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Abstract. - OBJECTIVE: To observe effects
of the drug pioglitazone on expression of hypox-
ia inducible factor-1a (HIF-1a) and vascular en-
dothelial growth factor (VEGF) in diabetic rats
with hindlimb ischemia, and explore the role of
pioglitazone in angiogenesis after ischemia and
its possible mechanism.

MATERIALS AND METHODS: The diabetic rat
model was established by high-fat and high-sug-
ar diet and intraperitoneal injection of streptozo-
tocin. The diabetic rats with the unilateral
hindlimb ischemia were randomly divided into
diabetic model group and pioglitazone treated
group, and the normal rats with unilateral
hindlimb ischemia were selected as the control
group. RT-PCR and Western blotting techniques
were employed for analysis and detection of HIF-
1o and VEGF expression, as well as detection of
capillary density by immunohistochemical stain-
ing and ischemic hindlimb perfusion by Doppler
ultrasonography were measured.

RESULTS: Compared with the control group,
the fasting glucose, fasting insulin, insulin resis-
tance index, total cholesterol, triglycerides and
low-density lipoprotein cholesterol in diabetic
rats were significantly increased. This was ac-
companied by increased mRNA and protein ex-
pression of HIF-1a and VEGF, and decreased mi-
crovessel density (MVD) of the ischemic limb (p
< 0.05). The above indicators in pioglitazone-
treated diabetic rats were significantly de-
creased (p < 0.01) with decreased expression of
HIF-1a and VEGF (p < 0.01), while the microves-
sel density (MVD) of the ischemic limb was in-
creased (p < 0.01) and blood perfusion was also
increased (p < 0.01). The expression of HIF-1a
and VEGF were positively correlated (p < 0.05) in
diabetic rats with hind limb angiopathy, while
HIF-1o. and VEGF were all negatively correlated
with the microvessel density (MVD).

CONCLUSIONS: HIF-1a and VEGF expression
in diabetic rats with hind limb angiopathy were
increased. Pioglitazone has a promoting effect
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on ischemic limb angiogenesis in diabetic rats. It
suggested that pioglitazone may improve is-
chemic limb angiogenesis mechanisms correlat-
ed with regulating the HIF-1a/VEGF hypoxia re-
sponse pathway.
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Introduction

Angiopathy in patients with type 2 diabetes is
one of the principal chronic complications, and
the current pathogenesis is not fully understood.
Studies have shown that hypoxia-inducible factor
(HIF)-1 is an important transcription factor in an
hypoxic environment, which may mediate the
onset and development of diabetic angiopathy by
inducing gene expression of downstream vascu-
lar endothelial growth factor (VEGF)!2. The aim
of this study is to explore the role and possible
mechanisms of the drug pioglitazone in angio-
genesis after hypoxia-ischemia, by determining
the effect of pioglitazone on expression of hy-
poxia-inducible factor-1 (HIF-1a) and vascular
endothelial growth factor (VEGF) in type 2 dia-
betic rats with ischemic hindlimb and diabetic
angiopathy.

Materials and Methods
Grouping and Modeling of
Experimental Animals

40 healthy male Wistar rats at 8 weeks of age
(Experimental Animal Center of Zhejiang Uni-
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versity) were randomly divided into two groups
after adaptive feeding for one week: (1) normal
control group with 12 rats; (2) modeling group
with 28 rats. Normal group was given basal feed-
ing; The rats in modeling group were given high-
sugar and high-fat diet for 4 weeks by weighing
to 260-310 g (body weight 260-310 g) with an
intraperitoneal injection of streptozotocin (STZ,
30 mg/kg), and the rats with blood glucose
greater than 16.7 mmol/L collected from tail vein
after 72h were accepted as a standard model. 25
diabetic rats and 12 normal Wistar rats were
anesthetized, and the femoral artery of the right
hind limb was cut, including its branches, to pro-
vide an acute hindlimb ischemia model. 25 suc-
cessful model rats were randomly divided into
diabetic model group (12 rats) and the pioglita-
zone treated group (13 rats). The pioglitazone in-
tervention group received daily gavage at a dose
of 4 mg/kg, and the control group and diabetic
model group were administered by gavage the
equivalent volume of distilled water for a period
of 28 days.

Comparison of General Characteristics in
Each Group

To determine the weight, HbA1C levels, fast-
ing glucose, fasting insulin, insulin resistance in-
dex (HOMA-IR), total cholesterol, triglycerides,
low-density lipoprotein cholesterol (LDL-C) and
other indicators.

Immunohistochemical Detection of
Capillary Density

The hindlimb muscle, cut from the surgical
site was fixed and then sliced. Using immunohis-
tochemical staining (with rabbit anti-mouse
CD31 polyclonal antibody, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA). The number of
anti-CD31 monoclonal antibody-stained mi-
crovessels were counted from 10 random fields
of x 200 magnification, and the microvessel den-
sity (MVD) per unit area (1 mm?) was calculated.

Hemodynamic Detection

Laser Doppler ultrasound scanning was ap-
plied to detect hindlimb hemodynamic changes
in each group, with the non-operated side
hindlimb as a benchmark, to calculate the per-
centage of the operated side blood perfusion ac-
counted for the non-operated side blood perfu-
sion (blood perfusion ratio = ischemic hind
limb/non-ischemic hind limb), to evaluate recov-
ery of ischemic limb blood perfusion.

Analysis of HIF-1aa mRNA Expression by
RT-PCR

Trizol was used to extract the total RNA of
ischemic muscular tissue in each group, 2 ug
of this RNA was then used for reverse tran-
scription. HIF-la forward primer: 5°-
ACAGGATTCCAGCAGAC-3’, reverse
primer: 5’-TTCCAAGAAAGCGACAT-3’,
gave a product that was 461bp; p-actin forward
primer: 5’-AGCCATGTACGTAGCCATCC-3’,
reverse primer: 5’-TCTCAGCTGTGGTGGT-
GAAG-3’, to give a product that was 227bp,
with an annealing temperature of 49.5°C and
30 cycles. After PCR amplification of HIF-1a
and B-actin, the products were run on a 2%
agarose gel and visualized by Goldview stain-
ing. Using (-actin as an internal reference, the
relative expression levels of HIF-1oo mRNA
were calculated RT-PCR reactions for each
sample were repeated at least three times.

Protein Expression of HIF-1a and
VEGF Analysis

The hind limb muscle was rinsed with phos-
phate buffered saline (PBS), and total protein ex-
tracted in cell lysis buffer [20 mM Tris (pH 7.5)],
150 mM NaCl, 1% Triton X-100, sodium py-
rophosphate, P-glycerophosphate, EDTA,
Na;VO,, leupeptin. The proteins were separated
by polyacrylamide agarose gel electrophoresis
(PAGE) and were transferred to polyvinilidene
fluoride (PVDF) membranes. Membranes were
blocked and exposed to primary antibodies [anti
HIF-1a antibody (1:1000), VEGF antibody
(1:1000) or B-actin (1:5000)] overnight at 40°C.
Membranes were then washed in TBST, and then
exposed to horseradish peroxidase (HRP) conju-
gated secondary antibody, and incubated at room
temperature for 2h. After Tris-buffered saline
with twin (TBST) rinsing, membranes were ex-
posed to electrochemiluminescence (ECL) and
the Fluor-s S gel imaging system was used to an-
alyze the protein bands, the relative content of
protein was expressed as a ratio to f-actin ex-
pression Western blot analysis of each sample
was repeated at least three times.

Statistical Analysis

SPSS 13.0 statistical software (SPSS Inc.,
Chicago, IL, USA) was used for ¢ test, the single
factor analysis of variance (ANOVA) and uni-
variant correlation analysis in each group. p <
0.05 was defined as statistical significance.
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Table Il. Expression of angiogenesis related factors in ischemic hindlimb side of each group (x + s).

Group n HIF-lo. (mmol/L) VEGF (mmol/L) MVD (%)
Control group (NC) 12 0.85+0.11 0.71 £0.16 10.1 £2.1
Diabetic group with hindlimb ischemia (DM) 12 3.04 £ 0.28%%* 4.02 £ 0.37%* 1.8 £ 0.6%*
Pioglitazone treated group (DM+P) 13 1.92 £0.23%*4A 1.41£0.17%**A 5.6 £ 0.8%%*4A

Note: Compared with NC group, *p < 0.05, **p < 0.01; Compared with DM group, 2p < 0.05, 4p < 0.01.

mRNA and Protein Expression of
HIF-1a and VEGF in Each Group of Rats
Compared with the normal control group, after
28 days, mRNA and protein levels of HIF-1a
and VEGF in the ischemic hindlimb in the dia-
betic model group were significantly increased (p
< 0.01). Compared with the diabetic model
group, after 4 weeks of treatment in the pioglita-
zone treated group, expression of HIF-la, and
VEGF were significantly decreased (p < 0.01),
but still higher than that of the normal control
group (Figures 1, 2 and Table II).

Correlation Analysis

Univariante correlation analysis showed that
HIF-la expression was positively correlated with
serum glucose, insulin level, cholesterol, triglyc-
erides, low-density lipoprotein cholesterol, and

HOMA-IR (r values were 0.839, 0.846, 0.899,
0.857, 0.919, 0.906, p < 0.01). VEGF and HIF-la
expression in the diabetic ischemic hind limb al-
so showed a positive correlation (r = 0.912, p <

0.01).

Discussion

The diabetic lower extremity angiopathy dom-
inated by arteriosclerosis obliterans is a major
complication of diabetes. Angiogenesis refers to
the pathophysiological process development of
existing endothelial cells into new blood vessels.
A large number of studies have proved that the
angiogenesis of the ischemic limb under diabetic
state is defective, which may be an important
reason why the consequence of blood vessel oc-
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Figure 1. Expression of HIF-1a, mRNA and protein in each group of rats with hindlimb ischemia. A, Analysis of HIF-1a
mRNA expression by RT-PCR; B, Protein expression of HIF-1a analysis by Western blot. M: Marker; NC: Control group;
DM: Diabetic group; DM+P: Pioglitazone treated group (Note: Compared with NC group, *p < 0.05, **p < 0.01; Com-

pared with DM group, 2p < 0.05, 4p < 0.01
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Figure 2. Expression of VEGF protein in each group of
rats with hindlimb ischemia. NC: Control group; DM: Dia-
betic group; DM+P: Pioglitazone treated group (Note: Com-
pared with NC group, *p < 0.05, **p < 0.01; Compared
with DM group, 2p < 0.05, 4p < 0.01).

clusion in diabetes is more severe than that of
non-diabetic patients®. The pathogenesis of dia-
betic angiogenesis defects is not yet clear, and
chronic hypoxia may be an important factor re-
sulting in defects in diabetic angiogenesis*. So
far, HIF-1 is the only transcription factor found
with activity in the absence of oxygen. It is locat-
ed on chromosome 14q21-q24, and contains two
subunits, o and (3, of which HIF-1a plays a ma-
jor biological role. In a normoxic environment,
HIF-1a is degradated via the prolyl hydroxyla-
tion and ubiquitination of proteases. Under hy-
poxic conditions, however, the decreased ubiqui-
tination increases the expression of HIF-1o. HIF-
la proteins translocate to the nucleus and bind to
HIF-1§ to form heterodimers, which can bind the

hypoxia response element (HRE) to initiate tran-
scription. HIF-1a is a functional subunit of HIF-
1 and its protein expressions and transcription ac-
tivities are mainly regulated by the intracellular
oxygen concentrations. Research has demonstrat-
ed that the HIF-1a levels are low in a normoxic
environment. In contrast, hypoxic conditions pro-
voke massive HIF-1a accumulation, and the reg-
ulation on its expression profile occurs after the
protein translation; in other words, HIF-1 o ex-
pression is regulated by regulating the stability of
HIF-1a proteins. HIF-1a regulates the expres-
sion profiles of a series of hypoxia-related genes
including transforming growth factor  (TGF-p),
VEGEF, nitric oxide synthase, and connective tis-
sue growth factors; also, it is closely related with
the proliferation and apoptosis of cells, the gly-
colysis, the angiogenesis, the constriction and di-
lation of blood vessels, and the growth and
metastasis of tumors>. Thus, it plays a key role in
the physiopathological processes of human body.
HIF-1a expression increases under hypoxic con-
ditions>®.

Under conditions of tissue ischemia-hypoxia
in the diabetic state, the up- or down-regulation
of HIF-la currently remains controversial. Some
studies show that chronic hyperglycemia causes
increased reactive oxygen species (ROS) and re-
duced anti-oxidation enzyme with lower activi-
ties. Hypoxia leads to a series of gene expres-
sions in the body as it changes to adapt to low
oxygen environments, such as stimulation of a
variety of angiogenic factors, the synthesis of in-
tegrin and matrix metalloproteinases, inducing
dissolution and extinction of extracellular matrix
and basement membranes, and thus leading to
cell migration and proliferation, finally leading to
diabetic vascular structural and functional
changes6-8. By use of Western blots in this
study, it was found that HIF-1o expression in
hind limb ischemic tissue of diabetic rats was

Table Ill. Changes of blood perfusion ratio in each group of rats (x * s).

Immediate 7 days after 14 days after 28 days after
Group n Preoperation postoperation operation operation operation
Control group (NC) 12 0.98 £ 0.03 0.38 £0.07 0.45 £ 0.05 0.55+0.08 0.68 +0.06
Diabetic group with
hindlimb ischemia (DM) 12 1.02 £0.06 0.36 £ 0.07 0.42 +0.07 0.44 £0.05**  0.49 £ 0.10%*
Pioglitazone treated 13 0.99 +0.06 0.35£0.05 0.41 £0.05* 0.49 £0.04%2 (.58 £0.12%4
group (DM+P)

Note: Compared with NC group, *p < 0.03, **p < 0.01; Compared with DM group, “p < 0.05, 4p < 0.01.
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Figure 3. MVD changes in each group of rats with hindlimb ischemia. Fluorescence immunohistochemical staining of is-
chemic hindlimb muscle tissue CD31 in each group of rats. NC: Control group; DM: Diabetic group; DM+P: Pioglitazone
treated group.

significantly increased compared with that of
normal rats. The above results confirm that is-
chemia and hypoxia plays an important role in
the pathogenesis of diabetic angiopathy, which
suggests the possible role of HIF-1a performed
in the occurrence and development of diabetic
angiopathy. Correlation analysis shows that HIF-
1 a expression was positively correlated with
serum glucose, insulin level, cholesterol, triglyc-
erides, low density lipoprotein (LDL) and
HOMA-IR index.

VEGF is one of the most effective pro-angio-
genic growth factor, and closely related to the
neovascularization after tissue hypoxia with is-
chemia and hypoxia as its strongest inducing fac-
tors’. In the HIF-1/VEGF hypoxia response path-
way, while adaptation of HIF-1a enhanced cells
to hypoxic environment can protect cells against
the damage caused by hypoxia, up-regulation of
HIF-1a expression can also further change trans-
forming growth factor and VEGF, i.e., cytokine
expression, which plays an important role in the
progression of vascular lesions and angiogene-
sis!®2. VEGF action has two aspects, firstly, it
can specifically and directly act on vascular en-
dothelial cells, inducing endothelial cell prolifer-
ation and vascular lumen formation, which is an
essential element for the formation of new blood
vessels. Secondly, it can induce endothelial cell
metalloproteinases and interstitial collagenase
expression, increasing expression and activity of
plasminogen activator, urokinase-type plasmino-
gen activator and tissue-type plasminogen activa-
tor, to bring about decomposition of the capillary
basement membrane promoting monocyte-
macrophage cell migration and extracellular ma-
trix accumulation. Thereby, promoting lower ex-

tremity atherosclerosis, eventually leading to the
development of diabetic lower extremity an-
giopathy'®. In this study, it was observed by
Western blot that the control group showed weak
VEGF expression, and VEGF expression in
hindlimb ischemic tissue in diabetic rats was sig-
nificantly increased compared with normal rats.
This was positively correlated with HIF-1a ex-
pression. Research of Rivard et al** is also con-
sistent with these experimental results, probably
because the expression of VEGF receptors is in-
hibited under the diabetic state and hypoxic con-
ditions. Celletti et al® found that, in both a rat
knockdown model of apo-E/apo-B100 and a rab-
bit hypercholesterolemia model, administration
of VEGF can promote formation of atheroscle-
rotic plaques. VEGF is also a pro-inflammatory
cytokine causing atherosclerosis, which partici-
pates in the arterial restenosis process!® through
angiogenesis and induction of monocyte chemo-
taxis. In this study, HIF-1a expression and
VEGEF, known to be downstream gene of HIF-1,
have a significant positive correlation, the inter-
acted hypoxia response element between them is
located at VEGF RNA 5’ end, the combination of
HIF-1 and VEGF RNA 5’ not only increases the
stability of VEGF mRNA, but also enhances the
transcriptional activity of VEGEF, suggesting that
in the presence of the regulator chain of hypoxia,
HIF-1a and VEGF in diabetic rats, the regulation
of VEGF expression may be one of the most im-
portant mechanisms of action involved in diabet-
ic angiopathy regulated by HIF-1a..

Pioglitazone is a highly specific agonist of
PPAR , which has been confirmed as having a
role in the improvement of both glucose and lipid
metabolism, while inhibiting proliferation of vas-
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cular endothelial cell, reducing atherosclerosis,
and having potential vascular protection!”%. In
the present study, the fasting blood glucose,
blood lipids and insulin resistance index in dia-
betic rats treated by pioglitazone for 4 weeks
were significantly decreased. Furthermore, HIF-
la and VEGF expression in ischemic hindlimb
was also significantly reduced, suggesting that
pioglitazone, by inhibiting HIF-1a expression in
diabetic ischemic tissue may be one of the mech-
anisms for protecting lower extremity vessels,
which is consistent with the results reported in
the literature'?, i.e., pioglitazone can down-regu-
late ischemic glomerular HIF-1a expression in
diabetic rats.

Microvessel density (MVD) is the one of best
indicators to reflect angiogenesis. In this study,
the hindlimb vascular MVD of diabetic rats was
significantly different compared with the control
group, which is consistent with HIF-1a and
VEGF expression after pioglitazone intervention,
directly reflecting the results of HIF-1o and
VEGF expression. HIF-1a and VEGF protein ex-
pression levels in the diabetic rat group are all
positively correlated with MVD, suggesting that
HIF-1o and VEGF protein expression levels in
vascular endothelial cells are closely related to
vascular proliferation. Currently, it is considered
that HIF-1 is one of the initiation factors of a se-
ries of molecular reactions after limb ischemia. In-
creased expression of HIF-1a and VEGF under
limb ischemia can promote the formation of is-
chemic limb angiogenesis leading to compensato-
ry adaptation, but HIF-1o and VEGF are a double-
edged sword on the generation and development
process of diabetic angiopathy. The HIF-1a-
VEGF axis plays a role not only in up-regulating
neovascularization under diabetic state, but also in
upregulation of VEGEF, increased vascular perme-
ability, promoting lipoproteins and inflammatory
cells into the intima, and endometrial angiogene-
sis, leading to the occurrence and development of
atherosclerosis and plaque formation®, as well as
coronary atherosclerosis (AS), degradation of neo-
vascularization associated with AS plaque degra-
dation. The above results suggest that angiogene-
sis plays an important role in the diabetic angiopa-
thy characterized by AS lesions.

Conclusions

This study shows that there is a significant ex-
pression of HIF-1a and VEGF protein in is-

chemic hindlimbs of diabetic rats, indicating that
hypoxic-ischemia is an important pathological
mechanism in diabetic angiopathy. We believe
that, in the HIF-1a/VEGF hypoxia-induced sig-
naling pathway, hypoxia/ischemia can induce the
expression of HIF-1a, thereby activating HIF-
la, which is involved in a series of hypoxia-in-
duced gene expression and regulation, including
promoting enhanced expression of VEGF so as to
mediate the pathophysiological process of diabet-
ic angiopathy. HIF-1a and VEGF expression, on
the one hand, can promote cell metabolism and
enhance the cell’s ability to adapt to the hypoxic
environment, having a positive effect on protect-
ing cells from hypoxic injury. On the other hand,
it also induces abnormal expression of multiple
cytokines to change the local normal microenvi-
ronment, and then change the structure and func-
tion of normal tissue leading to a further deterio-
ration of disease. Therefore, we can speculate
that the observation of HIF-1a and VEGF ex-
pression dynamics in diabetic angiopathy, as well
as developing drugs aimed at HIF-1a expression
targets, may have some significance on preven-
tion and treatment of diabetic angiopathy.
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