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Abstract: N*-carboxymethyl-lysine (CML), a major isoform of advanced glycation end products (AGEs), plays a crucial
role in the functional damage of diabetes mellitus. However, it is not clear whether ALT-711 (alagebrium), an inhibi-
tor of AGEs, is capable to rescue CML-induced poor angiogenesis, as well as the underlying mechanism. MicroRNA-
27b (miR-27b) promotes angiogenesis through down-regulation of anti-angiogenic protein thrombospondin-1 (TSP-
1). Here, we used diabetic mice with hindlimb ischemia to investigate whether miR-27b/TSP-1 signaling is involved
in the pathology of critical limb ischemia (CLI) in diabetes mellitus. We additionally examined the effect of ALT-711
on the tube formation of endothelial cells treated with CML-BSA. Compared with control group, the lower blood flow
recovery was observed in the ischemic lower limbs of diabetic mice, with decreased expression of vascular endothe-
lial growth factor (VEGF) and miR-27b and increased TSP-1 expression. CML-BSA reduced the tube formation ability
of endothelial cells, decreased VEGF and miR-27b expression, and increased TSP-1 expression, whereas this trend
was reversed by ALT-711. The miR-27b mimic promoted tube formation, increased VEGF expression, and decreased
TSP-1 expression, whereas these effects were abolished by TSP-1 overexpression. Moreover, miR-27b silencing
suppressed ALT-711-induced promotion of tube formation under CML-BSA treatment, with reduced VEGF and aug-
mented TSP-1 expression. Taken together, the present study demonstrated that ALT-711 can rescue CML-induced
functional angiogenesis damage via miR-27b/TSP-1 signaling cascades. These results indicate new therapeutic
strategies for diabetes patients with CLI.
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Introduction PAD outcome [5]. And the neovascularization
disorder induced by hyperglycemia account for
the main reason for the increased risk of CLI
[6-8]. However, the molecular mechanisms
associating diabetes with CLI remains not fully

clarified.

Patients with peripheral artery disease (PAD)
experience an elevated risk of lower limb isch-
emia because of narrowed or occluded arteries
with decreased blood flow. It is estimated that
more than 200 million people are diagnosed

with PAD worldwide [1]. It’s reported that 10%-
25% of people will eventually suffer from PAD
among individuals aged > 55 years; however,
this number increases to about 40% in people
aged > 80 years [2, 3]. Among the risk factors,
diabetes mellitus is considered as a vital risk
factor for PAD [4]. Furthermore, patients with
PAD and diabetes have an augmented risk of
critical limb ischemia (CLI), the most severe

Advanced glycation end products (AGEs) are
protein or lipid modifications that are widely
distributed in the diabetic vasculature and trig-
ger the initiation of multiple-organ damage in
the diabetic microenvironment [9]. And hyper-
glycemia can promote the vessel wall accumu-
lation of AGEs and thereby lead to high vessel
permeability through destroying the cell-cell
junctions of endothelium and inducing endothe-
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lial cell death [10, 11], suggesting that AGE
might play a vital role in the pathogenesis of
PAD. Ne-carboxymethyl-lysine (CML), a major
immunogen and isoform of AGEs in plasma
and tissue proteins, is associated with car-
diovascular mortality [12]. Recently, Liu et al.
[13] found that the AGEs inhibitor alageb-
rium (ALT-711; 3-phenacyl-4, 5-dimethylthiazo-
lium chloride) has been shown to improve ves-
sel resistance and cardiovascular function
impaired by diabetes via the breakage of AGE-
related collagen cross-linking. However, the
effects and mechanisms of ALT-711 on CML-
induced angiogenesis damage need to be fur-
ther explored.

MicroRNAs (miRNAs) are small, non-coding
RNA molecules that repress gene expression
by binding to the 3’UTR of their target messen-
ger RNAs (mRNAs) [14-16]. miRNAs play impor-
tant roles in the physiological pathway of CLI
[17-19]. For instance, miR-27b is expressed at
low levels in diabetes patients and mice mod-
els, and up-regulation of miR-27b has been
shown to enhance proliferation, adhesion, and
tube formation, and inhibit the apoptosis of
bone marrow-derived angiogenic cells through
down-regulation of anti-angiogenic thrombos-
pondin-1 (TSP-1), an extracellular glycoprotein
that modulates cell-cell interactions [20, 21].
Besides, overexpression of miR-27b enhanced
platelet angiogenic activities by reducing TSP-1
protein expression [22]. Together, these find-
ings indicate that miR-27b/TSP-1 signaling
plays a crucial role in maintaining angiogenic
ability.

The aim of the present study is to determine
whether and how ALT-711 improves CML-in-
duced angiogenic function damage. We postu-
late that miR-27b/TSP-1 signaling is a promis-
ing target for ALT-711 therapy against CML
damage. We evaluated the expression of miR-
27b and TSP-1 in ischemic hindlimbs of dia-
betes mice and control mice (non-diabetic
mice). We then used the commercial products
CML-BSA and ALT-711, in combination with
the miR-27b mimic/inhibitor and TSP-1 over-
expression plasmids, to determine the effects
of ALT-711 and miR-27b/TSP-1 on angioge-
nesis in vitro. These results help expand our
understanding of diabetes with CLI and repre-
sent a promising therapeutic strategy for clini-
cal settings.
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Materials and methods
Animals

Male BALB/c mice, 4-6-week old, were pur-
chased from the Institute of Laboratory Animal
Science CAMS & PUMC (Beijing, China). The
mice were divided into control and diabetes
groups, with eight mice in each group. Animals
were kept on a 12-hour light/dark cycle with
food and water available ad libitum in the
Animal Center of Second Military Medical
University. All efforts (such as pain relief during
the experiments and natural housing) were
made to relieve the suffering of mice and all
procedures were performed in accordance with
the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals.

Diabetic mice with hindlimb ischemia induc-
tion

Diabetic mouse models were induced through
intraperitoneal streptozotocin (Sigma-Aldrich,
MO, USA) injection [23]. In detail, mice were
injected with citrate buffer (4.92 mol/ml sodi-
um citrate, pH 4.2-4.5; n = 8) or streptozotocin
(50 mg/kg; n = 8) dissolved in sterile citrate
buffer for 5 consecutive days. Blood glucose
levels were measured 7, 14, and 21 days after
injection. Blood glucose levels > 12.0 mmol/L
indicated successful induction of type 1 diabe-
tes mouse models and these mice were select-
ed for further experiments.

Three weeks after streptozotocin injection,
hindlimb ischemia was induced in mice of each
group by left hindlimb artery devascularization.
Mice aged 7-9 weeks were anesthetized by
intraperitoneal injection of 2% pentobarbital
sodium (50 mg/kg). During the operation, the
spin iliac artery, femoral profound artery, the
branch of the femoral artery, and the knee joint
were ligated and excised to form hindlimb isch-
emia. The right femoral artery was exposed but
not dissected as the non-ischemic control.

Laser Doppler perfusion imaging (LDPI)

LDPI (Perimed Instruments AB, Stockholm,
Sweden) was conducted on mice immediately,
2 weeks, 4 weeks and 6 weeks after ischemic
surgery to assess the blood flow recovery ratio
in ischemic hindlimbs. Blood flow recovery ratio
= Ischemic limb perfusion (left hindlimb)/Non-
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ischemic limb perfusion (right hindlimb) x
100%. Colored histogram pixels indicated the
blood reperfusion of ischemic and non-isch-
emic limbs.

Histopathology analysis and immunohisto-
chemical staining

Six weeks after ischemic surgery, mice were
sacrificed by an overdose of isoflurane and the
hindlimbs were harvested and stored in liquid
nitrogen for further research. For histopatho-
logic analysis, tissues were fixed with formalin
and embedded with paraffin, and cut into
6-um-thick sections. The diameter of the in-
termuscular artery lumen was evaluated by
hematoxylin & eosin (HE) staining, as in a previ-
ous report [24]. Immunohistochemical staining
was performed to detect CD31 (Cell Signaling
Technology, CA, USA) expression as described
previously [25].

X-ray angiography

X-ray angiography was performed proximal to
the branch point of the common iliac arteries
along with injection of contrast medium (bari-
um sulfate, 0.5 g/ml) in mice after 6 weeks of
ischemic surgery. Angiography was assess-
ed with an angiographic system (MX-20, Faxi-
tron, USA). The length, number, and vessel area
of the hypogastric artery and all whole, visible,
collateral branches were measured using
Image J software.

Cell culture and treatment

Human umbilical cord-derived endothelial cells
(HUVECs) were purchased from American Type
Culture Collection (ATCC, VA, USA) and cultured
in Vascular Cell Basic Medium plus Endotheli-
al Cell Growth Kit-VEGF (ATCC, VA, USA). Cells
were maintained in a humidified incubator at
37°Cin an atmosphere with 5% CO,,.

HUVECs were incubated with 7.5, 15, 30, 60, or
120 mg/mL CML-BSA (No. STA-314, Cell-
Biolabs, CA, USA) for 24 h. AGEs inhibitor ALT-
711 (20 pyg/mL; MedChemExpress, China) was
added to cell culture medium for 24 h with iso-
pycnic DMSO used as the negative control.

Cell transfection

The human TSP-1 over-expression plasmid (OE-
TSP-1) and the corresponding negative con-
trol (OE-NC) were purchased from OriGene
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(CA, USA). The miR-27b mimic/inhibitor, and
their negative control sequences, were synthe-
sized by GenePharma (Shanghai, China). For
cell transfection, HUVECs were transfected
with OE-TSP-1, -miR-27b-mimic or inhibitor-miR-
27b using Lipofectamine 2000 (Invitrogen, CA,
USA), following the manufacturer’'s instruc-
tions.

Western blotting analysis

Proteins were extracted from tissue samples
and cells with RIPA buffer (Invitrogen, CA, USA)
and quantified using the BCA Protein Assay Kit
(Thermo Fisher Scientific, MA, USA). Then,
equal amounts of protein (20-30 mgg) were
separated by 10% SDS-PAGE and transferred
to PVDF membranes (Millipore, Billerica, MA,
USA). Then, the membranes were blocked with
5% non-fat milk and incubated with primary
antibodies against VEGF (Cell Signaling Tech-
nology, CA, USA), GAPDH (Thermo Fisher
Scientific, MA, USA), and TSP-1 (Cell Signaling
Technology, CA, USA), followed by incubation
with the corresponding secondary antibodies
(ZSGB-BIO, Beijing, China). After the mem-
branes being washed three times with phos-
phate-buffered saline containing Tween 20,
the proteins were enhanced by ECL reagent
(Millipore, MA, USA) and detected on a
ChemiDoc Touch system (Bio-Rad, 1Q, USA).

Quantitative real time PCR (qRT-PCR)

Total RNA and miRNA were isolated with Trizol
reagent (Invitrogen, CA, USA) and the miRNeasy
Mini Kit (Qiagen, Valencia, CA), respectively.
cDNA synthesis was performed using the miS-
cript Il RT kit (Qiagen, Valencia, CA), followed by
gRT-PCR using the miScript SYBR Green PCR
kit (Qiagen, Valencia, CA). miRNA expression
was detected by primer from miScript Primer
Assays (Qiagen, Valencia, CA) and normalized
to UG level. Other specific primers, designed for
gRT-PCR analysis, are listed:

(Human) TSP-1-forward: 5-TCAGGAAATACTGC-
CTGTAGAGT-3’, (Human) TSP-1-reverse: 5-AG-
CCAGTAGAGAACAAATAAGCA-3’; (Mouse) TSP-
1-forward: 5-ACTGGTGAAGGGCCAAGATCT-3/,
(Mouse) TSP-1-reverse: 5-GGATCAGGTTGGCA-
TTCTCAA-3’; (Human) VEGF-forward: 5-AAAG-
CGCAAGAAATCCCGTC-3’, (Human) VEGF-rever-
se: 5-GGTGAGAGATCTGGTTCCCG-3’; (Mouse)
VEGF-forward: 5-CACAGCAGATGTGAATGCAG-
3, (Mouse) VEGF-reverse: 5-TTTACACGTCTG-
CGGATCTT-3’; (Human) GAPDH-forward: 5-TG-
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Figure 1. Decreased miR-27b is involved in impaired angiogenesis in diabetes mellitus. A. Representative images of perfusion recovery in ischemic hindlimbs from
each group 2, 4 and 6 weeks after operation and quantitative evaluation by Laser Doppler perfusion imaging. B. Representative image of CD31 immunohistochem-
istry in ischemic hindlimbs to assess capillary density in each group. C. Representative images of angiography in ischemic hindlimbs taken by X-ray 6 weeks post-
operation. The microangiography of each group was measured by segment number, total length, and vessel area in the limited zone. D. VEGF and TSP-1 protein
expression in ischemic hindlimbs from control and diabetic mice are detected by western blotting analysis. E. miR-27b expression in ischemic hindlimbs from normal
and diabetic mice are determined by gRT-PCR. (Scale bar = 200 mm; n = 8 per group; “*P < 0.01, P < 0.001, ™P < 0.0001).
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Figure 2. CML-BSA stimulation suppresses VEGF expression in HUVECs. A.
Western blotting analysis of the protein level of VEGF after HUVECs were

treated with O, 7.5, 15, 30, 60 or 120 pyg/mL CML-BSA for 24 h. B. The mRNA
level of VEGF are determined by qPCR after HUVECs were treated with O, 7.5,
15, 30, 60 or 120 pg/mL CML-BSA for 24 h. C. ELISA assay is used to detect-
ed the secreted VEGF protein level in HUVECs treated with O, 7.5, 15, 30, 60
or 120 pg/mL CML-BSA for 24 h. (n = 3, "P < 0.05, P < 0.01, *"P < 0.001).

AAGACGGGCGGAGAGAAAC-3’, (Human) GAP-
DH-reverse: 5-TGATGACAAGCTTCCCGTTCT-3’;
(Mouse) GAPDH-forward: 5-TCACCACCATGGA-
GAAGGC-3’, (Mouse) GAPDH-reverse: 5-GCTA-
AGCAGTTGGTGGTGCA-3".

Tube formation assay

The tube formation assay was performed as
described previously [26]. In brief, each well of
a 96-well plate was coated with 50 pyL Matrigel
matrix (BD, Bedford, MA, USA), then HUVECs
were seeded on the pre-coated wells at a den-
sity of 1 x 10% cells/well. After 24-h incubation,
images of tube morphology were recorded
using an inverted microscope (Olympus IX51;
Olympus, Inc.) at x 40 magnification and tube
lengths were measured in six random fields per
well.

Enzyme-linked immunosorbent assay (ELISA)

HUVEC supernatant was collected 3 days after
incubation with CML-BSA or ALT-711 treat-
ments for 24 h to measure secreted VEGF.
Secreted VEGF protein was quantified with
human ELISA kits (Thermo Fisher Scientific,
MA, USA) based on the manufacturer’s instru-
ctions.
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To investigate the function of
miR-27b in angiogenesis in
diabetes mellitus, we constr-
ucted a diabetic mouse mod-
el with hindlimb ischemia.
Compared with the control
group, in which mice only underwent induc-
tion of hindlimb ischemia, the blood flow recov-
ery of ischemic lower extremities was obviously
decreased in mice in diabetic group (Figure
1A). Besides, the immunohistochemical stain-
ing intensity of CD31, which was used to evalu-
ate capillary density was decreased in the isch-
emic hindlimbs of the diabetic group (Figure
1B). And the angiography results revealed a
similar trend; these were analyzed by three dif-
ferent criteria: segment number, intensity, and
total length (Figure 1C). In addition, we detect-
ed the expression of angiogenic mediator pro-
teins, VEGF and TSP-1, in the tissue of ischemic
legs of the two groups. And results showed that
VEGF protein expression decreased and TSP-1
protein expression increased in mice hindlimb
tissues of diabetic group (Figure 1D). And the
expression of miR-27b was significantly lower in
the diabetic group than that in the control
group. (Figure 1E). These results suggest that
diabetes aggravates hindlimb ischemic dam-
age and hampers angiogenesis, in which miR-
27b might play an important role.

CML-BSA stimulation suppressed VEGF expres-
sion in HUVECs

To explore the influence of diabetes on angio-
genesis in vitro, we used different concentra-
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Figure 3. AGEs inhibition rescued the angiogenic function of HUVECs treated with CML-BSA and increased miR-27
expression. A. HUVEC tube formation in untreated cells and cells treated with BSA, CML-BSA (30 ug/mL), CML-BSA
+ DMSO, and CML-BSA + ALT-711 (20 pg/mL) for 24 h. Tube network assays from each treatment group show that
CML:-BSA suppresses the angiogenesis of HUVECs, and that reduced tube formation is rescued by ALT-711. Rep-
resentative images are shown on the left. B, C. VEGF/TSP-1 protein and mRNA expression in HUVECs from each
group are detected by western blotting and qRT-PCR assays, respectively. D. Secreted VEGF protein expression from
HUVECSs of each group is assessed by ELISA. E. gRT-PCR was performed to assess miR-27 and TSP-1 expression in
HUVECs with different treatments as indicated. (n = 3, "P < 0.05, P < 0.01, "P < 0.001).

tions of CML-BSA, a mimic of diabetic damage
to stimulate HUVECs. Following CML-BSA stimu-
lation of HUVECs, VEGF expression was mea-
sured. Western blotting and gRT-PCR analyses
showed that VEGF protein and mRNA expres-
sion were suppressed in HUVECs treated with
various concentrations of CML-BSA (Figure 2A,
2B). A similar pattern was revealed by ELISA
analysis of HUVEC-secreted VEGF protein
expression (Figure 2C). And the decrease of
secreted VEGF protein expression was most
pronounced in the 30 pg/mL CML-BSA group,
hence, we chose the 30 pug/mL of CML-BSA for
further analyses.

Inhibitor of AGEs (ALT-711) rescued the angio-
genic function of HUVECs treated with CML-
BSA and increased miR-27 expression

We next assessed whether the ALT-711 AGEs
inhibitor could rescue CML-BSA-induced angio-
genic function damage and examined its pos-
sible mechanism in vitro. Compared with cells
in control or BSA group (CML-BSA negative con-
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trol), HUVECs treated with CML-BSA displayed
distinctly impaired tube formation (Figure 3A)
and reduced VEGF protein, secreted protein,
and mRNA expressions (Figure 3B-D), as well
as increased TSP-1 expression (Figure 3B). In
contrast, ALT-711 rescued the CML-BSA-
induced impaired angiogenesis (Figure 3A),
and upregulated VEGF protein, mRNA, and
secreted protein expressions and decreased
TSP-1 expression (Figure 3B-D). Furthermore,
gRT-PCR analysis suggested that CML-BSA
treatment significantly decreased miR-27b
expression and increased TSP-1 expression,
and this expression trend was partially reversed
by ALT-711 in HUVECs (Figure 3E). These find-
ings indicate that the AGEs inhibitor promotes
the angiogenesis of endothelial cells through
up-regulating the expression of miR-27b.

miR-27b improved HUVEC angiogenesis via
negative regulation of TSP-1

To reveal the effect of miR-27b on HUVEC angio-
genesis and its downstream molecular path-

Am J Transl Res 2019;11(3):1569-1580
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Figure 4. miR-27b improves angiogenesis in HUVECs by negatively regulating TSP-1. A. gRT-PCR is used to determine miR-27b expression in HUVECs transfected
with miR-27b mimic/inhibitor and the relevant control. B, C. VEGF mRNA and protein expression in miR-27b mimic/inhibitor transfected HUVECs are detected by
western blotting and qRT-PCR assays, respectively. D. Tube formation assay is performed to assess the tube formation ability of HUVECs transfected with miR-27b
mimic/inhibitor. Representative images are shown on the left. E, F. Decreased TSP-1 protein expression in HUVECs transfected with miR-27b mimic, and increased
TSP-1 protein expression in HUVECs transfected with miR-27b inhibitor, which is detected by qRT-PCR and western blotting. G, H. gRT-PCR and western blotting as-
says are used to measure the mRNA and protein expressions of TSP-1 in HUVECs transfected with OE-TSP-1 and OE-NC. I, J. mRNA and protein expression of VEGF
in HUVECs transfected with mimic-miR-27b and OE-TSP-1 are detected by qRT-PCR and western blotting assays. K. Secreted VEGF protein from HUVECs transfected
with miR-27b mimic and OE-TSP-1 are assessed by ELISA. L. Tube formation assay demonstrating that the effect of miR-27b mimic on angiogenesis in HUVECs was
suppressed by OE-TSP-1. Representative images are on the left. (n = 3, “P < 0.05, “P < 0.01, **P < 0.001).
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Figure 5. ALT-711 targets miR-27b to ameliorate CML-BSA-mediated angiogenesis impairment. A. Tube formation
in HUVECs transfected with miR-27 inhibitor and treated with CML-BSA or CML-BSA plus ALT-711/ALT-711-NC. Rep-
resentative images are on the left. B, C. Western blotting and qRT-PCR assay are used to detect VEGF expression
in protein and mMRNA levels and results showed that CML-BSA treatment resulted in decreased VEGF protein and
mRNA expression in HUVECS when ALT-711 function was hampered by miR-27 inhibitor. D. ELISA assay analysis of
the secreted VEGF protein levels in HUVECs of each group. (n = 3, "P < 0.05, P < 0.01).

ways, we recruited miR-27b mimic/inhibitor to
up/downregulate miR-27b expression in HU-
VECs. The transfected efficiency of miR-27b
mimic/inhibitor was confirmed by gRT-PCR
(Figure 4A). Up-regulation of miR-27b enhanced
VEGF expression in protein and mRNA levels in
HUVECSs (Figure 4B, 4C). Importantly, up-regula-
tion of miR-27b significantly improved HUVEC
tube formation (Figure 4D). Besides, miR-27b
mimic suppressed TSP-1 protein expression in
HUVECs, and miR-27b inhibitor markedly up-
regulated TSP-1 expression in protein and
mRNA levels (Figure 4E, 4F). We next explored
if TSP-1 involves in angiogenesis inhibition
induced by miR-27b. A significant increase in
TSP-1 expression in HUVECs was observed fol-
lowing OE-TSP-1 transfection (Figure 4G, 4H).
VEGF protein and mRNA expression were ele-
vated in HUVECs transfected with the miR-27b
mimic, and partially reversed upon TSP-1 over-
expression in combination with the miR-27b
mimic. This effect was also observed when
measuring VEGF secreted protein expression
(Figure 41-K). TSP-1 overexpression delayed the
enhanced tube formation ability regulated by
the miR-27b mimic (Figure 4L). These data con-
firm that the miR-27b facilitates the angiogen-
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esis of HUVECs via negative regulation of TSP-1
expression.

ALT-711 targeted miR-27b/TSP-1 pathway to
ameliorate impaired angiogenesis induced by
CML-BSA

Then, we assessed whether ALT-711 is capable
to rescue CML-BSA-induced HUVEC dysfunc-
tion through modulation of miR-27b/TSP-1 sig-
naling in vitro. The addition of ALT-711 to CML-
BSA-treated HUVECs enhanced tube formation;
this effect was suppressed by miR-27b inhibitor
transfection (Figure 5A). Western blot and gRT-
PCR results showed that increased VEGF
expression induced by ALT-711 under CML-BSA
treatment was reduced when miR-27b was
silenced with miR-27b inhibitor transfection
(Figure 5B, 5C), as well as VEGF secreted pro-
tein level (Figure 5D). However, following ALT-
711 treatment, TSP-1 protein levels and mRNA
expression decreased (Figure 6A, 6B), which
rescued the impaired angiogenic function of
HUVECs under CML-BSA stimulation. And the
effect of ALT-711 on TSP-1 expression was
reversed when miR-27b was silenced in
HUVECSs treated with CML-BSA (Figure 6A, 6B).
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Figure 6. TSP-1 modulation via miR-27b contributes to the effect of ALT-711 on CML-BSA-mediated dysfunction
of HUVECs. A. Western blotting analysis of TSP-1 protein expression, and results showed that TSP-1 expression in
HUVECs treated with ALT-711 under CML-BSA condition is enhanced by miR-27b inhibitor. B. gRT-PCR analysis of
TSP-1 mRNA expression in HUVECs transfected with miR-27b inhibitor/NC in response to treatment with CML-BCA
or CML-BSA plus ALT-711/ALT-711-NC. (n = 3, "P < 0.01, P < 0.001).

Together, these results show that ALT-711 ame-
liorates the impaired angiogenesis in CML-BSA-
treated HUVECs by regulating miR-27b/TSP-1
signaling.

Discussion

CLI has been shown to occur in 11% of PAD
patients, while it increases to 20% in patients
aged > 70 years [27]. The prognosis for patients
with CLI is extremely poor with only 25-40%
patients have the change to accept lower limb
amputation and 20% patients survival [28].
Therapeutic angiogenesis is a potential app-
roach to stimulate neovascularization in ex-
treme damaged tissue to improve limb perfu-
sion and tissue regeneration [29]. However,
AGEs produced by long-term hyperglycemia is
identified as a main reason to cause tissue
injury and neovascularization damage [30, 31],
which may partly explain the high prevalence of
CLI in diabetes patients. In this study, we
observed that blood flow recovery and diame-
ter of the intermuscular artery lumen were
decreased in mice in the diabetic group
(Supplementary Figure 1), as well as the
decreased expression of CD31, a endothelial
cell marker, and the reduced lateral branch cir-
culation capacity in ischemic hindlimbs, sug-
gesting that the pathologic niche of diabetes
might contribute to angiogenesis dysfunction.
Therefore, it’s worthy to explore the mechanism
underlying AGE in exacerbation of CLI, hoping
to find effective therapies for CLI combined
with diabetes mellitus. And the present study
make clear that CML-BSA impairs the angiogen-
esis of ECs through interaction with miR-27b/
TSP-1 signaling molecules.

1577

ALT-711, an AGEs inhibitor, was first used to
analyze CML-BSA-induced angiogenesis dys-
function. In diabetic ApoE-/- mice, ALT-711
alleviates glomerular fibrogenesis and inflam-
mation though RAGE activation [32] and signifi-
cantly improves heart mechanical and major
vascular resistance [33]. However, the effect of
ALT-711 against the damage induced by CML-
BSA in HUVECs had not been examined. We
proposed the hypothesis that ALT-711 rescu-
ed angiogenesis dysfunction induced by CML-
BSA. To the best of our knowledge, our results
demonstrate, for the first time, that CML-BSA
decreased VEGF expression and secretion in
HUVECSs in a dose-independent manner, which
could be partially reversed by ALT-711.

Angiogenesis involves the stimulation, forma-
tion, and stabilization of new blood vessels,
and VEGF plays a role as “master switch” dur-
ing these processes. Consistently with previ-
ously reported results [34], the delay of VEGF
protein expression correlated with the poor
neovascularization of diabetic mice. In con-
trast, levels of TSP-1, a 142-KDa glycoprotein
that functions as an endogenous protein inhibi-
tor of angiogenesis [35], were drastically
enhanced. High glucose levels have been con-
firmed to be a cell-type-specific regulating fac-
tor of TSP-1 in post-transcription level [36]. For
example, pancreatic islets treated with 16.7
mmol/L glucose showed a significant decrease
in VEGF expression and increase in TSP-1
expression as compared cells treated with 5.5
mmol/L glucose; besides, high glucose inhibit-
ed the angiogenesis of human umbilical vein
endothelial cells (HUVECs) [37]. Additionally,
the TSP-1-CD47 axis has been shown to regu-
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late angiogenesis through inhibition of VEGF-
Akt-eNOS [38]. All findings illustrate that high
glucose damage the angiogenesis of cells
through regulating TSP-1 and VEGF expression.
Consistently, we observed that the expression
of VEGF was decreased in the ischemic lower
limb tissues from diabetic mice as compared
with the normal mice, as well as increased
TSP-1 expression.

MicroRNAs, which are single-stranded small
non-coding RNAs that induce mRNA degrada-
tion or repress translation, are dysregulated in
multiple of diseases, including tumors and ath-
erosclerosis [39, 40]. Several results suggest
that miR-27b has a pro-angiogenic function.
For instance, Biyashev et al. [41] reported that
miR-27b inhibition severely impairs vessel
sprouting and filopodia formation in zebrafish
and mouse tissues by inhibiting Delta-like
ligand 4 and Sprouty-2. Our results show that
miR-27b is also suppressed in diabetic mice
with limb ischemia. Besides, miR-27b was sup-
pressed in HUVECs damaged by CML-BSA and
elevated after using ALT-711 against CML-BSA,
while no major differences were observed for
other miRNAs (Supplementary Figure 2). An
opposite trend was observed for TSP-1 mRNA
expression. To reveal the interaction between
miR-27b and TSP-1 in HUVECs, we transfected
HUVECs with miR-27b mimic/inhibitor and
OE-TSP-1 plasmids. Up-regulation of miR-27b
clearly promoted the tube formation of HU-
VECs, increased VEGF expression, and attenu-
ated TSP-1 mRNA expression, whereas these
results were all blocked by TSP-1 over-expres-
sion, suggesting that miR-27b promotes the
angiogenesis through negatively regulating
TSP-1 expression. Our data are consistent with
those previously reported, in that miR-27b pro-
motes angiogenesis via down-regulating TSP-1
expression in diabetic mice [21, 22].

Collectively, the present study provides mean-
ingful clues about the role of ALT-711/miR-27b/
TSP-1 signaling pathway in protecting epithelial
cells from AGE-mediated dysfunction; however,
several gaps in our knowledge still need to be
filled. The functional improvement conferred by
ALT-711 in diabetic animals with CLI needs to
be confirmed by further research in a more
complex in vivo environment. Additionally,
although it has been described previously [21],
we did not employ a luciferase target assay to
directly assess the relationship between miR-
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27b and TSP-1. Moreover, the nature of the
TSP-1 and VEGF interaction needs to be exam-
ined and defined. Further, it should be noted
that the CML-BSA doses used in this investiga-
tion were higher than those reported in other
studies. In patients with chronic kidney dis-
ease, the maximum concentration of CML used
is 18.5 mg/L [43], and no observable impair-
ment of migration, apoptosis, or tube formation
was observed in endothelial progenitor cells
after treatment with 250-1000 pg/ml CML
[42]. Therefore, it is worth exploring the patho-
logical mechanism of AGEs using a broader
concentration range.

In conclusion, our results demonstrate that ALT-
711, an AGEs inhibitor, rescues CML-induced
angiogenesis dysfunction via modulation of
miR-27b/TSP-1 pathway, which may be useful
for the development of improved therapeutic
intervention for patients with diabetes mellitus
and CLI.
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Supplementary Figure 1. Angiogenesis repair was impaired in the ischemic hindlimbs of diabetic mice. The di-
ameter of the intermuscular artery lumen in ischemic hindlimbs of diabetic mice was decreased comparing with
that in normal mice, suggesting the suppressed blood flow performed in diabetic mice. Representative images are
presented on the left and the quantitative analysis was performed using Image J. (Scale bar = 200 um; n = 8 per
group; “*P < 0.001).
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Supplementary Figure 2. MiRNA expression of HUVECs in CML-BSA and HUVECs treated with ALT-711 in CML-BSA.
There was no outstanding difference in miR-21, miR-214, and miR-135a expression between the groups. (P > 0.05,
n = 3).



