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Abstract: Therapeutic ultrasound (TUS) has been demonstrated to improve endothelial nitric oxide synthase (eNOS)
activity, which played a crucial role in the regulation of angiogenesis. Diabetes Mellitus (DM) impairs eNOS activity.
We tested the hypothesis that DM may retard unilateral hindlimb ischemia-induced angiogenesis by inhibiting eNOS
in high-fat diet (HFD)/streptozocin (STZ) induced diabetic mice, and that TUS may reverse DM-related impairment of
angiogenesis. C57BL/6 mice were allocated to four groups: (A) mice were fed standard diet (control); (B) mice were
fed standard diet and treated with TUS (control+TUS); (C) type-2 DM mice were induced by HFD/STZ (diabetic); and
(D) type-2 DM mice and treated with TUS (dabetic+TUS). All mice were surgically induced unilateral limb ischemia.
The ischemic skeletal muscles in groups B and D were irradiated with extracorporeal TUS for 9 minutes/day (fre-
quency of 1 MHz, intensity of 0.3 W/cm?) for 14 consecutive days. The result showed that TUS augmented the blood
perfusion, increased capillary density accompanied by an upregulation of angiogenic factors and a downregulation
of apoptotic proteins in group D relative to group C. In vitro, TUS inhibited the apoptosis, promoted tubule forma-
tion, proliferation and migration capacities, increased angiogenic factors expression and reduced apoptotic protein
levels in human umbilical vein endothelial cells (HUVECs). Furthermore, TUS can robust reverse the inhibiting effect
induced by high glucose (HG) on HUVECs, and these benefits could be blocked by phosphoinositide 3-kinase (PI3K)
inhibitor (LY294002) or eNOS inhibitor (LLNAME). Together, TUS restored type-2 DM-mediated inhibition of ischemia-
induced angiogenesis, partially via PI3K-Akt-eNOS signal pathway.
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Introduction ing PAD are frustrating, one of the possible rea-

sons may be lack of strict assessment in stable

Progression of atherosclerosis leads to limb
arteries occlusion and blood perfusion decline,
known as peripheral artery disease (PAD) [1].
Type 2 diabetic Patients are frequently accom-
panied by PAD, and the morbidity of PAD in dia-
betic patients is 2-4 times higher than that in
general population [2]. Therapeutic angiogene-
sis is a promising therapeutic strategy for isch-
emic episodes, including PAD. Although several
agents or modalities have been demonstrated
effective in healthy animals, the clinical effica-
cy and safety for facilitating angiogenesis dur-

and cross-sectional animal models of clinical
disease [3]. Thus, it is necessary to identify
effective therapeutic strategies to stimulate
ischemic-induced angiogenesis.

Ultrasound (US) is a physical wave form, and
the frequency is higher than 20 kHz [4]. US has
been universally employed in medical practice,
including ultrasonography, tumor ablation, and
tissue regeneration [5]. Recently, pro-angiogen-
ic effects of low-intensity ultrasound have been
confirmed in endothelial cells [6], a porcine
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model of chronic ischemic heart disease (IHD)
[4], and a mouse hindlimb ischemic model [7].
However, it is little known that the effect of low
intensity TUS treatment on ischemic-induced
angiogenesis in diabetic individuals.

In the current investigation, we introduced TUS
to a HFD/STZ induced type-2 DM mouse model
with hindlimb ischemia, and detected the pro-
tective effects of TUS in diabetes with PAD.

Materials and methods
Animals

4-week-old male C57BL/6 mice were housed in
an environmentally controlled breeding room
and allowed to have food and water freely. All
animal operative protocols and procedures
were approved by the Shanghai Jiao Tong
University Animal Care and Use Committee.

Generation of diabetic mice

The mouse model of type 2 diabetic was
induced as described previously [8]. Briefly, the
mice were allowed to have either a common
mouse chow or a HFD, with a fat calories of
10% or 60%, respectively. 8 weeks later and
after an overnight fasting, the mice were inject-
ed with either freshly prepared solution of STZ
(100 mg/kg, i.p.) or vehicle (0.1 M citrate buf-
fer, pH 4.5). Then all the mice were raised with
their originally diets until sacrifice. 14 days
after STZ injection, the HFD/STZ-induced mice
displayed type 2 diabetes-like characteristic as
previously described [9], such as hyperglyce-
mia and insulin resistance (IR), the mice were
accepted as successful type 2 diabetic mice.

Collection of blood and assay

Blood glucose levels of mice were acquired by
tail-vein blood glucose measurement with One
Touch Ultra Glucometer (Johnson & Johnson,
New Jersey, USA). Blood samples for total cho-
lesterol (TC), triglyceride (TG), high density lipo-
protein (HDL), low density lipoprotein (LDL), and
insulin (INS) were collected from the retroorbit-
al vein plexus. Fasting serum insulin (FINS)
were detected by using an insulin ELISA kit
(ALPCO Diagnostics, Windham, NH), while TC,
TG, HDL and LDL were detected using an enzy-
matic colorimetric assay via an automatic bio-
chemical analyzer. The homeostatic model
assessment of insulin resistance (HOMA-IR) =
FINS x FBG/22.5 [10].
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Ischemic hindlimb model

The mouse model of hindlimb ischemia was
generated as previously described [11, 12]. All
mice were anesthetized (40 mg/kg chloral
hydrate, i.p.), and the left femoral artery
between the inguinal ligament proximally and
the popliteal fossa distally was surgically
excised. The standard chow-fed mice and dia-
betic mice were randomly allocated to 4 groups:
Control, Control+TUS, Diabetic, Diabetic+TUS.

TUS treatment

Ultrasonic generator was made by Institute of
Acoustics of Tongji University. TUS at frequency
of 1.0 MHz and a density of 0.3 W/cm? was
delivered by a cylindrically focused transducer
with 2-cm diameter. The ischemic tissues of the
mice were treated with active TUS or inactive
TUS for 9 minutes/day in TUS or non-TUS
groups, respectively. The treatment lasts for a
continuous 14 days after surgery.

Necrosis score

Assessment of hindlimb necrosis score was
performed as previously described [7]. Briefly,
on day 14 after surgery, the mice were scored
in accordance with following standards: O,
necrosis or ulcer was not existed; 1, necrosis or
ulcer can be detected; 2, amputation occurred
under ankle; 3, amputation happened above
ankle.

Thermal infrared imaging (TIRI) analysis

The TIRI analyzer (Prism-DS 50137, FLIR Sys-
tems) were employed to measure the skin tem-
peratures of both hindlimbs, and the color-cod-
ed images represented changes of blood flow.
Dark-to-purple colors represented low skin
temperature, and red-to-white colors expressed
high skin temperature. At day O and day 14, TIRI
measurements were performed, and perfusion
data were reported from histograms of the col-
ored pixels. To reduce the effects of ambient
light, the ischemic/nonischemic limb tempera-
ture ratio were used to represent blood
perfusion.

Immunofluorescence analysis

Capillary density in each cross-section (5 um)
was labeled by immunofluorescence staining
as previously reported [7, 13]. Briefly, after pro-
cedures of antigen retrieval and blocking, incu-
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Table 1. Effect of TUS on physiological parameters in Control and

Diabetic mice

cose (HG, 33 mM glucose),
high glucose plus TUS (9
min/day for 3 consecutive

Parameters Control Control+TUS Diabetic Diabetic+TUS days, 1 MHz 0.3 W/em?)
BW 28.23+0.95 27.41+0.80 32.88+0.96" 32.55+0.87 ' T D
TC (:f:nol/L) 2.61+0.11 2.36+0.08 3.92+0.11**  3.73:0.19 LY294002 (20 uM) an.d high

glucose plus TUS (9 min/day
TG (mmol/L)  1.10+0.06  1.07+0.07  1.39+0.14  1.40+0.11 for 3 consecutive days, 1
HDL (mmol/L) 2.08+0.04 1.98+0.03 3.56+0.06™ 3.34+0.12 MHz, 0.3 W/cm?), L-NAME
LDL (mmol/L) 0.32+0.02  0.30+0.02  0.61+0.04**  0.54+0.05 (100 pM) and high glucose
FBG (mmol/L) 5.43+0.26  5.07+0.23  17.83+1.20** 17.20+1.33 plus TUS (9 min/day for 3
FINS (mlU/L) 10.52+0.70 10.36+0.54 19.59+0.67** 19.47+0.66 consecutive days, 1 MHz,
HOMA-IR 257+0.27 2.32+0.12 15.62+1.45" 14.75+0.95 0.3 W/cm3). 72 hours later,

Values report mean + SEM, n = 6. **P < 0.01 vs. Control.

bation with goat anti-CD31 antibody (BD,
Franklin Lakes, NJ) and secondary antibody
(Invitrogen, Carlsbad, CA, USA) were succes-
sively performed. 10 random microscopic fields
(x 320 magnification) in each mouse were
counted, and the density of capillary was deter-
mined as the number of capillaries/field.

Western blotting analysis

Protein contents in ischemic muscles and
HUVECs were detected by Western blot as de-
scribed previously [13]. Briefly, equal amounts
of tissue/cell proteins were dissociated, homog-
enized, electrotransferred, and immunoblotted
with anti-eNOS, anti-Akt, anti-p-Akt (Ser473),
anti-bcl-2, anti-bax, anti-caspas3, anti-cleaved-
caspas3 (Cell Signaling Technology, Danvers,
MA, USA), anti-vascular endothelial growth fac-
tor (VEGF) (Beyotime, Haimen, China) and anti-
B-actin (Sigma, St. Louis, MO, USA). Interested
genes were captured with a FluorChem E data
system (Cell Biosciences, Santa Clara, CA) and
the densitometry was analyzed by ImageJ soft-
ware. Containing -actin levels were used as an
internal control to normalize the data.

Cell culture

HUVECs (ATCC, Cat. CRL1730) were incubated
as previously described [14]. Cells (1 x 10° per
75-cm?-flask) were cultivated in DMEM medium
(low-glucose) added with 100 U/ml penicillin
and 100 U/ml streptomycin, together with 10
percent fetal bovine serum. The incubations
were kept at 37°C, 5% CO, and 95% air. In
experiments, passages 3-5 HUVECs were used.
HUVECs were grouped into 6 experimental
groups: normal glucose (Control, 5 mM glu-
cose), normal glucose plus TUS (9 min/day for 3
consecutive days, 1 MHz, 0.3 W/cm?), high glu-
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cells were harvested for bio-
logical analysis, including
proliferation, migration, tub-
ule formation, apoptosis and immunoblotting
assay.

CCK-8 assay

WST-8 Cell Counting Kit-8 (CCK-8 kit; Beyotime,
Haimen, China) was adopted to analyze cells
proliferation. Briefly, pretreated cells were col-
lected and reseeded into 96-well plates (2 x
102 cells/100 uL/well), and culture plates were
exposed to their original mediators for 24 h.
Cells were then kept at 37°C for 2 h after add-
ing CCK-8 solution (10 pyL/well). The final reac-
tion system absorbance was captured at 450
nm wavelength.

Evaluation of cell apoptosis

After 72 hours incubation, apoptosis was exam-
ined by Hoechst staining (Beyotime, Haimen,
China) according to the instruction of its manu-
facturer. The apoptotic ratio was represented
as (positive staining cell numbers)/(total cells)
x 100%.

Matrigel tubule formation assay

Pretreated HUVECs (2.5 x 10%*/well) were re-
seeded into Matrigel (BD Biosciences, Bedford,
MA) coated 96-well dishes, and exposed to
their original mediators for 8 h. Graphs were
captured with a fluorescent microscope (IX-71;
Olympus) equipped with 12.8 M pixel recording
digital color cooled camera (DP72; Olympus).
Tubule formation was represented as fold of
control.

Transwell migration assay

24-well Boyden Transwell chambers (Corning,
Cambridge, MA) were employed to determine
cells migration. In brief, original incubation
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Figure 1. TUS effects on the blood flow of the ischemic hindlimb in diabetic mice. A. Representative infrared spec-
trum imaging of hindlimb on day 14 after the induction of ischemia. B. Infrared thermal imaging data was quanti-
tated and depicted as an ischemic/non-ischemic hindlimb temperature ratio. C. Necrosis score was evaluated in
terms of a recognized evaluation standard on day 14. D. Representative images of immunofluorescence staining
with an anti-CD31 of 4 groups (magnification x 320, Scale bar = 50 um). E. Quantification analysis of capillary den-
sity (capillaries/field) in 4 individual groups of mice. Values were shown as mean + SEM, n = 6. *P < 0.05 vs. Control.
P < 0.01 vs. Control.*P < 0.05 vs. Diabetic. #P < 0.01 vs. Diabetic.

mediators (600 uL) were added to lower cham-
bers, corresponding pretreated HUVECs (2 x
10%/well/100 pL) were reseeded in upper
chambers in serum-free Medium. 8 hours later,
migrated HUVECs were counted with light Results
microscopy (x 100 magnification).

analysis of variance (ANOVA) followed by
Tukey’s post-hoc test. P Values < 0.05 were
accepted significance.

Physiological parameters

Statistical analysis
The BW, FBG, HOMA-IR, FINS, LDL, HDL, TC and

Data were expressed as mean + SEM. Sta-
tistical significance was analyzed by One-way
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TG of the Control group, Control+TUS group,
Diabetic group and Diabetic+TUS group are
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summarized in Table 1. Although, all the param- there were no statistical differences of all items

eters in Diabetic group and Diabetic+TUS group in Control+TUS and Diabetic+TUS groups rela-

are higher than that in Control counterparts, tive to their untreated groups.
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Figure 3. Proliferation effects of TUS on HUVECs. HU-
VECs were treated with 6 different mediators for 24
h. Viability of HUVECs was measured by Cell Count
Kit-8 (CCK-8). Data was reported as mean + SEM, n
= 3. "P < 0.05 vs. Control. “"P < 0.01 vs. Control. #P
< 0.01 vs. HG. **P < 0.01 vs. HG+TUS.

TUS increases hindlimb blood perfusion and
vascular density in the diabetic mouse model

Hyperglycemia is a leading hazard factor for the
progression of PAD, which is closely related to
type 2 diabetes [15]. To investigate whether
TUS treatment would be conducive to tissue
restoration, we evaluated the hindlimb isch-
emic scores on day 14 after surgery in a dia-
betic mouse model with PAD. As expected, the
ischemic scores of non-treated mice were obvi-
ously higher than TUS treated ones either in
Control groups or diabetic groups, indicating
that TUS can signally accelerate wound healing
after ischemic attack (Figure 1C).

By using the apparatus of TIRI, blood flow of all
the mice were detected. On day 14 after sur-
gery, the diabetic mice displayed a lower blood
flow ratio than Control mice, and TUS can aug-
ment blood perfusion in Control+TUS mice and
normalize it in diabetic+TUS group (Figure 1A
and 1B). These data demonstrated that TUS
treatment is efficient in recovering blood flow in
the diabetic PAD model.

To deep illuminate the newborn capillaries facil-
itated blood perfusion, the capillary density of
ischemic tissues was measured. Immunofluore-
scence staining showed that TUS augmented
angiogenesis in TUS treated mice. Although,
diabetic mice exhibited capillary rarefaction
relative to controls, TUS treatment can dramati-
cally restore the inhibiting effect in diabetic
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group and augment the density in Control+TUS
group (Figure 1D and 1E).

TUS treatment improves angiogenic factors
and inhibits apoptosis responses in the dia-
betic model

To illuminate the underlying molecular mecha-
nisms of the TUS-induced tissue recovery in
diabetic mice, the angiogenic factors of eNOS,
VEGF, p-Akt, antiapoptotic factors of bcl-2 and
apoptotic factors of bax, cleaved caspas3 in
ischemic tissues were detected. When com-
pared with Control group, TUS upregulated
angiogenic factors, antiapoptotic factors and
downregulated apoptotic factors in Control+TUS
group. In contrast, angiogenic, antiapoptotic
proteins were suppressed and apopotic factors
were activated in diabetic mice compared with
control ones, but these changes were restored
in diabetic+TUS group by TUS treatment (Figure
2). These results manifested that angiogenic
factors and antiapoptotic proteins could act
synergistically for appropriate vascular growth,
and TUS treatment could strongly improve
these effects.

TUS facilitated the HUVECs proliferation

To survey the role of TUS on endothelial prolif-
eration, HUVECs were incubated for 24 h and
analyzed by CCK-8 assay. The numbers of
HUVECs were lower in HG than in Control.
Interestingly, TUS was able to enhance the pro-
liferation of HUVECs in HG+TUS in comparison
with that in HG. In addition, TUS treatment also
increased the number of HUVECs in Control+TUS
when compared with Control group. However,
L-NAME or LY294002 can eliminate the pro-
moting effect of TUS (Figure 3).

TUS augmented tube formation

Previous study has shown that TUS can improve
the tubule formation of HUVECs in normal
media [14]. However, it is little known whether
TUS influences tubule formation under HG
media. As is depicted in the picture (Figure 4),
tubule length in high glucose media was signifi-
cantly lower compared with that in normal glu-
cose media. It is noteworthy that not only TUS
enhanced tubule length in Control+TUS, but
also restored tubule length in HG+TUS relative
to control. However, this protective effect of
TUS could be abrogated by pre-incubation of
L-NAME or LY294002.

Am J Transl Res 2016;8(9):3666-3677
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Figure 4. TUS increased tubule formation induced by HG in HUVECs. HUVECs were exposed to 6 different mediators
and treatment for 8 h. A. Representative images of tube formation in cultured HUVECs. B. Quantitative analysis of
tube length was represented as fold of control (x 100 magnification), Data was reported as mean + SEM, n = 3. P
< 0.05 vs. Control. P < 0.01 vs. Control. #P < 0.01 vs. HG. *P < 0.05 vs. HG+TUS. Scale bar = 100 um.

A B 2.0
g STl RBIEGTR TR R WG : @ *
rtf“"/'-- i ﬁ%ﬁf‘ “'“I‘E'%’“' “cFJ. b . *H °
P A SYRN ‘ﬂ‘—“"‘@"i’” i 4 e
S “ VER ARTC MR AS 5 S v " e 1.54
.'{"3\ NS Woen “’ _K,\"U.."R.'. ¥ Sty o 2
s BTN S0 1 o A N ST AN " 5 =
LR R Yert g 7;‘ OR8N AR s
L ’ \'-,\,'\:;' P "‘: ’,'_!b“ - o . 9)1-0'
t _-\--‘r _,.{ Npss ":%1 P -~ \',. -‘.‘ E
SRT 2 (2080 AT MRS T X2 = -
Lo T« 3 ¥ PR3 ‘=
i ATYNCAREY at o e v - - 0.54
TUS, g:‘\‘“ :d. i “‘Q:WS‘\;-':A‘E o1 - i EE{??}?M"’. ' o
> a e, sV ¢ TR AL YL SIS Lo, £
bk A TR 7%, S St I b Tt i e LA VIR L W et
re ) "“-l\i -] ;‘1'\' e o N S o * Fd 4 0.0-
"2t s e e dyvy Y e ‘:l v \" ."‘
'," 'rd_ ’,.\‘-- '«""‘1". o \\\n' L af ;" L5 gy A F High glucose - - + + + +
LA e S R LW ey A - ’ ] ’
P ST e, (St e TNl iy = 5 = S
L-NAME - - - - + -
LY294002 = - - = C +

Figure 5. TUS promotes the migration induced by HG in HUVECs. HUVECs were incubated with 6 different mediators
for 8 h. A. Migrated cells were stained. B. Quantitative analysis of migrated cells was shown as fold of control (x 100
maghnification), Data was reported as mean + SEM, n = 3. **P < 0.01 vs. Control. #P < 0.01 vs. HG. *P < 0.05 vs.

HG+TUS. Scale bar = 50 pm.

TUS enhances migration in vitro

The numbers of migrated HUVECs cultured with
HG were strikingly lower than that from Control,
and this suppression could be restored by TUS
in HG+TUS group. This protective effect was
observed in Control+TUS group as well. As
expected, these benefits could be blocked by
L-NAME or LY294002 (Figure 5).

TUS inhibits HG-induced HUVEC apoptosis

Hoechst staining was employed to examine
HG-induced HUVECs apoptosis, compared with
normal glucose culture, HG prominently accel-
erated the apoptotic cell numbers, TUS could
markedly promote cell survival in normal glu-
cose culture and dramatically attenuate
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HG-induced apoptosis. However, L-NAME or
LY294002 pretreatment abrogated TUS anti-
apoptotic effect (Figure 6).

TUS enhanced angiogenic factors and sup-
pressed apoptotic responses in vitro

When compared with Control group, TUS incre-
ased angiogenic factors (eNOS, VEGF, p-Akt
and bcl-2) and downregulated apoptotic pro-
teins (bax and cleaved caspas3) in Control+
TUS group. In contrast, HG incubation exhibited
lower angiogenesis proteins and higher apopto-
sis factors relative to normal glucose, but this
situation was corrected in HG+TUS group by
TUS treatment. Interestingly, the profits of TUS
can be eliminated by administration of LLNAME
or LY294002 (Figure 7).

Am J Transl Res 2016;8(9):3666-3677
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Figure 6. TUS reduces cell apoptosis induced by HG in HUVECs. HUVECs were incubated with different mediators for
72 h. A. Representative photomicrographs of Hoechst Staining in cultured HUVECs. B. Data was represented as the
apoptotic cells in the total cells per field. Values were expressed as mean + SEM, n = 3. **P < 0.01 vs. Control. #P
< 0.01 vs. HG. **P < 0.01 vs. HG+TUS. Scale bar indicated 50 pm.

Discussion

In the current investigation, we manifested that
TUS induced revascularization in the ischemic
muscles in hyperglycemia setting through acti-
vating angiogenic pathways and downregulat-
ing apoptotic pathways, and the protective
effects of TUS work via a PI3K-Akt-eNOS depen-
dent manner.

Hyperglycemia or HG microenvironment medi-
ated endothelial dysfunction and apoptosis are
significant in diabetes-related cardiovascular
complications, including retarded angiogenesis
and accelerated apoptosis [16, 17]. Several
possible mechanisms should take responsibili-
ty for retarded angiogenesis in the diabetic set-
ting: 1), HG-related endothelial dysfunction and
inhibition of eNOS activity may account for the
impaired angiogenic response. Previous study
showed that long-term exposure to HG sup-
pressed the activity of eNOS in incubated
HUVECs [16], and angiogenic response after
tissue ischemia exhibited rarefaction in eNOS-
deficient mice [18]. 2), Overwhelming reactive
oxygen species (ROS) induced by HG exacer-
bated cellular toxicity, triggered endothelial
dysfunction and apoptosis. Apoptosis of endo-
thelial cells (ECs) may badly hamper the endo-
thelial monolayer integrity and damage vascu-
lar wall, resulting in the loss of microvessels
[19]. 3), HG itself might directly disturb ECs
activities. Altogether, endothelial dysfunction
and superfluous ROS should responsible to
impaired angiogenesis in the HG microen-
vironment.
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The underlying mechanisms of hindlimb isch-
emic injury remain elusive. However, inhibition
of ECs apoptosis and promotion of angiogene-
sis could minimize hindlimb ischemia [20, 21].
Akt, a downstream molecule of PI3K, is a multi-
functional conditioner of cell survival, apopto-
sis, angiogenesis, and protein synthesis [22].
Activating PI3K-Akt-eNOS signal pathway can
promote cell survival [23]. Over-expression of
VEGF level can lessen or abrogate hindlimb
ischemia by promoting new vessels formation,
which is known as therapeutic angiogenesis
[24]. The Bcl-2 family proteins are strong manip-
ulators of apoptosis, including two families:
pro-apoptotic factors such as Bax and anti-
apoptotic factors such as Bcl-2. The extent of
apoptosis is often expressed as Bcl-2/Bax ratio
[25]. Caspase-3, a main element of the proteo-
lytic cascade, acts as a significant role in the
cell apoptosis process [26].

TUS can produce multitudinous biological eff-
ects in vitro and in vivo. Investigations revealed
that application of ultrasound can augment
angiogenic cells growth and migration abilities
[27], enhance perfusion and capillary numbers
of rats undergoing hindlimb ischemic attack
[28]. In addition to proangiogenesis, numerous
investigations have shown that US can exert
anti-inflammatory effects, anti-oxidant respons-
es and antiapoptotic effects [29-31]. Consistent
with previous investigations, our work con-
firmed that TUS significantly reversed ischemia-
mediated angiogenesis (increased blood flow
and capillary density) in the HFD/STZ induced
diabetic mouse model. These beneficial effects
were also affirmed in the normoglycemic mice.
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Figure 7. TUS reverses protein changes induced by
HG in HUVECs. HUVECs were incubated with dif-
ferent mediators for 72 h. Protein expression of
(A) eNOS, (B) cleaved caspas3, total caspas3, (C)
p-Akt, total Akt (Akt), (D) Bcl-2, Bax, and (E) VEGF
in HUVECs were detected by western blot. Values
obtained from quantitative densitometry was ex-
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And these beneficial effects were associated totic factors of bax and cleaved caspas3 in
with increased angiogenic factors of eNOS, ischemic muscles. It could be summarized that
VEGF, p-Akt and bcl-2 as well as reduced apop- improved angiogenesis and suppressed apop-
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tosis by TUS might be in part through PI3K-Akt-
eNOS pathway. It is noteworthy that the benefi-
cial effects of TUS were not due to changes of
blood lipid, blood glucose, or plasma insulin,
since there were no statistical differences
between TUS treated group and non-TUS group,
while these indexes were dramatically higher in
diabetic mice compared to normal ones.

To better illuminate the mechanism by which
TUS succeeded in augmenting angiogenesis
and inhibiting apoptosis in diabetic mice, we
investigated TUS-induced endothelial function-
al in vitro. Results showed that TUS can aug-
ment multiple endothelial functions including
reduced apoptotic cells, enhanced activity of
tube formation, increased cell proliferation and
migration, together with improved angiogenic
factors, antiapoptosis proteins and reduced
apoptotic factors. Previous study revealed that
the PI3K-Akt pathway was damaged in type 2
diabetic mice [32], and eNOS activity was
impaired in diabetic mice and in episode of
endothelial dysfunction [33]. However, TUS can
significantly upregulate eNOS activity [14].
Based on foregoing clues, we investigated the
role of PIBK-Akt-eNOS pathway in TUS-induced
agiogenesis. Results indicated that TUS-indu-
ced endothelial protective effects in response
to HG can be abrogated by LY294002 or
L-NAME. Altogether, these data fully demon-
strated that TUS performs its proangiogenic
and antiapoptotic effects via the PI3K-Akt-
eNOS pathway.

In summary, the current investigation indicates
that TUS eliminates HG/hyperglycemia mediat-
ed ECs dysfunction in both in vivo and in vitro
via PI3K-Akt-eNOS pathway. It can repair blood
reperfusion, decrease necrosis and promote
angiogenesis in a diabetic with PAD model. Our
results indicate that TUS treatment for diabetic
PAD may represent a useful clinical approach
to advance angiogenesis and rescue tissue
ischemia.
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