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Metformin inhibits angiogenesis in endothelial
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uPA expression via AMPK-mTOR-autophagy pathway
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Abstract: Objective: The aim of this study was to investigate the effect of metformin on endothelial progenitor cells
(EPCs) angiogenesis under physiology condition and to explore the possible mechanisms. Methods: EPCs were
treated with metformin and angiogenesis of EPCs were evaluated by capillary tube formation assay in Matrigel.
Moreover, we also assessed AMPK-mTOR-autophagy pathway to explore the possible mechanisms. Results:
Metformin treatment could significantly down-regulate metal matrix Proteinase 2 (MMP2), MMP9 and urokinase-
type plasminogen activator (UPA) expression, and subsequently decrease angiogenesis of EPCs. Increased levels of
phospho-AMPK and LC3II expression, as well as decreased phospho-mTOR, contribute to this phenomenon. Down-
regulated autophagy by autophagy protein 5 siRNA could reverse the effect exerted by metformin. Conclusions: Our
results here showed that metformin could inhibit EPCs angiogenesis through inhibiting the expression of MMP2,

MMP9 and uPA via AMPK-mTOR-autophagy pathway.
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Introduction

Angiogenesis is a central physiological process
in growth and development and has been
shown to be an excellent therapeutic target for
the treatment of cardiovascular disease (CVD)
[1]. In traditionally, it was considered that angio-
genesis is sprouted from mature endothelium.
But recently Asahara et al [2] found that endo-
thelial progenitor cells (EPCs) could incorporate
into sites of active angiogenesis and played an
important role in postnatally therapeutic angio-
genesis which had been evaluated by many
subsequent pre-clinical and clinical studies
[3-5]. According to previous studies, EPCs could
promote angiogenesis not only by directly incor-
porate into new vessels but also via indirect
mechanisms [6, 7]. Cell-based therapy using
EPCs have been represented as one of the
promising regenerative medicine [8].

Angiogenesis deficiency is a key pathological
characteristic of diabetes microvascular com-
plications in peripheral tissues [9], which may

partly be associated with alterations in EPCs
physiology [10, 11]. In diabetes mellitus (DM)
patients, the number of EPCs was decreased
[12-14] and the functions of EPCs were impaired
[13, 15, 16]. Thus, augmentation of the number
and improvement of the functions of EPCs
might be a potential therapeutic target of dia-
betic vascular complications [17]. Metformin, a
biguanide derivative, is widely used in clinical
as a drug for type 2 DM. It can improve the num-
bers and function of circulating EPCs in type 2
DM [18]. Besides, in the previous studies, met-
formin played a paradoxical role in angiogene-
sis of endothelial cells and some cancer cells
[19-24]. But the exact role of metformin on
angiogenesis conducted by EPCs has not been
elaborated well enough.

To investigate the exact role of metformin on
angiogenesis of EPCs, we conducted capillary
tube formation assays in Matrigel. We found
that metformin could decrease the numbers of
tube formation. We speculated that autophagy
enhanced by metformin might be involved in
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the regulation mechanisms. As autophagy was
attenuated by autophagy protein 5 (ATG5)
siRNA, angiogenesis inhibition by metformin
was neutralized.

Materials and methods
Antibodies and reagents

Antibodies for phospho-AMPK, AMPK, LC3B
were from Cell Signaling Technology (Danvers,
MA, USA). Antibodies for urokinase-type plas-
minogen activator (uPA), Metal Matrix Pro-
teinase (MMP) 2, MMP9, Atg5 and p62 were
from Abcam Inc (Cambridge, MA, USA). Antibody
for phospho-mTOR was from Santa Cruz Bio-
technology Inc (Santa Cruz, CA, USA). Antibody
for vascular endothelial growth factor (VEGF)
was for ProteinTech Company (Chicago, IL,
USA). Metformin and antibodies for [B-actin
were purchased from Sigma-Aldrich (St.Louis,
MO, USA).

Isolation and characterization of rat EPCs

The study protocol was approved by the ethics
committee of the Second Affiliated Hospital of
Soochow University, Suzhou, China. Rat EPCs
were isolated according to the previous descrip-
tion [25-28]. Briefly, bone marrow was obtained
by flushing tibiae and femurs of Sprague-
Dawley rats (80-100 g, from Experimental
Animal Center of Soochow University, Suzhou,
China). Mononuclear cells, isolated from bone
marrow by density gradient centrifugation using
Lymphocyte Separation Medium-LSM™ (MP
Biomedicals, USA), were seeded onto 25-mm?
cell culture dishes (Corning, Corning, NY, USA)
at a density of 2.5 x 10° cells/cm? and cultured
with endothelial cell basal medium-2 (EGM-
2MV; Lonza, Walkersville, MD, USA) supple-
mented with 10% fetal bovine serum (FBS;
Gibco, Carlsbad, CA, USA) and maintained in a
37°C, 5% CO, incubator. After culturing for 4
days, medium was changed as fresh EGM-2
MV. The identification of EPCs was determined
by surface expression of VEGFR2, CD133 and
CD34. Cells within 5 passages were used for
following experiments. To evaluate the effect of
metformin, identified EPCs were incubated with
1 mM metformin [27].

Autophagy protein 5 (Atgb) knockdown using
SiRNA

ATG5 Knockdown was performed as previously
described [28]. SiRNA against ATG5 (ATG
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siRNA), and control siRNA were obtained from
(Shanghai GenePharma Co., Ltd). The target
sequences are sense: 5-UUC UUC GAA CGU
GUC ACG UTT-3’; antisense: 5-ACG UGA CAC
GUU CGG AGA ATT-3'. After reaching 50% con-
fluence, EPCs were transfected with 30 nmol/L
ATG siRNA or control siRNA, by use of Lipo-
fectamine 2000 (Invitrogen, Carsland, CA, USA)
in serum-free medium (EBM-2MV), according to
the manufacturer’s instruction. Medium change
with fresh EGM-2MV was performed at 6 hours
after transfection, and the cells were analyzed
48 hrs after transfection.

Capillary tube formation assay in Matrigel

The in vitro endothelial tube formation assay
was performed as previously described [26,
29] . Briefly, 50 uL of thawed Matrigel (BD Bio-
science, Germany) was spread to a 96-well
plate and allowed to polymerize at 37°C for 30
min. Normal EPCs or metformin treated EPCs
were suspended in FBS-free EBM-2 MV medi-
um and seeded in each well at a concentration
of 2 x 10* cells/well. Cells were incubated at
37°C with or without the supplement of the
metformin. After 12 hours, capillary tube for-
mation in Matrigel was observed under a light
microscope to assess the formation of capil-
lary-like structures. The total numbers of the
formed tubes, which represent the degree of
angiogenesis in vitro, were scanned and quanti-
fied in three randomly picked fields per well (x
10 maghnification). The results were expressed
as mean number of tubes compared with the
control groups.

For the group of Atgb siRNA neutralizing autoph-
agy, EPCs were transfected with Atgb5 siRNA
and then treated with metformin. Compared
with normal EPCs which were treated with met-
formin alone, cells were seeded in each well at
a concentration of 2 x 10% cells/well.

Western-blot analysis

EPCs (1 x 10° cells) were lysed in RIPA buffer,
followed by high-speed centrifugation and
bicinchoninic acid quantification. Cellular pro-
teins were separated bysodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and
transferred onto polyvinylidenedifluoride mem-
branes. After blocking with 5% Bovine Serum
Albumin Tris buffered Saline-Tween 20 (TBS-T),
membranes were incubated with primary anti-

Int J Clin Exp Med 2017;10(1):958-964



Metformin inhibits angiogenesis in endothelial progenitor cells

Normal

The number of tube formation

s

p62

A B
Normal .
250
g gw
£
= 520
§ :?’10
Metformin ® 0
c MMP2 i b 0
8
MMPO S @ 08
UPA - — E:: -
@ 0.
>
VEGF e, %“ 1
: %40 .
Actin “ MMP2 MMP9
Metformin — +
E Alg5 e— — F oo
g2
P62 - — % 20
— ae— g15)
LC3
o
AcCtin 09 atgs
Metformin — +

Figure 1. Effect of metformin on endothelial progenitor cells (EPCs) angio-
genesis. A, B: Metformin significantly decreased the number of tube forma-
tion of EPCs. Representative pictures of tube formation in normal and met-
formin groups (x 10 Magnification). C, D: Metformin reduced the expression
of matrix metalloproteinases 2 (MMP2), MMP9 and urokinase-type plasmin-
ogen activator (UPA) but had no effects on vascular endothelial growth factor
(VEGF). E, F: When EPCs were treated with metformin, the expression of Atgb
and LC3B were enhanced while the expression of the selective autophagy
adaptor sequestosome-1 (p62) was inhibited. Values were normalized to

beta-actin protein (means + SE; n=3).

bodies against AMPK, phospho-AMPK, phos-
pho-mTOR, LC3B, P62, Atg5, VEGF, uPA, MMP2
and MMP9. Appropriate horseradish peroxi-
dase-conjugated secondary antibodies were
applied. B-actin (Sigma) was used as the load-
ing control. The protein bands were detected
with EZ-ECL Chemiluminescence Detection Kit
(Biological industries, Kibbutz, Israel) on Gene
Gnome XRQ system (Syngene Ltd, UK).

Statistical analyses

All statistical analyses were carried out using
SPSS v21 (SPSS, Chicago, IL). Data are pre-
sented as mean + standard deviation (SD) if
normal distribution was met. Student’s t-test
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e
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was utilized to examine differ-
ences two group comparison.
These data met the require-
ment of Huynh-Feldt and were
analyzed by one-way analysis

—T— of variance (ANOVA). Repeated

measurement data were cor-
related if P value was less
than 0.05, and were analyzed
using ANOVA. The comparison
of measurement data betwe-
en two groups were performed
using one-way ANOVA. P<0.05
was considered as statistical-
ly significant.
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B8 Metformin

Results

VEGF

Metformin decreased EPCs
tube formation ability

ax Capacity of tube formation in
i Matrigel was used to evaluate
B in normal and metformin tre-
ated EPCs. It was found that
metformin could inhibit forma-
| tion of capillary-like structures
LCoB in Matrigel (Figure 1A). There
was a significant difference in
the number of tubes between
the two groups (Figure 1B,
P<0.05). This effect could be
reduced when treated togeth-
er with Atg5 siRNA (Figure 2A
and 2B). There was also a sig-
nificant difference in the num-
ber of tube formation between
the two groups (Figure 2B,
P<0.05).

Metformin regulates EPCs tube formation
through influencing uPA, MMP2 and MMP9
but not VEGF

We examined the expression of MMP2, MMP9,
uPA and VEGF in EPCs with or without metfor-
min treatment in EPCs. The results showed that
decreased expression of MMP2, MMP9 and
uPA in EPCs treated with metformin (Figure 1C
and 1D), which indicating a decreased activity
of gelatinase and fibrinolysis. But expression of
VEGF was enhanced (Figure 1C and 1D). As
shown in Figure 1E and 1F, the expression of
Atgdb and LC3B were enhanced while the
expression of the selective autophagy adaptor
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Figure 2. Autophagy down-regulation could reverse the inhibition role of
metformin in tube formation. A, B: Inhibition of tube formation regulated by
metformin was attenuated by Atgh knockdown. C, D: Compared with metfor-
min treated alone, Atgb knockdown could promote the expression of matrix
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formation. As seen from the
Figure 3, metformin could
enhance phosphorylation of
AMPK but attenuate phos-
phorylation of mTOR. And then
LC3 and Atgb expressions
were promoted. Consistently,
MMP2, MMP and uPA expres-
sions were inhibited. Inhibiting
autophagy by Atgb siRNA
could neutralize this pheno-
menon.

B Metformin
. Metformin+AtgS siRNA

Discussion

It has been demonstrated that
EPCs can promote angiogene-
sis in a paracrine fashion by
secretion of angiogenic fac-
tors for bone-marrow progeni-
tors mobilization and mature
ECs activation [33, 34]. In the
present study, we found met-
formin could inhibit the func-
tion of angiogenesis in EPCs
under physiology condition.
This may attribute to the do-
wn-regulated MMP2, MMP9
and uPA. AMPK-mTOR-auto-
phagy pathway may be involv-
ed in this phenomenon.

B Metformin
. Metformin+AtgS siRNA

metalloproteinases 2 (MMP2), MMP9 and urokinase-type plasminogen ac-

tivator (UPA). E, F: Autophagy promoted by metformin could be attenuated
by Atgb knockdown. Values were normalized to beta-actin protein (means

+ SE; n=3).

sequestosome-1 (p62) was inhibited. These
results showed that metformin could promote
autophagy in EPCs. We speculated that metfor-
min attenuated tube formation by inhibiting
MMP2, MMP9 and uPA via autophagy pathway.
Thus we added Atgb5 siRNA into the group of
metformin to verify this hypothesis. It was
found that down-regulated could reverse the
inhibition of metformin in the expression of
MMP2, MMP9 and uPA which was consistent
with the role in tube formation (Figure 2).

Metformin regulates tube formation via AMPK-
mTOR-autophagy pathway

Metformin is both the agonists of AMPK and
autophagy [30-32]. Besides, AMPK activation
could subsequently inhibit mTOR. This could
promote autophagy further. Thus, we speculat-
ed that AMPK-mTOR-autophagy pathway might
play an important role in inhibition of EPCs tube

961

MMPs, especially MMP9 and
MMP2, has been implicated to
promote cell migration and
tube formation [35, 36], which
was considered as the potent triggers and con-
tributors of the angiogenic switch. Heissig et al
showed that MMP-2 and MMP-9 played an
importantrole in focal angiogenesis in response
to VEGF stimulation [37]. uPA, which is highly
expressed in EPCs [38], plays an important role
in the whole process of angiogenesis [39].
Previous studies showed that angiogenesis
induced by VEGF was also depended on uPA
[40-43]. Therefore, in spite of the promoted
expression of VEGF, reduction of MMP2, MMP9
and uPA might contribute to the effect of met-
formin on EPCs in physiology condition.

Metformin is one of the agonist of AMP-
activated protein kinase (AMPK) pathway [30].
Upon the latter activation, AMPK phosphory-
lates and inhibits mTOR and subsequently pro-
mote autophagy [31, 32]. In the previous stud-
ies, autophagy pathways had been implicated
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Figure 3. Metformin regulates endothelial progenitor
cells (EPCs) angiogenesis via AMPK-mTOR-autopha-
gy pathway. Western blot analysis of MMP2, MMP9,
p-AMPK, AMPK, p-mTOR, Atgb, LC3 and p62 expres-
sion after metformin and/or Atg5 siRNA treatment.

to exert paradoxical effects on angiogenesis
[44-46]. Ramakrishnan S, et al [44] and Kim, K.
W, et al [45] found that autophagy could inhibit
angiogenesis. But Du, J. et al [47] found that
angiogenesis was positive correlation with
autophagy. In the present study, we found that
metformin could enhance autophagy signifi-
cantly. And then the expressions of MMP2,
MMP9 and uPA were down-regulated. Con-
versely, when autophagy was attenuated by
Atgbh siRNA, angiogenesis inhibition by metfor-
min was neutralized. Consistently, the down-
regulated expressions of MMP2, MMP9 and
uPA were reversed.

There are a few limitations in this study. First,
we only collected the normal healthy subjects
to examine the effect of metformin on normal
EPCs. The effect of metformin on the EPCs
derived from patients with DM has not been
examined yet. Second, the function of the met-
formin treated EPCs in vivo was not elucidated
yet. Appropriate animal model studies should

962

been taken to verify the function change of
EPCs in vivo. Therefore, further studies were
needed to address these problems.

In conclusion, our results here showed that
metformin could inhibit the angiogenesis of
EPCs. AMPK-mTOR-autophagy pathway, which
could inhibit the expression of MMP2, MMP9
and uPA, was involved in the regulation
mechanisms.

Acknowledgements

This work was supported by grants from the
Jiangsu Provincial Science and Technology
office (No. BL2014043), Graduate Research
and Innovation Program in Colleges and Univ-
ersities of Jiangsu Province (No. KYLX15_1202).

Disclosure of conflict of interest
None.
Authors’ contribution

WL, AQ and FL contributed in generating experi-
mental data. WL, LZ, YZ and XL contributed in
discussion and reviewed/edited manuscript.
WL, KJ, XL wrote the manuscript and drew the
figures.

Address correspondence to: Xiao-Qiang Li, Depart-
ment of Vascular Surgery, The Second Affiliated
Hospital of Soochow University, 1055 Sanxiang Rd,
Suzhou 215000, Jiangsu, China. E-mail: vascu-
lars@126.com; vasculars@163.com

References

[1] Kanzler I, Tuchscheerer N, Steffens G, Sim-
sekyilmaz S, Konschalla S, Kroh A, Simons D,
Asare Y, Schober A, Bucala R, Weber C,
Bernhagen J and Liehn EA. Differential roles of
angiogenic chemokines in endothelial progeni-
tor cell-induced angiogenesis. Basic Res
Cardiol 2013; 108: 310.

[2] Asahara T, Murohara T, Sullivan A, Silver M,
van der Zee R, Li T, Witzenbichler B, Schatt-
eman G and Isner JM. Isolation of putative pro-
genitor endothelial cells for angiogenesis.
Science 1997; 275: 964-967.

[3] Canizo MC, Lozano F, Gonzalez-Porras JR,
Barros M, Lopez-Holgado N, Briz E and
Sanchez-Guijo FM. Peripheral endothelial pro-
genitor cells (CD133 +) for therapeutic vascu-
logenesis in a patient with critical limb isch-
emia. One year follow-up. Cytotherapy 2007; 9:
99-102.

Int J Clin Exp Med 2017:10(1):958-964


mailto:vasculars@126.com
mailto:vasculars@126.com
mailto:vasculars@163.com

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

(14]

963

Metformin inhibits angiogenesis in endothelial progenitor cells

Kawamoto A, Tkebuchava T, Yamaguchi J,
Nishimura H, Yoon YS, Milliken C, Uchida S,
Masuo O, Iwaguro H, Ma H, Hanley A, Silver M,
Kearney M, Losordo DW, Isner JM and Asahara
T. Intramyocardial transplantation of autolo-
gous endothelial progenitor cells for therapeu-
tic neovascularization of myocardial ischemia.
Circulation 2003; 107: 461-468.

Ranghino A, Cantaluppi V, Grange C, Vitillo L,
Fop F, Biancone L, Deregibus MC, Tetta C,
Segoloni GP and Camussi G. Endothelial pro-
genitor cell-derived microvesicles improve neo-
vascularization in a murine model of hindlimb
ischemia. Int J Immunopathol Pharmacol
2012; 25: 75-85.

Kalka C, Masuda H, Takahashi T, Kalka-Moll
WM, Silver M, Kearney M, Li T, Isner JM and
Asahara T. Transplantation of ex vivo expanded
endothelial progenitor cells for therapeutic
neovascularization. Proc Natl Acad Sci U S A
2000; 97: 3422-3427.

Seebach C, Henrich D, Wilhelm K, Barker JH
and Marzi |. Endothelial progenitor cells im-
prove directly and indirectly early vasculariza-
tion of mesenchymal stem cell-driven bone re-
generation in a critical bone defect in rats. Cell
Transplant 2012; 21: 1667-1677.

Rufaihah AJ, Haider HK, Heng BC, Ye L, Tan RS,
Toh WS, Tian XF, Sim EK and Cao T. Therapeutic
angiogenesis by transplantation of human em-
bryonic stem cell-derived CD133+ endothelial
progenitor cells for cardiac repair. Regen Med
2010; 5: 231-244.

Cheng R and Ma JX. Angiogenesis in diabetes
and obesity. Rev Endocr Metab Disord 2015;
16: 67-75.

Fadini GP, Agostini C and Avogaro A. Endothelial
progenitor cells and vascular biology in diabe-
tes mellitus: current knowledge and future per-
spectives. Curr Diabetes Rev 2005; 1: 41-58.
Loomans CJ, de Koning EJ, Staal FJ, Rook-
maaker MB, Verseyden C, de Boer HC, Verhaar
MC, Braam B, Rabelink TJ and van Zonneveld
AJ. Endothelial progenitor cell dysfunction: a
novel concept in the pathogenesis of vascular
complications of type 1 diabetes. Diabetes
2004; 53: 195-199.

Fadini GP, Miorin M, Facco M, Bonamico S,
Baesso |, Grego F, Menegolo M, de Kreutzen-
berg SV, Tiengo A, Agostini C and Avogaro A.
Circulating endothelial progenitor cells are re-
duced in peripheral vascular complications of
type 2 diabetes mellitus. J Am Coll Cardiol
2005; 45: 1449-1457.

Menegazzo L, Albiero M, Avogaro A and Fadini
GP. Endothelial progenitor cells in diabetes
mellitus. Biofactors 2012; 38: 194-202.

Liao YF, Chen LL, Zeng TS, Li YM, Fan Y, Hu LJ
and Ling Y. Number of circulating endothelial
progenitor cells as a marker of vascular endo-

(16]

[17]

(18]

[20]

(21]

[22]

(23]

[24]

thelial function for type 2 diabetes. Vasc Med
2010; 15: 279-285.

Tepper OM, Galiano RD, Capla JM, Kalka C,
Gagne PJ, Jacobowitz GR, Levine JP and
Gurtner GC. Human endothelial progenitor
cells from type Il diabetics exhibit impaired
proliferation, adhesion, and incorporation into
vascular structures. Circulation 2002; 106:
2781-2786.

Lombardo MF, lacopino P, Cuzzola M, Spiniello
E, Garreffa C, Ferrelli F, Coppola A, Saccardi R,
Piaggesi A, Piro R, Mannino D, Grossi G, Lauro
D and Irrera G. Type 2 diabetes mellitus im-
pairs the maturation of endothelial progenitor
cells and increases the number of circulating
endothelial cells in peripheral blood. Cytometry
A 2012; 81: 856-864.

Desouza CV. Does drug therapy reverse endo-
thelial progenitor cell dysfunction in diabetes?
J Diabetes Complications 2013; 27: 519-525.
Chen LL, Liao YF, Zeng TS, Yu F, Li HQ and Feng
Y. Effects of metformin plus gliclazide com-
pared with metformin alone on circulating en-
dothelial progenitor cell in type 2 diabetic pa-
tients. Endocrine 2010; 38: 266-275.
Dallaglio K, Bruno A, Cantelmo AR, Esposito Al,
Ruggiero L, Orecchioni S, Calleri A, Bertolini F,
Pfeffer U, Noonan DM and Albini A. Paradoxic
effects of metformin on endothelial cells and
angiogenesis. Carcinogenesis 2014; 35:
1055-1066.

Qu H and Yang X. Metformin inhibits angiogen-
esis induced by interaction of hepatocellular
carcinoma with hepatic stellate cells. Cell
Biochem Biophys 2015; 71: 931-936.

Xavier DO, Amaral LS, Gomes MA, Rocha MA,
Campos PR, Cota BD, Tafuri LS, Paiva AM, Silva
JH, Andrade SP and Belo AV. Metformin inhib-
its inflammatory angiogenesis in a murine
sponge model. Biomed Pharmacother 2010;
64: 220-225.

Venna VR, Li J, Hammond MD, Mancini NS and
McCullough LD. Chronic metformin treatment
improves post-stroke angiogenesis and recov-
ery after experimental stroke. Eur J Neurosci
2014; 39: 2129-2138.

Liu Y, Tang G, Zhang Z, Wang Y and Yang GY.
Metformin promotes focal angiogenesis and
neurogenesis in mice following middle cere-
bral artery occlusion. Neurosci Lett 2014; 579:
46-51.

Jin Q, Cheng J, Liu Y, Wu J, Wang X, Wei S, Zhou
X, Qin Z, Jia Jand Zhen X. Improvement of func-
tional recovery by chronic metformin treatment
is associated with enhanced alternative activa-
tion of microglia/macrophages and increased
angiogenesis and neurogenesis following ex-
perimental stroke. Brain Behav Immun 2014;
40: 131-142.

Int J Clin Exp Med 2017:10(1):958-964



[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

964

Metformin inhibits angiogenesis in endothelial progenitor cells

Asahara T, Takahashi T, Masuda H, Kalka C,
Chen D, Iwaguro H, Inai Y, Silver M and Isner
JM. VEGF contributes to postnatal neovascu-
larization by mobilizing bone marrow-derived
endothelial progenitor cells. EMBO J 1999; 18:
3964-3972.

Meng Q, Wang W, Yu X, Li W, Kong L, Qian A, Li
C and Li X. Upregulation of MicroRNA-126 con-
tributes to endothelial progenitor cell function
in deep vein thrombosis via Its target PIK3R2.
J Cell Biochem 2015; 116: 1613-1623.

Li WD, Du XL, Qian AM, Hu N, Kong LS, Wei S,
Li CL and Li XQ. Metformin regulates differen-
tiation of bone marrow-derived endothelial
progenitor cells via multiple mechanisms.
Biochem Biophys Res Commun 2015; 465:
803-809.

Li WD, Hu N, Lei FR, Wei S, Rong JJ, Zhuang H
and Li XQ. Autophagy inhibits endothelial pro-
genitor cells migration via the regulation of
MMP2, MMP9 and uPA under normoxia condi-
tion. Biochem Biophys Res Commun 2015;
466: 376-380.

Caiado F, Carvalho T, Silva F, Castro C, Clode N,
Dye JF and Dias S. The role of fibrin E on the
modulation of endothelial progenitors adhe-
sion, differentiation and angiogenic growth
factor production and the promotion of wound
healing. Biomaterials 2011; 32: 7096-7105.
Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-
Melody J, Wu M, Ventre J, Doebber T, Fujii N,
Musi N, Hirshman MF, Goodyear LJ and Moller
DE. Role of AMP-activated protein kinase in
mechanism of metformin action. J Clin Invest
2001; 108: 1167-1174.

Takahashi A, Kimura F, Yamanaka A, Takebay-
ashi A, Kita N, Takahashi K and Murakami T.
Metformin impairs growth of endometrial can-
cer cells via cell cycle arrest and concomitant
autophagy and apoptosis. Cancer Cell Int
2014; 14: 53.

Teng AC, Miyake T, Yokoe S, Zhang L, Rezende
LM Jr, Sharma P, MacLennan DH, Liu PP and
Gramolini AO. Metformin increases degrada-
tion of phospholamban via autophagy in car-
diomyocytes. Proc Natl Acad Sci U S A 2015;
112: 7165-7170.

Rehman J, Li J, Orschell CM and March KL.
Peripheral blood “endothelial progenitor cells”
are derived from monocyte/macrophages and
secrete angiogenic growth factors. Circulation
2003; 107: 1164-1169.

Iba O, Matsubara H, Nozawa Y, Fujiyama S,
Amano K, Mori Y, Kojima H and Iwasaka T.
Angiogenesis by implantation of peripheral
blood mononuclear cells and platelets into
ischemic limbs. Circulation 2002; 106: 2019-
2025.

(35]

(36]

(37]

(38]

[39]

[40]

[42]

[43]

[44]

[45]

[46]

[47]

Luo Y, Liang F and Zhang ZY. PRL1 promotes
cell migration and invasion by increasing
MMP2 and MMP9 expression through Src and
ERK1/2 pathways. Biochemistry 2009; 48:
1838-1846.

Wang L, Zhang ZG, Zhang RL, Gregg SR,
Hozeska-Solgot A, LeTourneau Y, Wang Y and
Chopp M. Matrix metalloproteinase 2 (MMP2)
and MMP9 secreted by erythropoietin-activat-
ed endothelial cells promote neural progenitor
cell migration. J Neurosci 2006; 26: 5996-
6003.

Heissig B, Hattori K, Dias S, Friedrich M, Ferris
B, Hackett NR, Crystal RG, Besmer P, Lyden D,
Moore MA, Werb Z and Rafii S. Recruitment of
stem and progenitor cells from the bone mar-
row niche requires MMP-9 mediated release of
kit-ligand. Cell 2002; 109: 625-637.

Basire A, Sabatier F, Ravet S, Lamy E, Mialhe A,
Zabouo G, Paul P, Gurewich V, Sampol J and
Dignat-George F. High urokinase expression
contributes to the angiogenic properties of en-
dothelial cells derived from circulating progeni-
tors. Thromb Haemost 2006; 95: 678-688.
Montuori N and Ragno P. Role of uPA/uPAR in
the modulation of angiogenesis. Chem Imm-
unol Allergy 2014; 99: 105-122.

Breuss JM and Uhrin P. VEGF-initiated angio-
genesis and the uPA/uPAR system. Cell Adh
Migr 2012; 6: 535-615.

Chen ML, Lin YH, Yang CM and Hu ML. Lyco-
pene inhibits angiogenesis both in vitro and in
vivo by inhibiting MMP-2/uPA system through
VEGFR2-mediated PI3K-Akt and ERK/p38 sig-
naling pathways. Mol Nutr Food Res 2012; 56:
889-899.

Prager GW, Breuss JM, Steurer S, Mihaly J and
Binder BR. Vascular endothelial growth factor
(VEGF) induces rapid prourokinase (pro-uPA)
activation on the surface of endothelial cells.
Blood 2004; 103: 955-962.

Uhrin P and Breuss JM. uPAR: a modulator of
VEGF-induced angiogenesis. Cell Adh Migr
2013; 7: 23-26.

Ramakrishnan S, Nguyen TM, Subramanian IV
and Kelekar A. Autophagy and angiogenesis
inhibition. Autophagy 2007; 3: 512-515.

Kim KW, Paul P, Qiao J, Lee S and Chung DH.
Enhanced autophagy blocks angiogenesis via
degradation of gastrin-releasing peptide in
neuroblastoma cells. Autophagy 2013; 9:
1579-1590.

Liu J, Fan L, Wang H and Sun G. Autophagy, a
double-edged sword in anti-angiogenesis ther-
apy. Med Oncol 2016; 33: 10.

Du J, Teng RJ, Guan T, Eis A, Kaul S, Konduri
GG and Shi Y. Role of autophagy in angiogene-
sis in aortic endothelial cells. Am J Physiol Cell
Physiol 2012; 302: C383-391.

Int J Clin Exp Med 2017;10(1):958-964



