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Adrenomedullin Gene Transfer Induces Therapeutic
Angiogenesis in a Rabbit Model of Chronic Hind
- Limb Ischemia
Benefits of a Novel Nonviral Vector, Gelatin

Noriyuki Tokunaga, MD; Noritoshi Nagaya, MD; Mikiyasu Shirai, MD; Etsuro Tanaka, MD;
Hatsue Ishibashi-Ueda, MD; Mariko Harada-Shiba, MD; Munetake Kanda, MD; Takefumi Ito, MD;
Wataru Shimizu, MD; Yasuhiko Tabata, PhD; Masaaki Uematsu, MD; Kazuhiro Nishigami, MD;
Shunji Sano, MD; Kenji Kangawa, PhD; Hidezo Mori, MD

Background—Earlier studies have shown that adrenomedullin (AM), a potent vasodilator peptide, has a variety of
cardiovascular effects. However, whether AM has angiogenic potential remains unknown. This study investigated
whether AM gene transfer induces therapeutic angiogenesis in chrenic hind limb ischemia.

Methods and Results—Ischemia was induced in the hind limb of 21 Japanese White rabbits. Positively charged
biodegradable gelatin was used to produce ionically linked DNA-gelatin complexes that could delay DNA degradation.
Human AM DNA {naked AM group), AM DNA-gelatin complex (AM-gelatin group), or gelatin alone {centrol group)
was injected into the ischemic thigh muscles. Four weeks after gene transfer, significant improvements in collateral
formatjon and hind limb perfusion were observed in the naked AM group and AM-gelatin group compared with the
contro} group (calf blood pressure ratio: 0.60*0.02, 0.72+0.03, 0.42£0.06, respectively). Interestingly, hind limb
perfusion and capillary density of ischemic muscles were highest in the AM-gelatin group, which revealed the highest
content of AM in the muscles among the three groups. As a result, necrosis of lower hind limb and thigh muscles was
minimal in the AM-gelatin group.

Conclusions—AM pgene transfer induced therapeutic anglogenesis in a rabbit model of chronic hind limb ischemia,
Furthermore, the use of biodegradable gelatin as a nonviral vector augmented AM expression and thereby enhanced the
therapeutic effects of AM gene transfer. Thus, gelatin-mediated AM gene transfer may be a new therapeutic strategy for
the treatment of peripheral vascular diseases, (Circulation. 2004;109:526-531.)

Key Words: peripheral vascular disease m angiogenesis m gene therapy m ischemia

drenomedullin (AM) is a potemt vasodilator peptide that
was originally isolated from human pheochromecyto-
ma.! AM and its receptor are expressed mainly in vascular
endothelial cells and vascular smooth muscle cells. >4 AM
not only induces vasorelaxation but also regulates growth and
death of these vascular cells S These findings suggest that
AM plays an imporant role in maintaining vascular ho-
meostasis in an autecrine and/or paracrine manner.
A recent study has shown that vascular abnormalities are
present in homozygous AM knockout mice, suggesting

that AM is indispensable for vascular morphogenesis.}1-13
More recently, AM has been shown to activate the PI3K/
Akt-dependent pathway in vascular endothelial cells,
which is considered to regulate multiple critical steps in
angiogenesis, including endothelial cell survival, prolifer-
ation, migration, and capillary-like structure formation. ™
These results raise the possibility that AM plays a role in
modulating vasculogenesis and angiogenesis. However,
whether AM induces therapeutic angiogenesis remains
unknown.
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We prepared biodegradable pelatin that could hold nega-
tively charged protein or plasmid DNA in its positively
charged lattice structure.!s:'¢ Biodegradable gelatin has been
widely used as a carrier of protein because of its capacity to
delay protein degradation.'s Similarly, ionically linked DNA-
gelatin complexes can delay gene degradation.'* These find-
ings raise the possibility that gelatin may serve as a nonviral
vector for gene therapy.

Thus, the purposes of this study were (1) to investigate
whether AM gene transfer induces therapeutic angiogenesis
in a rabbit model of chronic hind limb ischemia and (2) to
examine whether the use of biodegradable gelatin as a vector
augments AM expression and thereby enhances the therapeu-
tic effects of AM gene transfer,

Methods
Animal Model

All protocols were performed in accordance with the guidelines of
the Animal Care Ethics Committes of the National Cardiovascular
Center Research Institute. Twenty-one male Japanese While rabbits
(body weight, 2.9*0.1 keg: Tapan Animal Co, Osaka, Japan) were
used for physiclogical and morphological assessment, In addition, 30
rabbits were used for radioimmuncassay, immunohistochemical
examination, and Westemn blot analysis. After anesthetization with
penwbarbital sodium (30 to 3% mg/kg), a longitudinal incision was
made in the left thigh. extending infedorly from (he inguinal
ligament to a point just proximal to the patella. Hind limb ischemia
was induced by ligation of the distal left external iliac attery and
complete resection of the left femoral artery. as described
previvusly.1?

Construction of Plasmid DNA

~ To construct the expression vector for human AM, the EcoRl/Xhol
fragment of the full-length human AM ¢cDNA was ligated into the
EcoRI/Xhol fragment of the pcDNALI-CMV expression plasmid
(Invitrogen). To verify that the pcDNAL1-CMV veetor encoding
AM ¢DNA produces a biologically active AM prolein, the expres-
sion veclor was transfected into 293 cells, and AM activity in the
transfected cells was measured by high-performance liquid chroma-
tography and radioimimunoassay. The pcDNA1.1-CMV vector en-
coding B-galactosidase (LacZ) cDNA was used as a control DNA,

Preparation of AM DNA-Gelatin Complex
Biodegradable pelatin was prepared from pig skin. The gelatin was
characterized by a spheroid shape with a diameter of approximately
30 jum, water content of 95%, and an iseelectric point {pl) of 9 after
swelling in water.1*'6 Gelatin can hold negatively charged protein or
plasmid DNA in its positively charged lattice structure (Figure 1A).
Dried gelatin (4 mg, pl 9} was added to human AM DNA solution
(500 pg/100 pL in phosphate-butfered saline, pH 7.4). After mixture
of DNA and gelatin, DNA-gelatin complexes were incubated at 37°C
for 2 hours.
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Figure 1. A, Schema of DNA-gelatin complex. Bio-
degradabla gelatin can hold negatively charged
ptasmid DNA in its positively charged lattice struc-
ture. B, R[TC-labeled AM DNA particles were
incorporated into gelatin.

To visualize incomporation of DNA into gelatin, AM plasmid DNA
was labeled with rhodamine B isothiocyanate {RITC), as reported
previously. '8 In brief, ihe coupling reaction of RITC to plasimid DNA
was carried out by mixing the two substances in 0.2 mol/L sodium
carbonale-buffered solution (pH 9.7), followed by gel filtration with
a PD 10 column (Amersham-Pharmacia). RITC-labeled AM DNA
was incorporated into positively charged gelatin (Figure 1B).

Study Protocol

Ten days after the induction of hind limb ischemia (day 10), AM
DNA (naked AM group, n=T7), AM DNA-gelatin complex (AM-
gelatin group, n=7), or gelatin alone (control group, n=7) was
administered intramuscularly into 3 different sites in the ischemic
adductor muscle and 2 different sites in the semimembranous
musele, In addition, Lac Z DNA-gelatin complex served as a control
DNA (Lac Z-gelatin group, n=>5). The amount of plasmid was 500
pg (1 mL) and that of gelatin was 4 mp. Morphological and
angiographic analyses and measurements of calf blood pressure and
laser Doppler tlow were performed 4 weeks after gene transfer (day
38). After completion of these measurements, the adductor, semi-
membranous. and gastrocnemius muscles were weighed in each hind
limb.’® The muscle weight ratio was calculated for each muscle as
follows: muscle weight ratio=muscle weight in ischemic hind
limb/musele weight in nonischemic hind limb. Specimens of the
adductor muscle of the ischemic hind limb were obtained for
histological examination.

Measurement of Calf Blood Pressure

Calf blood pressure was measured on days 10 and 38 in both hind
limbs with a Doppler flowmeter (Hayashi Denki Co, Ltd) and a
25-mm-wide cuff. The pulse of the posterior tibial artery was
identified with the use of a Doppler probe, and the systolic blood
pressure in both hind limbs was detennined by standard techniques.
The calf blood pressure ratio was defined for each rabbit as the ratio
of systolic pressure of the ischemic hind limb to that of the normal
hind limb."?

Laser Doppler Blood Perfusion Analysis

Blood flow of the ischemic hind timb was measured with the use of
a laser Doppler blood perfusion image system (moorl.DI, Moeor
Instruments} on day 38.

Angiographic Analysis

Development of eollateral arteries was evaluated by angiography on
days 0 and 38. A 4F catheter was placed in the left internal iliac
artery through the common carotid artery. and 3 mL contrast medium
(lopamiron 3(K), SCHERING) was injected with an automated
angiography injector at a rate of 2.5 mL/s. Quantitative angiographic
analysis of collateral vessel development in the ischemic hind limb
was performed with the use of a S-mm? grid overlay, as described
previously.!? The angiographic score was caloulated for each film as
the ratio of grid intersections ctossed by opacifiéd arteries divided by
the total pumber of grid intersections in the ischemic medial thigh.
The angiographic score was determined by 2 blinded observers.
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Morphological and Histological Examination

The degree of lower hind limb necrosis and thigh muscle necrosis
was macroscopically evaluated on graded morphological scales
(grade 1 to 3) for peripheral tissue damage and muscle necrosis area
of the adductor, semimembranous, and medial large muscles. Cap-
illary density of the ischemic hind limb was evaluated by alkaline
phosphatase staining, as reported previously.!? A total of 10 different
fields from three different sections were randomly selected, and the
number of capillaries was counted under a X40 objective. Capillary
density was expressed as the mean number of capillaries per square
millimeter. The number of myofibers in each field was also exam-
ined and the capillaryAnuscle fiber ratio calculated.

Radivimmunoassay for Human AM

Human AM production was examined 1, 2, and 4 weeks afler gene
transfer in the naked AM group, AM-gelatin group, and control
group (n=3 each). The muscles were harvested for radicimmunoas-
say and immunohistochemical examination. Immunoreactive human
AM level in rabbit muscles was determined by immunoradiometric
assay with the use of a specific kit (Shionogi Co, Ltd).’® Tissue
content of vascular endothelial growth factor (VEGF) was examined
by ELISA kit (R&D systems).

Immunohistochemistry for Human AM, Ki67
Antigen, and Phosphorylated Akt

Immunaohistochemical studies were performed on formalin-tixed,
pataffin-embedded 4-pm sections of ischemic thigh muscles 7 days
after gene transfer. To elucidate AM expression after gene therapy,
immunchistochemistry for human AM was performed with the use
of a moncclonal antibedy recognizing AM-(12-25) (1:100). as
reported previously.2¢ To evaluate the proliferative potential of AM.
tissue sections were stained for Ki67, a marker for cell proliferation.
with the use of monoclonal anti-Ki67 antibody (1:100) (DAKO).
AM has recently been shown to promote proliferation of vascular
endothelial cells at least in part through the PI3k/Akt pathway,
Thus, immunchistochemistry for phosphorylated Akt was perfonned
with mouse moneclonal anti-phosphorylated Akt antibody (1:100}
(Cell Signaling Technology).

Western Blot Analysis

To identify Akt phosphotrylation in ischemic muscles after AM gene
transter, Westem blotting was performed with the use of a commer-
cially available kit {PhosphoPlus Akt [Serd473] Antibody Kit, Cell
Signaling Technology). Ischemic muscles in the 3 groups were
obtained 7 days after AM gene transfer. These samples were
homogenized on ice in 0.1% Tween 20 homogenization buffer with
a protease inhibitor (Complele, Roche). After centrifugation for 20
minutes at 4°C, the supernatant was used for Western blot analysis.
The 50 pg of protein was transferred into sample buffer, loaded on
7.5% SDS-polyacrylamide gel, and blotted onto nitroce]lulose mem-
brane through the use of a wet blotting system. After blocking for 60
minutes, the membranes were incubated with primary antibodies
(1:500) at 4“C overnight. The membranes were then incubated with
secondary antibodies, which were conjugated with horseradish per-
oxidase (Cell Signaling Technology}), al a final dilution of 1:2000.
Signals were detected through the use of LumiGLO chemilumines-
cence reagents {Cell Signaling Technology).

Statistical Analysis

All results are expressed as meanx SEM. Statistical significance was
evaluated by I-way ANQOVA followed by Fisher's analysis, Schef-
fe’s F analysis, or Kruskal-Wallis test. A value of P<0.05 was
considered statistically significant,

Results

Physiological and Morphological Assessment
Complete resection of the left femoral artery resulted in a
- similar decrease in calf blood pressure ratio among the 3
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Figure 2. A, Calf blood pressure ratio (ischemic/normal hind
limb) befora {on day 10) and after (on day 38) gene transfer. B,
Measurement of laser Doppler flow on day 38. Data are
mean+SEM. "P<0,05 vs control group; 1P<0.05 vs naked AM
group. C, Number of cases of each grade of lower hind limb
necrosis on day 38. Lower hind limb necrosis was minimal in
the AM-gelatin group. Number of necrosis or foot defect is sta-
tistically significant among the 3 groups (P<0.05 by Kruskal-
Wallis test).

groups before the initiation of therapy (day 10) (Figure 2A).
However, the calf blood pressure ratio on day 38 was highest
in the AM-gelatin groups, followed by the naked AM group
and subsequently the control group. The laser Doppler flow in
hind limib was highest in the AM-gelatin group, followed by
the naked AM group and the control group (Figure 2B). The
calf blood pressure ratio and laser Doppler flow 4 weeks after
gene transfer did not significantly differ between the control
group and Lac Z-gelatin group. Lower hind limb necrosis was
minimal in the AM-gelatin group, followed by the naked AM
group and the control group (Figure 2C). Thigh muscle
necrosis was also minimal in the AM-gelatin group. Simi-
larly, the muscle weight ratio (ischemic/normal) on day 38
was highest in the AM-gelatin group (Table). Neither mean
arterial pressure nor heart rate significantly differed among
the 3 groups.

Angiographic Analysis

Angiograms 4 weeks after gene transfer (day 38) showed the
development of collateral arteries in the naked AM and

Physiclogical Characteristics

Controt Naked AM AM-Gelatin
No. of rabbits 7 7 7
Body weight; kg 246=0.08 2.65=0.10 316=0.08
MAP, mim Hg 112=+3 1143 116=2
HR, beats/mln 260+12 253+5 262+7
Muscle weight ratio 0.71=0.03 0.84=0.02* 0.95+0.02*¢

MAP indicates mean arterlal pressure; HR, heart rate; and muscle weight
ratto, ratio of muscle weight In tschemic hind Emb to that In nenischemic hind
limb. Datz are mean SEM.

*P<0.01 vs control group; 1P<0.05 vs naked AM group.
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AM-gelatin groups compared with that in the control group
(Figure 3, A through C). Quantitative analysis of collateral
vessels demeonstrated that the angiographic score in both the
naked AM and AM-gelatin groups was significantly higher
than that in the control group (Figure 3D). Angiographic
score did not significantly differ between the control group
and Lac Z-gelatin group.

To examine the development of collateral vessels in an
earlier stage, other rabbits (n=4 each) were examined 2
weeks after gene transfer (day 24). Angiograms showed
significant collateral development in the naked AM and
AM-gelatin groups compared with that in the control group.

Histological Examination

Alkaline phosphatase staining of ischemic hind limb muscle
showed marked augmentation of neovascularization in both
the naked AM and AM-gelatin groups compared with the
control group {Figure 4, A through C}. Quantitative analysis
demonstrated that capillary density of the ischemic adductor
muscle was highest in the AM-gelatin group (Figure 4D).
Analysis of the capillary/muscle fiber ratio yielded similar

Figure 3, Representative angiograms of control
group (A}, naked AM group (B}, and AM-gelatin
group (C) on day 38. Collateral arteries were
well developed in the naked AM and
AM-gelatin groups. D, Angiographic score on
days 0 and 38 in each group. Angiographic
score on day 38 was significantly higher in the
naked AM and AM-gelatin groups than in the
control group. Data are mean+SEM. *P<0.001
versus control group.

results. Seven days after gene transfer, intense immunostaining
for Ki67 was observed in vascular endothelial cells of the naked
AM and the AM-gelatin groups (Figure 4, E through G).

AM Expression and Akt Phosphorylation After
Gene Transfer

Seven days after gene transfer, modest immunostaining for
human AM was observed in the naked AM group, whereas
AM immunoreactivity was intense surrounding the gelatin in
the AM-gelatin group (Figure 5, A through €). Tissue content
of human AM was significantly increased both in the naked
AM and the AM-gelatin groups 7 days after gene transfer
(Figure 3D). The AM level in the AM-gelatin group was
significantly higher that in the naked AM group. Two weeks
afier gene transfer, AM overexpression was observed only in
the AM-pelatin group. The expression of endogenous VEGF
and its receptors (Flt-1 and Flk-1) did not differ among the 3
groups {datz not shown). Western blot analysis revealed that
phosphorylated Akt in ischemic muscles was increased in
both the naked AM and AM-gelatin groups 7 days after gene
transfer (Figure SE). Intense immunostaining for phosphory-

A i ;
- g - D
LI . ..
T - . 00 Figure 4. A through C, Representative
) . N E 350 *t examples of alkaline phosphatase stain-
. -~ = 308 | * ing in ischemic hind limb muscles, Mag-
- . -:-'m- nification X200. D, Quantitative analysis
Ab-pelatin 5 of capillary density in ischemic hind fimb
A& 3 muscles, Data are mean+SEM. *P<0.05
G R Lo vs control group; 1P<0.05 vs naked AM
T :}‘_s:'i = 100 group. E through G, Immunchistochemi-
P el Z 5 cal analysis of Ki67 antigen, a marker for
[ RIS < I cell profiferation. Magnification x400.
Lrgem to ‘j Coatrol Naked AM AM-gelatin
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Figure &, A through C, Immunchisto-
chemistry for human AM 7 days after
gene transfer. Intense immunostaining
was observed surrounding gelatin in the
AM-gelatin group. Magnification x200.
D, Time course of AM production in is-
chemic muscles after gene transfer. Data
are mean=SEM. "P<0.01 vs control
group; TP<0.01 vs naked AM group. E,
Waestemn blot analysis for Akt phosphory-
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lated Akt was observed at least in endothelial cells of the
Naked AM and the AM-gelatin groups (Figure 5F).

Discussion

We demonstrated that (1) AM gene transfer induced hemo-
dynamic and angiographic improvements in association with
an increase in capillary density in a rabbit model of chronic
hind limb ischemia. We also demonstrated that (2) adminis-
tration of AM DNA-gelatin complexes markedly augmented
AM expression and thereby enhanced the therapeutic effects
of AM gene transfer.

AM has a variety of effects on the vasculature that include
vasodilation,'*-7 inhibition of endothelial cell apoptosis,®®
and regulation of smooth muscle cell proliferation.’® How-
ever, whether AM has angiogenic potential has remained
unknown. In the present study, intramuscular administration
of naked AM DNA augmented AM production in skeletal
muscles, as indicated by increased tissue content and signif-
icant immunostaining of AM. As a result, AM gene transfer
increased hind limb perfusion and ameliorated lower hind
limb and thigh muscle necrosis in a rabbit model of hind limb
ischemia. AM pene transfer may protect the ischemic hind
limb partly by improving the blood tlow in the ischemic hind
limb because AM is originally identified as a potent vasodi-
lating peptide.! Nevertheless, angiographic collateral devel-
opment and high capillary density were observed in ischemic
muscles after AM gene transfer. Ki67, a marker for cell
proliferation, was detected in endothelial cells of microves-
sels after AM gene transfer. These results suggest that AM
overproduction resulting from gene fransfer may induce
angiogenesis in a rabbit model of hind limb ischentia. Recent
studies using AM gene knockout mice have shown that AM
is essential for development of the vasculature during embry-
ogenesis.'-t* These studies support our results that AM may
be an angiogenic factor. VEGF is known to induce angiogen-
esis and to regulate endothelial cell survival through the
phosphatidylinositol 3-kinase (PI3K)}/Akt pathway.2? Thus,
the PI3K/Akt pathway is considered to repulate multiple

Control Naked AM AM-gelatin

lation in muscles. F, Immunohistochemi-
cal staining for phosphorylated Akt 7
days after gene transfer. Phosphorylated
Akt was distributed at least in endothslial
cells. Magnification x400.

critical steps in angiogenesis, including endothelial cell sur-
vival, proliferation, migration, and capillary-like structure
formation." A recent study has reported that AM promotes
proliferation and migration of human umbilical vein endothe-
lial cells at least in part through the PI3K/Akt pathway,?! The
present study demonstrated that phosphorylated Akt is in-
creased at least in endothelial cells after AM gene transfer,
AM gene transter did not influence endogenous VEGF and its
receptors. Taken together, it is interesting to speculate that
AM may directly induce angiogenesis through the P13K/Akt
pathway.

In the present study, we used positively charged biodegrad-
able gelatin as a nonviral vector. We have shown that basic
fibroblast growth factor (bFGF} is ionically linked with
gelatin, which enhances the angiogenic effects of bFGF by
delaying protein degradation.'® Thus, biodegradable gelatin
has been used as a carrier of protein. However, little infor-
mation is available regarding the therapeutic potential of
gelatin as a nonviral vector for gene fransfer. In the present
study, we demonstrated that RITC-labeled AM DNA was
incorporated into positively charged gelatin. In addition,
intramuscular administration of AM DNA-gelatin complexes
strongly enhanced AM production compared with that of
naked AM DNA. These results suggest that biodegradable
gelatin may serve as a vector for gene transfer. In fact, AM
DNA-gelatin complexes induced more potent angiogenic
effects in a rabbit model of hind limb ischemia than naked
AM DNA, as evidenced by significant increases in histolog-
ical capillary density, calf blood pressure ratio, laser Doppler
flow, and muscle weight ratio and a decrease in necrosis of
lower hind limb and thigh muscles. These results suggest that
the use of biodegradable gelatin as a nonviral vector aug-
ments AM expression and enhances AM-induced angiogenic
effects. The angiogenic effects of AM-gelatin complexes
were comparable to those of bFGF-gelatin complexes (data
not shown). AM DNA-gelatin complexes were distributed
mainly in connective tissues. We have recently demonstrated
that gelatin-DNA complex is readily phagocytosed by mac-
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rophages, monocytes, endothelial progenttor cells, and so on,
resulting in gene expression within these phagocytes.?324
These findings raise the possibility that AM secreted from
these cells acts on muscles in a paracrine fashijon. Unlike AM
production in the naked AM group, AM overexpression in the
AM-gelatin group lasted for longer than 2 weeks. Thus, it is
interesting to speculate that delaying gene degradation by
gelatin may be responsible for the highly efficient gene
transfer.

Currently, a highly efficient and safe gene delivery system
is needed for gene therapy in humans. The present study
demonstrated that the use of gelatin, which is considered to be
less bichazardous than vira) vectors, enhanced the angjogenic
potential of AM DNA. Thus, gelatin-mediated AM gene
transfer may be a new therapeutic strategy for the treatment of
severe peripheral vascular diseases. However, the initial
success of gelatin-mediated AM gene therapy reported here
should be confirmed by long-term experiments, and extensive
toxicity studies in animals are needed before clinical trials.

Study Limitation

First, histological capillary density, calf blood pressure ratio,
and laser Doppler flow were significantly higher in the
AM-gelatin group than in the naked AM group. However,
the angiographic score did not significantly differ between
the two. This discrepancy raises the possibility that conven-
tional angiography may have insutficient resolution to fully
visualize the angiogenic microvessels. Second, human AM
level was slightly elevated in the control group. This implies
that the anti-human AM antibody used in this radioimmuno-
assay had some cross-reactivity with endogenous rabbit AM.
Nevertheless, human AM level in the muscles was highest in
the AM-gelatin group within 2 weeks after gene transfer.
These results suggest that AM DNA-gelatin complexes in-
duces potent and long-lasting AM production.

Conclusions

Intramuscular administration of AM DNA induced therapeu-
tic angiogenesis in a rabbit model of chronic hind limb
ischemia. Furthermore, the use of biodegradable gelatin as a
ntonviral vector augmented AM expression and thereby en-
hanced the therapeutic effects of AM gene transfer. Thus,
gelatin-mediated AM gene transfer may be a new therapeutic
strategy for the treatment of peripheral vascular diseases.
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Murakami, Yoshinori Miyahara, Kazuhiro Nishigami, Hatsue
. Ishibashi-Ueda, Mikiyasu Shirai, Takefumi Itoh, Kozo Ishino,
Shunji Sano, Kenji Kangawa, and Hidezo Morl. Adrenomedullin
enhances therapeutic potency of bone marrow transplantation for
myocardial infarction in rats. Am J Physiol Heart Circ Physiol 288:
H1444-H1450, 2005. First published November 11, 2004; doi:
10,1152/ajpheart 00266.2004.—Adrenomedullin (AM), a potent va-
sodilator, induces angiogenesis and inhibits cell apoptosis through the
phosphatidylinositol 3-kinase/Akt pathway. Transplantation of bone
marrow-derived mononuclear cells (MNC) induces angiogenesis. We
investigated whether infusion of AM enhances the therapeutic po-
tency of MNC transplantation in a rat model of myocardiat infarction.
Immediately after coronary ligation, bone marrow-derived MNC (5 X
108 cells) were injected into the ischemic myocardium, followed by
subcutaneous administration of 0.05 pg-kg ™" -min~! AM (AM-MNC
group) or saline (MNC group) for-3 days. Another two groups of rats
received subcutaneous administration of AM alone (AM group) or
saline (control group). Hemodynamic and histological analyses were
performed 4 wk after treatment. Cardiac infarct size was significantly
smaller in the MNC and AM groups than in the control group. A
combination of AM infusion and MNC transplantation demonstrated
a further decrease in infarct size. Left ventricular (V) maximum
change in pressure over time and L'V fractional shortening were
significantly improved only in the AM-MNC group. AM significantly
increased capillary density in ischemic myocardivm, suggesting the
angiogenic potency of AM. AM infusion plus MNC transplantation
demonstrated a further increase in capillary density compared with
AM or MNC alone. Although MNC apoptosis was frequently ob-
served 72 h after transplantation, AM markedly decreased the number
of terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling-positive cells among the transplanted MNC. In conclusion,
AM enhanced the angioge;nic potency of MNC transplantation and
improved cardiac function in rats with myocarchal infarction. This
beneficial effect may be mediated partly by the angiogenic property of
AM itself and by its antiapoptotic effect on MNC,

angwgenesns; apoptosm; mononuclear cell

DESPITE THE RECENT REMARKABLE progress in medical and surgi-
cal treatment for ischemic heart disease, this disease remains a
major cause of death’ worldwide (5). Bone marrow-derived
mononuclear cells (MNC) contain various kinds of cell lin-
eages and numerous cyfokines that contribute to neovascular-
ization (1, 15). In fact, autologous fransplantation of bone
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marrow cells has been shown to enhance angiogenesis and
improve cardiac function in an animal model of cardiac ische-
mia (6, 9, 10). Recent human studies have demonstrated
beneficial effects of transplanted MNC in patients with ische-
mic heart disease (23, 25). However, some patients fail to
respond to this cell therapy. Thus a novel therapeutic strategy
to enhance the angiogenic property of MNC is desirable,

Adrenomedullin (AM) is a potent vascdilator peptide that
was originally isolated from human pheochromocytoma (8).
We have shown that infusion of AM has beneficial hemody-
namic and renal effects in patients with heart failure (17). On
the other hand, AM has been shown to activate the phospha-
tidylinositol 3-kinase (PI3-kinase)/Akt-dependent pathway in
vascular endothelial c¢ells, which is considered to regulate
multiple critical steps in angiogenesis including endothelial
cell proliferation, migration, and capillary-like formation (14,
22). In fact, we have shown that AM gene transfer induces
therapeutic angiogenesis in a rabbit model of hindlimb ische-
mia via activation of Akt (24). These findings suggest that AM
may play an important role .in the regulation of vascular
regeneration. -In addition, AM has been shown to exert an
antiapoptotic effect on a variety of cells  including vascular .
endothelial cells (7, 20). Taking these findings together, com-
bination therapy with MNC transplantation and AM infusion
may have additional or synergetic effects on therapeutic an-
giogenesis for the treatment of ischemic heart disease.

Thus the purposes of this study were I) to investigate
whether infusion of AM enhances the angiogenic potency of
MNC transplantation in a rat model of myocardial infarction,
and 2) to investigate the effects of AM on survival and
differentiation of the transplanted MNC to examine the under—
lying mechamsms of the effects induced by AM.

MATERJALS AND METHODS

Animal model. Myocardial infarction. was produced in male Lewis
rats weighing 200-220 g by left coronary ligation. In brief, after rats were:
anesthetized by intraperitoneal injection of pentobarbital sodium (30
mg/kg body wt), they were ventilated artificially. The heart was exposed

_via left thoracotomy, and the left coronary artery was ligated 2-3 mm

from its origin between the pulmonary artery conus and the léft atrium
using a 6-0 proline suture. Finally, the heart was restored to its normal
position, and the chest was closed. The Animal Care Comumittee of the

National Cardiovascular Center approved this experimental protocol.
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Preparation of MNC. After Lewis rats were killed, bone marrow
from the femur and tibia was collected and put in PBS. Marrow cells
were loaded on a 1.077 gradient of Ficoll (Lymphoprep; Nycomed
Pharma, Oslo, Norway) and centrifuged at 1,500 rpm for 20 min. The
cells were then washed with 10 ml PBS to remove the Ficoll and
centrifuged at 2,000 rpm for 10 min, The cells were finally suspended
in PBS at a concentration of 5 X 10% cells in 50 pl PBS for
transplantation. Fluorescence-activated cell sorting analysis demon-
strated that 22 * 1% of MNC were positive for lectin from ulex
europacus (UEA)-1 lectin (Sigma, St. Louis, MQ).

MNC transplaniation and AM infusion. Transplantation of bone
marrow-derived MNC and/or 3-day infusion of AM was performed

- immediately after coronary ligation. MNC (5 X 10° cells in 50 pl
PBS) were injected into the myocardium at five points in the border
zone swrrounding the infarct by using a 27-gange needle. Recombi-
nant human AM (0.05 pg-kg™!-min~') was subeutaneously admin-
istered by using an osmotic minipump (model 2004; Alza, Palo Alto,
CA) for 3 days. The pump was positioned in a pocket constructed in
the subcutaneous tissue just below the subscapular region, For control,
5% glucose was infused in a similar manner in the rats receiving
coronary ligation. This protocol resulted in the creation of four
groups: 1) AM infusion plus MNC transplantation (AM-MNC group,
n = 15}, 2) vehicle infusion plus MNC transplantation (MNC group,
n = 14), 3) AM infusion plus PBS injection (AM group, n = 14), and
4} vehicle infusion plus PBS injection (control group, n = 13).

Echocardiographic studies. Echocardiographic studies were per-
formed 4 wk after surgery using a 7.5-MHz phased-array transducer

" (model HP SONOS 5500; Hewlett-Packard, Andover, MA). Rats
were anesthetized by intraperitoneal injection of pentobarbital sodium
(30 mg/kg body wt) as a supplement to maintain mijld anesthesia.
M-mode tracings were obtained at the level of the papitlary muscles,
Anterior and posterior end-diastolic wall thickness, left ventricular
(LV) end-diastolic and end-systolic dimension, and LV fractional
shortening were measured from three consecutive cardiac cycles by
the American Society for Echocardiology leading-edge method (21).

Cardiac catheterization. Cardiac catheterization was performed 4
wk after surgery. Rats were anesthetized with intraperitoneal pento-
barbital and placed on a heating pad to maintain body temperature at
37-38°C thronghout the study. A 1.5 Fr micronanometer-tipped
catheter was inserted in the right carotid artery for measurement of
heart rate and mean arterial pressure. The catheter was then advanced
into the LV for measurement of LV end-diastolic pressure and then
replaced with a thermomicroprobe for measerements of cardiac out-
put. These hemodynamic variables were measured with a pressure
transducer (UFI, Morro Bay, CA) connected to a polygraph and
recorded with a thermal recorder (model 7758 B system; Hewlett-
Packard).

Infarct size measurement. After completion of hemodynamic mea-
surements, the heart was arrested by an injection of 2 mmol KCl
through the carotid artery, and the cardiac ventricles were excised.
The size of myocardial infarction was determined by a previously
described method (2). In brief, incisions were made in the LV so that
the tissue could be pressed flat. The circumference of the entire flat
LY and the visualized infarcted area, as judged from both the
epicardial and endocardial sides, was outlined on a clear plastic sheet.
The difference in weight between the two marked areas on the sheet
was used to determine infarction 81z.e and was expressed as a percent-
age of LV surface area.

Histological analysis of microvessel density. LV myocardium was
fixed in 10% formalin. Three cross sections of the LV, cut from apex
to base, were obtained from individual rats for comparison among
four groups (n = 5 each). They were embedded in paraffin and stained
with Masson’s trichrome for measurement of interstitial fibrosis. In
other rats (r = 5 each), LV myocardium was embedded in optimum
cutting temperature (OCT) compound (Sakura Finetechnical, Tokyo,
Japan), snap frozen in liquid nitrogen, .and cut into 5-pm-thick
sections. Tissue sections were stained for alkaline phosphatase with an

H1445

indoxyltetrazolium methed to detect capillary endothelial cells (n = 5§
in each’ group). The number of capillary vessels was counted in the
peri-infarct area (a 1.0-mm band next to the scar) excluding scar
region using a light microscope at a magnification of X200. The
numbers in five high-power fields in each rat were averaged and
expressed as the number of capillary vessels. These morphometric
studies were performed by two examiners who were blinded to
treatment.

Detection of MNC apoptosis. To examine the antiapoptotic effect
of AM on transplanted MNC, red fluorescence-labeled MNC were
transplanted into ischemic myocardium in rats with (n = 5) and
without (n = 5) AM infusion. Before implantation into the ischemic
heart, suspended MNC were labeled with fluorescent dyes with a
PKH26 (Red Fluorescent Cell Linker Kit; Sigma), as reported previ-
ously (13). AM was subcutancously administered by using a
minipump for 3 days. Rats were killed 72 h after MNC transplanta-
tion. The LV was enucleated, and muscle samples were embedded in
OCT compound and snap frozen in liquid nitrogen for the detection of
apoptosis, Scrial sections of the heart were stained by terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) for apoptosis using an in situ apoptosis detection kit (model
87111 Apoptag Fluorescein Kit; Intergen). Apoptosis of transplanted
MNC was also evaluated by the detection of cleaved caspase-3-
positive cells, In brief, the frozen tissue sections were incubated with
anticleaved caspase-3 antibody (Cell Signaling), followed by incuba-
tion with FITC-conjugated IgG antibody (BD Pharmingen, San Di-
ego, CA), The number of TUNEL/PKH26 double-positive cells and
caspase-3/PKH26 double-positive cells was counted in 10 fields of
cach rat using a confocal microscopy (Fluoview model 500; Olympus,
Tokyo, Japan).

The antiapoptotic effect of AM on MNC was also evaluated by in
vitro TUNEL assay. MNC were plated on 12-well plates (1 X 10°
cells per well) and cultured in serum-free medium for 24 h with
control buffer, AM (1 X 1077 M), or AM plus wortmannin, a
PI3-kinase inhibitor (50 nM). Randomly selected microscopic fields
(n = 10) were evaluated for calculating the ratio of TUNEL:positive
cells to total cells.

Monitoring of implanted MNC in ischemic heart, Additional rats
were used to examine whether transplanted MNC differentiate into
endothelial cells, cardiomyocytes, vascular smooth muscle cells, or
macrophages in the ischemic heart. PKH26 (red fluorescence)-labeled
MNC were injected into the ischemic heart in rats with (» = 8) and
without (» = 8) AM infusion. These subgroups of rats were killed 4
wk after coronary ligation. To identify vascular endothelial cells in
vivo, FITC-labeled UEA-1 lectin was intravenously administered 30
min before the rats were killed (n = 5 in each group). The LV was
enucleated, and muscle samples were then embedded in OCT com-
pound, snap frozen in liquid nitrogen, and cut into sections, Sections
were counterstained with 4°,6'-diamidino-2-phenylindole (DAPI) to
detect nuclei. The number of DAPL/PKH26 double-positive cells and
lectin-positive cells in the peri-infarct area was counted in 10 fields of
each rat using a confocal microscopy. Frozen sections from other rats
(n = 3 in each group) were incubated with mouse anticardiac troponin
T (Novocastra, Newcastle, UK), anti-a-smooth muscle actin antibody
(Dako, Copenhagen, Denmark), and anti-ED1 antibody (Serotec,
Oxford, UK), followed by incubation with FITC-conjugated IgG
antibody. In other rats (MNC group, » = 5; AM-MNC group, n = 5),
the cardiac muscle from base to apex was transversely cut into 6-jem
slices to calculate the number of transplanted MNC present within the
heart 4 wk after transplantation. These morphometric studies were
performed by two examiners who were blinded to treatment.

Statistical analysis. Numerical values were expressed as means *
SE. Comparisons of parameters among the four groups were per-
formed by one-way ANOVA, followed by Newman-Keuls test for
unpaired data. Comparisons of parameters between two groups were
made by unpaired Swdent’s r-test. A value of P < 0.05 was consid-
ered significant.
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Fig. 1. A: represcatative examples of Masson trichrome-staining of transverse sections of left ventricular (LV) myocardium 4 wk after coronary ligation. B:
- quantitative analysis of infarct size and LV chamber size. Infarcted area and LV end-diastolic diameter (LVDd) of the adrenomedullin-mononuclesr cell
(AM-MNC) group were significantly smaller than those of the other groups. Values are means * SE. *P <.0.05 vs. control; $P < 0.05 vs. MNC; 1P < 0.05

vs. AM.

RESULTS

Infarct size and ventricular weight. Moderate-to-large in-
farcts were observed in the control group after coronary liga-
‘tion (Fig. 1). However, infarct size was smaller in the MNC,
AM, and AM-MNC groups than in the control group. In
particular, it was very small in the AM-MNC group. Quanti-
tative analysis also demonstrated that cardiac infarct size in the
AM-MNC group was smallest among the four groups. Right
ventricular weight was significantly lower in the AM and
AM-MNC groups than that in the control group (Table 1). LV
weight did not significantly differ among the four groups.

Echocardiographic findings. LV diastolic dimension was
smallest in the AM-MNC group, followed by the AM, MNC,
and control groups (Fig. 1). LV fractional shortening in the
AM-MNC group was also higher than that in the control,
MNC, and AM groups (Table 2). Diastolic thickness of the
anterior wall was significantly attenuated in the MNC, AM,
and AM-MNC groups compared with the control group.

Table 1. Physiological profiles of four experimental groups

Hemodynamics. Cardiac output in the AM-MNC group was
significantly higher than that in the control, MNC, and AM
groups (Fig. 2). LV end-diastolic pressure in the MNC, AM,
and AM-MNC groups was significantly Jower than that in the
control group. LV maximum change in pressure over time
{dP/d#) in the MNC and AM-MNC group were significantly
higher than that in the control group. Similarly, LV minimum
dP/dt was significantly decreased only in the AM-MNC group.

Capillary density. Alkaline phosphatase staining of ischemic
myocardium showed marked augmentation of neovasculariza-
tion in the MNC, AM, and AM-MNC groups compared with
the contro! group (Fig. 3A). Quantitative analysis demonstrated
that capillary density was significantly higher in the AM-MNC
group than in the MNC and AM groups (Fig. 3B). Cartilage,
bone, or fat was not observed in the transplanted area. No
tumor-like cells were seen. o

Antiapoptotic effect of AM on MNC. Red fluorescence-
labeled MNC were detected in each recipient heart 72 h after
transplantation (Fig. 4). TUNEL-positive cells were frequently
observed in the MNC group. In contrast, these apoptotic cells

Control MNC AM am-mnc  Table 2, Echocardiographic findings
Body weight, g 274+3 - 285%5 287} 305:+4% - -
Heart rate, bpm 41024 404+30 398+33 387+36 LVDd, mm- - 99+02 83+0.3 73+0.2* 6.9+0.3*%t
MAP, mmHg 101+11 104+13 1039 116+x14* LVDs, mm 8.4+0.3 6604 58%0.2+* 5.1x0.2*
LV wtbody wt, ghkg ~ 2.4%02 2502 26+0.1 25302  %FS, % -14%1 e b 21*1* 28*+1%11
RV wtbody wt, ghkg L1201 09%01  0.8%0.1*  07£01* AWT diastole, mmn - 1002  13203*  1.3%03*  14x04*
- PWT diastole, mm 1.5+05 22404 2.1+04 22+04

Values are means * SE; number is number of rats in each group. Control
group, myocardial infarction rats given vehicle; MNC group, those given
mononuclear cells; AM, those given adrenomedulling AM-MNC, those given
AM and MNC; MAP, mean arterial pressure; LV, left ventricle; RV, right
ventricle. *P << 0,05 vs, control.

Values are means + SE. LVDMd, LV diastolic dimension; LVDs, LV systolic
dimension; %FS, LV fractional shortening; AWT, anterior wall thickness;
PWT, posterior wall thickness. *P < 0.05 vs. control; 1P < .05 vs, MNC;
1P < 0.05 vs, AM.
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Fig. 2. Effects of AM infusion and MNC
transplantation on hemodynamic parame-
ters. CO, cardiac output; LVEDP, LV end-
diastolic pressure; Max dP/dz, LV maximum
change in pressure over time; Min dP/ds, LV
minimum dP/dr, Values are means * SE,
*P < 0.05 vs. control; 1£ < 0.05 vs. MNC;
3P < 0.05 vs. AM.

were hardly detected in the AM-MNC group. Semiquantitative
analysis demonstrated that the number of TUNEL-positive
MNC was significantly lower in the AM-MNC group than in
the MNC group. Similarly, the number of caspase-3-positive
MNC was significantly lower in the AM-MNC group than in
the MNC group. These results suggest that infusion of AM
inhibits apoptosis of transplanted MNC.
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In vitro, serum starvation induced MNC apoptosis. When
incubated in the presence of AM (1 X 10~7 M), the percentage of
TUNEL-positive cells decreased significantly (19 £ 1t0 9 + 1%,
P < 0.05). However, pretreatment with wortmannin, a PI3-kinase
inhibitor, diminished the antiapoptotic effect of AM (17 = 1%).

Differentiation of MNC into endothelial lineage. Four weeks
after transplantation, fluorescence-labeled transplanted cells
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Fig. 3. A: representativé examples of alkaline phosphatase staining in peri-infarct arca. A combination of AM infusion and MNC transplantation markedly
induced myocardial neovascularization. Magnification, X200. B: quantitative analysis of capillary density in peri-infarct area. Capillary density in the AM-MNC
group was significantly higher than that in the MNC and AM groups. Values are means + SE. *P < .05 vs, control; 1P < 0.05 vs. MNGC; £P < 0.05 vs. AM.
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Fig. 4. Detection of transplanted cell apoptosis. A: representative photographs of terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) staining. Red fluorescence (PKH26) marks transplanted MNC; green fluorescence indicates TUNEL-positive cells. 'I'UNEI.fpomuve cells were
frequently observed in the MNC group, whereas they were hardly detected in the AM-MNC group. Magmﬁcauon X400. B: semiquantitative analysis of
TUNEL-positive cells in the PKH26-positive (transplanted) cells. C: representative photographs of caspase-3 staining. Red fluorescence (PKH26) marks
transplanted MNC; green fluorescence indicates caspase-3-positive cells. D: semiquantitative analysis of caspase-3- posmve cells in the PKHZ6-p051t1vc cells,

Values are means + SE. *P < 0.05 vs. control.

were more frequently observed in the AM-MNC group than in the
MNC group (64 * 04 to 3.1 * 0.2%, P < 0.05). Moreover,

some of the transplanted cells were positive for UBA-1 lectin in

the AM-MNC group (Fig. 5A), suggesting differentiation of MNC
into vascular endothelial cells. Semiquantitative analysis demon-
strated that the number of DAPI/PKH26 double-positive cells
(viable transplanted cells) was significantly higher in the AM-
MNC group than in the MNC group (Fig. 5B). Moreover, the ratio
of lectin-positive cells to DAPI/PKH26 double-positive cells was
significantly higher in the AM-MNC group than in the MNC
group. The ratio of DAPI/PKH26 double-positive cells to lectin-
positive cells was small, but significantly higher in the AM-MNC
group than in the MNC group (23.9 = 0.9 to 17.2 * 0.6%, P <
0.01). Transplanted MNC were negative for troponin T or

o=smooth muscle actin-positive cells, Some of the transplanted
MNC were positive for ED1, a marker of max:rophage (data not
shown)... .

DISCUSSION

“In the present study, we demonstrated that 1) infusion of AM
enhanced the angiogenic potency of MNC in a rat model of
acute myocardial infarction, resulting in decreased infarct size
and improved cardiac function. We also demonstrated that 2)
AM induced angiogenesis and inhibited apoptosis of the trans-
planted MNC. Thus a combination of AM and MNC may have
beneficial effects in rats with myocardial infarction, partly

through the angiogenic potency of AM itself and through its
antiapoptotic effect on MNC,

Bone marrow-dérived MNC -include a variety of stem and
progenitor cells (1, 15, 19), some of which can differentiate
into endothelial cells and secrete numerous-cytokines and
chemokines (6, 9, 10). Earlier studies (6, 9, 10, 23, 25) have
shown - that autologous bone marrow transplantation- induces
angiogenesis and improves LV function in animals and hu-
mans. However, some patients are reﬁ'actory to this cell ther-
apy. Thus an approach to augment the angiogenic potency of
MNC transplantation is required.

. The present study showed that MNC transplantation or AM
infusion alone reduced infarct size. A combination of AM
infusion and MNC transplantation resulted in further decreases

in infarct size and LV chamber size. MNC transplantation or

AM administration modestly improved LV function. On the:
other hand, a combination of MNC' anid  AM - significantly’
improved cardiac performance compared with MNC or AM
alone, as indicated by increases in cardiac output, fractional
shortening, and LV maximum dP/dz, Earlier studies (6, 9, 10}
have reported that MNC transplantation induces therapeutic
angiogenesis and preserves LV function through inhibition of
cardiomyocyte apoptosis in.animal models of myocardial in-
farction. We have shown that AM infusion during the acute
phase of ischemia-reperfusion inhibits apoptosis of cardiomy-
ocytes and produces hemodynamic improvement in an animal
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MNC

AM-MNC

MNC AM-MNC

study (18). These findings suggest that the reduction of infarct
size induced by this combination therapy may be attributable to
‘additive cardioprotective effects of MNC and AM.

The present study showed that AM infusion significantly
increased capillary density in ischemic myocardium. Further-
more, AM infusion plus MNC transplantation demonstrated a
further increase in capillary density compared with AM or
MNC alone. Contribution of transplanted MNC to neovascu-
larization (the ratio of DAPI/PKH26 double-positive cells to
lectin-positive cells) was significantly greater in the AM-MNC
group than in the MINC group. A recent study (14) has reported
that AM promotes proliferation and migration of human um-
bilical vein endothelial cells and enhances angiogenesis in a
murine gel plug assay through the PI3-kinase/Akt pathway. We
have also' shown that intramuscular administration of AM
DNA induces therapeutic angiogenesis in a rabbit model of
chronic hindlimb ischemia via activation of Akt (24). These
findings suggest that the beneficial effects of combination
therapy using AM and MNC may be attributable, in part, to the
angiogenic properties of AM itself. Thus it is possible that AM
infusion and MINC transplantation induce additive effects on
myocardial damage after myocardial infarction. However, it
still remains unknown whether AM infusion plus MNC trans-
plantation induces synergetic effects. '

UEA-llectin

H1449

DAPI

MNC AM:-MNC

Fig. 5. A: representative examples of MNC differentiation into endothelial lineage. Red fluorescence {(PKH26) marks transplanted cells; green fluorescence
indicates ulex europaeus (UBA)-1 lectin, a marker for vascular endothelial cells. Most of the transplanted cells differentiated into endothelial cells in the
AM-MNC group, Magnification, X400. B: quantitative analysis of living transplanted cells and endothelial differentiation. The number of living cells after
transplantation was significantly higher in the AM-MNC group than in the MNC group. The ratio of lectin-positive cells to living transplanted cells was
significantly higher in the AM-MNC group than in the MNC group. Values are means + SE. *P < 0.05 vs. control. DAPI, 4’,6’-diamidino-2-phenylindole.

An earlier study has demonstrated that ischemia and me-
chanical stress induce apoptosis of transplanted cells in the
carly stage after MNC transplantation (3). These results raise
the possibility that the angiogenic potency of MNC transplan-
tation is attenuated by MNC apoptosis. Kim et al. (7) have
demonstrated that AM inhibits apoptosis of endothelial cells
through the PI3-kinase/Akt pathway in vitro. Activation of the
PI3-kinase/Akt pathway has been shown to inhibit apoptosis of
endothelial progenitor cells and enhance neovascularization
(11). In the present study, AM infusion significantly inhibited
MNC apoptosis in ischemic tissue. In vitro, we showed that the
antiapoptotic effect of AM on MNC was mediated by activa-
tion of the PI3-kinase/Akt pathway. Thus AM may enhance the
therapeutic potency of MNC transplantation through a direct
action of AM on MNC survival. Mor¢over, immunchistologi-
cal examination demonstrated that infusion of AM increased
the number of lectin-positive (endothelial) cells in transplanted
MNC. These findings raise the possibility that AM may en-
hance differentiation of MNC into the endothelial lineage.
Thus AM may directly act on transplanted MNC, which may
result in synergetic effects on the ischemic myocardium.

This study includes some study limitations. Although the
labeling efficacy of PKH26 has been shown to persist for >8
wk without cell toxicity (3, 4), the used vital marker PKFI26
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=110—



H1450 .

may have some cell toxic effects and cell or membrane fusion
can lead to labeling of neighboring cells in the target tissue.
Second, the present study demonstrated that AM prolongs
MNC survival through the PI3-kinase/Akt pathway and en-
hances neovascularization in a peri-infarcted area. However,
further studies are necessary to examine the effect of AM on
MNC differentiation into endothelial cells.

Autologous cell transplantation may be an alternative treat-
ment for ischemic heart disease in the clinical setting. Because
their use does not require immunosuppression, the clinical use
of MNC for cellular cardiomyoplasty appears to be most
advantageous. Administration of AM peptide is simple and
relatively noninvasive. We and others (12, 16, 17) have re-
ported the safety of AM infusion in humans. Thus combination
therapy using AM infusion and MNC transplantation may be a
new therapeutic strategy for the treatment of ischemic heart
disease.

In conclusion, mfusmn of AM enhanced the angiogenic
potency of MNC transplantation and improved cardiac funec-
tion in rats with myocardial infarction. This beneficial effect
may be mediated partly by the angiogenic property of AM
itself and by its antiapoptotic effect on MNC. Thus combina-
tion therapy using AM infusion and MNC transplantation may
be a new therapeutic strategy for the treatment of 1sche1mc
heart disease.
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Abstract

Adrenomedullin (AM) is a potent, long-lasting pulimonary vasodilator peptide, Plasma AM level is elevated in patients with primary
pulmonary hypertension (PPH), and circulating AM is partially metabolized in the lungs. These findings suggest that AM plays an important role
in the regulation of pulmonary vascular tone and vascular remodeling. We have demonstrated the effects of three types of AM delivery systems:
intravenous administration, inhalation, and cell-based gene transfer. Despite endogenous production of AM, intravenously administered AM
at a pharmacologic leve! decreased pulmonary vascular resistance in patients with' PPH. Inhalation of AM impraved hemodynamics with
pulmonary selectivity and exercise capacity in patients with PPH. Cell-based AM gene transfer ameliorated pulmonary hypertension rats.
These results suggest that additional administration of AM may be effective in patients with pulmonary hypertension. AM may be & promising
endogenous peptide for the treatment of pulmonary hypertension.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Primary pulmdnary hypertension (PPH) is a rare but life- -

threatening disease characterized by progressive pulmonary
hypertension, ultimately producing right ventricular failure,
and death [42,43). Median survival i3 considered to be 2.8
years from the time of diagnosis. Because the presence of
endothelial injury in the pulmonary vascular bed develops
pulmonary vasoconstriction, smooth muscle cell prolifera-
tion, and in situ thrembosis [1], a variety of vasodilators,
anti-proliferative agents, and anticoagulants have been pro-
posed as therapeutic agents of PPH [3,10,23,45]. Despite
therapeutic medical advances including prostacyclin therapy
[3,23,45], some patients ultimately require heart-lung or lung
transplantation [38,41]). Thus, a novel therapeutic strategy is
desirable for the treatment of pulmonary hypertension includ-
ing PPH.

Adrenomedullin (AM) is a potent, long-lasting vasodilator
peptide that was originally isolated from human pheochro-
mocytoma [19]. The peptide consists of 52 amino acids with
an intramolecular disulfide bond, sharing slight homology
with calcitonin gene-related peptide and amylin. Immunore-
active AM has subsequently been detected in plasma and a
variety of tissues including blood vessels and lungs [13,47].
AM is metabolized by neutral endopeptidase protein in the
kidney and by receptor binding in a variety of tissues. The
half-life of AM is approximately 15 min. Earlier studies have
shown that plasma AM level is increased in patients with
hypertension [14] or heart failure [34]. Taking together its
potent vasodilatory effect [19] and diuretic and natriuretic
effects [21], AM may be involved in the regulation of the
body fluid and thus in the cardiovascular homeostasis. We
have shown that plasma AM level is elevated in patients
with PPH, and that the plasma AM level increases in pro-
portion to the severity of pulmonary hypertension [16]. It
has been reported that there are abundant binding sites for
AM in the lungs'[37). In fact, circulating AM is partially
metabolized in the lungs [52). These findings suggest that
AM plays an important role in the regulation of pulmonary
vascular tone and vascular remodeling. Earlier studies have
shown that AM has a variety of biological effects, which
are necessary for the treatment of pulmonary hypertension
{Table 1). These actions of AM are mediated by calcitonin

receptor-like receptor (CRLR) which functions as a selective
AM receptor depending on the expression of the subtypes
2 and 3 of a family of receptor-activity-modifying proteins
(RAMPs) [22]. AM acts through some signaling pathways:
the cyclic adenosine 3/, 5'-monophosphate (¢cAMP), cyclic

- guanosine 3’, 5’-monophosphate (¢cGMP), phosphatidylinos-

itol 3-kinase (PI3K)/Akt, and etc. These actions are induced
by 0.01~0.1ug/(kg min) in vivo and by 10710 to 10-7M
in vitro. This article will summarize the therapeutic po-
tential of AM for the treatment of pulmonary hyperten-
sion.

2. Intravenous administration of AM

In vivo studies have shown that intravenously adminis-
tered AM causes vasodilation, diuresis, and a positive in-
otropic effect in an experimental model of heart failure {40].
In humans, intravenous administration of AM decreases sys-
temic and pulmonary vascular resistance and increases car-
diac output in patients with congestive heart failure, together
with slight increases in urine volume and urinary sodium
excretion [31]. Endogenous AM production is enhanced in
a variety of cardiovascular diseases through a compensatory
mechanism [29]. Nonetheless, additional supplementation of
AM hasbeneficial effects in these diseases [27]. These results
suggest that endogenous AM level is not sufficient enough to
improve deteriorated conditions in spite of the increased AM
production.

Experimental studies have shown that intralobar arterial
infusion of AM causes dose-related decreases in pulmonary
vascular resistance under conditions of high pulmonary vas-
cular tone [9,20,36]. The vasodilatory effect is mediated by
cAMP-dependent and nitric oxide-dependent meéchanisms
[15,32). Thus, AM is known to be one of the most po-
tent endogenous vasodilators in the pulmonary vascular bed.
However, little information is available regarding the hemo-
dynamic effects of intravenously administered AM in
patients with pulmonary hypertension. Accordingly, we ex-
amined the hemedynamic and hormonal responses to intra-
venous infusion of AM (0.05 pg/kg/min) or placebo, were
examined in 13 patients with pulmonary arterial hyperten-
sion including PPH [28]. Because AM-induced hypotension

Table 1 .

Beneficial effects of adrenomedullin for the treatment of pulmonary hypertension

Biological activity Second messenger or signal
1. Potent pulmonary vasodilation cAMP, NO/cGMF, PI3K/Akt
2. Inhibition of endothelial cell apoptosis PI3K/AKt

3. Inhibition of smooth muscle cell proliferation and migration . cAMP, Ca?t

4. Positive inotropic effect cAMP, protein kinase C, Ca?t telease or influx
5. Diuresis and natrivresis NO/GMP, cAMP

6. Suppression of aldosterone producticn - Ca?t .

7. Induction of angiogenesis PI3K/Akt, MEX/ERK

8. Anti-inflammation cAMP

cAMP: cyclic adenosine 3', ¥-monophosphate, cGMP: cyclic guanosine ¥', 5'-monophosphate, PI3K: phosphatidylinositol 3-kinase, NO: nitric oxide, ERK:
extracellular signal-regulated kinase, MEK: mitogen-activated protein ERK kinase,

—113—



N. Nagaya, K. Kangawa / Peptides 25 (2004) 2013-2018 2015

may cause adverse effects in patients with pulmonary hyper- -

tension, we used a relatively low dose of AM. Intravenous
infusion of AM increased plasma AM level in patients with
pulmonary hypertension (15 + 1 to 48 & 8 fmol/ml, cf. 10 £
1 fmol/ml in healthy subjects). Infusion of AM significantly
decreased pulmonary vascular resistance by 32%. In addi-
tion, AM decreased systemic vascular resistance without in-
ducing a marked hypotension. The hemodynamic effects of
AM lasted at Jeast 15min after the end of infusion. These
results suggest that AM has potent, relatively long-lasting
pulmoniary vasodilator activity in patients with pulmonary
hypertension. We have shown that administered AM in-
creases plasma ¢cAMP, but not cGMP, in patients with pul-
monaty hypertension, in association with its hemodynamic
effects. The increase in cAMP in smooth muscle cells by
AM activates protein kinase A, resulting in the decrease in
caicium content in smooth muscle cells. It is therefore pos-
sible that AM may relax vascular smooth muscle through a
¢AMP/protein kinase A-dependent mechanism. On the other
hand, Nossaman et al. [36] have shown that AM regulates pul-
monary vascular tone in rats through an endothelium-derived
nitric oxide-dependent mechanism, Nishimatsu et al. [35]
have shown that AM induces Akt activation in the endothe-
lium via the Ca?*/calmodulin-dependent pathway and that
this is implicated in the production of nitric oxide, which in
turn induced endothelium-dependent vasodilation, Because
the vascular effects of AM are known to vary with species
and vascular regions, further studies are necessary to eluci-
date the mechanisms responsible for pulmonary vasodilator
activity of AM in humans.

Intravenous infusion of AM markedly increased cardiac
index in patients with pulmonary hypertension [28], consis-
tent with our previcus results from left sided heart failure
[31]. Considering the strong vasodilator activity of AM in
the systemic and pulmonary vasculature, the significant de-
crease in cardiac afterload may be responsible for increased
cardiac index with AM. On the other hand, a previous bind-
ing study has shown abundant, specific binding sites for AM
in ventricular myocardium [37]. AM has been shown to in-
crease cardiac cAMP [33), which is known to mediate the
positive inotropic action of beta-adrenergic stimulants. Alter-

natively, AM has been shown to produce a positive inotropic -

action through.cAMP-independent mechanisms [49]. These
findings suggest that the increase in cardiac index may be
attributable not only to a fall in cardiac afterload but also to
the direct positive inotropic action of AM.

Infusion of AM significantly decreased plasma aldos-
terone, although there was no significant change in plasma
renin activity. In vitro, AM has been shown to inhibit Ang II-
induced secretion of aldosterone from dispersed rat adrenal
zona glomerulosa cells [51]. Therefore, the inhibition of
plasma aldosterone by AM was probably due to a direct effect
on adrenal gland, as is the case for atrial natriuretic peptide
[46]. - . ‘ .

It appears that a number of similarities in pharmacologic
actions, i.e. vasodilatation, cardiac effect, and ¢cAMP pro-

duction, exist between AM and prostacyclin that is used for
reducing pulmonary resistance in PPH. Unlike prostacyclin,
however, AM has diuretic and natriuretic activities, AM in-
hibits inflammation and aldosterone production {7,51], These
biological effects may be the advantages of AM over prosta-
cyclin in respect of therapeutic effectiveness. Exogenously
administered AM at a pharmacologic level increased plasma
c¢AMP in association with hemodynamic effects. Thus, addi-
tional administration of AM may be effective in patients with
pulmonary hypertension, : :

3. Ihhalation of AM

The goal of vasodilator therapy for patients with PPH
is to reduce pulmonary vascular resistance without produc-
ing systemic hypotension, and improve quality of life and
survival. We have shown that intravenous administration of
AM markedly decreases pulmonary vascular resistance in
patients with PPH [28]. Nevertheless, systemically adminis-
tered AM decreases systemic arterial pressure, which may
be harmful in treating patients with PPH, Recently, inhala-
tion of aerosolized prostacyclin and its analogue, iloprost,
has been shown to cause pulmonary vasodilation without
systemic hypotension in patients with PPH [11,53]. In ad-
dition, inhalant application of vasodilators does not impair
gas exchange because the ventilation-matched deposition of
drug in the alveoli causes pulmonary vasodilation matched
to ventilated arcas. In clinical settings, inhalation therapy
may be more simple, noninvasive, and comfortable than con-
tinuous intravenous infusion therapy. Thus, the purpose of
this study was to investigate the effects of AM inhalation
on hemodynamics and exercise capacity in patients with
PPH. :

Interestingly, Champion et al. [S] have shown that in-
tratracheal gene transfer of calcitonin gene-related peptide
(CGRP), a member of the same peptide family as AM, to
bronchial epithelial cells attenuates chronic hypoxia-induced
pulmonary hypertension in the mouse. These results raise the
possibility that intratracheal delivery of a vasodilator pep-
tide may be sufficient to alter pulmonary vascular function.
In fact, inhalation of AM significantly decreased pulmonary
vascular resistance in patients with pulmonary hypertension,
whereas it did not alter systemic arterial pressure ot systemic
vascular resistance [26]. The ratio of pulmonary vascular
resistance to systemic vascular resistance was significantly
reduced by AM inhalation. These results suggest that in-
haled AM improves hemodynamics with pulmonary selec-
tivity. This is consistent with earlier findings that inhaled
prostacyclin or its analogue, iloprost, acts transepithelially

* with pulmonary selectivity and improves pulmonary hyper-

tension, . .

We examined. the long-term effects. of inhaled AM in
monocrotaline (MCT)-induced pulmonary hypertension rats
[30]). AM or saline was inhaled as an aerosol using an ul-
trasonic nebulizer, for 30 min, four times a day. Repeated
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inhalation of AM for three weeks markedly decreased mean
pulmonary arterial pressure and pulmonary vascular resis-
. tance in MCT rats without systemic hypotension, The po-
tent, long-lasting pulmonary vasodilator effect of inhaled AM
may contribute to the strong inhibition of the development
of pulmonary hypertension. In addition, considering inter-
mittent delivery of AM to the lungs, the chronic effects of
inhaled AM appear to go beyond acute pulmonary vasodi-
lation. Inhalation of AM inhibited an increase in the medial
wall thickness of peripheral pulmonary arteries of MCT rats.
In vitro studies have shown that AM inhibits the migration
and proliferation of vascular smooth muscle cells [12,17].
Given the known potent vasoprotective effects of AM such
as vasedilation and inhibition of smooth muscle cell migra-
tion and proliferation, it is interesting to speculate that AM
trapped in the bronchial epithelium or alveoli leaks to the
pulmonary arteries to maintain pulmonary vascular integrity
in MCT rats. Importantly, Kaplan-Meier analysis demon-
strated that the 6-week survival rate for MCT rats treated with
acrosolized AM was significantly high (70%) as compared
with 10% in those given saline [30). Thus, treatment with
aerosolized AM may be an alternative approach for severe
pulmonary hypcrtcnsmn that ts refractory to conventional
therapy.

We have demonstrated that inhalation of AM has bene-
ficial hemodynamic effects in animals and humans [26,30].
Recently, pulmonary delivery of a dry-powder insulin has
been shown to improve glycemic control without adverse pul-
monary effects [48]. Although further studies are necessary
to maximize the efficiency and reproducibility of pulmonary
AM delivery, combining AM inhalation therapy with other
modalities that have a different mode of action may have
beneficial effects in patients with PPH. ‘

4. Cell-based AM gene transfer

The pulmonary endothelium plays an important role in
the regulation of pulmonary vascular tone through the release
of vasoactive substances such as nitric oxide and prostacy-
clin [6]. Dysfunction of the endothelium may play a role in
the pathogenesis of pulmonary hypertension including PPH
[4]. Thus, pulmenary endothelial cell may be a therapeu-
. tic target for the treatment of pulmonary hypertension. Re-
cently, endothelial progenitor cells have been discovered in
adult peripheral blood [2]. EPCs are mobilized from bone
marrow into the peripheral blood in response to tissue is-
chemia or traumatic injury, migrate to sites of injured en-
* dothelium, and differentiate into mature endothelial cells in
situ [8,18,50]. These findings raise the possibility that trans-
planted EPCs may serve not only as a tissue-engineering tool
to reconstruct the pulmonary vasculature, but also as a ve-
hicle for gene delivery to injured pulmonary endothelium.
Thus, we investigated whether cell (EPCs)-based AM gene
transfer ameliorates MCT-induced pulmonary hypertension
inrats.

We obtained EPCs from cultured human umbsilical cord
blood mononuclear cells and constructed AM plasmid
DNA. We used cationic gelatin to produce ionically linked
DNA-—gelatin complexes. Interestingly, EPCs phagocytosed
plasmid DNA-gelatin complexes, which allowed nonviral,
highly efficient gene transfer into EPCs [24). Recently, intra-
venously administered hematopoietic cells have been shown
to be attracted to sites of cerebral injury [39]. Intravenously

“injected EPCs accumulate in ischemic myocardium after

acute myocardial infarction [18]. These findings suggest that
progenitor cells have the capability to sense injured tis-
sues. In fact, intravenously administered gene-modified EPCs
were incorporated into pulmonary artericles and capillaries
in MCT rats and differentiated mature endothelial cells [25].

MCT injures endothelial cells of small arteries and capillaries
in the lungs, resulting in pulmonary hypertension [44]. Taking
these findings together, transplanted EPCs may circulate in
the blood and attach to injured pulmonary endothelia in MCT
rats, Thus, EPCs may serve not only as a vehicle for gene de-
livery to injured pulmonary endothelia, but also as a tissue-
engineering too! in restoring intact pulmonary endothelium.,
Transplantation of EPCs without gene modification slightly,
but significantly decreased pulmonary vascular resistance in
MCT rats [25]. EPCs have been shown to express endothe-
lial nitric oxide synthase and produce nitri¢ oxide [24]. We
showed that EPCs produce AM even when its gene is not
transduced. These results suggest that vasodilator substances
secreted from EPCs contribute to improvement in pulmonary
hypertension. We also investigated whether transplantation
of gene-modified EPCs causes further improvement in pul-
monary hemodynamics and survival in MCT rats [25]. Inter-
estingly, EPCs cultured with AM DNA-gelatin complexes
markedly secreted AM protein for more than 2 weeks. These
results suggest relatively long-lasting AM secretion from
EPCs. The consequence of this synthesis in MCT rats was
a marked decrease in mean pulmonary arterial pressure and
pulmonary vascular resistance. Histological examination re-
vealed that transplantation of AM-expressing EPCs inhibited
an increase in medial wall thickness of pulmonary arteries.

-Expectedly, transplantation of AM-expressing EPCs caused

significantly greater improvement in pulmonary hyperten-
sion and vascular remodeling than transplantaticn of EPCs
alone. Given the known potent vasoprotective effects of AM
such as vasodilation and inhibition of smooth muscle cell
proliferation [12,17], it is interesting to speculate that AM
secreted from EPCs may act not only as a circulating factor
but also as a autocrine/paracrine factor in the regulation of
pulmonary vascular tone and vascular remodeling in MCT
rats. Importantly, a single transplantation of AM-expressed
EPCs improved survival in MCT rats as compared with ad-

-ministration of EPCs alone or culture medium. These results

suggest that ex vivo gene transfer into EPCs greatly enhances
therapeutic effects of EPCs transplantation. Further studies
are necessary to examine whether repeated administration of
EPCs produces an even greater effect than single tmnsplan-
tatlon
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5. Summary

This article described the therapeutic potential of AM for
the treatment of pulmonary hypertension, Baseline plasma
AM is significantly higher in patients with pulmonary ar-
terial hypertension. Nevertheless, exogenously administered
AM ata pharmacologic level induces hemodynamic improve-
ment, This suggests-that an additional administration of AM
may be effective in patients with pulmoenary hypertension.
We have demonstrated the effects of three types of AM de-
livery systems: intravenous administration of AM peptide,
inhalation of AM peptide, and cell-based AM gene trans-
fer. Further studies are necessary to examine which delivery
system is the best in clinical settings. AM induces potent pul-
monary vasodilation and has vasoprotective effects beyond
vasodilation. Thus, AM is a promising endogenous peptide
for the treatment of pulmonary arterial hypertension.
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