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TENR/ N /X X217 (CABG)
HEIR/ N /INZAIOZTE EI]IK - BIEG

Current status of surgical myocardial revascularization
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2 MEEPYIFHICEKS off-pump CABG(EERDERE)
(Sellke FW: Atlas of Cardiac Surgical Techniques: A Volume in the Surgical Techniques Atlas Series,

Saunders, 2010. X ) &%)

x1 ?tb‘[ilc\.dah‘ Za:@% 10 ﬁ@%ﬁ CABG 0)?&%( H Zliﬁfixj*“!mﬂi“ﬁ(k#&&)
| 10e | 2000‘ 2001 L 2002 2003 2004 ' 2005 2006 2007 "2:‘0'08;
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* 2002 4F LAAG ci’#ﬁ?ﬁ’w Z NSRBI TR O R,
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Abstract

Objective: The objective of this investigation was to estab-
lish the effectiveness of sustained-release platelet-rich plas-
ma (PRP) on perfusion and neovascularization in diabetic
murine hind limb ischemia. Methods: After surgery in strep-
tozotocin-induced diabetic mice, the mice were randomly
assigned to the following 4 experimental groups: control (C),
100 .l of the sustained-release form of platelet-poor plasma
(PPP), 100 .l of the solution form of PRP (PRP-sol), and 100 p.l
of the sustained-release form of PRP (PRP-sr). Endpoint eval-
uations were: blood perfusion by laser Doppler perfusion
imaging (LDPI), vascular density by anti-vWF, and mature
vessel density by anti-smooth muscle actin antibody. Re-
sults: This study demonstrated that a sustained release of
PRP increases the perfusion of ischemic tissue as measured
by LDPI (57 + 12;56 + 9,72 = 7,and 98 % 4 for the C, PPP,
PRP-sol, and PRP-sr groups, respectively; p < 0.05), capillary
density (151 % 16; 158 %= 12; 189 * 39, and 276 + 39 for

groups C, PPP, PRP-sol, and PRP-sr, respectively; p<0.05), and
mature vessel density (28 * 2;31 £ 3;52 * 10,and 85 * 13
for the C, PPP, PRP-sol, and PRP-sr groups, respectively; p <
0.05). Conclusion: A sustained release of PRP containing po-
tent angiogenic growth factors restores blood perfusion by
stimulating angiogenesis and arteriogenesis.

Copyright © 2010 S. Karger AG, Basel

Introduction

Peripheral arterial disease (PAD) is a cardiovascular
disorder whose prevalence is rising with the recent in-
crease in the proportion of geriatric and diabetic popu-
lations around the world. Therapeutic angiogenesis re-
mains an attractive treatment modality for PAD and
chronic tissue ischemia. Numerous mediators, including
growth factors, transcription factors, and signaling mol-
ecules have been reported to augment chronic ischemia-
induced angiogenesis in animal models. However, clini-
cal trials of single and the solution form of proangiogen-
ic agents have little-to-no practical utility in patients with
such a disorder [1]. Therefore, there remains a clear need
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for better interventions with which to induce therapeutic
angiogenesis.

Neovascularization is now believed to occur via 3 pos-
sible mechanisms: the sprouting of preexisting resident
endothelial cells (angiogenesis), maturation and enlarge-
ment of the preexisting small vessels through vascular re-
modeling (arteriogenesis), and the recruitment of bone
marrow-derived endothelial progenitor cells (vasculogen-
esis). Among the above mentioned approaches, therapeu-
tic angiogenesis with growth factors constitutes a poten-
tial alternative approach for patients with PAD and for
improving the neovascularization of ischemic tissues [2].
The establishment of stable and functional blood vessel
networks, however, is a complex process that requires sev-
eral angiogenic factors to stimulate vessel sprouting and
the remodeling of the primitive vascular network[3-5].

Furthermore, diabetes mellitus (DM) is one of the
negative predictors of neovascularization. There is in-
creasing evidence that all of the processes of neovascular-
ization, such as angiogenesis, arteriogenesis, and vascu-
logenesis, are impaired in diabetic ischemia which de-
mands more attention to the interplay between different
growth factors as well as cells [6-10].

In relation to the above mentioned issues PRP, i.e. a
limited volume of plasma rich in platelets, is attracting
attention as a safe and cost-effective source of various
growth factors [11, 12]. It also induces VEGF and HGF in
culture [12]. By containing these various cytokines, PRP
plays important roles in regenerating damaged tissue [13,
14]. However, little is known about the mechanism of the
PRP-related regeneration of diabetic ischemic tissues.

A short shelf life and an inefficient delivery to target
cells are major concerns associated with the local admin-
istration of recombinant human growth factors. The
growth factor is expensive and many doses may be re-
quired to achieve any therapeutic effect, especially with
the solution form. In light of these limitations, we have
reported the efficacy of gelatin hydrogel microspheres as
a carrier for the local, slow, and sustained delivery of dif-
ferent growth factors [9, 15, 16]. Furthermore, we have
also reported that gelatin hydrogel is a promising carrier
for the growth factors in PRP [11, 17].

The objective of this investigation was to characterize
the angiogenic and growth factor content of diabetic PRP
and to determine, in vitro, its effect on endothelial cell
proliferation and capillary tube formation. Additionally,
this experiment sought to determine the effectiveness of
different compositions of PRP (solution vs. sustained re-
lease) on perfusion and neovascularization in a diabetic
murine model of hind limb ischemia.

196 ] Vasc Res 2011;48:195-205
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Methods

Experimental Animals

Six-week-old male C57BL/6 mice were purchased from Japan
SLC (Shizuoka, Japan). The Kyoto University Animal Experiment
Committee approved the experiment protocol. Animals were
cared for in compliance with the Guide for the Care and Use of
Laboratory Animals, Institute of Laboratory Animal Resources,
Commission on Life Sciences, National Research Council.

Generation of the Diabetic Model

Six-week-old male C57BL/6 mice were randomized to receive
an intraperitoneal injection of streptozotocin (STZ; 150 mg/kg/
dose) dissolved in 1 M sodium citrate buffer, pH 4.5, or vehicle to
generate the diabetic model. Two weeks after injection, the serum
glucose level was measured using an Accu-Chek II Advantage
Glucometer (Roche Diagnostics, Basel, Switzerland). Mice with
serum glucose levels =250 mg/dl were included in this study [9].
This blood sugar level (>250 mg/dl) was consistently maintained
during the whole study period.

Preparation of PRP and Platelet-Poor Plasma (PPP)

Peripheral blood (10 ml) was collected from STZ-induced di-
abetic mice using an anticoagulant citrate-phosphate-dextrose
solution. The collected blood was centrifuged at 2,400 rpm/10
min/20°C; the supernatant (plasma) including the buffy coat and
content 0.5 ml below the buffy coat was decanted to the other
tube and RBC and WBC were discarded. Secondary centrifuga-
tion was performed at 3,600 rpm/10 min/20°C. The clear super-
natant (plasma) was decanted until 0.5 ml was left and the middle
portion of the supernatant (plasma) was taken as PPP. Finally, the
remaining supernatant including the buffy coat and content 0.5
ml below the buffy coat was taken as PRP and stored at -80°C for
various evaluations. The quantification of platelets in PRP was
done by Falco Laboratory, Kyoto, Japan [11].

Preparation of Gelatin Hydrogel Microspheres

Containing PRP

PRP contains different cytokines but these cytokines, having
a faster degradation, are effective for a very short time. Qur previ-
ous studies have shown that when platelets in PRP are activated
with gelatin molecules during the process of PRP impregnation,
growth factors are released from the PRP. The growth factors se-
creted are immobilized in the hydrogel through physicochemical
interaction with gelatin molecules. The immobilized growth fac-
tors are released from the hydrogel as a result of hydrogel degra-
dation [17]. We have also developed a sustained-release form for
the many growth factors and have shown that the sustained re-
lease of these growth factors incorporated in gelatin hydrogel mi-
crospheres effectively restores revascularization in different mod-
els of cardiovascular disease [9, 16]. Therefore, we used gelatin
hydrogel as a carrier for the growth factors in the PRP.

Gelatin hydrogel microspheres incorporating PRP were pre-
pared as described previously [9, 11, 16, 17]. Briefly, gelatin with
an isoelectric point of 4.9 was isolated from bovine bone collagen
by an alkaline process using Ca(OH), (Nitta Gelatin, Osaka, Ja-
pan). Gelatin microspheres were prepared through (1) the cross
linking of gelatin in aqueous solution dispersed in an oil phase
and (2) the cross linking of gelatin microspheres with glutaralde-
hyde. Microsphere diameter was measured for at least 100 micro-
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spheres by viewing with a light microscope to calculate their vol-
ume. The average diameter of the freeze-dried microspheres was
26 pm.

PRP and PPP were incorporated into the gelatin microspheres
by dropping 100 pl of PRP or 100 pl of PPP solution into 10 mg
of freeze-dried gelatin microspheres, respectively, which were
then left in an incubator for 1 h at 37°C temperature. The solution
(100 pl) was completely absorbed into the microspheres during
swelling since the solution volume was less than that theoreti-
cally required for the equilibrated swelling of microspheres. Upon
use, the PRP containing gelatin hydrogel microspheres was dis-
persed in 100 pl of PBS, aspirated into a 1-ml syringe attached to
a27-gauze needle (Terumo, Tokyo, Japan), and applied via a single
intramuscular injection to the ischemic site.

Measurement of Different Growth Factors Using

Enzyme-Linked Immunosorbant Assay

The concentrations of different growth factors such as stromal
cell-derived factor 1-a (SDF-1a), platelet-derived growth factor
BB (PDGEF-BB), vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), and insulin-like growth factor-1
(IGF-1) in PRP and PPP were quantified using enzyme-linked im-
munosorbent assay (ELISA) methods (R&D Systems, USA). The
analyses were then performed as instructed by the manufacturer.
Briefly, samples and standards were added to 96 growth factor
antibody-coated well plates. After incubation and the removal of
unbound substances, a secondary antibody was added. This step
was followed by a further washing and incubation with a sub-
strate. The color reaction was stopped and optical density mea-
sured at the wavelength of 495 nm [11].

Endothelial Cell Proliferation Assay

Mouse MSS31 endothelial cells (MSS31 was a kind gift from
Dr. Kenichi Yamahara MD, PhD, Osaka National Heart Center,
Osaka, Japan) were cultured on «-MEM medium supplemented
with 10% fetal bovine serum (FBS) and antibiotics (Nacalai
Tesque, Inc., Kyoto, Japan). Cultures were maintained at 37°C, 5%
CO,, and 100% humidity.

The endothelial cell proliferation assay was performed as fol-
lows: endothelial cells were plated in human plasma fibronectin-
coated 24-well culture plates at a density of 3 x 10* cells/well in
o-MEM medium containing 10% FBS and cultured at 37°C. The
next day, the medium was changed to a-MEM medium contain-
ing 0.5% FBS with or without PRP, and culture was continued for
3 days. Cells were detached with trypsin and counted using a he-
mocytometer [11, 18].

Tube Formation Assay

Growth factor reduced Matrigel (BD Biosciences) was used to
coat the wells of 24-well plates (0.20 ml/well) and was left to po-
lymerize at 37°C for 30 min. MSS31 endothelial cells suspended
in a-MEM medium supplemented only with 0.5% FBS and anti-
biotics were added to each well after polymerization. Subsequent-
ly, PRP was added to the selected well and incubated for 6-8 h.
The medium was removed and the cells were fixed with 4% para-
formaldehyde. Photographs were taken through a microscope
(Olympus, Tokyo, Japan). The capillary tube area was quantified
per square micrometer using image analysis software (Image ]
Corporation) {11, 18].

PRP for the Treatment of Diabetic
Ischemia

Mouse Ischemic Hind Limb Model

Hind limb ischemia was created in the 6-week-old male wild-
type mice as described previously [9, 11, 16]. Briefly, after the mice
were anesthetized using intraperitoneal sodium pentobarbital (60
mg/kg), the entire right saphenous artery and vein, the right ex-
ternal iliac artery and vein, and the deep femoral and circumflex
arteries and veins were ligated, cut, and excised to obtain a mouse
model of severe hind limb ischemia as described previously.

After surgery, the mice were randomly assigned to 4 experi-
mental groups (n = 10, each group) and treated for 4 weeks as fol-
lows: 10 mg gelatin hydrogel microspheres only (control group),
sustained-release form of PPP (100 wl PPP/10 mg gelatin hydrogel
microspheres, PPP group), 100 pl solution form of PRP (PRP-sol
group), and sustained-release form of PRP (100 pl PRP/10 mg
gelatin hydrogel microspheres, PRP-sr group). Treatments were
applied by way of a single intramuscular injection to the isch-
emic site.

At 4 weeks after the initiation of treatment, the mice were re-
anesthetized using an intraperitoneal injection of pentobarbital
(60 mg/kg), subjected to the measurements described below, and
then sacrificed with an overdose of pentobarbital for histological
examination.

Measurement of Hind Limb Blood Perfusion

Hind limb blood perfusion was scanned using a laser Doppler
perfusion image (LDPI) analyzer (Moor Instruments, Devon,
UK) on the first day of treatment and then every 7 days through-
out the whole study period. To eliminate the influence of the sur-
gical procedure, the average blood perfusion of the bilateral feet
was evaluated. To minimize influential variables including ambi-
ent light and temperature, perfusion was expressed as the ratio of
the blood perfusion in the right (ischemic) limb to that in the left
(nonischemic) limb of the same mouse, i.e. in terms of the LDPI
index (LDPII) [9, 11, 16].

Immunohistological Analysis

The immunohistological study was conducted as described
previously [9, 11, 16]. Briefly, the mice were euthanized and per-
fusion-fixed with 4% paraformaldehyde 4 weeks after the initia-
tion of treatment. The ischemic calf muscles were embedded in
OCT compound (Sakura Finetechnical, Tokyo, Japan) and frozen
at -80°C. Cryostat sections (5-pm thick) of the tissues were
stained with rabbit polyclonal anti-human von Willebrand factor
(vWF) antibody or mouse monoclonal anti-human smooth mus-
cle actin antibody. As the negative control, rabbit normal immu-
noglobulin fraction (Dako Japan, Kyoto, Japan) was used to show
antibody specificity. From each mouse, 8 random fields on 2 dif-
ferent sections (approximately 3 mm apart) were photographed
with a digital camera (Olympus). The number of yYWF (endothe-
lial marker)-positive or SMA (vascular smooth muscle marker)-
positive vessels was counted manually in a blind fashion (vessels/
mm?). Vascular density (angiogenesis) was determined by the
counted number of vVWE-positive vessels and mature vessel den-
sity (arteriogenesis) by the counted number of SMA-positive ves-
sels.

J Vasc Res 2011;48:195-205 197



600

& 5,000 Gl
S 4,500 2 500
X 4,000 A - E -
£ 3,500 - g 400+ 2
S 3,000 - L £

i " o
g 2,500 - § 300 .g
%5 2000 3 200 Z
£ 1,500 1 & 3
< 1,000 1 8 100 @
S 500 2
pd

0 04

a PPP PRP b Control DM 4 Control DM

Fig. 1. PRP contains a large number of platelets in a small volume of plasma compared to PPP. a Concentration
of platelets in PRP and PPP. * p < 0.05 vs. PPP group. b Blood glucose level in diabetic mice compared to non-
diabetic mice. * p < 0.05 vs. control group (non DM). ¢ Body weight of diabetic mice compared to nondiabetic
mice. ¥ p < 0.05 vs. control group (non DM).

= 12,000 - < 60,000 -

£ 2 50,000 - il £
g 10,000 ‘v: ' g
S 8000 % 40,000 5
® = B
£ 6,000 - £ 30,000 5
] g g
5 4,000 - S 20,000 - <
v] ey V)
2 2,000 4 2 10,000 - 5
L 6] &
2 0 g 0+
a ppPP PRP b PPP PRP [4 PPP PRP
= 25,000 -
£ - %
> £
a S 20,000 -
jed (=%
5 &
= [ ong
£ £ 15,000
15 ©
g g
s 2 10,000 -
o <
5 S
T T 5,000~

)

O 3
d PPP PRP e PPP PRP
Fig. 2. Concentration of different growth factors in PPP and PRP. a SDF-1a (n = 5). b PDGF-BB (n = 5). ¢ VEGF
(n =5). d bFGF (n = 5). e IGF-1 (n = 5). * p < 0.05 vs. PPP group.
198 J Vasc Res 2011;48:195-205 Bir/Esaki/Marui/Sakaguchi/Kevil/

Tkeda/Komeda/Tabata/Sakata

96



Results

Concentration of Platelets in PRP

Figure la shows the platelet concentration in PRP
compared to PPP. The number of platelets was higher in
the PRP group than that in the PPP group (4,410 * 34 X
10°vs. 3.6 = 1.1 X 103 respectively; p < 0.05).

Blood Sugar Level and Body Weight Profile

Figure 1b, ¢ shows the serum blood sugar level (mg/dl)
and body weight (g) of the DM mice, respectively. The
blood sugar level was higher in the DM group compared
to the controls (non-DM) (414 *+ 110vs. 146 * 23 for DM
and control mice, respectively; p < 0.05). This blood sug-
ar level (>250 mg/dl) was consistently maintained during
the whole study period. In contrast, body weight in the
DM mice was significantly lower than in the control mice
(26 £ 1vs. 23 £ 2 for DM mice and controls, respec-
tively; p < 0.05).

Concentration of Different Growth Factors in PRP

and PPP '

Figure 2 shows the concentration of various growth
factors. The concentration (pg/ml) of different growth
factors was significantly higher in the PRP group than in
the PPP group. The concentrations (pg/ml) of SDF-la
(10,790 % 196 vs. 810 * 39), PDGF-BB (45,352 * 2,698
vs. 958 * 251), VEGF (53 £ 6 vs. 30 £ 2), bFGF (29 *+
5vs. 9 * 5), and IGF-1 (20,628 * 1,180 vs. 1,214 *+ 36)
were significantly higher in the PRP group than in the
PPP group, respectively.

In vitro Endothelial Cell Proliferation Assay and

Capillary Tube Formation Assay

Figure 3a shows the time course of endothelial cell
proliferation by PRP. Endothelial cell proliferation was
induced consistently with PRP from day 1 through day 3.
At day 3, the numbers of endothelial cells was higher in
the PRP group than in the control and PPP groups (2.01
'+ 0.63 X 10%2.1 £ 0.19 X 10% and 7.95 + 0.64 x 10*
for the control, PPP, and PRP groups, respectively; p <
0.05). Figure 3b, d shows the capillary tube formation by
PRP. The capillary tube area (um?) was higher in the PRP
group than in the controls (88,567 * 9,871 vs. 39,978 *+
8,522, respectively; p < 0.05).

Blood Perfusion

The time course of blood perfusion is depicted in fig-
ure 4. The LDPII in the PRP-sr group was significantly
higher than in the other groups 4 weeks after treatment
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(41 *+ 18;57 £ 14;64 *+ 12,and 85 * 13 for the control,
PPP, PRP-sol, and PRP-sr groups, respectively; p < 0.05).
No significant difference in LDPII was observed among
the control, PPP, and PRP-sol groups.

Vascular Density

Vascular density (stained with anti-vWF antibody)
and representative photomicrographs of histological sec-
tions are shown in figure 5a, b, respectively. Vascular
density in the PRP-sr group was higher than in the other
groups at 4 weeks after the initiation of treatment (141 +
29; 131 * 37;143 + 31,and 291 =+ 42 for the control, PPP,
PRP-sol, and PRP-sr groups, respectively; p < 0.05). No
significant difference in vascular density was observed
among the control, PPP, and PRP-sol groups.

Mature Vessel Density

Mature vessel density (stained with anti-smooth mus-
cle actin antibody) and representative photomicrographs
of histological sections are shown in figure 6a, b. Mature
vessel density in the PRP-sol and PRP-sr groups was
higher than in the other groups at 4 weeks after the ini-
tiation of treatment (33 * 17;28 * 11;41 * 13, and 92
* 12 for the control, PPP, PRP-sol, and PRP-sr groups,
respectively; p < 0.05). Mature vessel density in the PRP-
sr group was higher than that in the PRP-sol group. No
significant difference in mature vessel density was ob-
served between the control and PPP groups.

Discussion

Key Findings

To our knowledge, this is the first study looking at the
effect of the sustained release form of PRP on endothelial
cell proliferation and capillary tube formation in vitro
and the augmentation of blood perfusion in STZ-induced
diabetic mouse hind limb ischemia.

Clinically useful strategies for enhancing therapeutic
angiogenesis have largely been unrealized. This is likely
because stimulation of revascularization involves multi-
ple complex events such as angiogenesis, arteriogenesis,
and vasculogenesis. These mechanisms are tightly con-
trolled by several growth factors that favor vessel growth.
Single growth factor use has limitations to inducing op-
timal angiogenesis as such; the establishment of stable
and functional blood vessel networks requires several an-
giogenic factors [1-5].

It has been reported that PRP is a storage vehicle for
various growth factors such as PDGF, IGF-1, VEGF,
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Fig. 3. PRP induces endothelial cell proliferation. a Time course of endothelial cell proliferation resulting from
the control (FBS) 10 w1, PPP 10 wl, and PRP (10 pl). b Capillary tube area formed by the control and PRP,n =3
in each group. ¢, d Photomicrographs of the capillary tube formed by the control (FBS) and PRP. Scale bars =

100 pwm. * p < 0.05 vs. control group.

bFGF, and TGF-@, among others [11, 12]. We measured
different growth factors in the PRP of STZ-induced dia-
betic mice and found that PRP contains relatively large
amounts of SDF-la, PDGF-BB, and IGF-1, as well as
small amounts of VEGF and bFGF, compared to PPP
(fig. 2); this correlates with our previous study [11]. PRP
containing angiogenic growth factors affects angiogene-
sis as well as wound healing [12, 18]. Platelet-derived mi-
croparticles stimulate the proliferation, survival, adhe-
sion, and chemotaxis of hematopoietic cells in vitro [19].
Our findings have shown that the PRP of STZ-induced
diabetic mice is capable of stimulating the proliferation
of endothelial cells and can also produce an endothelial
capillary tube. We reasoned, therefore, that PRP may rep-
resent therapeutic intervention that stimulates ischemic
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angiogenesis with a high efficacy by virtue of providing
various potential angiogenic growth factors in mouse
hind limb ischemia.

It has been recognized that platelets in PRP secrete
various growth factors during the degranulation of o
granules and that the secreted factors exhibit various bio-
logic activities. It is well known that collagen and throm-
bin trigger platelet aggregation and the subsequent secre-
tion of platelet growth factors [17]. Gelatin, a derivative of
collagen, can also trigger platelet activation for growth
factor secretion which is similar to that of thrombin [14,
17]. Our previous studies have shown that when platelets
in PRP are activated with gelatin molecules during the
process of PRP impregnation, growth factors are released
from the PRP. The growth factors secreted are immobi-
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