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of PIGF and VEGF proteins. All mice receiving ALLN, an In contrast, as shown in Fig. 3¢, U0126 and rapamycin

inhibitor for NF-kB, died from toxicity in the experimental
course and were thus excluded. As shown in Fig. 3b, bis-
I, UD126, and rapamycin significantly reduced the in vivo
expression of PIGF, while p70S6K signaling did not con-
tribute to the PIGF expression in HUVEC in virro (Fig. 3a).

significantly reduced the in vive expression of VEGF, indi-
cating the significant contribution of the p70S6K and MEK
pathways for FGF-2-mediated VEGF expression, but PKC,
p7056K and MEK for the FGF-2-mediated PIGF expression
in ischemic hindlimbs in vivo. These results strongly sug-
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gest that VEGF plays a critical role in the FGF-2-mediated
stimulation of PIGF expression in ischemic hindlimbs.

3.5. Endogenous PIGF is essential for the
FGF-2-mediated recovery of blood flow in murine
ischemic limbs

To assess the biological role of the upregulated expres-
sion of PIGF in ischemic hindlimbs, we tested the effect of
PIGF function on the therapeutic effect of FGF-2 gene trans-
fer using a murine model of severe hindlimb ischemia mice
treated with PIGF-specific neutralizing antibody. As shown
in Fig. 4, the inhibition of endogenous PIGF activity by a
sufficient amount of anti-PIGF neutralizing antibody signif-
icantly reduced the FGF-2-mediated recovery of blood flow,
indicating that PIGF may play a significant role in FGF-2-
mediated angiogenesis. These findings were clear evidence
that the endogenous expression of PIGF plays an essential
role during FGF-2-mediated therapeutic angiogenesis in a
mouse model of limb ischemia.

mmmmmmmmmwmmmmmmhmmwm
for NF-xB, died during the course of the experiment and were thus excluded.

4. Discussion

We here demonstrated that the expression of PIGF is
partly dependent on the FGF-2/VEGF sequence in a murine
hindlimb ischemia model. The key observations obtained
in the present study were: (1) PIGF expression was stimu-
lated by FGF-2 gene transfer in a murine hindlimb ischemia
model and played an important role in FGF-2-mediated ther-
apeutic angiogenesis in this murine model; (2) VEGF, but
not FGF-2, stimulated PIGF expression by ECs in vitro;
(3) the FGF-2-mediated stimulation of PIGF was dependent
on the signaling pathway via FGF-2/p70S6K/VEGF/PKC-,
MEK- and possibly the NF-kB-dependent signal transduc-
tion pathways. We have already demonstrated that FGF-2
upregulated the endogenous expression of VEGF in vivo
and in vitro [14,16]. These results are the first demon-
stration of the critical role of PIGF in a cooperative
manner with VEGF for FGF-2-mediated neovascularization,
resulting in the functional blood perfusion into ischemic
tissue.
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One important advance of the current study is to clarify
the necessity of PIGF during the FGF-2-mediated recovery
of blood perfusion in ischemic tissues. The limb-salvaging
effect of FGF-2 is reduced by not only neutralization of
endogenous VEGF activity as previously reported [ 14], but
also partly by inhibition of endogenous PIGF activity, as
shown in the present study. We here showed that the upregula-
tion of PIGF, the indirect pathway of VEGF for angiogenesis,
was also necessary for FGF-2-mediated spontaneous recov-
ery of blood flow assessed by LDPI after induced hindlimb
ischemia. These results thus suggest that VEGF is abso-
lutely required indirectly via PIGF function as well as directly
for the FGF-2-mediated recovery of blood flow in ischemic
limbs. In other words, these results provide clear evidence
that both the FGF-2 and PIGF functions tightly link with each
other during FGF-2-mediated therapeutic angiogenesis, and
that PIGF overexpression by FGF-2 gene transfer is mediated
by VEGF function in vivo as well as in vifro.

PIGF has been reported to play an important role in
the angiogenesis of tumor or ischemic tissues by signaling
through its receptor VEGFR-1 on ECs as well as by an
inflammatory macrophage/monocyte-mediated mechanism
or enhancing EPC recruitment |5-13]. Our current study
showed that PIGF played an important role for FGF-2-
mediated angiogenesis, however, the definitive mechanism
of endogenous PIGF during FGF-2-mediated angiogenesis
was not fully elucidated. We previously reported that neutral-

T: Fujii et al. / Atherosclerosis 200 (2008) 51-57

ization of endogenous VEGF activity significantly impaired
in adaptive and the FGF-2-mediated recovery of blood flow
[14]. In contrast, as shown IFig. 4, the inhibition of endoge-
nous PIGF reduced the FGF-2-mediated recovery of blood
flow, but not reduced adaptive recovery of blood flow. The
possible reasons are as follows: (1) the biological signal activ-
ity of VEGFR-1is low, and high level of PIGF is necessary for
the effectiveness of PIGF signaling [2.21]; (2) endogenous
PIGF would play a role to modify VEGF-mediated angio-
genesis because inhibition of endogenous PIGF is reduced
the blood flow only at the condition of high level of VEGF
expression caused by FGF-2 gene transfer. However, further
study should be needed to assess the definitive mechanism of
endogenous PIGF during angiogenesis.

In our study, the PIGF expression in ECs was not directly
dependent on a hypoxic condition, and PIGF protein was not
detected in fibroblast and monocyte/macrophage cell lines
with ELISA. However, it has previously been demonstrated
that PIGF is expressed by fibroblasts under the non-hypoxic
state and upregulated under the hypoxic condition [22]. In
this study, we showed that VEGF expression was promoted
by hypoxia in NEMCs, indicating the possibility that VEGF
induced by hypoxia in NEMCs is concerned with PIGF
expression.

In addition, VEGF stimulated PIGF expression via ECs
via hypoxia-independent and PKC-, MEK-, and probably
NF-kB-dependent signaling, resulting in the indirect path-
way of the FGF-2VEGF sequence for angiogenesis, while
p7086K is the critical regulator for VEGF [ 14-16]. As shown
in Fig. 1, the endogenous VEGF expression was detected
to some extent, but PIGF expression was not detected in
untreated condition in vive. From these findings, the FGF-
2/PIGF axis is dependent on the expression of VEGF in part,
however, another mechanism for regulation of endogenous
PIGF might be also present.

In conclusion, we here demonstrated that FGF-2 targets
NEMCs to stimulate the expression of VEGF and this upreg-
ulation of VEGF promotes the expression of endogenous
PIGF, resulting in an efficient limb-salvaging effect. There-
fore, VEGF plays a critical role directly and indirectly via
PIGF in FGF-2-mediated therapeutic angiogenesis.
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615 Revised study plan has been submitted 10 MHLW

617 2nd Review and Hearing
630 Revision suggested

118 Revised study plan has been submitted o MHLW

005 Y7 3rd Review and Hearing

Y15 Review board: ‘review has been almost completed’
Revised study plan has been submited w MHLW

815 Revision suggested

1012 Review board: “application has been approved”
Official letver for approval from Minister of MHLW
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JPAD-SeVAT: Japan PAD trial for SeV-mediated Angiogenic Therapy at Kyushu University Hospital
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Case 102 59 yo, male

Diagnenis © Arteriosclerosis Obriterans of R Lower extremity
- Fontaine 111, Rutherford 11-4
History : IC has been conscious since 1998
He underwent bypass surgery 3 times; however, all grafts were obstructed,
and followed as an outpatient with medication.
Recently. he feel rest pain. and therefore. admitted 1o Kyoshu University,
Hospital to be involved as a possible candidate of SeVAT trial.
Past history
1999 Aorto-rt. Femoro- popliteal (BK) bypass
2000 Rt Femoro- popliteal (BK) bypass
2002 Rt Femoro- peroneal bypass
Smoking : 30/day. 40 yrs (already secessed)
Hypertension

Figure 2 Cuzqmmumm(cumru&w&m.

A Summary of clinical history

gl‘amlsindlcni :mpamionflen) ion for injec-
ng vector preparation for

tion (middle), injection procedures (right).

PreTx PostTx
(day -13: 2006 6/21) (day 29: 2006 8/2)

bl vessels.

Figure 3 Angiograms
g and post-treatment by

V/MF-hFGF2. Arrows
indicate newly visible
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Cytokine-induced Angiogenesis as a Therapeutic for PAD:
Current Status and Future Directions
Yoshikazu Yonemitsu,"* Hiroyuki Ito,” Hiroyuki Inoguchi,’ Toshihiro Onohara,’ and Yoshihiko Maehara®
‘Department of Gene Therapy. Chiba University Graduate School of Medicine, Chiba, Japan

*Operating Unit for Clinical Trials for Gene Therapy, Graduate School of Medical Sciences, Kyushu Univensity, Fukuoka, Japan
IDepartment of Surgery and Science, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

Key words: peripheral arterial diseases, intennittent claudication, enitical limb ischemia, angiogenesis,
recombinant Sendai virus

p is has been an attractive option to treat patients with intractable peripheral arterial diseases
(PAD). A number of clinical studies have been performed, yet limited outcomes have been reported in phase I multicenter,
placebo-controlled studies, even though phase I studies showed promising results. We summarize the current status of
the clinical studies for cytokine-induced therapeutic angiogenesis, and discuss what needs to be addressed for success i
this field. (J Jpn Coll Angiol, 2007, 47: 491-497)

Therapeutic angiog
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Statins restore ischemic limb blood flow in diabetic microangiopathy
via eNOS/NO upregulation but not via PDGF-BB expression
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Fujii T, Onimaru M, Yonemitsu Y, Kuwano H, Sueishi K.
Statins restore ischemic limb blood flow in diabetic microangiopathy
via ¢NOS/NO uprrbulaliun but not via PDGE-BB expression. Am J
Physiol Heart Cire Physiol 294: H2785-H2791, 2008, First published
Apnil 25, 2008; doi: 10, 1152/ajphean. 00149, 2008.—3-Hydroxy-3-
methyl-glutaryl CoA reductase inhibitors, or stating, have pleiotropic
effects and can protect the 1 in a independent of
their lipid-lowenng effect. The effectiveness of statins in reducing the
sk of coronary events has been shown even in patients with diabetes.
and their effects on dinbetic complications have been reponted. Using
a model of severe hindlimb ischemia in streptozotocin-induced dia-
betic mice (STZ-DM), we investigated the effects and mechanisms of
statin therapy in diabetic angiopathy in ischemic hindlimbs, As a
result, STZ-DM mice frequently lost their hindlimbs after induced
ischemia, whereas non-DM mice did not. Supplementation with
statins significantly prevented munnmpumunn We previously showed
that diabetic vascular compli ns are caused by impaired expres-
sion of PDGE-BB. but statin ﬂu-npy did not enhance PDGF-BB
expression. Stating helped enhance endogenous endothelial nitric
oxide (NO) synthase (¢NOS) expression. Furthermore, the inhibition
of NO synthesis by the administration of N“-nitro-L-arginine methyl
ester impaired the ability of statins 1o prevent STZ-DM mouse limb
autoamputation, indicating that the therapeatic effect of stating in
hindlimb ischemia in STZ-DM mice occurs via the eNOS/NO path-
way. A combination thermapy of statins and PDGF-BB gene supple-
mentation was more effective for dluhcm. angiopathy than either
therapy alone. In conclusion, these findi ficate that statin therapy
might be useful for preventing intractable dinbetic foot disease in
patients with diabetic angiopathy.

endothelial nitne oxide synthase; nitrie oxide; platelet-derived growth
factor-BB: diabetes mellitus

DIABETES MELLITUS (DM) is characterized by a chronic state of
hyperglycemia and is increasing to epidemic proportions
throughout the world, The morbidity and mortality associated
with diabetes is primarily due to macro- and microangiopathy
occurring in multiple organs (2, 20). The diabetic oot is an
intractable disease categorized by IDM-related vascular com-
plications, and patients with it have & much higher risk of
gangrene and the need for consequent amputation of the lower
extremities (20), Collateral vessel development is insufficient
to compensate with the reduced blood flow through occluded
arteries in patients with peripheral vascular disense, especially
DM (10). Furthermore, surgical and catheter interventions are
usually ditficult 1o treat limb ischemia of DM patients with
DM, because vascular diseases are located in small vessels.

Address for reprint requests and other comespondence: T Fuju, Dy of
Pathophysiological and Experimental Pathology, Dept. of Pathology, Graduate
School of Medical Scieoces, Kyusha Upiv., 311 Madashn, Higashi-ku,
Fukuoka 812-8582, Japan
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3-Hydroxy-3-methyl-glutaryl CoA reductase inhibitors or
statins are potent inhibitors of cholesterol biosynthesis that
have become more widely used in greater numbers of patients
with hypercholesterolemia (13, 31). Furthermore, recent stud-
ies suggest that statins have pleiotropic effects in a manner
independent of their lipid-lowering effect and can protect the
vasculature (8, 27, 29). Several trials have demonstrated the
beneficial effects ol statins in lowering cardiovascular-related
morbidity and mortality in patients with coronary artery dis-
ease. The effectiveness of statins in reducing the risk of
coronary evenls has heen established in patients with and
without diabetes, and it has been suggested that patients with
diabetes benefit more than patients without in both primary and
secondary prevention (6).

Recent studies have also revealed the modulatory effects of
stating in diabetic microangiopathy (7). The effectiveness of
statins appears o involve restoring or improving endothelial
function through the attenuation of high glucose-induced or
diabetes-induced oxidative stress, thereby increasing the bio-
availability of nitric oxide (NO) or inhibiting inflammatory
responses (7).

On the other hand, using a model of severe hindlimb ische-
mia in streptozotocin-induced diabetic mice (STZ-DM), we
previously showed that the diabetic foot is a disease involving
the disturbance of PDGE-BB expression but not of the distur-
bance of the responses of angiogenic factors (32). Screening of
angiogenesis-related factors revealed that the expression of
PRGE-BE was impaired in STZ-DM mice at baseline as well
as over a time course after limb ischemia. Increased expression of
PDGEF-BB prevented autoamputation in the STZ-DM mice (32).

In this study, we investigated the effect of and the mecha-
nism underlying statin therapy in hindlimb ischemia under
chronic hyperglycemia using STZ-IDM. We here demonstrate
that statins show significant therapeutic effects in hindlimh
ischemia in STZ-DM mice via the endothelial NO synthase
(eNOS)YNO pathway but not via PDGF-BB expression. Our
results suggest that statin therapy would be useful for prevent-
ing intractable diabetic oot disease in patients with diabetic
angiopathy.

MATERIALS AND METHODS
Cells und reagents. Human umbilical vascular endothelial cells

(HUVECs) were purchased from Kurabo, Tokyo, Jupan. Two intra-
cellular signal inhibitors were used as previously described (11, 12,

I'he costs of publication of this article were defrayed in part by the payment
of page charpes The article must therefore be herehy marked “advedfisement”
m accordance with 18 US.C Section 1734 solely to indicate this fact
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23,32, 33): bis-1 (a PKC inhibitor) and its insctive control, bis-V { 100
mmalll, Sigma-Aldrich, Tokyo, Japan).

Animals. Male CSTBLA6) (7 wk old) were purchased from KB
Oriental (Charles River Grade, Tosu, Saga, Japan). All animal exper-
iments were performed according to approved protocols and in ac-
cordance with recommendations for the proper care and use of
laboratory animals by the Committee for Animals, Recombinant
DNA, and Expeniments Using Infectious Pathogens at Kyushu Uni-
versity, and according to Japanese government Law No, 105 and
Notification No. 6. Experimental diabetes was induced in mice by
daily intravenous injection of STZ in citrate buffer (1.5 mg/body) for
5 days (days —5 to 0) for the Type 1 diabetic model. As for Type 2
diabetic models, 10-wk-old male ob/ob (CSTBLIG)-Lep™/Lep™) mice
{4) and pormal control homozygous (+/+) mice (KBT Onienial) were
also used 1o confirm eNOS and PDGF-BB expression. For statin
therapy. pravastatin and pitavastatin [tl 2 mg/g body wt lnjmcd
volume, 0.02 mlfg body wit) were admini 1 by i
m_)m:uun dunng days I4 1w 28, To inhibit NO synthesis, N=. -milro-1-
arginine methyl ester (1 mg/ml in drinking water; Sigma) was orlly
administered during days 14 to 28.

Murine severe hindlimb ischemia. Details of the surgical treatment
and evaluation of limb prognosis have been described previously (11,
12, 18, 23, 32, 33); specifically, the excision of both the left femoral
anery and vein and their branches from the inguinal ligament up o
and including the saphenous-popliteal bifurcation was performed.

Gene tranfer vectors, The plasmid-based gene of human PDGF-BB
was prepared as previously described (32). Human full-length cDNA of
PDGF-B (GenBank: No. BC029822) was amplified by PCR using
specific primers (forward: S"-AAGGTACCATGAATCGCTGCTGG-
GOGCTC-3" and reverse: 5-TICTCGAGCTAGGCTOCAAGGGTC-
TCCTTC-3) and subcloned into a TA cloning vector (Invitrogen. San
Diego, CA). The whole sequence was then determined using the CEQ
Zim Sequenee Detection 'iyslcrn (Beckman Coulter, Fullerton, CA). The

was [ 0 the Kpnl-Xhol sites of the mammalian
expression vector pCEP4 (Invitrogen).

ELISA. The protein contents in the limb muscles and culture

fium were det | using Quantikine Immunoassny sysiems for
human eNOS ( for both h and mice: R&D Systems,
Minneapolis. MN), murine PDGF-BB (R&D Systems) and human
PDGP-BB (specific for h R&D Sy ) according 1o the
manufacturer's instructions, as previously described (11, I" 18, 23,
32, 33).

Biochemical analysis. Seram levels of LDL cholesterol and ad-
vanced glycation end product (AGE) were measured in serum samples
when all animals were euthanized. Concentrations of LDL cholesterol
and AGE were determined by an automatic analyzer (Research Test-
ing Department, SRI., Hachiohji-shi, Tokyo, Japan),

Laser-Doppler perfusion images. Measurements of the ischemic
(left)/normal (right) limb blood flow ratio were made using a laser-
Doppler perfusion image (LDPD analyzer (Moor Instruments, Devon,
UK) as previously described (11, 12, 18, 23, 32, 33). To minimize
data variability due to ambient light and temperature, the LDPI index

STATINS I{L\T(JRI— BLOOD FLOW IN l}\! \'IH' ROA\!(J{)PAT}I\'

was expressed as the mtio of the left (ischemic) to the right (nonische-
mic) limb blood flow,

Statistical analysis. All data except for those of limb survival were
expressed as means * SE and were analyzed by one-way ANOVA
with Fisher adjustment, For the survival analysis, the survival rate
cxpresscd by the limb salvage score was analyzed using Kaplan-
Meyer's method (11, 18, 23, 32, 33). The stanistical significance of the
survival exprnmems was determined usl.ng the log-rank test. £ < 0.05

was considered statistically significant in all analyses.

RESULTS

Effects of statins on serum glucose, LDI cholesterol, and
AGE in DM mice. Serum levels of glucose, LDL cholesterol
(LDL), and AGE were measured in serum samples of a
relevant model for Type 1 diabetes, STZ-DM mice, and a
well-accepted model of Type 2 diabetes, namely ob/ob mice
that are leptin-deficient CSTBL/6 (4). Serum concentrations of
glucose, LDL, and AGE were increased in the DM mice. Statin
treatment did not affect the increases in glucose and AGE,
whereas the increased LDL concentration was relatively de-
creased (Table 1). In the following experiments, STZ-1)M mice
were used after we confirmed a significant upregulation of the
serum glucose.

Therapewtic effects of statins in hindlimb ischemia in STZ-DM
mice. The STZ-DM mice frequently lost their hindlimbs at
various levels after surgically induced severe limb ischemia,
although the non-DM mice did not. Quantitative analysis of the
degree of autoamputation using the limb salvage score (11, 18,
23, 32, 33) demonstrated impaired limb survival in the
STZ-DM  mice. Administration of statins (pravastatin and
pitavastatin} by intraperitoneal injection daily on days 14 to 38
resulted in the significant prevention of autoamputation in the
STZ-DM mice (Fig. 1), indicating that the statin therapy
effectively restored tolerance against hindlimb ischemia in
STZ-DM mice.

eNOS/NO is important for the therapeutic effects of siatins,
but endogenous PDGF-BB expression is not. We previously
showed that the diabetic fool is a disease involving the distur-
bance of PDGE-BB expression (32). To explain the mechanism
underlying the therapeutic effect of statins on the tolerunce of
limb ischemia in $TZ-DM mice, we measured the expression
of murine (m)PDGE-BB protein in thigh muscles of STZ-DM.
Downregulated expression of PDGE-BB was evident in both
the STZ-DM, and statin therapy did not influence the impaired
expression of PDGF-BB (Fig. 24). In addition, the expression
of mPDGE-BB protein was not influenced by statin therapy

Table 1. Serum LDL cholesterol, AGE, and glucose concentration are significanily increased in CS7BL/6] strain-based
10-week-old Type 1 (STZ-DM) and Type 2 (Lep™/Lep™: ob/ob) mice

STZ-DM (Typel) olvab (Typel)
Non-UM Nontrestment PRA PTA Noutreatment PRA FIA
n 6 6 6 6 6 6 6
Cilucose, mg/dl 113+42 621 ©6.6* 622+ 17.9* 598> 142 213480 205 £6.6* 198 29 3*
L.DL cholesterol, mg/dl 11.0:047 sz 2522250+ 2492387 244 2020° 1732065 16.52096%
AGE, mU/ml 102012 1.620.17* 1.72023* L2014 L6015 1.620.34% 1.8=027*

Data are means = S

stating, whereas the mcreased LDL concentration was relatively decreased by stating

n, animalefgroup. These increased glucose and advanced glycation end product (AGE) levels were not wl’tuenccd by treatnient with

1 dinhet

dministration. STZ-DM, strey mice. PRA.

pravastatin, hydrophilic statin; PTA, pitavastatin, lipophibe stmtin: *F «< 0,01 vs. non-DM
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100
w0
= “P<0.05
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£ ——  STZ-DM (n=12)
5 | —— STZDM+PRA  (n=13)
sesess  STZ.DM + PTA (n=10)
o
(] 2 d [ a 10

Days after operation

Fig. 1. Limb prognosis curve sccording to the limb salvage score in streplo-
zotocm-mduced diabetes (STZ-DM) CST/BLO mice. These curves were ob-
tmned using Kaplan-Meyer's method, and data were analyzed usimg the
log-rank test. Administration of stating, pravastatin (PRA, hydrophilic statin}
or pitavastatin (PTA, lipophilic statin), by daly intraperitoneal injection on
duve 14 1o 38, resulted in the significant prevention of antoamputation in the
STZ-DM mice (n = animalsigroup)

even in ol/ob mice, a model of Type 2 diabetes. To confirm the
modulatory effect of statins on PDGF-BB expression, we
examined the induction of PDGI-BB via stating using cultured
HUVECs. As shown in Fig. 28, the statins did not stimulate the

H2787

production or secretion of PDGEF-BB in the culture medium of
HUVECs, These results suggest that the effectiveness of statins
in hindlimb ischemia in DM mice may be independent of the
endogenous expression of PDGE-BI.

We previously reported that PDGE-B gene expression was
downregulated in the limb muscles of STZ-DM mice among
the factors tested (VEGF-A and -C, hepatoeyte growth factor,
FGF-2, PDGF-A and -B, and angiopoietin-1 and -2), as well as
their receplors (tie-2, fIk- 1, fibroblast growth factor receptor 1,
fit-4, and platelet-derived growth factor receptor-A and -B)
(32). Recent important studies indicated that staling activated
and upregulated the expression of endogenous eNOS, which
has angiogenic potency (1, 21). We next investigated the
expression of eNOS and whether or not eNOS/NO is important
for the ability of statins to prevent the impairment of limb
survival. Statin therapy significantly restored or increased the
expression of eNOS in thigh muscles of both STZ-DM and
ob/ob DM mice (Fig. 3A). As in previous studies (17, 19, 22,
24, 34), statin stimuli induced the upregulation of endogenous
eNOS in the lysate of the cultured cells (HUVECs), Further-
more, the daily oral administration of N“-nitro-L-arginine
methyl ester, an inhibitor of NO synthesis, prevented the
autoamputation rate for ischemic limb amputation of STZ-DM
mice (Fig. 4). indicating that the therapeutic effect of statins on

A PDGF-BB
STZ-DM mice ob/ob mice
i 12—t £ 2 '
[= . 5] I n=g each,
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tolerance against limb ischemia in the diabetic foot might occur
al least partly via the eNOS/NO pathway.

Combination therapy of statins and PDGF-BB gene supple-
menlation for diabetic angiopathy. These results may suggest
that the therapeutic effect of statins occurs via eNOS/NO bt
not via PDGE-BB expression in diabetic vascular dysfunction.
As a final assessment, to confirm whether or not statin therapy
is independent of the endogenous expression of PDGE-BB, we
administered a combination therapy of statins and PDGF-BB
gene supplementation and found that this combination is more

100 .
- — —
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g
a | — DM+PRA (n=6)
E x DM (n=6)
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0
0 2 4 & 8 10
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effective for diabetic angiopathy than ¢ither treatment alone. A
supplementation study on the plasmid-based intramuscular
gene transfer of human PDGE-B (pCEP4-hPDGEB) was pre-
vionsly described (32). In the present study we assessed the
recovery of blood flow evaluated by LDPI, because the
PDGF-B gene transfer resulted in the complete prevention of
autoamputation in STZ-DM mice. As shown in Fig. 5, both
statin therapy and the preinjection of pCEP4-hPDGFB signif-
icantly improved the disturbed blood perfusion in STZ-DM
mice; furthermore, the combination therapy had an effect on
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Fig. 4. Limb prognosis curve according 1o the limb salvage score after the daily oral administration of N nito-L-argmine methyl ester (1-NAME], an mhibitor
of NO synthesis in STZ-DM mice. These curves were obtained using Kaplan-Meyer's method, and the data were analyzed using the log-rank test. Administration
of L-NAME prevented the therspeutic effect for ischemic limb sutoamputation in STZ-DM mice by treatment with cither statin: PRA (left) and PTA (right). #P <

005 va others

AE-Heart Cire Physiol - vot

bt B

IUKE 200K + www.ajpheart. org

800T ‘6 eunp uo Bio fBojorsAud peaydle woy pepeojumoq




STATINS RESTORE BLOOD FLOW IN DM MICROANGIOPATHY

Statin PDGF-BB
[ CS7BUSG (control) =« E
I STZ-DM mice - -
B STZ-DM mice PRA -
STZ-OM mice PTA -
EEE  STZ-0Mmice - +
NIIID STZ-DM mice PRA +
EEEE  STZ-DM mice PTA +
._‘3 100 7
£E /I *P<0.01
> ] 5 #£P<0.05
B
gé || (Y
it .| WY
B.E ’
Ll
= o 4
Pre 0 3 7
Days after operation

diabetic angiopathy that was superior Lo that by ¢ither therapy
alone, indicating that the statin therapy might work indepen-
dently from PDGE-BB expression and that the combination
therapy was sufficient o restore the tolerance against hindlimb
ischemia in STZ-DM mice

DISCUSSION

The key observations made in this study are summarized as
tollows: [I) the administration of statin was effective lor pre-
venling auntoamputation of the ischemic limb of STZ-DM mice;
2) statin therapy could not restore the disturbed expression of
PDGE-BB in DM mice, suggesting that the effect of stalins is
independent of PDGF-BB expression; 3) statins could restore
or increase eNOS expression in the limb of DM mice;
4) supplementation with the NO inhibitor inhibited the ability
of statins to prevent antoamputation, indicating that the thera-
peutic effect of statins in hindlimb ischemia in STZ-DM mice
might oceur via the eNOS/NO pathway; and 5) the combina-
tion therapy of statins and PDGEF-BB supplementation was
more effective than either therapy alone. These findings sug-
gest that the statin therapy is effective against the formation of
hyperglycemia-related vascular complications, and they imply
that statin therapy improves limb survival and perfusion via a
mechanism involving eNOS/NO pathway in Type 1 DM, and
probably in Type 2 DM microangiopathy.

Over the last several years, it has been already demonstrated
that statin treatment improved and promoted angiogenesis in a
hindlimb ischemia of non-DM mouse model (16, 26). In the
case of DM mouse model, we previously demonstrated that the
disturbed wlerance against severe limb ischemia under hyper-
glycemia was due to the disturbance of PDGF-BB expression
and not o the angiogenic responses and that the supplementa-
tion of PDGF-B gene expression was sufficient (o prevent
autoamputation due to limb ischemia in STZ-DM mice (32)
I'he reduction of PDGE-BB expression, which was not depen-
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Fig. 5 Effects of statin therapy andfor plasmid-
based PDGE-B gene transfe ecovery of hlood
flow in ischemic limbs of STZ-DM mice. Admin-
istration of PRA or PTA by daily intraperitoncal
injection on davs [4 w 38 significantly prevented
autoamputation 10 the STZ-DM mice. pCEP4-hP
DGEB and control plasmid (pCEP4-cmpty) were
mjected into the thigh muscle 2 days before induced
limb ischemia. After assessment of blood flow be-
fore ot afler ischemic operation, recovery of blood
flow was assessed by laser-Doppler perfusion im-
agmg ol each time pomt. Data were standardized by
data relmed to the untreated night himb and ex-
pressed as the ratio of flow intensity (n %) *F <
001, #P < 0.05

TRRRLRRR e

10 (days)

dent on the level of hyperglycemia (32), was critical w© induc-
ing functional and morphological vascular change, which is the
dissocialion of pericyles from the capillaries in muscles of
STZ-DM mice, indicating that impaired PDGF-BB expression
disturbed vessel maturation. In the present study, statin admin-
istration did not influence PDGE-BB expression, which is
concerned with vessel maturation. We postulated that the
mechanism underlying the therapeutic effect of statins might
be due o improved endothelial function because of the lower
PDGF-BB expression. Many diabetic vascular complications
involve endothelial cell dysfunction chaructenized by reduced
NO-dependent phenomena, including vasodilation and protec-
tion against leucocyte-endothelial interactions, Several studies
have shown that hyperglycemia impairs NO production and
have demonstrated impaired endothelium-dependent vasore-
laxation in diabetic humans and in experimental diabetic ani-
mals (5, 14, 15, 30). A hallmark of endothelial dysfunction is
reduced hoavailability of NO, which could be caused by
reduced expression of eNOS, impairment of ¢eNOS activation,
or increased inactivation of NO by oxidative stress. Upregula-
tion of the activity or expression of ¢eNOS is considered to be
effective in diabetic angiopathy, and stating can increase eNOS
expression and activation in addition to their lipid-lowering
effect (8, 17, 19,22, 24, 27, 34). Furthermore, statins have also
been reported to promote angiogenesis via eNOS (16, 26). In
our current study, statin therapy was effective for preventing
autoamputation of the ischemic limb under hyperglycemia at
least partly vin eNOS, and those previous reports essentially
support our findings that stating could restore or increase lhe
eNOS expression in the ischemic limb of DM mice

In addition o eNOS/NO dependent pathway, it has been
revealed that statins have additional effects of growing inleresi
that include the ability to recruit endothelial progenitor cells (3,
8, 9) or activate the protein Kinase Akt which leads (0 angio
genesis and prevents apoptosis in endothehial cells (9,16). As
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shown Fig. 4, vur current findings indicate that the therapentic
effects of statins on tolerance against limb ischemia in the
diabetic foot might occur at least pantly via the eNOS/NO
pathway. Therefore, there is a possibility that the clinical
benefits of statin therapy might be caused partly by these
NO-independent pathways: however, further extensive studies
should be carried out o determine this hypothesis.

Although statins have the favorable effect of restoring blood
flow in the ischemic limb of DM mice (16, 26), they prevented
antoamputation of the ischemic limb of STZ-DM mice to some
extent, but not completely. In turn, this resull also suggests that
the therapeutic effect of statins is due o improved endothelial
function and is independent of the restoration of the impair-
ment PDGE-BB expression, which was sufficient to prevent
autoamputation due to limb ischemia in STZ-DM mice, Fur-
thermore, the results of the combination therapy of statins and
PDGF-BB supplementation confirmed that the favorable effect
of statin therapy on the diabetic foot occurs by mechanisms
other than the upregulation of PDGF-BB expression.

Some clinical trials have suggested that the vasculature
effects of hydrophilic statins are similar in extent to those of
lipophilic statins, but it is still controversial whether lipophilic
or hydrophilic statins have more clinical benefits (234, 25). An
important advance of our current study was to determine that
there are clearly differences between lipophilic and hydrophilic
stating, although both types are beneficial 1o ischemic limbs
under hyperglycemia. Limb survival was similar in mice re-
ceiving lipophilic and hydrophilic statins: however, eNOS
expression wis more upregulated by the administration of
lipophilic statins than by that of hydrophilic statins (Fig. 3).
Therefore, the present study indicates that clinically lipophilic
statins may be more useful for ischemic diabetic foot

In conclusion, we demonstrated that statin therapy restored
the disturbed blood flow of severe limb ischemia under hyper-
glycemia by increasing eNOS/NO expression and not by in-
creasing PDGEF-BB expression and that the inhibition of NO
reduced the ability of statins to prevent antoamputation due to
limb ischemia in STZ-DM mice. Therefore, statin therapy is
expected to be useful for preventing intractable diabetic foot
disease in patients with diabetic angiopathy via eNOS/NO.
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