTS

Mobilization of Bone Marrow Cells

Administration of AM dose-dependently increased the number
of peripheral blood mononuclear cells on Day 5 (Figure 1A).
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Figure 1. (A) Effect of bolus injection of adrenomedullin (AM) on the
number of peripheral blood mononuclear cells. (B) Effect of continuous
administration of AM on the number of peripheral blood mononuclear
cells. (C) Effect of continuous administration of AM on the number of
stem cell antigen-1 (Sca-1)-positive cells. Data are mean = SEM. White
bars = vehicle; black bars = bolus injection of AM (ug); striped bars =
continuous administration of AM (0.05 pg/kg/minute). *p < 0.05 versus
vehicle group.

A significant change was detected from the lowest dose (1 pg/
mouse: 120% of vehicle group) to the highest dose (5 pg/mouse:
140% of vehicle group). A significant increase was also detected
in mice administered AM by an osmotic minipump (131% of
vehicle group; Figure 1B). Furthermore, the frequency of Sca-1-
positive cells was significantly increased (200% of vehicle group;
Figure 1C).

Regeneration of Pulmonary Epithelium

In the chimeric mice, the proportions of GFP-positive peripheral
blood mononuclear cells and bone marrow cells were 87 to 93%
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and 85 to 90%, respectively, indicating that most of the original
stem cell population was replaced by donor cells. Twenty-eight
days after elastase injection, GFP-positive cells were detected
in the alveolar walls. GFP/cytokeratin double-positive cells were
also observed in the alveolar walls (Figure 2A). Semiquantitative
analysis demonstrated that the number of GFP-positive cells
incorporated into the lung was significantly increased in the AM
group compared with that in the vehicle group (Figure 2B). In
addition, the number of GFP/cytokeratin double-positive cells
was significantly increased in the AM group compared with that
in the vehicle group (Figure 2C). Twenty-eight days after elastase
injection, the development of airspace enlargement with destruc-
tion of the alveolar walls was observed in the vehicle group
(Figure 3A). However, administration of AM attenuated the
histologic changes in mice given elastase. The mean linear inter-
cept in the vehicle group was significantly increased compared
with that in the sham group (Figure 3B), but the increase was
significantly attenuated by AM.

Regeneration of Puimonary Vasculature

GFP/vWF double-positive cells were observed in the alveolar
walls (Figure 4A), and the number of these cells in the AM
group was larger than that in the vehicle group (Figure 4B). As
a whole, the number of vWF-positive pulmonary vessels was
decreased 28 days after elastase injection (Figures 4C and 4D).
However, AM infusion significantly increased the number of
vWEF-positive pulmonary vessels in the elastase-treated lung,

Effect of AM on Pulmonary Function

Twenty-eight days after elastase injection, the lung volume was
significantly increased in the vehicle group (Figure 5A). The
increase in lung volume was significantly attenuated by AM.
Static lung compliance was significantly increased in the vehi-
cle group, and the change was significantly attenuated by AM
(Figure 5B).

Merged

Figure 2. (A) Representative ex-
amples of bone marrow cell differ-
entiation into epithelial lineage.
Green fluorescence indicates
green fluorescent protein (GFP);
red fluorescence indicates cytoker-
atin, a marker for epithelial cells.
Original magnification X400. (8)
Semiquantitative analysis of cell
migration. The number of GFP-
positive cells in the alveolar walls
was significantly higher in the AM
group than that in the vehicle
e group. (C) Semiquantita!ti\{e analy-

sis of epithelial differentiation. The
number of GFP/cytokeratin double-
positive cells was significantly
higher in the AM group than that
in the vehicle group. Data are
mean * SEM. *p < 0.05 versus
vehicle group.

Vehicle AM
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Figure 3. (A) Representative pho-
tographs of lung tissue stained
with hematoxylin and eosin. In-
tratracheal injection of elastase
induced the development of air-
space enlargement with destruc-
tion of the alveolar walls in mu-
rine lungs (vehicle group). AM
infusion attenuated the elastase-
induced emphysematous changes
(AM group). Original magnifica-
tion X100. (B) Semiquantitative
analysis of lung tissue using the
mean linear intercept, a morpho-
metric parameter of pulmonary
emphysema. Data are mean +
SEM. *p < 0.05 versus sham
group; 'p < 0.05 versus vehicle
group.

Figure 4. (A) Representative ex-
amples of bone marrow cell dif-
ferentiation into endothelial
lineage. Green fluorescence in-
dicates GFP; red fluorescence
indicates von Willebrand factor
(VWF), a marker for endothelial
cells. Original magnification
X400. (B) Semiquantitative
analysis of endothelial differen-
tiation. The number of GFP/
VWF double-positive cells was
significantly higher in the AM
group than in the vehicle
group. (C) immunohistochem-
ical analysis of VWF. Although
vWE-positive vessels were less
frequently observed in elastase-
injected mice given vehicle,
they were increased by AM in-
fusion. Original magnification
X100. (D) Semiquantitative
analysis demonstrated that the
number of vVWF-positive vessels
was decreased 28 days after
elastase  injection  (vehicle
group). However, AM infusion
significantly  increased the
number of vWF-positive vessels
in elastase-treated lung (AM
group). Data are mean = SEM.
*p < 0.05 versus sham group;
ip < 0.05 versus vehicle group.
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Figure 5. Effects of AM on lung volume (A) and static lung compliance
(B) in mice 28 days after elastase injection. Elastase injection significantly
increased fung volume and compliance in mice (vehicle group). AM
infusion significantly suppressed the changes in elastase-injected mice
(AM group). Data are mean = SEM. *p < 0.05 versus sham group; 'p <
0.05 versus vehicle group.

Protective Effects of AM on Epithelial and Endothelial Cells

In vitro, exposure of elastase significantly decreased the numbers
of AS549 cells (Figure 6A) and HUVEC (Figure 6B). However,
AM dose-dependently attenuated elastase-induced cell death.
In addition, elastase increased the frequency of TUNEL-positive
cells in both AS49 cells (Figure 6C) and HUVEC (Figure 6D).
However, AM (107® M) significantly decreased the frequency
of these TUNEL-positive cells (A549 cells: elastase alone, 26.5 *
22, elastase + AM, 20.0 = 1.5%; p < 0.05; HUVEC: elastase
alone, 27.3 = 2.3, elastase + AM, 19.8 = 1.6%; p < 0.05).
Flastase induced caspase-3 activation in both A549 cells (Figure
6E) and HUVEC (Figure 6F). However, AM (107 M) signifi-
cantly attenuated elastase-induced caspase-3 activation in both
type of cells.

In vivo, Ki-67-positive cells were observed in both GFP-
positive and GFP-negative populations after elastase injection
(Figure 7A). Semiquantitative analysis demonstrated that the
number of Ki-67-positive cells in GFP-negative populations was
significantly increased in the AM group compared with that in
the vehicle group (Figure 7B).

Mechanism of Effect of AM on Bone Marrow Cell Mobilization

In vitro, administration of AM (1078 M) stimulated NO release
from bone marrow stromal cells (Figure 8A). The effect of AM
on NO release was attenuated by pretreatment with wortmannin,
a PI3K inhibitor (5 X 107% M). In vivo, continuous infusion of
AM for 5 days significantly increased the concentration of solu-
ble kit-ligand in bone marrow (Figure 8B).

VEGF Concentration

There was no significant difference in circulating VEGF concen-
tration between the sham group (11.7 = 1.0 pg/ml) and vehicle
group (13.8 = 1.5 pg/ml). However, AM infusion significantly
increased the VEGF concentration (19.7 = 2.0 pg/ml; p < 0.05
vs. the vehicle group).

Delayed Therapy

Morphometric analysis demonstrated that delayed AM therapy
stightly, but significantly attenuated the increase in mean linear
intercept in elastase-injected mice (Figures 9A and 9B). Delayed
AM therapy significantly attenuated the increases in lung volume
(Figure 9C) and static lung compliance (Figure 9D). In addition,
the number of bone marrow~derived cells (GFP-positive cells)
incorporated into the lung was significantly increased in the AM
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group in established emphysema (16.2 = 0.9 vs. 11.5 = 0.7 in
100 alveoli; p < 0.05). The numbers of bone marrow-derived
epithelial cells (GFP/cytokeratin double-positive cells) and bone
marrow-derived endothelial cells (GFP/VWF double-positive
cells) were also significantly increased in the AM group in estab-
lished emphysema (5.1 £ 03 vs. 22 = 02,38 + 02 vs. 1.7 =
0.1 in 100 alveoli, respectively; p < 0.05).

DISCUSSION

In the present study, we demonstrated in vivo that (1) infusion
of AM increased the numbers of mononuclear cells and Sca-1-
positive cells in circulating blood, (2) AM increased the number
of bone marrow-derived cells incorporated into the elastase-
treated lung, and (3) AM promoted regeneration of alveoli and
vasculature in the lung. We also demonstrated in vitro that (4)
AM improved cell survival after elastase exposure. Finally, we
demonstrated that (5) AM improved lung structure and function
in mice given elastase.

AM has a variety of effects on the vasculature that include
vasodilation, inhibition of endothelial cell apoptosis, and regula-
tion of smooth muscle cell proliferation (6, 10, 23-28). Recently,
AM has been shown to induce angiogenesis through the PI3K/
Akt-dependent pathway (12, 13). However, the effect of AM
on bone marrow cell mobilization has remained unknown. In
the present study, infusion of AM significantly increased the
numbers of mononuclear cells and Sca-1-positive cells in circu-
lating blood. Circulating endothelial progenitor cells have been
shown to exist in a fraction of Sca-1-positive mononuclear cells
(29). Thus, AM might induce release of progenitor cells from
the bone marrow into the circulation. Earlier studies have shown
that VEGF and stromal-derived factor-1 mobilize endothelial
progenitor cells from the bone marrow (16, 30). Bone marrow
cell mobilization has been shown to be dependent on local secre-
tion of matrix metalloproteinase-9 and subsequent release of
soluble kit-ligand, a key molecule for stem cell recruitment
(31). A recent study has shown that NO activates matrix
metalloproteinase-9 by S-nitrosylation (32). Moreover, endothe-
lial NO synthase has been shown to be essential for mobilization
of stem and progenitor cells (22). In the present study, AM
stimulated NO release from bone marrow stromal cells, and the
effect of AM on NO release was attenuated by pretreatment
with wortmannin, a PI3K inhibitor. These findings suggest that in-
fusion of AM stimulates NO release from bone marrow stromal
cells at least in part through the PI3K/Akt-dependent pathway.
In vivo, continuous infusion of AM significantly increased ex-
pression of soluble kit-ligand in murine bone marrow plasma.
Taken together, AM may mobilize bone marrow cells at least
in part through NO production and release of soluble kit-ligand.

Recent studies have shown that bone marrow progenitor cells
contribute to regeneration of alveoli and vasculature (4, 16, 33,
34). These progenitor cells mobilized from the bone marrow
have been shown to migrate to the site of damage and differenti-
ate into alveolar epithelium or vascular endothelial cells. In the
present study, to observe the behavior of bone marrow cells
during tissue regeneration, we generated a chimeric mouse in
which the bone marrow is reconstituted with GFP-positive cells.
GFP-positive cells were observed in the alveolar walls of elastase-
injected mice. Some of these GFP-positive cells were flat and
stained for cytokeratin, a marker of epithelial cells. Interestingly,
in the present study, AM infusion increased the number of GFP-
positive cells in the alveolar walls. Moreover, the number of
GFPlcytokeratin double-positive cells was significantly increased
after AM infusion. These results suggest that AM promotes lung
regeneration by increasing the number of bone marrow~derived
alveolar epithelial cells in elastase-treated lung. It has been well
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Figure 6. Effects of AM on the
numbers of A549 cells (4) and
human umbilical vein endothe-
lial cells (HUVEC; B) 24 hours
after treatment with elastase.
Cell number was expressed as
% of control (medium alone).
Dataare mean = SEM. *p < 0.05
versus elastase alone. Terminal
deoxynucleotidyl  transferase-
mediated dUTP biotin nick-end
labefing (TUNEL) staining (green)
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established that intratracheal injection of proteolytic enzymes logic findings (increased mean linear intercept). These findings
induces emphysema in laboratory animals (35). In fact, in the were consistent with the results from earlier studies (36, 37).

present study, intratracheal injection of elastase induced emphy- Interestingly, 14-day infusion of AM significantly attenuated the
sematous changes in the lung, as indicated by lung function increase in lung volume, static lung compliance, and mean linear
(increased lung volume and static lung compliance) and morpho- intercept in mice given elastase. Taken together, AM infusion

Figure 7. (A) Immunohistochemi-
cal analysis of Ki-67 antigen, a
marker for cell proliferation. Green
fluorescence indicates GFP; red fluo-
rescence indicates Ki-67. Ki-67-
positive cells were observed in
both GFP-positive (arrows) and
GFP-negative populations (arrow-
heads) in the alveolar walls after
AM infusion. Original magpnifica-
tion X400. (B) Semiquantitative
analysis demonstrated that the
number of Ki-67-positive cells in
the GFP-negative populations was
significantly increased in the AM
group. Data are mean = SEM. *p <
0.05 versus vehicle group.
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Figure 8. (A) Effects of AM (1078 M) on nitric oxide (NO) release from
murine bone marrow stroma cells. Pretreatment with 5 X 1078 M
wortmannin, a PI3K inhibitor, attenuated the effect of AM. Data are
mean = SEM. *p < 0.05 versus control (medium alone); 'p < 0.05
versus AM alone. (B) Soluble kit-ligand level in bone marrow plasma.
Continuous infusion of AM significantly increased soluble kit-ligand
expression. Data are mean * SEM. *p < 0.05 versus vehicle group.

may improve elastase-induced emphysema at least in part
through regeneration of alveoli.

In the progression of emphysema, the capillary net cannot
escape being destroyed because capillaries make up a substantial
fraction of the volume of the alveolar walls. Accordingly, to re-
pair emphysematous changes, it is important to regenerate not
only alveoli, but also vasculature. In the present study, infusion
of AM increased the number of GFP/VWF double-positive cells,
suggesting that AM increases bone marrow—derived vascular
endothelial cells. Furthermore, recent studies have shown that
AM exerts angiogenic activities through activation of Akt,
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mitogen-activated protein kinase/extracellular signal-regulated
kinase 1/2, and focal adhesion kinase in endothelial cells (12, 13),
Expectedly, in the present study, AM significantly increased the
number of pulmonary vessels in the mice given elastase. Thus
AM-induced angiogenesis in the lung may contribute to pulmo-
nary regeneration in mice given elastase. AM infusion signifi-
cantly increased the circulating VEGF level. Considering that
VEGF signaling is required for cell growth and survival, it is
interesting to speculate that VEGF upregulated by AM also
induces angiogenesis in the lung.

In the present study, exposure of elastase reduced the num-
bers of cultured alveolar epithelial cells and vascular endothelial
cells. Furthermore, elastase induced DNA fragmentation and
caspase-3 activation in both type of cells. Interestingly, AM
attenuated elastase-induced cell death in alveolar epithelial cells
and vascular endothelial cells. Recently, AM has been shown
to promote vascular endothelial cell proliferation (38). In the
present study, AM significantly increased the number of Ki-67-
positive cells even in GFP-negative populations, implying that
AM may also induce proliferation of host lung cells. Thus, not
only mobilization of bone marrow cells but also protective effects
of AM on alveolar epithelium and endothelium may contribute
to improvement in lung structure and function in elastase-
injected mice. An inadequate repair process contributes to the
development of emphysema (39, 40). Moreover, apoptosis of
alveolar cells may be involved in pathogenesis of emphysema
(41, 42). These findings raise the possibility that AM may prevent
loss of alveoli via modulation of alveolar repair and inhibition
of alveolar cell apoptosis.

Finally, to confirm the effect of AM on elastase-induced em-
physema via its bone marrow action, we administered AM to
mice with established emphysema. AM slightly but significantly
improved lung structure and function in mice given elastase. In
addition, AM increased the number of bone marrow-derived
alveolar epithelial cells and vascular endothelial cells in GFP-
positive bone marrow chimeric mice. Thus, continuous infusion
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Figure 9. Effects of AM on es-
tablished emphysema. AM ad-
ministration was started 25
days after elastase injection. (A)
Representative photographs of
fung tissue. (B) Semiquantita-
tive analysis of lung tissue using
the mean linear intercept. (C)

e
@
i

Sham Vehicle AM
100=

% Lung volume. (D) Static lung
compliance. Data are mean =
-~ SEM. *p < 0.05 versus sham
9, group; 'p < 0.05 versus vehicle
% 5= group.
=
3

[
=
g

Sham Vehicle AM




