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Fibroblast growth factor-2 (FGF-2) is a well-characterized protein that is used in the treatment of healing-
impaired wounds. We previously reported that fragmin/protamine microparticles (F/P MPs) are useful as
biodegradable carriers for the controlled release of cytokines. We examined the ability of FGF-2-containing (FGF-2/)
F/P MPs to prevent limb loss in an experimentally induced ischemic hindlimb model using adult Balb/
c-nu/nu male mice. One day after inducing ischemia, intramuscular injections of 100 mL of FGF-2/F/P MPs
turbid suspension (10 mg/mL FGF-2 and 6 mg/mL F/P MPs) were administered into eight sites of the ischemic
hindlimb. A 100-mL suspension of each of the following—10 mg/mL FGF-2, 6 mg/mL F/P MPs, and phosphate-
buffered saline (PBS; the control)—was similarly injected into the hindlimb. From 5 days onward after the
injections, recovery from ischemia was observed in the FGF-2/F/P MP-treated group, but only partial recovery
occurred in the FGF-2-treated group. The F/P MP-treated and PBS-treated groups (i.e., control) exhibited no
recovery from the ischemia. The histological evaluations of the hindlimbs also confirmed that the capillary (i.e.,
mature vessels) density was significantly higher in the FGF-2/F/P MP-treated group than in the other groups.
The mice injected with FGF-2/F/P MPs also recovered hindlimb blood flow, as reflected by oxygen saturation
and surface temperature evaluation. Our present approach using FGF-2/F/P MPs could be considered a
valuable option for the therapeutic treatment of peripheral ischemic diseases.

Introduction

Therapeutic angiogenesis and vasculogenesis are now
recognized as promising approaches for improving im-

paired blood flow caused by ischemia. For example, several
angiogenic factors such as fibroblast growth factor-2 (FGF-
2),1 vascular endothelial growth factor (VEGF)2, and hepa-
tocyte growth factor (HGF)3 have been proved to promote
collateral vessel formation in animal models of limb and
myocardial ischemia. Similar angiogenic activity is also no-
ted with the transplantation of autologous cells such as bone-
marrow stromal cells,4,5 adipose tissue-derived stromal
cells,6 mesenchymal stem cells,7 and endothelial progenitor
cells.8 Although a direct injection of naked plasmid DNA
encoding angiogenic factors is another option to treat im-
paired blood flow,9–11 the efficiency of a target protein’s ex-
pression appears to be variable among the experiments.

In various studies, FGF-2 has been used for its potency to
induce vascular growth and to promote the recovery of

blood flow after arterial occlusion.7,8 The difficulty in the use
of growth factors lies in their low accumulation in the is-
chemic tissue and their rapid inactivation. For therapeutic
angiogenesis, it is, therefore, necessary to enhance the in vivo
activity of growth factors and enhance the capability of
controlled release. Collagen,12 gelatin,13 fibrin,14 heparin, and
alginate15 have been used as a controlled releasing matrix for
FGF-2.

FGF-2 is a potent modulator of cell proliferation, motility,
differentiation, and survival.16 Accumulated findings sug-
gest that FGF-2 is essential for embryonic development,17

and it also plays an important role in regenerative processes
such as angiogenesis,6 osteogenesis,17 chondrogenesis,18 and
wound repair.19 FGF-2 is stored in various sites in vivo and
interacts with heparin, heparan sulfate, and other heparin-
like molecules that are collectively known as heparinoids.20

FGF-2 specifically binds to the heparinoids with a high
affinity.21 Such an interaction protects FGF-2 from acid,
heat inactivation, and protease-mediated degradation, which
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allows it to exert its effect on cellular function.6 Furthermore,
heparin and heparan sulfate (i.e., heparinoids) serve as co-
factors that enhance the activity of FGF-2.22,23

Heparin and low-molecular-weight heparin (LMWH) can
interact with a variety of functional proteins such as growth
factors, cytokines, extracellular matrix components, and cell
adhesion molecules.24 Therefore, heparin has been used as a
therapeutic agent for treating diseases caused by either a
deficiency or an overexpression of these proteins, although
the administration of high-dose heparin may increase the
risk of bleeding.25 The LMWH (fragmin) has several phar-
macological and practical advantages compared with hepa-
rin. For example, it exhibits a low, stable, and predictable
anti-coagulant response, which obviates the need for labora-
tory monitoring to adjust the dosage. To maintain therapeutic
concentrations in the blood, only one or two subcutaneous
injections of fragmin are required each day because of its
longer plasma half life.25

Protamine, a purified mixture of proteins obtained from
fish sperm, neutralizes the activity of heparin and fragmin by
forming a stable complex that lacks anti-coagulant activity.26

Therefore, protamine has been clinically used as a heparin
antidote to reverse heparin’s anti-coagulant activity after
cardiopulmonary bypass and in heparin-induced bleeding.27

We previously demonstrated the usefulness of fragmin/
protamine microparticles (F/P MPs) as carriers for the con-
trolled release of heparin-binding growth factors such as
FGF-2.6 The administration of FGF-2/F/P MPs results in
substantial vascularization and fibrous tissue formation
in vivo. By contrast, the administration of FGF-2 alone fails to
generate such phenomena. It is easy to make F/P MPs, as
fragmin and protamine are simply mixed just before use.
Due to their microscale size (about 0.5 to 3.0 mm in diameter),
the resulting microparticles can easily be taken up by a fine
needle for injection to an affected area. In addition, since all
components of the FGF-2/F/P MPs used in this research are
in clinical use, they are likely safe when used in a clinical
setting. Thus, FGF-2/F/P MPs have great potential for clin-
ical use as a new biomaterial carrier to improve blood flow
and improve impaired wound healing caused by ischemia.
In this study, we tested the ability of FGF-2/F/P MPs to treat
impaired blood flow by using an experimentally induced
ischemic mouse model.

Materials and Methods

Preparation of the FGF-2/F/P MPs

The F/P MPs were prepared, as previously described.6

Briefly, protamine solution (10 mg/mL; Mochida Pharma-
ceutical Co., Tokyo, Japan) was added drop by drop to
fragmin solution (6.4 mg/mL; Kissei Pharmaceutical Co.,
Tokyo, Japan), while vortexing for 2 min. A good yield of
F/P MPs was obtained when 300mL of protamine was mixed
with 700 mL of fragmin (ratio = 3:7 [v/v]). Using a high-speed
centrifuge (MX-300; TOMY SEIKO Co. Ltd., Tokyo, Japan),
the mixture was centrifuged at 8000 rpm for 5 min at 4�C to
remove unreacted materials. After removing the superna-
tant, the pellet of microparticles was resuspended in 900 mL
of Dulbecco’s modified phosphate-buffered saline (PBS) with
Ca2 + and Mg2 + . About 100 mL of a suspension containing
FGF-2 (1 mg/mL; Fiblast; Kaken Pharmaceutical Co., Tokyo,
Japan) in PBS was then added to the turbid suspension

of resuspended F/P MPs on ice. It was kept at 4�C just
before use.

Animals and the surgical procedure

Ten-week-old adult male Balb/c-nu/nu mice ( Japan SLC
Co. Ltd., Hamamatsu, Shizuoka, Japan) were used in this
study. Experimentally induced hindlimb ischemic model
mice were produced, in accordance with the method de-
scribed by Couffinhal et al.28 After an intraperitoneal injection
of sodium pentobarbital (Nembutal; Dainippon Sumitomo
Pharma Co. Ltd., Tokyo, Japan) and under sufficient anes-
thesia, the entire left deep femoral artery and the vein of a
hindlimb were ligated at two points by a surgical 5-0 silk
suture ( Johnson & Johnson K.K., Tokyo, Japan). The vessels
were cut between those two points and removed by forceps,
as shown in Figure 1A. The remaining hindlimb was similarly
treated. After the femoral artery ligation and closure of the
incision, the mice were randomly divided into five groups:
FGF-2/F/P MP-treated group (n = 10), FGF-2-treated group
(n = 10), F/P MP-treated group (n = 10), and two types of con-
trol groups [PBS-injected group (n = 6) and nonadministration
group (n = 6)].

One day after surgery, the femoris muscle (centering on
sartorius muscle and adductor muscle) was injected (using a
27-gauge needle) into each site with 100 mL of each of the
following suspensions: 10 mg/mL FGF-2 and 6 mg/mL F/P
MPs in PBS (FGF-2/F/P MPs), 10 mg/mL FGF-2 in PBS (FGF-
2), 6 mg/mL F/P MPs in PBS (F/P MPs), or PBS alone (i.e.,
the control). Eight sites (which were roughly separated by
3 mm) were injected, as shown in Figure 1A.

All animal experiments were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals
at National Defense Medical College (Saitama, Japan). All
efforts were made to minimize the number of animals used
and minimize their suffering.

Assessment of hindlimb survival

The hindlimb survival was evaluated after the adminis-
tration of angiogenic factors to the ischemic limb model mice,
in accordance with the criteria proposed by Cho et al.29

Briefly, after the intramuscular (i.e., femoris muscle) injection
of the angiogenic factor into the ischemic hindlimb, the
morphology of the treated limbs was visually inspected on
days 3, 7, 10, 14, 17, 21, 24, and 28. The mice were classified
into three groups: the limb salvage group (i.e., limbs with
normal appearance), the necrosis group (i.e., the foot or
digits exhibit darkening or loss of digits), and the limb loss
group (i.e., autoamputation). The ratio (by percent) of limb
salvage was expressed as the number in the limb salvage
group divided by the total number of limbs in each group.

Quantification of angiogenesis in the mouse hindlimb

The experimentally induced ischemic hindlimb mice were
anesthetized by sodium pentobarbital a day before the in-
jection of the FGF-2/F/P MPs, and then, on days 1, 3, 5, 7, 10,
and 14 after the injection (i.e., postinjection). They were then
allowed to breathe room air for at least 20 min. The oxygen
saturation of the limb in the femoral area and at the top of
the foot was measured using a pulse oximeter (Nellcor
N-395; Mallinckrodt, Inc., St. Louis, MO), as previously
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reported by Fujita et al.30 The value of the normal limb (i.e.,
without femoral artery ligation) was defined as 100%. The
recovery of oxygen saturation indicated an improvement in
blood perfusion, as oxygen saturation correlated well with
blood flow.31

Thermographic monitoring of hindlimb blood flow

Based on the principle that tissues with normal blood
supply exhibit an increase in regional surface temperature
and tissues with reduced blood supply do not, the surface
temperature was determined by thermographically scanning
the normal and ischemia-induced hindlimbs. In accordance
with the method described by Ring,31 infrared thermography
(MobIR M4; Wuhan Guide Infrated Co., Ltd., Wuhan, China)
was used to scan the surface temperature so that the level of
hindlimb blood flow could be monitored in the mice. Briefly,
the room temperature was maintained at 25�C throughout the
analysis. The animals were kept at room temperature for 2 h
before the analysis. The average surface temperature in the
ischemic and the normal hindlimbs was calculated, on the
basis of the scanned image, by a computer installed with
the IrAnalyser standard software (Wuhan Guide Infrated Co.,
Ltd.). The rate of reduction in the surface temperature in the
ischemic hindlimb was determined. The surface temperature
in normal hindlimb is defined as 100%. The analyses were
performed a day before the surgery to induce ischemia, and
then on days 0, 1, 3, 5, 7, 10, and 14 after those injections.

Histological analysis of neovascularization

On days 3, 7, 14, and 21 after the injection of the FGF-2/F/P
MP-suspension or other suspensions into the femoris muscle
of the hindlimb in the ischemic model mice, the animals
were sacrificed. The femoris muscle (centering on sartorius
muscle and adductor muscle) surrounding the injection
sites were dissected. The samples were then fixed with 10%
formaldehyde in PBS, and subjected to standard histological
processing by using hematoxylin and eosin (H&E) staining.
Several areas in each section that had been injected with
those suspensions were randomly photographed (micro-
scopic field, · 100). The number of capillary lumens per
microphotograph was counted. In this study, only mature
vessels containing erythrocytes were counted.6,32

Statistical analyses

Statistical analysis was carried out by repeated-measures
analysis of variance using the means and standard devia-
tions for each experimental group. Scheffe’s post hoc test was
used for multiple comparisons, and p < 0.05 was considered
statistically significant. For survival analysis, the survival
rate (as reflected by the hindlimb salvage rate) was analyzed
by using the Kaplan–Meier method. The statistical signifi-
cance of the hindlimb survival experiments was determined
using the log-rank test; a p < 0.05 was considered statistically
significant.

Results

Ischemic limb salvage after FGF-2/F/P MP-treatment

Experimentally induced hindlimb ischemia models were
used to evaluate the angiogenic potential of FGF-2/F/P MPs.

One week after the intramuscular injection of PBS (i.e., the
control), remarkably extensive ischemia-induced necrosis of
the operated hindlimb was noted on visual examination (Fig.
1B-d). The necrosis resulted in hindlimb loss by auto-
amputation. Similar injuries were also observed when F/P
MPs alone were injected (Fig. 1B-c). The limbs of 4 of 10 mice
injected with FGF-2 suspension failed to be salvaged. The
limbs of the remaining six mice were salvageable, and some
of these mice had areas of tissue darkening (a symptom of
necrosis) that was not large (Fig. 1B-b). By contrast, tissue
darkening was suppressed through the entire hindlimb of 8
of the 10 mice treated with FGF-2/F/P MPs, which effec-
tively resulted in limb salvage (Fig. 1B-a).

Four weeks after the intramuscular injection, all mice
suffered hindlimb loss that had been injected with a sus-
pension containing F/P MPs alone (10 mice) or PBS alone (6
mice), (data not shown). The administration of FGF-2 pre-
vented hindlimb loss in only 1 of the 10 mice tested, while
the remaining 9 mice suffered limb loss (Figs. 1B-e and 2). By
contrast, 3 of the 10 mice injected with FGF-2/F/P MPs ex-
hibited complete hindlimb salvage, and one of the salvaged
mice had mild limb necrosis with the loss of digits (Figs. 1B-f
and 2).

Prolonged survival of the ischemic hindlimb
after the administration of FGF-2/F/P MPs

After the administration of the different suspensions, the
survival of the ischemic hindlimbs and the number of
hindlimb losses were checked daily and recorded (Fig. 2).
The median hindlimb survival time of the mice injected with
FGF-2/F/P MPs was 21 days; FGF-2, 8.5 days; F/P MPs, 5
days; and PBS, 6 days. The hindlimb survival was signifi-
cantly higher in the FGF-2/F/P MP-treated group than in the
groups treated with FGF-2, F/P MPs, or PBS ( p < 0.05).

Improvement of oxygen saturation in the ischemic
hindlimb model after the administration
of FGF-2/F/P MPs

Immediately after femoral artery ligation, the oxygen
saturation level in the femoral area and the medial malleolus
of the ischemic hindlimb decreased to *70% of the oxygen
saturation level of the normal hindlimb without the femoral
artery ligation (Fig. 3). During 2 weeks after the injection, the
reduced oxygen saturation levels remained almost un-
changed in the surviving hindlimbs of the F/P MP-treated
and control groups. However, the oxygen saturation level in
the medial malleolus tended to be lower than the oxygen
saturation level in the femoral area. In the surviving hin-
dlimbs of the FGF-2/F/P MP-treated group, the oxygen
saturation level in the femoral area and medial malleolus
recovered to nearly normal levels by 10 days after the in-
jection, and the recovered levels remained for at least 17
days. The oxygen saturation level in the FGF-2-treated group
recovered slowly, but the oxygen saturation level was al-
ways lower than that of the FGF-2/F/P MP-treated group.

Perfusion measurement using thermography

Thermography was used to evaluate skin blood flow a
day before the injection, and then on days 1, 3, 5, 7, 10, 14,
and 21 after the injection (Fig. 4). In the ischemia-induced
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hindlimb model, the surface temperature of the ischemic
hindlimb (in which the femoral artery had been ligated) was
reduced to 85% of the surface temperature of the normal
hindlimb. Since the surface temperature of a body reflects
the state of blood perfusion, a reduction in the surface

temperature in the ischemic hindlimb suggests reduced
hindlimb blood flow.

More than half of the FGF-2-treated group had lost their
hindlimbs by 14 days after the injection (as shown in Fig. 2).
However, some limbs of the FGF-2-treated group had a
similar external appearance and recovery pattern as those of
the FGF-2/F/P MP-treated group. Despite this, there was a
significant difference between the FGF-2/F/P MP-treated
and FGF-2-treated groups with regard to the skin tempera-
ture of the surviving hindlimbs 14 days after the injection
(Fig. 4A). There was no recovery of surface temperature in
the ischemic hindlimbs of the F/P MP-treated and control
groups (Fig. 4B). These findings reflected a significant im-
provement of blood flow in the ischemic hindlimb after the
administration of FGF-2/F/P MPs.

Reduction of muscle damage in the ischemic hindlimb
after the administration of FGF-2/F/P MP

A pathological examination of the H&E-stained femoris
muscle specimens, which were dissected 14 days after the
injection, was performed to determine whether ischemia-
induced necrotic damage is reduced when FGF-2/F/P MPs
are administered (Fig. 5). The muscles in the ischemic hin-
dlimb of FGF-2/F/P MP-treated group were, as expected,
protected from muscle degeneration (Fig. 5A, B). Fourteen
days after the injection, the FGF-2/F/P MPs remained

FIG. 2. The hindlimb survival curves, based on the hindlimb
salvage score, indicate the therapeutic effects after the injection
of FGF-2/F/P MPs or the other suspensions. The curve was
obtained by using the Kaplan–Meier method. The data were
analyzed using the log-rank test. The injection of FGF-2/F/P
MPs significantly attenuates limb loss (p < 0.05; vs. FGF-2).

FIG. 1. (A) The procedure of the study. (a) The ischemic hindlimb is experimentally induced, as described in Materials and
Methods. The white line indicates the femoral artery and vein. (b) One day after surgery, a suspension of either FGF-2/F/P
MPs, FGF-2, F/P MPs, or PBS (i.e., control) is injected into the femoris muscle (centering on sartorius muscle and adductor
muscle) at 8 sites (black circles) in the femoral portion of the hindlimb. (B) Salvage of the ischemic limb after the injection of
either FGF-2/F/P MPs, FGF-2 alone, or F/P MPs alone. Representative photographs of the ischemic hindlimbs 7 days after
the injection of (a) FGF-2/F/P MPs (n = 8), (b) FGF-2 (n = 8), (c) F/P MPs alone (n = 8), and (d) PBS (n = 6). The ischemic
hindlimbs on day 28 after the injection of (e) FGF-2 and (f) FGF-2/F/P MPs. FGF-2, fibroblast growth factor-2; F/P MPs,
fragmin/protamine microparticles; PBS, phosphate-buffered saline.
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notably present at the injection sites (data not shown).
Furthermore, the generation of fibrous tissue with numer-
ous neutrophils was observed in the injected area (Fig. 5B).
The administration of FGF-2 alone resulted in partial mus-
cle degeneration (Fig. 5C). By contrast, massive muscle
degeneration was accompanied by lysis in the ischemic re-
gions of F/P MP-treated group (Fig. 5D) and the PBS group
(Fig. 5E).

Increased capillary number in the ischemic hindlimb
after the administration of FGF-2/F/P MPs

The number of microcapillaries in tissues near the injection
sites was measured on postinjection days 3, 7, 14, and 21. As
shown in Figure 6, 7 days after the injection, numerous
mature vessels containing erythrocytes around the sites were
injected with FGF-2/F/P MPs. Notable neovascularization
commenced as early as 3 days after the injection. The degree

of neovascularization was significantly higher in the FGF-2/
F/P MP-treated group than in the other groups ( p < 0.01).
Thus, the increase in the number of microcapillaries ap-
peared to be correlated with improved blood flow.

Discussion

It is important to know which strains of mice should be
chosen to create an ischemic hindlimb model, as the degree
of perfusion recovery in the model after treatment with an-
giogenic factors is affected by the genetic background of the
mouse strain. Fukino et al33 suggest that the Balb/c-nu/nu
mouse is suitable for the study of angiogenesis, as this mouse
strain has a greater tendency for impaired collateral vessel
formation than other mouse strains. The impaired collateral
vessel formation results from the reduced intramuscular
expression of the VEGF receptor. As a result, impaired
blood flow is more profound in ischemic Balb/c-nu/nu mice
than in other mouse strains. Based on this background, we
chose Balb/c-nu/nu mice to create an ischemic hindlimb
model.

FIG. 3. The time course of the recovery of oxygen satura-
tion in (A) the femoral area and (B) the medial malleolus
after the injection of FGF-2/F/P MPs (C), FGF-2 (B), F/P
MPs (D), PBS (i.e., control) (-), or nonadministration group
(i.e., control) (,). All values are the means – the SD up to the
fifth postinjection day. The oxygen saturations of the sur-
viving limbs in each group were measured 7, 10, and 14 days
after the injection, as some of the target limbs were lost
during this period. The dashed line represents the group in
which the skin was only incised (i.e., there was no ligation,
cutting, and removal of blood vessels). Repeated-measures
ANOVA was used for comparisons of the FGF-2/F/P MP-
treated group and the other groups on postinjection days
10 and 14. ANOVA, analysis of variance; SD, standard
deviations.

FIG. 4. (A) A thermographic scan of the hindlimb on day
14. The limbs of some mice injected with (a) FGF-2/F/P MPs
or (b) FGF-2 have a similar external appearance as shown in
insets. However, a difference in the skin temperature exists
between the two groups. (B) The time course change of
temperature recovery. Thermographic scanning shows that
the surface temperature of the ischemic hindlimb decreases
by about 15%, compared with the normal hindlimb. The
reduction of skin temperature is partially recovered in the
FGF-2/F/P MP-treated group (C) and the FGF-2-treated
group (B). In the F/P MP-treated group (D) and PBS group
(i.e., control) (-), there is no recovery of the surface tem-
perature in the ischemic hindlimb such as the non-
administration group (,). The dashed line represents the
group in which the skin was only incised (i.e., there was no
ligation, cutting, and removal of blood vessels). Repeated-
measures ANOVA was used to compare the FGF-2/F/P MP-
treated group and the other groups on postinjection day 14.
Color images available online at www.liebertpub.com/tea
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In our previous report, we found that F/P MPs consist of
LMWH (i.e., fragmin) and protamine, which serve as a very
useful carrier for the controlled release of heparin-binding
growth factors such as FGF-2.6,34 FGF-2 is gradually released
from the FGF-2/F/P MPs. The local delivery of the FGF-2/
F/P MPs induces local angiogenesis and fibrous tissue for-
mation in normal mice. Heparin and heparan sulfate (i.e.,
heparinoids) are co-factors that enhance FGF-2 activity.22,23

Since fragmin is a component of F/P MPs, the synergistic
effects of FGF-2/F/P MPs would be expected to result in a
high level of recovery of blood flow after ischemia. We re-
cently also published a paper that described efficacy to in-
duce collateral vessels in a rabbit model of hindlimb
ischemia.35 The purpose of the previous study was to eval-
uate the ability of FGF-2/F/P MPs to induce arteriogenesis
and larger collateral arteries (more than 200 micro-meters in
diameter) in vivo. Therefore, the study used a mild rabbit
ischemic model that could recover to normal blood flow with
time by spontaneous cure and performed angiography for
monitoring the diameter of blood vessels.35 On the other
hand, the present study examined the ability of FGF-2/F/P

MPs to improve impaired blood flow by using an experi-
mentally induced severe ischemic mouse model. The im-
paired blood flow was more profound than other similar
models, and all nontreated ischemic limbs were lost within
17 days. Thus, the present study (not the previous study)
suggests that FGF-2/F/P MPs-treatment may be effective for
the creation of collateral vessels as an alternative approach
for the management of severe ischemia, with the hope of
preventing amputation from nonreconstructable vascular
diseases.

The injection of FGF-2 alone caused neovascularization,
which peaked from 3 to 7 days, in the ischemic hindlimb
model. This effect was better in the FGF-2-treated group than
in the F/P MP-treated and control groups (Fig. 6). The results
were correlated with the gradual recovery of oxygen satu-
ration (Fig. 3) and surface temperature (Fig. 4), after neo-
vascularization improved the blood flow. However, in terms
of recovery of surface temperature, oxygen saturation level,
and the rate of hindlimb survival, these effects of neo-
vascularization were significantly greater in the FGF-2/F/P
MP-treated group than the FGF-2-treated group (Fig. 2). In

FIG. 5. Histological
examination of samples
obtained 14 days after the
injection from the sites
injected with (A, B) FGF-2/
F/P MPs, (C) FGF-2, (D) F/P
MPs, and (E) PBS. Image (F)
shows the femoral site of the
normal healthy mouse. In (B),
(C), and (D), the black arrows
indicate blood vessels. In (B),
the magnification of the
sample injected with FGF-2/
F/P MPs shows vessels
containing endothelial cells
(red arrows) and erythrocytes
(black triangle). Ischemia-
induced necrotic damage is
observed in (C) partial
muscle and (D, E) massive
muscle. Color images
available online at
www.liebertpub.com/tea
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the present study, we observed that the single administration
of 10 mg of FGF-2 coupled with F/P MPs was sufficient to
optimally induce neovascularization in the ischemic hin-
dlimb model. For the future practical use of the F/P MP-
mediated delivery of FGF-2 in vivo as a therapeutic drug, the
optimal dose of the protein and the mixing rate between
FGF-2 and F/P MPs would need to be determined to achieve
maximal therapeutic results.

In ischemic mice receiving FGF-2/F/P MPs, the induction
of neovascularization commenced near the injected sites as
early as 3 days after the drug was administered and reached
maximal levels at 2 weeks (Fig. 6). The number of newly
formed blood vessels remained unchanged from 14 to 21
days after the injection of FGF-2/F/P MPs, but decreased by
day 28 onward (data not shown). This pattern of generation
and disappearance of newly formed blood vessels appears to
be correlated with the time course of the controlled release of
FGF-2, as well as the degradation of F/P MPs, as previously
described.6 Furthermore, the reduced oxygen saturation level
in the femoral area and medial malleolus of the ischemic
hindlimb recovered to nearly normal levels 3 to 10 days after
the injection of FGF-2/F/P MPs. The recovered levels were
maintained for at least 21 days (Fig. 3). Those results col-
lectively demonstrate a correlation between FGF-2/F/P MP-
induced neovascularization in the hindlimb and improved
blood perfusion.

The intramuscular application of FGF-2/F/P MPs may,
thus, provide new therapeutic options to enhance neo-
vascularization in tissues where the blood flow is impaired
by ischemia, accidental injuries, or disease. Preparation of
FGF-2/F/P MPs is very simple, and the FGF-2/F/P MPs are
ready to apply directly into the ischemic region. Further-
more, FGF-2/F/P MPs seem to be safe, as all of the com-
ponents of FGF-2/F/P MPs are, in fact, in clinical use.
However, since sufficient data are not yet available on the
complete toxicity profile of the FGF-2/F/P MPs in humans,

standard toxicological studies need to be completed before
using the materials for human subjects.

Our preliminary studies demonstrated that platelet-rich
plasma (which contains various concentrated angiogenic
factors) or the combined use of angiogenic factors and anti-
apoptotic factors coupled with F/P MPs effectively enhanced
neovascularization in experimentally induced ischemic hin-
dlimb models, compared with the single use of each factor
(data unpublished). The co-administration of FGF-2 and
HGF into an ischemic limb model similarly effectively en-
hances blood vessel formation.36 Thus, the combined use of
several biologically active factors or the use of platelet-rich
plasma coupled with F/P MPs would increase the thera-
peutic efficacy.

The option of repeatedly injecting FGF-2/F/P MPs may
also increase therapeutic efficacy. The present study shows a
decrease in formed blood vessels 14 days after the first in-
jection of FGF-2/F/P MPs (Fig. 6). Our preliminary results
showed that neovascularization induced by a re-injection of
FGF-2/F/P MPs maintained blood flow and tended to pre-
vent later hindlimb loss (data not shown).

In summary, the intramuscular injection of the FGF-2/F/P
MPs into ischemic hindlimbs promotes neovascularization
and attenuates limb loss associated with local ischemia. The
present approach using FGF-2/F/P MPs could be considered
a valuable option for therapeutic angiogenesis targeted for
tissue regeneration and treating ischemic disease.
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