
RESEARCH PAPER

Metformin alleviates hyperglycemia-induced endothelial impairment by
downregulating autophagy via the Hedgehog pathway
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ABSTRACT
Studies regarding macroautophagic/autophagic regulation in endothelial cells (ECs) under diabetic
conditions are very limited. Clinical evidence establishes an endothelial protective effect of metformin,
but the underlying mechanisms remain unclear. We aimed to investigate whether metformin exerts its
protective role against hyperglycemia-induced endothelial impairment through the autophagy machin-
ery. db/db mice were treated with intravitreal metformin injections. Human umbilical vein endothelial
cells (HUVECs) were cultured either in normal glucose (NG, 5.5 mM) or high glucose (HG, 33 mM)
medium in the presence or absence of metformin for 72 h. We observed an obvious inhibition of
hyperglycemia-triggered autophagosome synthesis in both the diabetic retinal vasculature and cultured
HUVECs by metformin, along with restoration of hyperglycemia-impaired Hedgehog (Hh) pathway
activity. Specifically, deletion of ATG7 in retinal vascular ECs of db/db mice and cultured HUVECs
indicated a detrimental role of autophagy in hyperglycemia-induced endothelial dysfunction.
Pretreatment with GANT61, a Hh pathway inhibitor, abolished the metformin-mediated downregulation
of autophagy and endothelial protective action. Furthermore, GLI-family (transcription factors of the Hh
pathway) knockdown in HUVECs and retinal vasculature revealed that downregulation of hyperglyce-
mia-activated autophagy by the metformin-mediated Hh pathway activation was GLI1 dependent.
Mechanistically, GLI1 knockdown-triggered autophagy was related to upregulation of BNIP3, which
subsequently disrupted the association of BECN1/Beclin 1 and BCL2. The role of BNIP3 in BECN1
dissociation from BCL2 was further confirmed by BNIP3 overexpression or BNIP3 RNAi. Taken together,
the endothelial protective effect of metformin under hyperglycemia conditions could be partly attrib-
uted to its role in downregulating autophagy via Hh pathway activation.

Abbreviations: 3-MA = 3-methyladenine; 8×GLI BS-FL = 8×GLI-binding site firefly luciferase; AAV = adeno-
associated virus; AAV-Cdh5-sh-Atg7=AAV vectors carrying shRNA againstmurine Atg7 under control ofmurine
Cdh5 promoter; AAV-Cdh5-sh-Gli1 = AAV vectors carrying shRNA against murine Gli1 under control of murine
Cdh5 promoter; AAV-Cdh5-Gli1 = AAV vectors carrying murine Gli1 cDNA under the control of murine Cdh5
core promoter; ACAC = acetyl-CoA carboxylase; Ad-BNIP3 = adenoviruses harboring human BNIP3`; Ad-GLI1 =
adenoviruses harboringhumanGLI1;Ad-sh-ATG7=adenoviruses harboring shRNAagainst humanATG7;Ad-sh-
BNIP3 = adenoviruses harboring shRNA against human BNIP3; Ad-sh-GLI = adenoviruses harboring shRNA
against humanGLI;AGEs= advancedglycation endproducts; ATG= autophagy-related; atg7flox/floxmice =mice
bearing an Atg7flox allele, in which exon 14 of the Atg7 gene is flanked by 2 loxP sites; BafA1 = bafilomycin A1;
BECN1 = beclin 1; CDH5/VE-cadherin = cadherin 5; CASP3 = caspase 3; CASP8 = caspase 8; CASP9 = caspase 9;
ECs = endothelial cells; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; GCL = ganglion cell layer; GFP-
LC3B = green fluorescent protein labelled LC3B; HG = high glucose; Hh = Hedgehog; HHIP = hedgehog
interacting protein; HUVECs = human umbilical vein endothelial cells; IB4 = isolectin B4; INL = inner nuclear
layer; i.p. = intraperitoneal; MAP1LC3/LC3 = microtubule-associated protein 1 light chain 3; MAN = mannitol;
MET = metformin; NG = normal glucose; ONL = outer nuclear layer; p-ACAC = phosphorylated acetyl-CoA
carboxylase; PECAM1/CD31= platelet/endothelial cell adhesion molecule 1; PRKAA1/2 = protein kinase AMP-
activated catalytic subunits alpha 1/2; p-PRKAA1/2 = phosphorylated PRKAA1/2; PTCH1 = patched 1; RAPA =
rapamycin; RL = Renilla luciferase; SHH = sonic hedgehog; shRNA = short hairpin RNA; sh-PRKAA1/2 = short
hairpin RNAagainst human PRKAA1/2; scrambled shRNA= the scrambled short hairpin RNA serves as a negative
control for the target-specific short hairpin RNA, which has the same nucleotide composition as the input
sequence and has no match with any mRNA of the selected organism database; SMO = smoothened, frizzled
class receptor; sqRT-PCR= semi-quantitative RT-PCR; TEK/Tie2 = TEK receptor tyrosine kinase; Tek-Cre (+)mice =
a mouse strain expressing Cre recombinase under the control of the promoter/enhancer of Tek, in a pan-
endothelial fashion; TUNEL = terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling
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Introduction

Diabetes mellitus is a common metabolic disorder, with the
current prevalence of over 400 million worldwide and the
number of diabetics is expected to increase exceeding 50%
by 2030 [1,2]. Vascular complications in diabetes are consid-
ered as major causes for shortened life expectancy and high
mortality rate [3]. Moreover, endothelial dysfunction, which
causes defective endothelial repair and inability of angiogen-
esis, is also recognized as an important causative factor in the
pathogenesis of diabetes-associated cardiovascular dis-
eases [4].

Metformin is a commonly used oral hypoglycemic agent,
which can exert hypoglycemic effect by decreasing hepatic
gluconeogenesis, as a result from the activation of AMPK
and facilitation of AMPK-mediated translocation of
SLC2A4/glucose transporter type 4 [5,6]. Conversely, metfor-
min modulates endothelial function and prevents hyperglyce-
mia-caused vascular abnormalities [7], and this beneficial
action is likely to be independent of its efficacy on blood
glucose control. However, little information exists regarding
the mechanism underlying the protective effect of metformin
on ECs under diabetic conditions.

Recently, there has been a growing interest in the role of
autophagy in modulating diverse physiological processes.
Basically, autophagy is a catabolic process in which a cell digests
its own components via the lysosomal machinery, performing
survival-oriented functions under both basal conditions and con-
ditions of stress (e.g. starvation) [8]. However, this regulatory
machinery is implicated in not only normal cell function, but
also the onset of autophagic cell death resulting in the pathogen-
esis of various kinds of diseases involving aging, cancer, and
diabetes [9]. Also, the role of autophagy inmodulating endothelial
function under diabetic conditions appears to be complicated. For
example, autophagy protects against senescence in HG-induced
endothelial cells [10]; while HG-induced autophagy damages
endothelial progenitor cells, aggravates mitochondrial oxidative
stress and prevents neovascularization [11]. Besides, the formation
of advanced glycation end products (AGEs) triggers autophagy
during the diabetic period, which is related to atherosclerosis in
diabetes [12].

It is noteworthy that several angiogenesis inhibitors
involved in antiangiogenesis therapy trigger autophagy
machinery [13,14], providing a link between autophagy initia-
tion and angiogenesis inhibition [15]. Consistently, suppres-
sion of autophagy obviously facilitates angiogenesis [16]. In
Becn1 hemizygous mice, a highly proangiogenic phenotype in
response to hypoxia is achieved [17]. In the present study, we
observed that autophagy was activated in both the retinal
vascular endothelium of diabetic db/db mice and HUVECs
cultured in HG conditions, but was dramatically downregu-
lated by metformin. And subsequently, the metformin-
mediated downregulation of HG-triggered autophagy was
demonstrated to play a central role in metformin-exerted
endothelial protective action against HG impairment.

Here we describe that metformin downregulates HG-
triggered autophagy through activating the Hh signaling path-
way in a GLI1-dependent manner. Therefore, a novel role of

metformin in alleviating hyperglycemia-induced endothelial
dysfunction via modulating autophagy is identified.

Results

Metformin attenuates hyperglycemia-induced endothelial
dysfunction both in vivo and in vitro

To demonstrate the protective effect of metformin against hyper-
glycemia-induced endothelial impairment in vivo, immunofluor-
escence staining for PECAM1/CD31 (platelet/endothelial cell
adhesion molecule 1) revealed the presence of de-endothelialized
region in aortic endothelium of db/db mice compared with
its corresponding non-diabetic, heterozygous control littermates,
db/m. Systemic treatment with metformin (300 mg/kg/d) signifi-
cantly attenuated hyperglycemia-induced de-endothelialization
compared with the vehicle-treated group in diabetic db/db mice
(Figure 1(a,b)). Retinal vascular leakage is a representative symp-
tom of diabetic microvascular dysfunctions and a leading cause of
diabetic retinopathy [18]. Thus we analyzed the effect of intraper-
itoneal metformin injection on hyperglycemia-induced vascular
leakage in the diabetic retina. Retinal vascular leakage was drama-
tically increased in db/db mice compared with db/m mice, met-
formin largely decreased the extent of vascular leakage compared
with the vehicle-treated group in diabetic db/db mice (Figure 1
(c,d)).

In order to establish whether the effects of metformin
observed in in vivo studies involved a direct action on ECs,
metformin was directly delivered to retina through intravitreal
injections. Comparing with a four-wk course of metformin
intraperitoneal treatment, a relative short period of intravi-
treal treatment (8 d) could also significantly ameliorate retinal
vascular leakage (Figure 1(e,f)). To further determine the
endothelial function, an ex vivo model, the aortic ring assay
[19] was utilized. The aortic rings from C57BL/6 mice were
cultured in different media containing NG (5.5 mM), HG
(33 mM) alone or with metformin. In aortic rings cultured
in NG medium, we observed a well-structured microvessel
network with clearly defined tubules and regular branching.
In contrast, the rings cultured in HG medium showed
a dramatically impaired sprouting function when compared
with rings cultured in normal medium or in osmotic control
group, while the sprouting function was well-preserved by
metformin administration (Figure 1(g,h)).

In parallel, the tube-forming activity was also significantly
impaired in HUVECs exposed to HG as compared with
HUVECsmaintained inNG, but greatly enhanced bymetformin
cotreatment (Figure 1(i,j)). Furthermore, HG induced high
levels of apoptosis in HUVECs, as demonstrated by the increase
in the proportion of Terminal deoxynucleotidyl transferase
dUTP-mediated nick-end labeling (TUNEL)-positive cells and
elevated protein levels of active CASP8 (caspase 8), active CASP9
(caspase 9) as well as active CASP3 (caspase 3). However, HG-
induced apoptosis was significantly alleviated by metformin
coincubation (Figure 1(k–n)). Overall, a direct protective role
of metformin against HG-induced endothelial impairment is
confirmed.
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Figure 1. Metformin attenuates hyperglycemia-induced endothelial dysfunction both in vivo and in vitro. (a) Representative immunofluorescence with PECAM1 from
db/m mice, db/db mice, and intraperitoneal metformin (MET)-treated (300 mg/kg/d) db/db mouse aorta tissue sections. The red area represented endothelium and
the nucleus was blue. Scale bars: 200 μm. (b) Quantification of the PECAM1-positive area in (a), values displayed are means ± SEM of 8 independent experiments. #
P < 0.05 vs. db/m mice; * P < 0.05 vs. db/db mice or vehicle-treated db/db mice. (c) Representative confocal images of vascular leakage in retinas from db/m mice,
db/db mice, and intraperitoneal MET-treated db/db mice. Scale bars: 200 μm. (d) Retinal leakage was quantified by measuring the fluorescence intensities of FITC-
dextran in (c). Images were taken in 6 random microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. Data are
expressed as fold change relative to db/m mice. # P < 0.05 vs. db/m mice; * P < 0.05 vs. db/db mice or vehicle-treated db/db mice. (e) Representative confocal
images of vascular leakage in retinas from db/m mice, db/db mice, and intravitreal MET-treated (0.5 nmol in 1 μL) db/db mice. Scale bars: 200 μm. (f) Retinal leakage
was quantified by measuring the fluorescence intensities of FITC-dextran in (e). Images were taken in 6 random microscopy fields per sample and values displayed
are means ± SEM of 8 independent experiments. Data are expressed as fold change relative to db/m mice. # P < 0.05 vs. db/m mice; * P < 0.05 vs. db/db mice or
vehicle-treated db/db mice. (g) Representative confocal images of aortic rings from C57BL/6 mice cultured in different media containing normal glucose (NG;
5.5 mM), high glucose (HG; 33 mM) alone or with MET (50 μM) for 72 h, mannitol (MAN; 33 mM: 5.5 mM of glucose + 27.5 mM of D-mannitol) was used as the
osmotic control for HG. Scale bars: 500 μm. (h) Quantification of the number of sprouts in (g), values displayed are means ± SEM of 10 independent experiments.
# P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG. (i) Capillary-like tube formation was assessed by matrigel angiogenesis assay in HUVECs. HUVECs were cultured either in
NG or HG medium in the presence or absence of MET (50 μM) for 72 h, MAN was used as the osmotic control for HG. Scale bars: 300 μm. (j) Quantification of the tube
length in (i), images of tube morphology were taken in 6 random microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments.
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Next, we sought to explore whether metformin could also
function as a proangiogenic factor under basal conditions.
Systemic treatment with metformin exerted no influence both
on the aortic endothelialization and retinal vascular leakage in
db/m mice (Fig. S1A to D). A direct intravitreal treatment of
metformin also had little effect on retinal vascular leakage (Fig.
S1E, F). Nevertheless, unlike its protective role under HG con-
ditions, we found that metformin treatment impaired the aortic
rings sprouting function and the tube-forming activity of cul-
tured HUVECs without inducing cellular apoptosis under NG
conditions (Fig. S1G to N). The antiangiogenic effect of metfor-
min in basal conditions coincides with its anticancer role as
reported previously [20]. Metformin is reported to be an effec-
tive activator of AMPK [21], and we confirmed that the dose of
metformin we used was sufficient to activate AMPK in HUVECs
under basal conditions (Fig. S2A). When AMPK signaling was
attenuated by transfecting HUVECs with the short hairpin RNA
against human PRKAA1/AMPKα1-PRKAA2/AMPKα2 mRNA
(sh-PRKAA1/2), the antiangiogenic effect of metformin was
alleviated as demonstrated by the recovery of tube-forming
activity (Fig. S2C, D), suggesting that the antiangiogenic effect
of metformin in basal conditions is at least in part mediated by
activation of the AMPK pathway.

Metformin restores hyperglycemia-reduced Hh pathway
activity, and the endothelial protective action of
metformin against hyperglycemia is Hh-dependent

Lines of evidence support an important role for Hh in homeo-
static and repair processes, such as angiogenesis and tissue
regeneration among diabetic individuals [22,23]. Consistent
with the phenomena observed in diabetic nerve and skin
[24,25], our results confirmed an impaired Hh pathway activity
in both the retina from diabetic db/db mice and HUVECs
exposed to HG, as reflected by decreased expression of GLI1 in
the retinal vasculature (Figure 2(a,b)) and lower levels of cano-
nical Hh signaling pathway components, including the signaling
molecules PTCH1 (patched 1), SMO (smoothened, frizzled class
receptor), and GLI1 at both the protein and mRNA levels
(Figures 2(d,e) and S3A, B). Importantly, metformin largely
increased hyperglycemia-impaired Hh pathway activity both
in vivo and in vitro, as revealed by elevated GLI1 expression
level in the retinal vasculature from metformin-treated diabetic
db/db mice (Figure 2(a,b)) and higher levels of Hh signaling
pathway components in HUVECs exposed to HG in combina-
tion with metformin (Figures 2(d,e) and S3A, B).

The effect of metformin on hyperglycemia-reduced Hh path-
way activity was further verified by luciferase assay. HUVECs
were cotransfected with plasmids encoding a 8× GLI-binding
site firefly luciferase (8× GLI BS-FL) or mutant 8× GLI BS-FL.
Luciferase production was dramatically decreased in cells

exposed to HG compared to cells maintained in NG or in
osmotic control group. Likewise, the luciferase activity was ele-
vated in cells cultured in HG together withmetformin compared
with HG alone (Figure 2(c)), indicative of Hh pathway activity
restoration by metformin treatment.

Interestingly, metformin could also activate the Hh path-
way under basal conditions. The intravitreal treatment with
metformin slightly increased GLI1 protein level in the retinal
vasculature of db/m mice, but without significant difference
(Figure 2(f,g)). In NG cultured HUVECs, the luciferase pro-
duction was elevated by metformin treatment (Figure 2(h)),
along with increased levels of canonical Hh signaling pathway
components, PTCH1, SMO and GLI1 at both the protein and
mRNA levels (Figures 2(i,j) and S3C, D).

We next explored how HG and metformin could act on the
Hh pathway. HHIP (hedgehog interacting protein), was ori-
ginally found via screening a cDNA library when seeking for
proteins that interact with the SHH (sonic hedgehog) protein.
As a putative antagonist of the Hh pathway, HHIP exerts its
role through binding to proteins from the mammalian hedge-
hog family, thus attenuating their bioavailability [26]. We
demonstrated that HG could persistently induce HHIP
expression in HUVECs in a time-dependent manner (Figure
2(k,l)). The immunoblotting and immunofluorescence stain-
ing further confirmed a significant increase in the protein
level of HHIP after a period of 72 h-HG treatment in
HUVECs, whereas metformin treatment inhibited HHIP
expression under both basal and HG conditions (Figure 2
(m–p)). These results provide evidence that the inhibition of
the Hh pathway imposed by HG might be ascribed to the
upregulation of HHIP, and metformin restores Hh signaling
probably through its inhibitive effect on HHIP expression.

For further ascertaining the role of HG inhibition of the
Hh pathway in endothelial function, we assessed whether an
upregulation of Hh pathway activity is sufficient to rescue
HG-induced endothelial impairment. To obtain this, HG-
exposed HUVECs were coincubated with recombinant SHH,
a direct Hh signaling pathway ligand (Fig. S4). Similar to the
results obtained with metformin treatment, coincubation with
SHH largely ameliorated HG-impaired vascular sprouting
function and tube-forming activity (Figure 2(q–t)), the HG-
induced apoptosis was alleviated as well (Figure 2(u,v)).
Together, we demonstrate that the loss of Hh signaling
might partly account for HG-impaired endothelial function.

Meanwhile, exposure to HG resulted in inhibition of
AMPK signaling pathway in HUVECs as well. Metformin
also upregulated the HG-reduced AMPK pathway activity,
demonstrated by elevated expression of phosphorylated (p-)
PRKAA1/2 and p-ACAC (phosphorylated acetyl-CoA carbox-
ylase) (Figure 3(a,b)). To clarify which pathway plays
a dominant role in the endothelial protective effect of met-
formin, each pathway was blocked by treatment with

# P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG. (k) Terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) assay of HUVECs treated as indicated
in (i). The apoptotic cells were labelled with green, and nuclei were stained with DAPI (blue). Scale bars: 100 μm. (l) The quantitative analysis of TUNEL+ cells in at
least 6 separate fields, values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG. (m) Cell lysates of HUVECs were
used to detect the active CASP8, active CASP9 as well as active CASP3 protein levels by immunoblotting. (n) The quantitative analysis of each immunoblot relative to
GAPDH protein level in (m). Data are expressed as fold change relative to HUVECs exposed to NG, values displayed are means ± SEM of 6 independent experiments.
# P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG.

Figure 1. (Continued ).
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Figure 2. Metformin restores hyperglycemia-reduced Hh pathway activity, and the loss of Hh signaling partly accounts for HG-impaired endothelial function. (a)
Representative images of GLI1 (red) staining in retinal vessels from db/m mice, db/db mice, and intravitreal MET-treated (0.5 nmol in 1 μL) db/db mice. Retinal
vasculature was labelled with isolectin B4 (IB4, green). Scale bars: 100 μm. (b) Quantification represents the ratio between the sum of GLI1 pixel intensity and IB4
area. Images were taken in 6 random microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. # P < 0.05 vs. db/m mice;
* P < 0.05 vs. db/db mice or vehicle-treated db/db mice. (c) GLI-luciferase reporter activity assay. HUVECs were cotransfected with vectors encoding 8× GLI-binding
site firefly luciferase (8× GLI BS-FL) or mutant 8× GLI BS-FL, Renilla luciferase reporter (pRL-TK) as a control. After transfection, HUVECs were cultured either in NG or
HG medium in the presence or absence of MET (50 μM) for 72 h, MAN was used as the osmotic control for the HG. The firefly luciferaseL:Renilla luciferase ratio in cell
lysates was calculated for each sample and was normalized to the ratio measured in HUVECs cultured in NG. Values displayed are means ± SEM of 6 independent
experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG. (d) Immunoblotting analysis of Hh signaling pathway components, PTCH1, SMO, and GLI1 in HUVECs.
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GANT61 (inhibitor of GLI1 and GLI2) or compound
C (inhibitor of AMPK), respectively (Figure 3(c)). Inhibition
of the Hh pathway by GANT61 largely counteracted the
metformin-modulated endothelial protective effect, which
exhibited dramatically damaged tube-forming activity, alone
with a decreased vascular sprouting function (Figure 3(d–g)).
By contrast, the influence on the endothelial protective effect
of metformin resulted from inhibition of AMPK by com-
pound C was negligible (Figure 3(d–g)). Interestingly, either
pretreatment with GANT61 or compound C abrogated the
antiapoptotic effect of metformin on HG-induced endothelial
apoptosis (Figure 3(h,i)).

These results suggest that the endothelial protective action
of metformin against HG might be mainly attributed to its
role in activating the Hh pathway.

The metformin-mediated suppression of autophagy is
protective in hyperglycemia-induced endothelial injury

There is a growing body of literature suggesting that autophagy
may be a central mechanism through which risk factors elicit
endothelial dysfunction [11,12]. During autophagy, MAP1LC3/
LC3 (microtubule-associated protein 1 light chain 3),
a mammalian ortholog of yeast Atg8, is modified to generate its
active isoform, which translocates from the cytoplasm to phago-
phores, precursors to autophagosomes [27]. In the present study,
we found obvious accumulation of LC3 puncta colocalized with
retinal vascular endothelium (labeled with isolectin B4, an EC
marker) in diabetic db/db mice as compared with its correspond-
ing control littermates, db/m. However, metformin-treated db/db
mice manifested significantly fewer LC3 puncta when compared
with the vehicle-treated group (Figure 4(a,b)). Decreased LC3
levels could be associated with either reduced formation or
enhanced clearance of autophagosome. Because bafilomycin A1

(BafA1) functions to block autophagosome-lysosome fusion, its

use allows the examination of these 2 possibilities [28]. As met-
formin could decrease the number of LC3 puncta in the presence
of BafA1 (Figure 4(a,b)), we can draw a conclusion that the
metformin-mediated downregulation of HG-triggered autophagy
is due to its role in affecting autophagosome synthesis rather than
autophagosome degradation.

To further confirm these data, we assessed autophagic
activity in cultured HUVECs. Electron micrographs
revealed a markedly high presence of autophagosomes in
HUVECs exposed to HG alone, whereas the HG-triggered
accumulation of autophagosomes was ameliorated in the
presence of metformin (Figure 4(c,d)). An increase in the
expression level of LC3-II was also observed in HUVECs
exposed to HG alone (Figure 4(e,f)). Moreover, in HUVECs
transduced with an adenoviral vector carrying GFP-LC3B
(Ad-GFP-LC3B), HG also significantly increased the num-
ber of green puncta as compared to NG or the osmotic
control (Figure 4(g,h)). Metformin treatment not only dra-
matically attenuated the aggregation of green puncta in
HUVECs transduced with Ad-GFP-LC3B, but also down-
regulated LC3-II expression level in both the absence and
presence of BafA1 (Figure 4(e–h)).

In addition, we assessed whether metformin could play
a role in autophagy under basal conditions. Different from
its inhibitive role in HG-triggered autophagy, intravitreal
treatment of metformin increased the number of LC3 puncta
colocalized with retinal vascular endothelium in db/m mice in
both the presence and absence of BafA1 (Fig. S1O, P).
Furthermore, metformin treatment in NG cultured HUVECs
did not suppress but instead activated autophagy, which
exhibited a markedly high presence of autophagosomes and
increased number of GFP-LC3B puncta in both the absence
and presence of BafA1 as compared to NG alone (Fig. S2E to
H). An upregulation in the protein level of LC3-II was also
detected in metformin-treated HUVECs under NG cultured
conditions (Fig. S2I, J). Considering an important role of

HUVECs were treated as indicated in (c). (e) The quantitative analysis of each immunoblot relative to GAPDH protein level in (d). Data are expressed as fold change
relative to NG, values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG. (f) Representative images of GLI1 (red)
staining in retinal vessels from intravitreal MET (0.5 nmol in 1 μL) or vehicle-treated db/m mice. Retinal vasculature was labelled with IB4 (green). Scale bars: 100 μm.
(g) Quantification represents the ratio between the sum of GLI1 pixel intensity and IB4 area. Images were taken in 6 random microscopy fields per sample and values
displayed are means ± SEM of 8 independent experiments. ns, non-significant compared with vehicle-treated db/m mice. (h) GLI-luciferase reporter activity assay.
HUVECs were cotransfected with vectors encoding 8× GLI-binding site firefly luciferase (8× GLI BS-FL) or mutant 8× GLI BS-FL, Renilla luciferase reporter (pRL-TK) as
a control. After transfection, HUVECs were cultured in NG medium in the presence or absence of MET (50 μM) for 72 h. The firefly luciferaseL:Renilla luciferase ratio in
cell lysates was calculated for each sample and was normalized to the ratio measured in HUVECs cultured in NG alone. Values displayed are means ± SEM of 6
independent experiments. # P < 0.05 vs. NG. (I) Immunoblotting analysis of Hh signaling pathway components, PTCH1, SMO, and GLI1 in HUVECs. HUVECs were
treated as indicated in (h). (j) The quantitative analysis of each immunoblot relative to GAPDH protein level in (i). Data are expressed as fold change relative to NG,
values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. NG; ns, non-significant. (k) Immunoblotting analysis of HHIP in HUVECs. HUVECs were
cultured in HG medium for 12 h, 24 h, 48 h and 72 h, respectively. MAN was used as the osmotic control for HG. (l) The quantitative analysis of HHIP protein level
relative to GAPDH protein level in (k). Data are expressed as fold change relative to HUVECs cultured in MAN for 12h, values displayed are means ± SEM of 6
independent experiments. # P < 0.05 vs. corresponding MAN; ns, non-significant. (m) Representative immunofluorescence images of HUVECs stained with HHIP.
HUVECs were cultured either in MAN or HG medium in the presence or absence of MET (50 μM) for 72 h. Scale bars: 5 μm. (n) The quantitative analysis of the
fluorescence intensity in (m). Data are expressed as fold change relative to HUVECs cultured in MAN, values displayed are means ± SEM of 8 independent
experiments. # P < 0.05 vs. MAN; * P < 0.05 vs. HG. (o) Immunoblotting analysis of HHIP in HUVECs. HUVECs were treated as in (m). (p) The quantitative analysis of
HHIP protein level relative to GAPDH protein level in (o). Data are expressed as fold change relative to HUVECs cultured in MAN, values displayed are means ± SEM of
6 independent experiments. # P < 0.05 vs. MAN; * P < 0.05 vs. HG. (q) Representative confocal images of aortic rings from C57BL/6 mice cultured in different media
containing NG, HG alone or with SHH (10 μg mL−1) for 72 h, MAN was used as the osmotic control for HG. Scale bars: 500 μm. (r) Quantification of the number of
sprouts in (q), values displayed are means ± SEM of 10 independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG. (s) Capillary-like tube formation was
assessed by matrigel angiogenesis assay in HUVECs. HUVECs were cultured either in NG or HG medium in the presence or absence of SHH (10 μg mL−1) for 72 h, MAN
was used as the osmotic control for HG. Scale bars: 300 μm. (t) Quantification of the tube length in (s), images of tube morphology were taken in 6 random
microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG. (u) TUNEL assay of
HUVECs treated as indicated in (s). The apoptotic cells were labelled with green, and nuclei were stained with DAPI (blue). Scale bars: 100 μm. (v) The quantitative
analysis of TUNEL+ cells in at least 6 separate fields, values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG.

Figure 2. (Continued ).
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Figure 3. The metformin-mediated endothelial protective action against HG is Hh dependent. (a) Cell lysates of HUVECs were used to detect the phospho- (p-)
PRKAA1/2:total PRKAA1/2 ratio and p-ACAC:total ACAC ratio by immunoblotting. HUVECs were cultured either in NG or HG medium in the presence or absence of
MET (50 μM) for 72 h, MAN was used as the osmotic control for HG. (b) The quantitative analysis of p-PRKAA1/2 and p-ACAC relative to corresponding total proteins
in (a). Data are expressed as fold change relative to NG, values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs.
HG. (c) Immunoblotting analysis of GLI1 and p-ACAC:total ACAC ratio. HUVECs were maintained in HG in the presence of MET (50 μM) for 72 h. For signaling pathway
analysis, compound C (10 μM) or GANT61 (20 μM) were given as pretreatments for 2 h every day before MET administration. (d) Capillary-like tube formation was
assessed by matrigel angiogenesis assay in HUVECs. HUVECs were treated as in (c). Scale bars: 300 μm. (e) Quantification of the tube length in (d), images of tube
morphology were taken in 6 random microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. * P < 0.05 vs. HUVECs
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AMPK in mediating autophagy activation [29], it was there-
fore knocked down in HUVECs through sh-PRKAA1/2 trans-
fection. In PRKAA1/2 deficient HUVECs, the metformin-
mediated autophagy activation was abrogated (Fig. S2E to J),
indicating that under basal conditions, the role of metformin
in autophagy activation is largely dependent on AMPK
pathway.

In order to elucidate the role of metformin-
downregulated autophagy in the protection against hyper-
glycemia-induced endothelial impairment, a commonly
used autophagic activator, rapamycin was introduced to
affect metformin-downregulated autophagy. After reactiva-
tion of the metformin-downregulated autophagy, by rapa-
mycin cotreatment (Fig. S5A to D), metformin could no
longer exert its beneficial role in endothelial protection
against HG impairment, which exhibited an extended area
of vascular leakage in retinas (Figure 5(a,b)), notably dis-
rupted aortic ring sprouting function (Figure 5(c,d)), as
well as dramatically reduced tube-forming activity in
HUVECs (Figure 5(e,f)). Meanwhile, rapamycin cotreat-
ment resulted in a significant increase of cellular apoptosis
as compared with metformin alone (Figure 5(g,h)).

By the same token, although results obtained with rapamycin
suggested a detrimental role of autophagy in HG-induced
endothelial dysfunction, more direct proof is still needed. Thus
we further investigated whether direct inhibition of HG-
triggered autophagy could achieve a similar endothelial protec-
tive effect as metformin. To obtain this, we used adeno-
associated virus (AAV) vectors carrying a short hairpin RNA
(shRNA) against murine Atg7 mRNA under control of the
murine vascular Cdh5/VE-cadherin (cadherin 5) core promoter
(AAV-Cdh5-sh-Atg7) to genetically downregulate autophagy in
the retinal vasculature through intravitreal injection (detailed
information was listed in Table 1) [30]. The AAV vector enables
long-term gene transfer and the Cdh5 promoter ensures restric-
tion of transgene expression in endothelium. AAV-mediated
Atg7 knockdown in the retinal vasculature was confirmed by
immunofluorescence microscopy (Figure 6(a,b)). AAV-Cdh5-sh
-Atg7-mediated autophagy suppression was further ascertained
in AAV-Cdh5-sh-Atg7-transfected db/m and db/db mice by
immunofluorescence staining of LC3. In both AAV-Cdh5-sh-
Atg7-transfected db/m and db/db mice, we found fewer LC3
puncta colocalized with retinal vascular endothelium (labeled
with isolectin B4) as compared with corresponding AAV-Cdh5-
Scrambled shRNA-transfected mice (Fig. S5E, F). In db/m mice,
AAV-Cdh5-sh-Atg7-mediated autophagy inhibition exerted lit-
tle influence on the extent of retinal vascular leakage compared
with AAV-Cdh5-Scrambled shRNA-transfected db/m mice.
Conversely, the extent of retinal vascular leakage in db/db mice
was significantly decreased due to AAV-mediated Atg7 knock-
down (Figure 6(c,d)).

Besides, we generated endothelium-specific atg7 knockout
mice by mating atg7-floxed mice (atg7flox/flox) with mice expres-
sing Cre recombinase under the control of the promoter/enhancer
of endothelial-specific Tek/Tie2 (TEK receptor tyrosine kinase)
(Figure 6(e)) (detailed information was listed in Table 1) [31].
The effectiveness of Atg7 gene silencing was confirmed by immu-
noblotting for ATG7 and LC3-II in aortic homogenates form
atg7flox/flox; Tek-Cre (+) mice and its control littermates Atg7flox/
flox; Tek-Cre (-) (Fig. S5L, M). Then the aortic ring assay was
performed. Under NG cultured conditions, atg7flox/flox; Tek-Cre
(+) mice exhibited no perceptible change in the aortic sprouting
function compared withAtg7flox/flox; Tek-Cre (-) mice. HG signifi-
cantly disrupted themicrovessel network and regular branching of
aortic rings from Atg7flox/flox; Tek-Cre (-) mice. However, a well-
preserved sprouting functionwas achieved in the aortic rings form
the atg7flox/flox; Tek-Cre (+) mice (Figure 6(f,g)).

Also, we used an adenoviral vector to deliver a short hairpin
RNA against human ATG7mRNA (Ad-sh-ATG7) for genetically
downregulating autophagy in HUVECs (Fig. S5G to K). Under
NG cultured conditions, we found no abnormalities in the tube
formation and cellular apoptosis afterATG7 knockdown (Figure 6
(h–k)). However, ATG7 knockdown largely improved HG-
impaired tube-forming activity (Figure 6(h,i)). Meanwhile, HG-
induced cellular apoptosis was also attenuated (Figure 6(j,k)).
These observations suggested that the metformin-mediated sup-
pression of autophagy has a protective role in HG-induced
endothelial injury.

Metformin downregulates hyperglycemia-triggered
autophagy via activation of the Hh pathway

We sought to analyze the mechanism underlying the metfor-
min-mediated downregulation of HG-triggered autophagy. As
previous studies have demonstrated that the Hh pathway
negatively regulates autophagy [32], and considering metfor-
min could restore hyperglycemia-reduced Hh pathway activ-
ity as demonstrated above (Figure 2(a–p)), we speculated
whether metformin suppressed hyperglycemia-triggered
autophagy through activating the Hh pathway. To obtain
this, HG-exposed HUVECs were coincubated with recombi-
nant SHH (Fig. S4). In addition to its endothelial protective
effect against HG as shown above (Figure 2(q–v)), coincuba-
tion with SHH also achieved a similar effect with metformin
on HG-triggered autophagy, which exhibited a decrease in the
autophagosome formation (Figure 7(a,b)). The decrease in the
number of GFP puncta in GFP-LC3B-transfected HUVECs as
well as in the protein level of LC3-II was also observed in both
the absence and presence of BafA1, with SHH treatments
(Figure 7(c–f)). Meanwhile, HUVECs were pretreated with
the Hh pathway inhibitor, GANT61, prior to metformin
administration (Fig. S4). As demonstrated above, GANT61

exposed to HG in combination with MET. (f) Representative confocal images of aortic rings from C57BL/6 mice. The rings were cultured in HG in combination of MET
(50 μM). For signaling pathway analysis, Compound C (10 μM) or GANT61 (20 μM) were given as pretreatments for 2 h every day before MET administration. Scale
bars: 500 μm. (g) Quantification of the number of sprouts in (f), values displayed are means ± SEM of 10 independent experiments. * P < 0.05 vs. rings exposed to HG
in combination with MET. (h) TUNEL assay of HUVECs. HUVECs were treated as indicated in (c), the apoptotic cells were labelled with green, and nuclei were stained
with DAPI (blue). Scale bars: 100 μm. (i) The quantitative analysis of TUNEL+ cells in at least 6 separate fields, values displayed are means ± SEM of 6 independent
experiments. * P < 0.05 vs. HUVECs exposed to HG in combination with MET.
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pretreatment abolished endothelial protection afforded by
metformin (Figure 3(d–g)). Interestingly, the metformin-
mediated downregulation of HG-triggered autophagy was
also abrogated by GANT61 treatment, as reflected by
a significant increase in the number of GFP puncta in GFP-
LC3B-transfected HUVECs (Figure 7(c,d)) as well as the
protein level of LC3-II in both the absence and presence of
BafA1 (Figure 7(e,f)). The electron micrographs further
revealed increased autophagosome formation due to
GANT61 treatment (Figure 7(a,b)).

There are 3 transcriptional factors, namely GLI1, GLI2 and
GLI3, that mediate Hh transcriptional responses in mamma-
lian cells. GLI1 and GLI2 primarily function as transcriptional
activators in the presence of SHH [33]; in contrast, GLI3
serves as a transcriptional repressor in the absence of ligands
[34]. We next tested the roles of different GLI transcription
factors in the regulation of autophagy by Hh. To obtain this,
HUVECs were transduced with adenoviruses harboring
respective shRNA’s against the 3 GLI-family transcription
factors (Ad-sh-GLI1, Ad-sh-GLI2, Ad-sh-GLI3) (Fig. S6A).
GLI2- or GLI3-deficient cells could still respond to metformin
which reduced the activation of autophagy by HG, in the
same way we observed in HUVECs transfected with
a scrambled sequence in both the absence and presence of
BafA1. However, in the absence of GLI1, metformin was not
able to decrease HG-triggered GFP-LC3B accumulation as
well as the LC3-II protein expression (Figure 8(a–d)). This
result was further confirmed by ultrastructural analysis in
HUVECs (Figure 8(e,f)). Consistent with the results obtained
by GANT61 treatment, GLI1 knockdown also largely counter-
acted the metformin-modulated endothelial protective effect
against HG impairment, as demonstrated by decreased total
tube length (Figure 8(g,h)), as well as elevated incidence of
apoptosis (Figure 8(i,j)).

The results were further confirmed in the retinal vasculature.
We used AAV vectors carrying a short hairpin RNA against
mouse Gli1 mRNA under control of the murine vascular Cdh5
core promoter (AAV-Cdh5-sh-Gli1) to genetically downregulate
Gli1 in the retinal vasculature via intravitreal injection (detailed
information was listed in Table 1). AAV-mediated Gli1 knock-
down in the retinal vasculature was confirmed by immunofluor-
escence microscopy (Figure 8(k,l)). Consistent with the results

obtained in in vitro studies, we found that in AAV-Cdh5-sh-Gli
1-transfected db/db mice, the metformin-mediated downregula-
tion of HG-triggered autophagy was abolished, as reflected by
a significant increase in the number of LC3 puncta colocalized
with retinal vascular endothelium in both the absence and pre-
sence of BafA1 as compared with AAV-Cdh5-Scrambled
shRNA-transfected db/db mice (Figure 8(m,n)). The metfor-
min-mediated alleviation of retinal vascular leakage in db/db
mice was also abrogated due to Gli1 knockdown (Figure 8(o,p)).

For further ascertaining the important role of GLI1 in HG-
mediated endothelial dysfunction, we attempted to rescue the
endothelial phenotypes imposed by HG through restoring
GLI1 signaling (Fig. S6B). Adenoviral-mediated GLI1 over-
expression in HG cultured HUVECs not only dramatically
attenuated the aggregation of GFP-LC3B, but also downregu-
lated the LC3-II expression level in both the absence and
presence of BafA1 (Figure 9(a–d)). Electron micrographs
also revealed the attenuation of autophagosome formation
due to GLI1 overexpression as compared with HG alone
(Figure 9(e,f)). Meanwhile, GLI1 overexpression also signifi-
cantly ameliorated HG-induced endothelial dysfunction, as
demonstrated by increased total tube length (Figure 9(g,h)),
as well as a lower level of apoptosis (Figure 9(i,j)). GLI1 over-
expression was further performed in the retinal vasculature by
AAV vectors under control of the murine vascular Cdh5 core
promoter (AAV-Cdh5-Gli1) via intravitreal injection (detailed
information was listed in Table 1). AAV-mediated GLI1 over-
expression in the retinal vasculature was confirmed by immu-
nofluorescence microscopy (Figure 9(k,l)). In line with the
results obtained in in vitro studies, we found that GLI1 over-
expression could downregulate HG-triggered autophagy, as
reflected by a dramatic decrease in the number of LC3 puncta
colocalized with retinal vascular endothelium in both the
absence and presence of BafA1 as compared with AAV-Cdh5-
LacZ-transfected db/db mice (Figure 9(m,n)). The retinal vas-
cular leakage in db/db mice was also ameliorated due to GLI1
overexpression (Figure 9(o,p)).

Overall, these results suggest that the downregulation of
autophagy by metformin is mediated at least in part through
the activation of the Hh pathway, and that intact GLI1 is
required for the suppression of the autophagy upon activation
of Hh signaling.

Figure 4. Metformin downregulates hyperglycemia-activated autophagy. (a) Representative immunofluorescence analysis of LC3 (red puncta) in the retinas from db/m mice,
db/db mice, and intravitreal MET-treated (0.5 nmol in 1 μL) db/db mice. Where indicated, mice were intraperitoneally treated with bafilomycin A1 (BafA1, 0.3 mg/kg). The IB4
staining (green) highlights retinal vasculature, and nuclei were stained with DAPI (blue). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars:
100 μm. (b) Quantification represents the average number of LC3 puncta per IB4+ cell. Images were taken in 6 random microscopy fields per sample and values displayed are
means ± SEM of 8 independent experiments. # P < 0.05 vs. db/m mice; * P < 0.05 vs. db/db mice or vehicle-treated db/db mice; % P < 0.05 vs. db/m mice in the presence of
BafA1; and † P< 0.05 vs. db/dbmice or vehicle-treated db/dbmice in the presence of BafA1. (c) Representative electronmicrographs fromHUVECs cultured in vitro demonstrate
the presence of double-membrane autophagosomes (arrows). HUVECs were cultured either in NG or HGmedium in the presence or absence of MET (50 μM) for 72 h, MAN was
used as the osmotic control for HG. Scale bars: 0.5 μm. (d) Quantification of the autophagosomes per cell in HUVECs treated as in (c). Values displayed are means ± SEM of 6
independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG. (e) Cell lysates of HUVECs treated as indicated in (c) were used to detect the LC3-II protein levels by
immunoblotting. Where indicated, BafA1 (400 nM) was added for the last 4 h. (f) The quantitative analysis of LC3-II protein level relative to GAPDH protein level in (e). Data are
expressed as fold change relative to NG, values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG; % P < 0.05 vs. NG or MAN
in the presence of BafA1; and † P < 0.05 vs. HG in the presence of BafA1. (g) Representative confocal images of HUVECs transduced with Ad-GFP-LC3B. HUVECs were treated as
indicated in (c). Where indicated, BafA1 (400 nM) was added for the last 4 h. Scale bars: 5 μm. (h) Quantification of the GFP puncta per cell in HUVECs treated as in (g). Values
displayed aremeans± SEM of 10 independent experiments. # P< 0.05 vs. NG or MAN; * P< 0.05 vs. HG; % P< 0.05 vs. NG orMAN in the presence of BafA1; and † P< 0.05 vs. HG
in the presence of BafA1.
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The metformin-mediated Hh activation regulates
autophagy through a mechanism involving BNIP3

The mechanism underlying the metformin-mediated Hh acti-
vation regulating autophagy was further explored. ATG genes
encode proteins that play essential roles in autophagy. Among
these ATG gene-encoding proteins, ATG3, ATG5, BECN1,
ATG7, and ATG12 are essential for the formation of the
autophagosome [35]. As ATG genes can be influenced by
many autophagic regulators, we examined whether the altera-
tion of ATG genes is involved in Hh-regulated autophagy. As
shown in Figure 10(a), metformin treatment could not
decrease the expression of ATG proteins as compared with
HUVECs exposed to HG alone. Cotransfected with Ad-sh-
GLI1 also did not increase the levels of ATG proteins when
compared with metformin-treated HUVECs. These results
suggest that the metformin-mediated Hh activation regulates
autophagy through a mechanism irrelevant to the alteration of
ATG gene expression.

Despite of an initial opinion of the BCL2 family as mostly
apoptosis regulators [36], they are currently widely accepted
for their dual roles in regulating apoptosis and autophagy
[37]. Therefore, we investigated whether BCL2-family pro-
teins are involved in the mechanism by which the metformin-
mediated Hh activation regulated autophagy. As shown in
Figure 10(a), we observed a significant decrease in the protein
level of the BH3-only protein, BNIP3, by metformin treat-
ment as compared with HUVECs exposed to HG alone. While
the Ad-sh-GLI1-mediated GLI1 knockdown re-upregulated
the expression of BNIP3.

In addition, unlike its role in downregulating HG-induced
BNIP3 expression, metformin treatment increased the protein
level of BNIP3 in NG cultured conditions. sh-PRKAA1/2 transfec-
tion showed that this action was AMPK dependent (Fig. S2A, B).
Considering the role of BNIP3 in regulating autophagy, this
observation is in accordance with the proautophagic effect of
metformin under basal conditions as we demonstrated above
(Fig. S2E to J).

BECN1, a mammalian ortholog of Vps30/Atg6 in yeast,
is a highly conserved molecule of autophagy and plays
a central role during autophagosome formation [38].
Structural studies reveal that BECN1 consists of a putative
BH3-like domain [39], which interacts with BCL2 to inhibit
autophagy [40,41]. Considering that BNIP3 is identified as

a BH3-only protein, we hypothesized that a Hh-mediated
BNIP3 alteration might lead to a change in the molecular
link between BECN1 and BCL2. Indeed, immunoprecipita-
tion revealed that metformin treatment attenuated the asso-
ciation between BNIP3 and BCL2 (Figure 10(c)), thus
promoting the BECN1 and BCL2 interaction in comparison
with HUVECs exposed to HG alone (Figure 10(d)).
However, cotransfected with Ad-sh-GLI1 abolished the
metformin-promoted disassociation between BNIP3 and
BCL2 (Figure 10(c)), as well as the BECN1 and BCL2
interaction (Figure 10(d)). Intriguingly, under NG cultured
conditions, Ad-sh-GLI1-mediated GLI1 knockdown
achieved a similar effect with HG on endothelial cells,
which could also induce BNIP3 expression and the associa-
tion between BNIP3 and BCL2 (Figure 10), along with the
induction of autophagy (Fig. S7).

The importance of BNIP3 in BECN1 and BCL2 dissocia-
tion was further demonstrated by forced overexpression of
BNIP3. BNIP3 overexpression was sufficient to induce
autophagy in HUVECs cultured in NG conditions, as
revealed by the accumulation of GFP-LC3B puncta and
increased protein level of LC3-II in both the absence and
presence of BafA1 (Fig. S8A, C, E to G). Furthermore,
forced overexpression of BNIP3 in HG cultured HUVECs
disrupted the metformin-promoted BECN1 and BCL2
interaction (Figure 11(a,b)). The metformin-mediated
downregulation of hyperglycemia-activated autophagy was
thus reactivated, which manifested an obvious increase of
LC3-II (Figure 11(c)) as well as accumulation of GFP-LC3B
puncta (Figure 11(d,e)), resulting in the counteraction of
the metformin-exerted endothelial protective action against
hyperglycemia impairment (Figure 11(f–i)).

Besides, BNIP3 knockdown was achieved by Ad-sh-BNIP3
transfection. Under NG cultured conditions, BNIP3 knockdown
was able to suppress autophagy, as revealed by the decrease in
GFP-LC3B puncta and downregulated protein level of LC3-II in
both the absence and presence of BafA1 (Fig. S8B, D, H to J).
Furthermore, in HUVECs cultured in HG coincubated with
metformin, BNIP3 knockdown partially reversed GLI1
deficiency-induced BECN1 disassociation from BCL2
(Figure 11(j,k)), and suppressedGLI1 knockdown-induced autop-
hagy (Figure 11(l–n)). The endothelial function is thus well-
preserved (Figure 11(o–r)). Taken together, these results indicate
that the metformin-mediated Hh activation regulates autophagy

Figure 5. Autophagy activation abolished the metformin-mediated protective effect on hyperglycemia-induced endothelial injury. (a) Representative confocal images
of vascular leakage in retinas from db/m mice, db/db mice, and intravitreal MET-treated (0.5 nmol in 1 μL) db/db mice. Rapamycin (RAPA) was injected (i.p. 7.5 mg/
kg) right after MET intravitreal injection. Scale bars: 200 μm. (b) Retinal leakage was quantified by measuring the fluorescence intensities of FITC-dextran in (a).
Images were taken in 6 random microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. Data are expressed as fold
change relative to db/m mice. # P < 0.05 vs. db/m mice; * P < 0.05 vs. db/db mice or vehicle-treated db/db mice; % P < 0.05 vs. MET intravitreally injected db/db
mice. (c) Representative confocal images of aortic rings from C57BL/6 mice cultured in different media containing NG, HG alone or with MET (50 μM) for 72 h, MAN
was used as the osmotic control for HG. For pharmacological manipulation of autophagy, aortic rings were treated with RAPA (10 nM) 2 h after MET treatment.
Scale bars: 500 μm. (d) Quantification of the number of sprouts in (c), values displayed are means ± SEM of 10 independent experiments. # P < 0.05 vs. NG or MAN;
* P < 0.05 vs. HG; % P < 0.05 vs. HG coincubated with MET. (e) Capillary-like tube formation was assessed by matrigel angiogenesis assay in HUVECs. HUVECs were
cultured either in NG or HG medium in the presence or absence of MET (50 μM) for 72 h, MAN was used as the osmotic control for HG. For pharmacological
manipulation of autophagy, HUVECs were treated with RAPA (10 nM) 2 h after MET treatment. Scale bars: 300 μm. (f) Quantification of the tube length in (e), images
of tube morphology were taken in 6 random microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. # P < 0.05 vs. NG or
MAN; * P < 0.05 vs. HG; % P < 0.05 vs. HG coincubated with MET. (g) TUNEL assay of HUVECs treated as indicated in (e). The apoptotic cells were labelled with green,
and nuclei were stained with DAPI (blue). Scale bars: 100 μm. (h) The quantitative analysis of TUNEL+ cells in at least 6 separate fields, values displayed are means ±
SEM of 6 independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG; % P < 0.05 vs. HG coincubated with MET.
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through a mechanism involving BNIP3, which influences the
association between BECN1 and BCL2 (Figure 12).

Discussion

Recent studies have provided strong evidence that Hh-GLI
signaling negatively regulates autophagy [32,42]. In the
present study, we demonstrate that metformin exerts its
endothelial protective action against hyperglycemia impair-
ment, at least in part, through inhibiting hyperglycemia-
triggered excessive autophagosome synthesis. And this pro-
cess is mediated via activating the Hh-GLI1 pathway, rather
than a routine metformin-AMPK pathway.

Autophagy has long been considered as a process in
response to environmental stress such as nutrient or growth
factor deprivation. However, the role of autophagy in diabetic
cardiovascular diseases differs. Recent research has observed
suppressed autophagy in the heart from type 1 diabetic mice,
which is concomitant with cardiac dysfunction [43].
Metformin administration significantly improves cardiac
function along with the restoration of autophagy, indicating
a beneficial effect of autophagy in the type 1 diabetic heart.
On the contrary, other research has provided evidence that
autophagy is upregulated in the heart from type 2 diabetic
mice [44]. And the increased autophagy is linked with ele-
vated generation of cardiac superoxide as well as fibrosis,
suggesting that autophagy plays a detrimental role in diabetic
cardiomyopathy of the type 2 diabetic model [44]. Together,
the 2 studies suggest that autophagy is differentially modu-
lated in type 1 and type 2 diabetic models, and the role of
autophagy as well as its regulation in diabetes may depend on
the affected tissues or cells [45], the external stressors or
inducers of autophagy [46], and the involved components of
the autophagy machinery [47].

In this study, we observed activated autophagy in the
vascular endothelium from db/db type 2 diabetic mice as
well as the HG-cultured HUVECs, and the HG-impaired
endothelial function is ameliorated in the endothelium-

specific atg7 knockout mice (atg7flox/flox; Tek-Cre [+]) and
ATG7-deficient HUVECs, suggesting a detrimental role of
HG-triggered autophagy in endothelium. Interestingly, both
atg7flox/flox; Tek-Cre (+) mice and ATG7 deficient HUVECs
exhibit no obvious abnormalities in endothelial function
under NG cultured conditions in spite of the downregulated
autophagy. This finding coincides with the previous observa-
tions obtained in another endothelium-specific atg7 knockout
mouse model (atg7flox/flox; Cdh5/VE-cadherin-Cre [+]) [48].
Similarly, there are no obvious differences in the vascular
density and postnatal retinal angiogenesis between atg7flox/
flox; Cdh5-Cre (+) mice and its control. The appearance of
the endothelium and underlying architecture of large vessels
are also similar. In addition, the ECs isolated from Becn1±

mouse lungs display a more significant enhancement in
angiogenesis and cell proliferation as compared with the ECs
isolated from Becn1+/+ mouse in response to hypoxia, but
which is not evident under normoxia [17]. Based on the
different behaviors of autophagy suppression in angiogenesis
between normal and stressed conditions, we speculate that it
might be the ‘degree’ of autophagy determines the action of
autophagy suppression on angiogenesis. Under stressed con-
ditions (for example, hypoxia or hyperglycemia), these stimuli
often lead to a relatively high level of autophagy, the down-
regulation of autophagy is thus prone to exhibit a significant
effect. On the contrary, autophagy is relatively inactive under
basal conditions [13,49], therefore the inhibition of autophagy
hardly results in a different phenotype of angiogenesis [17,48].
It is noteworthy that, our current results, in conjunction with
these previous observations, only focus on the effect of autop-
hagy suppression on angiogenesis and the appearance of the
endothelium, more details regarding the role of autophagy
suppression in endothelial function under basal conditions
need to be further explored.

In the present study, a pro-angiogenic role of metformin
in response to HG is defined. In line with our findings,
metformin has been reported for its endothelial and cardiac
protective effects, especially in the context of obesity and/or

Table 1. List of AAV-mediated tissue specific gene knockdown or overexpression and Cre/loxP system-mediated conditional tissue specific gene knockdown mouse
models.

Mouse model Molecular description
Related
tissue Relevant physiological effect

AAV-Cdh5-
sh-Atg7
intravitreally
injected mouse
model

Adeno-associated virus vectors carrying a short hairpin RNA against
murine Atg7 mRNA under control of the murine vascular Cdh5/VE-
cadherin core promoter.

Retinal
vasculature

Specific knockdown of Atg7 mRNA level, thus
genetically downregulating autophagy in the
retinal vasculature

AAV-Cdh5-
sh-Gli1
intravitreally
injected mouse
model

Adeno-associated virus vectors carrying a short hairpin RNA against
murine Gli1 mRNA under control of the murine vascular Cdh5/VE-
cadherin core promoter.

Retinal
vasculature

Specific knockdown of Gli1 mRNA level, thus
genetically inhibiting the Hedgehog pathway in the
retinal vasculature

AAV-Cdh5-Gli1
intravitreally
injected mouse
model

Adeno-associated virus vectors carrying murine Gli1 cDNA under the
control of the murine vascular Cdh5/VE-cadherin core promoter.

Retinal
vasculature

Specifically overexpress GLI, thus genetically
activating the Hedgehog pathway in the retinal
vasculature

atg7flox/flox; Tek-Cre
(+) mouse model

atg7flox/flox mice: Mice bearing an Atg7flox allele, in which exon 14 of
the Atg7 gene is flanked by 2 loxP sites.
Tek-Cre (+) transgenic mice: A mouse strain expressing Cre
recombinase under the control of the promoter/enhancer of Tek/Tie2,
in a pan-endothelial fashion.
The atg7flox/flox; Tek-Cre (+) mouse model is achieved by mating the 2
strains of mice.

Pan-
endothelial
cells

Pan endothelial-specific disruption of the Atg7
gene, thus genetically downregulating autophagy
in endothelial cells.
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Figure 6. The metformin-mediated suppression of autophagy is protective in hyperglycemia-induced endothelial injury. (a) Representative images of ATG7 (red) staining in
retinal vessels from AAV-Cdh5-Scrambled shRNA or AAV-Cdh5-sh-Atg7 intravitreally injected db/db mice. Retinal vasculature was labelled with IB4 (green). Scale bars:
100 μm. (b) Quantification represents the ratio between the sum of ATG7 pixel intensity and IB4 area. Images were taken in 6 random microscopy fields per sample and
values displayed are means ± SEM of 8 independent experiments. # P < 0.05 vs. AAV-Cdh5-Scrambled shRNA-injected db/db mice. (c) Representative confocal images of
vascular leakage in retinas from AAV-Cdh5-Scrambled shRNA or AAV-Cdh5-sh-Atg7 intravitreally injected db/m and db/db mice. Scale bars: 200 μm. (d) Retinal leakage was
quantified by measuring the fluorescence intensities of FITC-dextran in (c). Images were taken in 6 randommicroscopy fields per sample and values displayed are means ±
SEM of 8 independent experiments. Data are expressed as fold change relative to AAV-Cdh5-Scrambled shRNA-injected db/m mice. # P < 0.05 vs. AAV-Cdh5-Scrambled
shRNA-injected db/m mice; * P < 0.05 vs. AAV-Cdh5-Scrambled shRNA-injected db/db mice; ns, non-significant compared with AAV-Cdh5-Scrambled shRNA-injected db/m
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diabetes [50–53]. However, the effect of metformin on
angiogenesis remains paradoxical. As a crucial step in
tumorigenesis, angiogenesis has been determined as
a potential target of metformin. Lines of evidence have
established an indirect antiangiogenic action of metformin
via regulating diverse mediators implicated in the process
of angiogenesis [54–57], indicating that metformin could
exert its anticancer effect, at least in part, through an
antiangiogenic effect. Corresponding with this view, we
have defined the AMPK dependent antiangiogenic and
proautophagic effects of metformin under NG cultured
conditions. The 2 effects might be potentially linked con-
sidering the role of autophagy in angiogenesis inhibition
[13–16], although we do not confirm a causal role of
metformin-induced autophagy in its antiangiogenic effect
under NG cultured conditions. Intriguingly, these observa-
tions of metformin differ from its Hh-dependent proangio-
genic and antiautophagic effects under HG cultured
conditions. Thus, the exact mechanisms of metformin and
its regulatory components for the antiangiogenic or proan-
giogenic properties, should be analyzed under specific
circumstances.

Corresponding to its dual role in modulating angiogenesis,
metformin also has paradoxical effects on the Hh pathway in
different cell types. Previous studies have demonstrated that
the Hh signaling pathway is implicated as an early and late
mediator of pancreatic cancer and breast cancer tumorigen-
esis, and metformin exerts anticancer effects through the
inhibition of the Hh signaling pathway in breast cancer cells
[58,59]. In addition to its protumorigenesis function, an
emerging line of evidence suggest a central role for Hh in
angiogenesis and tissue regeneration under stressful condi-
tions, such as ischemia [60], diabetes [22] and so on.
Another line of evidence has shown that cutaneous Hh path-
way is impaired in diabetic animal models [24,25] and recom-
binant SHH peptide accelerates wound healing in diabetic
mice by enhancing endothelial cell-mediated microvascular
remodeling [22]. Our present study provides strong evidence
that the Hh signaling pathway is impaired in the retinal
vasculature from db/db mice and HUVECs exposed to HG,
while metformin restores hyperglycemia-reduced Hh pathway
activity, which forms the main mechanism underlying the
metformin-mediated endothelial protection.

We also reveal that the metformin-mediated Hh activation
regulates autophagy through a mechanism involving BNIP3,
but irrelevant to the alteration of ATG proteins. The BCL2

protein family contains anti- and pro-apoptotic members for
dual regulation of apoptosis and autophagy [39]. The antia-
poptotic proteins (e.g., BCL2) are comprised of featured BCL2
homology domains (BH 1‒4), and function as protectors
against apoptosis. The BCL2 proapoptotic members include
proteins that contain 2 or 3 BH domains; and proteins that
contain only BH3 (known as BH3-only proteins), which is
essential for the binding of these BH3-only proteins to the
antiapoptotic members of BCL2 protein family. The BH3-only
proteins, for instance BAD and BNIP3, serve as sensors mon-
itoring cellular stress or damage [61], and they may also
induce autophagy in response to various stimuli [62].
BECN1, a key initiator of autophagy, is recently identified as
a new member of the BH3-only proteins. And the BH3
domain of BECN1 may interact with BCL2, leading to sup-
pression of autophagy [40,41]. In this study, we demonstrate
that metformin, as a potent Hh pathway activator, could
significantly decrease HG-triggered BNIP3 upregulation,
while the Ad-sh-GLI1-mediated GLI1 knockdown re-
upregulates the expression of BNIP3 and that BNIP3-
induced dissociation between BECN1 and BCL2, resulting in
subsequent induction of autophagy. Although we have
demonstrated that BNIP3 expression could be modulated via
Hh-GLI1 pathway, however, considering a lack of GLI1 con-
sensus DNA-binding sequences in BNIP3 promoter, Hh sig-
naling is thought to regulate BNIP3 via indirect mechanisms,
which is needed to be further explored.

Collectively, our data demonstrate that the protective
effects of metformin on hyperglycemia-induced endothelial
impairment can be attributed mainly to its role in activat-
ing the Hh pathway and resultant downregulation of autop-
hagy. Moreover, we reveal that downregulation of
hyperglycemia-activated autophagy by the metformin-
mediated Hh pathway activation is GLI1-dependent and
through a mechanism involving BNIP3. The results from
the current study establish a novel role of metformin in
endothelial protection through the autophagy
machinery, a finding that may have implications for the
pathogenesis and treatment of diabetes-associated vascular
complications.

Materials and methods

Animal procedures

Diabetic db/db mice and their control littermates, db/m, were
obtained from Jackson Laboratories (Strain: BKS.Cg-Dock7m

mice. (e) Diagram showing the endothelium conditional knockout of Atg7 in mice. (f) Representative confocal images of aortic rings from atg7flox/flox; Tek-Cre (+) mice and its
control littermates Atg7flox/flox; Tek-Cre (-) mice cultured in different media containing NG, HG, MAN was used as the osmotic control for HG. Scale bars: 500 μm. (g)
Quantification of the number of sprouts in (f), values displayed are means ± SEM of 10 independent experiments. # P < 0.05 vs. corresponding NG or MAN; * P < 0.05 vs.
aortic rings from Atg7flox/flox; Tek-Cre (-) mice cultured in HG; ns, non-significant compared with aortic rings from Atg7flox/flox; Tek-Cre (-) mice cultured in NG or MAN. (h)
Capillary-like tube formation was assessed by matrigel angiogenesis assay in HUVECs. HUVECs were transduced with adenoviruses harboring sh-ATG7 (Ad-sh-ATG7) and
a scrambled shRNA sequence (Ad-Scrambled shRNA), respectively. After transduction, HUVECs were cultured either in NG or HG medium for 72 h, MAN was used as the
osmotic control for HG. Scale bars: 300 μm. (i) Quantification of the tube length in (h), images of tube morphology were taken in 6 randommicroscopy fields per sample and
values displayed are means ± SEM of 8 independent experiments. # P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in NG or MAN; * P < 0.05 vs. Ad-
Scrambled shRNA-transduced HUVECs cultured in HG; ns, non-significant compared with Ad-Scrambled shRNA-transduced HUVECs cultured in NG or MAN. (j) TUNEL assay
of HUVECs treated as indicated in (h). The apoptotic cells were labelled with green, and nuclei were stained with DAPI (blue). Scale bars: 100 μm. (k) The quantitative analysis
of TUNEL+ cells in at least 6 separate fields, values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs
cultured in NG or MAN; * P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in HG; ns, non-significant compared with Ad-Scrambled shRNA-transduced HUVECs
cultured in NG or MAN.

Figure 6. (Continued ).
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+/+ Leprdb/J). C57BL/6 mice were obtained from Model
Animal Research Center of Nanjing University. Eight-week-
old db/db mice were separated into 3 groups and subjected to
the following treatment regimens: 1) ad libitum feeding of
chow diets; 2) ad libitum feeding of chow diets and vehicle
injection of phosphate-buffered saline (PBS; Gibco, 10010);
3) ad libitum feeding of chow diets and intraperitoneal (i.p.)
injections of 300 mg/kg/d metformin (Merck KGaA, 317240)
[63]. Eight-week-old db/m mice were also separated into 2
groups and subjected to the following treatment regimens:
1) ad libitum feeding of chow diets; 2) ad libitum feeding of
chow diets and injections of metformin (i.p. 300 mg/kg/d).
After a four-week course of treatment, corresponding analyses
were performed. For intravitreal injection, eleven-week-old
db/db and db/m mice were anesthetized and the left eyes
were injected with 1 μL of 0.5 nmol metformin in the lateral
zone 1 mm behind sclerocorneal limbus using a 35-gauge
needle (5 μL, Hamilton, Martinsried, Germany), the corre-
sponding right eyes were injected with 1 μL vehicle [64,65].
This initial injection procedure was repeated every 48 h over
8 days. For molecular manipulation of autophagy, RAPA
(Merck KGaA, 553210), dissolved in DMSO, was injected i.
p. at 7.5 mg/kg right after metformin intravitreal injection.63

When analyzing autophagic flux, mice were treated with
BafA1 (i.p. 0.3 mg/kg; Merck KGaA, 196000) daily for the
last 3 days [66].

Mice bearing an Atg7flox allele, in which exon 14 of the Atg7
gene is flanked by 2 loxP sites, has been originally described by
Komatsu et al [67]. For vascular endothelium-specific genemanip-
ulation, we usedTek/Tie2-Cre (+) transgenicmice that express Cre
recombinase under the control of the promoter/enhancer of Tek
(TEK receptor tyrosine kinase) as described previously [31,68], in
a pan-endothelial fashion [69]. Breeding the 2 strains of mice
resulted in endothelial-specific disruption of the Atg7 gene. For
experimental purposes, 8-week-old atg7flox/flox; Tek-Cre (+) mice
and controlAtg7flox/flox; Tek-Cre (-) littermates were used. These 2
lines ofmice were kindly gifted byDr. YuqiangDing (Department
of Anatomy and Neurobiology, Collaborative Innovation Center
for Brain Science, Tongji University School of Medicine, China).

To genetically downregulate autophagy in the mouse ret-
inal vasculature, we used AAV vectors carrying the shRNA
against murine Atg7 mRNA under control of the murine
vascular Cdh5/VE-cadherin (cadherin 5) core promoter
(AAV-Cdh5-sh-Atg7). Meanwhile, to genetically manipulate
Hh signaling pathway in the mouse retinal vasculature, we
used AAV vectors carrying the shRNA against murine Gli1

mRNA or the murine Gli1 cDNA under the control of murine
Cdh5 core promoter (AAV-Cdh5-sh-Gli1 or AAV-Cdh5-Gli1).
The Cdh5 promoter ensures restriction of transgene expres-
sion in endothelium, which was originally described by Alva
et al [70]. Delivery of the AAV vectors into the retinas of mice
was accomplished through the intravitreal injection as
described [71]. Two-week-old mice were anesthetized and
the left eyes were injected with 1 μL of AAV-Cdh5-sh-Atg7
(5 × 1012 GC/mL), AAV-Cdh5-sh-Gli1 (3.9 × 1012 GC/mL) or
AAV-Cdh5-Gli1 (2.8 × 1012 GC/mL) in the lateral zone 1 mm
behind sclero–corneal limbus using a 35-gauge needle (5 μL,
Hamilton, Martinsried, Germany), respectively. The corre-
sponding right eyes were injected with 1 μL AAV-Cdh5-
Scrambled shRNA or AAV-Cdh5-LacZ. 3 wks after injections,
AAV mediated gene knockdown or expression was confirmed
in the retinas.

Mice were maintained at 60 ± 5% relative humidity and
22 ± 2°C, with a 12-h light/dark cycle. All animal experiments
and methods performed in this study followed ethical guide-
lines for animal studies, and were approved by the
Institutional Animal Care and Use Committee of Wenzhou
Medical University, China.

Cell culture

HUVECs were purchased from Lonza and cultured in endothe-
lial cell growth medium-2 (EGM-2; BulletKit, Lonza, CC-3156
and CC-4176) until the start of the experiment. Subconfluent
cells (5 to 7 passages) were used in the experiments. Before
starting the experimental procedures, the medium was removed
and replaced with phenol red-free low-glucose D-MEM (Gibco,
11054020) supplemented with 1% calf serum (Gibco, 16010159)
for 12 h, then HUVECs were placed in EGM-2 consisting of
either NG (5.5 mM) or HG (33 mM) in the presence or absence
of metformin (50 μM) for 72 h; mannitol (33 mM: 5.5 mM of
glucose + 27.5 mM of D-mannitol) was used as the osmotic
control forHG.Media were changed every 24 h.When analyzing
the alteration of HHIP, HUVECs were cultured in HG medium
for 12 h, 24 h, 48 h and 72 h, respectively. The concentration of
metformin used in this study was estimated as that approximat-
ing peak plasma concentration in clinical use [72,73] and equiva-
lent to the lowest concentration reported for a cell culture studies
with bovine aortic endothelial cells [74]. For signaling pathway
analysis, each pathway antagonist: compound C (10 μM; Abcam,
ab120843) or GANT61 (20 μM;Abcam, ab120241) were given as
pretreatment for 2 h every day beforemetformin administration.

Figure 7. Metformin downregulates hyperglycemia-triggered autophagy via activation of the Hh pathway. (a) Representative electron micrographs from HUVECs
cultured in vitro demonstrate the presence of double-membrane autophagosomes (arrows). HUVECs were cultured either in NG or HG medium in the presence or
absence of MET (50 μM) for 72 h, MAN was used as the osmotic control for HG. For manipulation of the Hh pathway, HUVECs were cultured in HG medium
coincubated with SHH (10 μg mL−1). GANT61 (20 μM) was given as pretreatment for 2 h every day before MET administration. Scale bars: 0.5 μm. (b) Quantification of
the autophagosomes per cell in HUVECs treated as in (a). Values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs.
HG; % P < 0.05 vs. HG coincubated with MET. (c) Representative confocal images of HUVECs transduced with Ad-GFP-LC3B. HUVECs were treated as in (a). Where
indicated, BafA1 (400 nM) was added for the last 4 h. Scale bars: 5 μm. (d) Quantification of the GFP puncta per cell in (c). Values displayed are means ± SEM of 10
independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG; % P < 0.05 vs. HG coincubated with MET; and † P < 0.05 vs. NG or MAN in the presence of
BafA1; @ P < 0.05 vs. HG in the presence of BafA1; ^ P < 0.05 vs. HG coincubated with MET in the presence of BafA1. (e) Cell lysates of HUVECs treated as indicated in
(c) were used to detect the LC3-II protein levels by immunoblotting. (f) The quantitative analysis of LC3-II protein level relative to GAPDH protein level. Data are
expressed as fold change relative to NG, values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. NG or MAN; * P < 0.05 vs. HG; % P < 0.05 vs.
HG coincubated with MET; and † P < 0.05 vs. NG or MAN in the presence of BafA1; @ P < 0.05 vs. HG in the presence of BafA1; ^ P < 0.05 vs. HG coincubated with
MET in the presence of BafA1.

Figure 7. (Continued ).
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In some experiments, HUVECs were exposed to HG in combi-
nation with the recombinant Hh pathway ligand, SHH (10 μg/
mL;Merck KGaA, GF174) for 72 h. For pharmacological manip-
ulation of autophagy, HUVECs were treated with RAPA (10 nM;
Merck KGaA, 553210) 2 h after metformin treatment. Where
indicated, BafA1 (400 nM; Merck KGaA, 196000) was added for
the last 4 h [75].

Retinal staining

For immunofluorescent analysis with flat-mounted retinas
[76], mice were killed, and eyes were enucleated in PBS
(Gibco, 10010). The eyes were fixed in 4% paraformaldehyde
(PFA, pH 7.4, Sigma, 158127) for 1 h at 4°C. Retinas were
dissected by removing sclera and choroid layer, subsequently
the lens, the vitreous humor and hyaloid vessels from the
fixed eyes. Retinas were postfixed in 1% PFA-PBS overnight
at 4°C, washed with PBS and permeabilized with PBS contain-
ing 1% Triton X-100 (Sigma, T8787) for 1 h. Retinas were
incubated with anti-GLI1 antibodies (Thermo Scientific, PA5-
23411) or anti-ATG7 antibodies (Thermo Scientific, PA5-
35203). After washing with PBS, retinas were incubated with
Alexa Fluor 647-conjugated goat anti-mouse antibody
(Abcam, ab150115) or Alexa Flour 647-conjugated donkey
anti-rabbit antibody (Abcam, ab150075), as well as FITC-
conjugated isolectin B4 (IB4; Sigma, L2895) at 4°C overnight.
And the corresponding pixel intensity was calaulated and
corrected to IB4 areas.

For immunofluorescent stainging with retinal sections [77],
mice eyes were enucleated and fixed in 2% PFA at 4°C for
10 min; the anterior segment was removed, the posterior was
fixed in 4% PFA for 60 min and cryopreserved in 30% sucrose
(Sigma, BP818) overnight. Specimens were frozen in Optimal
Cutting Temperature compound (SAKURA Tissue-Tek, 4583),
and 5-μm cryostat sections were cut, mounted onto superfrost
ultra plus glass slide. Sectionswere permeabilizedwith 0.3%Triton
X-100 for 30 min and blocked with 10% donkey serum (Jackson
ImmunoResearch Laboratories, 017–000-001) at room tempera-
ture for 1 h. The slides were then incubated with an anti-LC3B
antibody (Abcam, ab51520). Finally, sections were incubated
with Alexa Flour 647-conjugated donkey anti-rabbit antibody
(Abcam, ab150075) and FITC-conjugated IB4 (Sigma, L2895) at
4°C overnight and nuclei were stained with 4,6 diamidino-2-phe-
nylindole (DAPI) for 15 min. Quantification represents the aver-
age number of LC3 puncta per IB4+ cell. Both flat-mounted retinas
and retinal sections were analysed using a Leica TCS SP5 Confocal
microscope (Leica, Wetzlar, Germany).

Measurement of vascular leakage in retina

Microvascular leakage in mouse retina was investigated by the
method of fluorescein angiography as previously described
[18]. Briefly, mice were deeply anaesthetized and 1.25 mg of
500 kDa FITC-dextran (Sigma, 51923) was injected into the
left ventricle. The dye was allowed to circulate for 5 min and
mice were sacrificed by cervical dislocation. The eyes were

Figure 8. Downregulation of hyperglycemia-activated autophagy by themetformin-mediated Hh pathway activation is GLI1 dependent. (a) Representative confocal images
of HUVECs transduced with Ad-GFP-LC3B. HUVECs were transduced with adenoviruses harboring sh-GLI1 (Ad-sh-GLI1), sh-GLI2 (Ad-sh-GLI2), sh-GLI3 (Ad-sh-GLI3) and Ad-
Scrambled shRNA, respectively. After transduction, HUVECs were cultured either in NG or HGmedium in the presence or absence of MET (50 μM) for 72 h, MAN was used as
the osmotic control for HG. Where indicated, BafA1 (400 nM) was added for the last 4 h. Scale bars: 5 μm. (b) Quantification of the GFP-LC3B puncta per cell in (a). Values
displayed are means ± SEM of 10 independent experiments. # P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in NG or MAN; * P < 0.05 vs. Ad-Scrambled
shRNA-transduced HUVECs cultured in HG; % P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in HG coincubated with MET; and † P < 0.05 vs. Ad-Scrambled
shRNA-transduced HUVECs cultured in HG coincubated with MET in the presence of BafA1. (c) Cell lysates of HUVECs were used to detect the LC3-II protein levels by
immunoblotting. HUVECs were treated as in (a). (d) The quantitative analysis of LC3-II protein level relative to GAPDH protein level. Data are expressed as fold change relative
to Ad-Scrambled shRNA-transduced HUVECs exposed to NG, values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. Ad-Scrambled shRNA-
transduced HUVECs cultured in NG or MAN; * P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in HG; % P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs
cultured in HG coincubated with MET; and † P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in HG coincubated with MET in the presence of BafA1. (e)
Representative electron micrographs from HUVECs demonstrate the presence of double-membrane autophagosomes (arrows). HUVECs were transduced with Ad-sh-GLI1
and Ad-Scrambled shRNA, respectively. After transduction, HUVECs were cultured either in NG or HGmedium in the presence or absence of MET (50 μM) for 72 h, MAN was
used as the osmotic control for HG. Scale bars: 0.5 μm. (f) Quantification of the autophagosomes per cell in HUVECs treated as in (e). Values displayed are means ± SEM of 6
independent experiments. # P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in NG or MAN; * P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured
in HG; % P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in HG coincubated with MET. (g) Capillary-like tube formation was assessed by matrigel
angiogenesis assay in HUVECs treated as in (e). Scale bars: 300 μm. (h) Quantification of the tube length in (g), images of tube morphology were taken in 6 random
microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. # P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in NG
or MAN; * P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in HG; % P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in HG coincubated with
MET. (i) TUNEL assay of HUVECs. HUVECs were treated as indicated in (e), the apoptotic cells were labelled with green, and nuclei were stained with DAPI (blue). Scale bars:
100 μm. (j) The quantitative analysis of TUNEL+ cells in at least 6 separate fields, values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. Ad-
Scrambled shRNA-transduced HUVECs cultured in NG or MAN; * P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in HG; % P < 0.05 vs. Ad-Scrambled shRNA-
transduced HUVECs cultured in HG coincubated with MET. (k) Representative images of GLI1 (red) staining in retinal vessels from AAV-Cdh5-Scrambled shRNA or AAV-Cdh5-
sh-Gli1 intravitreally injected db/mmice. Retinal vasculature was labelled with IB4 (green). Scale bars: 100 μm. (l) Quantification represents the ratio between the sum of GLI1
pixel intensity and IB4 area. Images were taken in 6 random microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. # P < 0.05
vs. AAV-Cdh5-Scrambled shRNA-injected db/m mice. (m) Representative immunofluorescence analysis of LC3 (red puncta) in the retinas from AAV-Cdh5-Scrambled shRNA
intravitreally injected db/mmice, AAV-Cdh5-Scrambled shRNA intravitreally injected db/db mice in the absence or presence of intravitreal MET treatment (0.5 nmol in 1 μL),
AAV-Cdh5-sh-Gli1 intravitreally injected db/db mice in the presence of intravitreal MET treatment. Where indicated, mice were intraperitoneally treated with BafA1 (0.3 mg/
kg). The IB4 staining (green) highlights retinal vasculature, and nuclei were stained with DAPI (blue). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer. Scale bars: 100 μm. (n) Quantification represents the average number of LC3 puncta per IB4+ cell. Images were taken in 6 random microscopy fields per sample and
values displayed aremeans ± SEM of 8 independent experiments. # P < 0.05 vs. AAV-Cdh5-Scrambled shRNA-injected db/mmice; * P < 0.05 vs. AAV-Cdh5-Scrambled shRNA-
injected db/dbmice; % P < 0.05 vs. AAV-Cdh5-Scrambled shRNA-transduced db/dbmice treated withMET; and † P < 0.05 vs. AAV-Cdh5-Scrambled shRNA-transduced db/db
mice treated with MET in the presence of BafA1. (o) Representative confocal images of vascular leakage in retinas frommice treated as in (m). Scale bars: 200 μm. (p) Retinal
leakage was quantified by measuring the fluorescence intensities of FITC-dextran in (o). Images were taken in 6 random microscopy fields per sample and values displayed
are means ± SEM of 8 independent experiments. Data are expressed as fold change relative to AAV-Cdh5-Scrambled shRNA-injected db/m mice. # P < 0.05 vs. AAV-Cdh5-
Scrambled shRNA-injected db/m mice; * P < 0.05 vs. AAV-Cdh5-Scrambled shRNA-injected db/db mice; % P < 0.05 vs. AAV-Cdh5-Scrambled shRNA-transduced db/db mice
treated with MET.

Figure 8. (Continued ).
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enucleated and immediately fixed with 4% PFA for 45 min.
Retinas were dissected and flat-mounted onto glass slides. The
superficial vessels of the retinas were observed with a Leica
TCS SP5 Confocal microscope (Leica, Wetzlar, Germany) and
vascular leakage was quantitatively analyzed by determining
fluorescence intensities of FITC-dextran extravasated from
the retina vessel.

Aortic ring assays

To establish a direct action of metformin on vascular, thoracic
aortae from 8-week-old C57/BL6 mice were surgically iso-
lated, cleaned, and dissected into 0.5 mm rings. In some
experiments, 8-week-old atg7flox/flox; Tek-Cre (+) mice and
control atg7flox/flox; Tek-Cre (+) littermates were also used.
Rings were embedded in 1 mg/mL of type I collagen
(Millipore, 08–115) in a 96-well plate as described previously
[78,79]. When embedded, the rings were cultured in serum-
free endothelial basal medium (EBM) (Lonza, CC-3121) con-
sisting of either NG (5.5 mM) or HG (33 mM) in the presence
or absence of metformin (50 μM), mannitol (33 mM: 5.5 mM
of glucose + 27.5 mM of D-mannitol) was served as the
osmotic control for the HG. For signaling pathway analysis,
each pathway antagonist: compound C (10 μM) or GANT61
(20 μM) was pretreated for 2 h every day before metformin
administration. In some experiments, aortic rings were
exposed to HG in combination with the recombinant Hh
pathway ligand, SHH (10 μg/mL). For pharmacological
manipulation of autophagy, aortic rings were treated with
rapamycin (10 nM) 2 h after metformin treatment.
Endothelial microvessel sprouts growing out from the rings
were counted during the exponential growth phase to obtain

angiogenic response data. Before the regression phase, rings
were fixed for immunofluorescence staining of PECAM1/
CD31 (Abcam, ab24590). Pictures were taken on day 12,
and the total number of branches was counted using ImageJ
(National Institutes of Health, Bethesda, Maryland, USA).

In vitro angiogenesis (tube formation) assay

The in vitro angiogenic activity of HUVECs was determined
by Matrigel tube formation assay. Briefly, after the experi-
mental period, HUVECs were stained with cell-permeable
dye, calcein (Corning, 354216), for 30 min and replated in 24-
well plates precoated with 150 μL/well growth factor–reduced
Matrigel (Corning, 354234) and incubated at 37°C in cell
culture incubator. After 12 h of incubation, capillary-like
tube formation was observed with a computer-assisted micro-
scope (EVOS FL Imaging System, Thermo Fisher Scientific,
Waltham, MA, USA). Tube formation was defined as a tube-
like structure exhibiting a length four times its width. The
tube lenth in duplicate wells were counted and averaged using
ImageJ software (National Institutes of Health, Bethesda,
Maryland, USA).

Luciferase assays

HUVECs were transfected with pRL-TK, 8× GLI BS-FL (or
mutant 8× GLI BS-FL) as previously described [80]. Twenty-
four h after transfection, the cells were seeded in 6-well plates
at a density of 1 × 106 cells per well and allowed to reach
confluence. Luciferase activity was measured in cell lysates
using the Dual-Luciferase Reporter Assay System (Promega,
E1910). Firefly luciferase and Renilla luciferase were detected

Figure 9. Restoring GLI1 signaling could rescue hyperglycemia-imposed endothelial phenotypes. (a) Representative confocal images of HUVECs transduced with Ad-
GFP-LC3B. HUVECs were transduced with adenoviruses harboring GLI1 (Ad-GLI1) and Ad-LacZ (served as a control), respectively. After transduction, HUVECs were
cultured either in NG or HG medium for 72 h, MAN was used as the osmotic control for HG. Scale bars: 5 μm. Where indicated, BafA1 (400 nM) was added for the last
4 h. (b) Quantification of the GFP-LC3B puncta per cell in (a). Values displayed are means ± SEM of 10 independent experiments. # P < 0.05 vs. Ad-LacZ-transduced
HUVECs cultured in NG or MAN; * P < 0.05 vs. Ad-LacZ-transduced HUVECs cultured in HG; and † P < 0.05 vs. Ad-LacZ-transduced HUVECs cultured in HG in the
presence of BafA1. (c) Cell lysates of HUVECs were used to detect the LC3-II protein levels by immunoblotting. HUVECs were treated as in (a). (d) The quantitative
analysis of LC3-II protein level relative to GAPDH protein level. Data are expressed as fold change relative to Ad-LacZ-transduced HUVECs exposed to NG, values
displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. Ad-LacZ-transduced HUVECs cultured in NG or MAN; * P < 0.05 vs. Ad-LacZ-transduced
HUVECs cultured in HG; and † P < 0.05 vs. Ad-LacZ-transduced HUVECs cultured in HG in the presence of BafA1. (e) Representative electron micrographs from
HUVECs demonstrate the presence of double-membrane autophagosomes (arrows). HUVECs were treated as in (a). Scale bars: 0.5 μm. (f) Quantification of the
autophagosomes per cell in HUVECs treated as in (e). Values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. Ad-LacZ-transduced HUVECs
cultured in NG or MAN; * P < 0.05 vs. Ad-LacZ-transduced HUVECs cultured in HG. (g) Capillary-like tube formation was assessed by matrigel angiogenesis assay in
HUVECs treated as in (a). Scale bars: 300 μm. (h) Quantification of the tube length in (g), images of tube morphology were taken in 6 random microscopy fields per
sample and values displayed are means ± SEM of 8 independent experiments. # P < 0.05 vs. Ad-LacZ-transduced HUVECs cultured in NG or MAN; * P < 0.05 vs. Ad-
LacZ-transduced HUVECs cultured in HG. (i) TUNEL assay of HUVECs. HUVECs were treated as indicated in (a), the apoptotic cells were labelled with green, and nuclei
were stained with DAPI (blue). Scale bars: 100 μm. (j) The quantitative analysis of TUNEL+ cells in at least 6 separate fields, values displayed are means ± SEM of 6
independent experiments. # P < 0.05 vs. Ad-LacZ-transduced HUVECs cultured in NG or MAN; * P < 0.05 vs. Ad-LacZ-transduced HUVECs cultured in HG. (k)
Representative images of GLI1 (red) staining in retinal vessels from AAV-Cdh5-LacZ or AAV-Cdh5-Gli1 intravitreally injected db/db mice. Retinal vasculature was
labelled with IB4 (green). Scale bars: 100 μm. (l) Quantification represents the ratio between the sum of GLI1 pixel intensity and IB4 area. Images were taken in 6
random microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. # P < 0.05 vs. AAV-Cdh5-LacZ-injected db/db mice. (m)
Representative immunofluorescence analysis of LC3 (red puncta) in the retinas from AAV-Cdh5-LacZ intravitreally injected db/m and db/db mice, AAV-Cdh5-Gli1
intravitreally injected db/db mice. Where indicated, mice were intraperitoneally treated with BafA1 (0.3 mg/kg). The IB4 staining (green) highlights retinal
vasculature, and nuclei were stained with DAPI (blue). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars: 100 μm. (n)
Quantification represents the average number of LC3 puncta per IB4+ cell. Images were taken in 6 random microscopy fields per sample and values displayed
are means ± SEM of 8 independent experiments. # P < 0.05 vs. AAV-Cdh5-LacZ-transfected db/m mice; * P < 0.05 vs. AAV-Cdh5-LacZ-transfected db/db mice; and †
P < 0.05 vs. AAV-Cdh5-LacZ-transfected db/db mice in the presence of BafA1. (O) Representative confocal images of vascular leakage in retinas from mice treated as
in (m). Scale bars: 200 μm. (n) Retinal leakage was quantified by measuring the fluorescence intensities of FITC-dextran in (o). Images were taken in 6 random
microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. Data are expressed as fold change relative to AAV-Cdh5-LacZ-
transfected db/m mice. # P < 0.05 vs. AAV-Cdh5-LacZ-transfected db/m mice; * P < 0.05 vs. AAV-Cdh5-LacZ-transfected db/db mice.
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on a Veritas Microplate Luminometer (Promega, Madison,
WI, USA). The Firefly luciferase:Renilla luciferase ratio was
calculated for each sample and was normalized to the ratio
measured for the NG-cultured cells.

Immunoblotting analysis

Briefly, the protein concentration was determined using Pierce
BCA Protein Assay Reagent (Thermo Fisher Scientific, 23228).
30 μg protein from each sample was resolved by SDS-PAGE on
Tris-glycine gels, and transferred to polyvinylidene fluoride mem-
brane. Membranes were blocked with 5% bovine serum albumin
(Sigma, B2064) in Tris-buffered saline (Sigma, T5030) containing
0.1% Tween 20 (Sigma, 93773) (TBST) and incubated with pri-
mary antibodies overnight at 4°C. Membranes were washed 3
times for 5 min with TBST, incubated with either HRP-goat-
anti-mouse (Abcam, ab6789) or HRP-goat-anti-rabbit (Abcam,
ab6721) secondary antibodies for 1 h at room temperature.
Primary antibodies included: active CASP9 (Abcam, ab2324),
active CASP8 (Merck KGaA, MAB10754), active CASP3 (Merck
KGaA, PC679), GLI1 (Thermo Scientific, PA5-23411), GLI2
(Merck KGaA, ABN506), GLI3 (Merck KGaA, MABS275),
SMO (Abcam, ab38686), PTCH1 (Abcam, ab53715), LC3B
(Abcam, ab51520), BNIP3 (Cell Signaling Technology, 44060),
BCL2 (Cell Signaling Technology, 15071), BECN1 (Cell
Signaling Technology, 3495), PRKAA1/2 (Abcam, ab80039),
phospho-PRKAA1/2 (Abcam, ab23875), phospho-ACAC/acetyl-
CoA carboxylase (Ser79; Cell Signaling Technology, 11818),
ACAC/acetyl-CoA carboxylase (Cell Signaling Technology,
3676), ATG3 (Cell Signaling Technology, 3415), ATG5 (Cell
Signaling Technology, 12994), ATG7 (Thermo Scientific, PA5-
35203), ATG12 (Cell Signaling Technology, 4180), HHIP (Santa
Cruz Biotechnology, sc-293265). Bound antibody was visualized
using Pierce ECL plus western blotting substrate (Thermo
Scientific, 32132). The protein bands were analyzed with
a ChemiDoc MP device (Bio-Rad, Hercules, CA, USA) and
quantified using ImageQuant 5.2 software (Molecular
Dynamics, Sunnyvale, CA). The expression of GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase) (Abcam, ab9485) was used
as a loading control.

Immunoprecipitation

HUVECs were lysed with IGEPAL CA-630 buffer (50 mM Tris-
HCl, pH 7.4, [Sigma, T5030], 1% IGEPAL CA-630 [Sigma,
I8896], 10 mM EDTA, 150 mM NaCl, 50 mM NaF, 1 μM leu-
peptin [Sigma, L5793], 0.1 μM aprotinin [Sigma, SRE0050]).
Primary antibody was covalently immobilized on protein A/G

agarose using the Pierce Crosslink Immunoprecipitation Kit
according to the manufacturer’s instructions (Thermo
Scientific, 26147). Samples were incubated with immobilized
antibody beads for at least 2 h at 4°C. Cell lysates were also
subjected to immunoprecipitation with either mouse IgG1 iso-
type control (Cell Signaling Technology, 5415) or rabbit IgG
isotype control (Cell Signaling Technology, 3900) according to
the immunoglobulin type of primary antibody. After immuno-
precipitation, the samples were washed with TBS 5 times. They
were then eluted with glycine-HCl (0.1 M, pH 3.5) and the
immunoprecipitates were subjected to immunoblotting using
specific primary antibodies.

TUNEL staining in cultured HUVECs

HUVECs were fixed in PBS containing 4% PFA. Staining was
performed using the In situ Cell Death Detection kit (Roche,
11684795910) in accordance with the manufacturer’s proto-
col. In brief, the cultured cells were cultivated on
CultureSlides (BD Biosciences, 354114) and treated as indi-
cated. The cells were subsequently washed 3 times with ice-
cold PBS and fixed in a freshly prepared 4% PFA. After
10 min of fixation, the cells were washed twice with PBS
and permeabilized in a freshly prepared permeabilization
solution (0.1% Triton X-100, 0.1% sodium citrate) for
10 min. Afterward, the cells were incubated with a TUNEL
reaction mixture for 60 min at 37°C in a humidified atmo-
sphere in the dark. After washing twice with PBS, the samples
were mounted using a ProLong antifade reagent (Molecular
Probes, 36934) and were imaged using a Leica TCS SP5
Confocal microscope (Leica, Wetzlar, Germany).

Electron microscopy

Conventional electron microscopy was performed as
described previously [81]. In brief, HUVECs were fixed in
Karnofsky fixative and then postfixed in 1% osmium tetra-
oxide, dehydrated in a graded series of acetone concentra-
tions, and embedded in Sparr resin. Sections of 98-nm
thickness were placed on copper grids that were double-
stained with uranyl acetate and lead citrate. Discs were exam-
ined with a JEOL 1200 electron microscope (JEOL, Tokyo,
Japan).

Detection of GFP-LC3B

HUVECs grown on gelatinized coverslips were transduced
with Ad-GFP-LC3B. After 48 h, medium was changed to

Figure 10. The metformin-mediated Hh activation regulates autophagy through a mechanism involving BNIP3. (a) Cell lysates of HUVECs were used to detect the
expression of BNIP3 and ATG proteins by immunoblotting. HUVECs were transduced with Ad-sh-GLI1 and Ad-Scrambled shRNA, respectively. After transduction,
HUVECs were cultured either in NG or HG medium in the presence or absence of MET (50 μM) for 72 h, MAN was used as the osmotic control for HG. (b) The
quantitative analysis of each immunoblot relative to GAPDH protein level in (a). Data are expressed as fold change relative to Ad-Scrambled shRNA-transduced
HUVECs cultured in NG, values displayed are means ± SEM of 6 independent experiments. # P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in NG or
MAN; * P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in HG; % P < 0.05 vs. Ad-Scrambled shRNA-transduced HUVECs cultured in HG coincubated
with MET; ns, non-significant. (c) HUVECs were treated as in (a), and the cell lysates were subjected to immunoprecipitation with BCL2 antibody, followed by
immunoblotting with the indicated antibodies. Cell lysates were also subjected to immunoprecipitation with IgG as negative control. (d) HUVECs were treated as in
(a), and the cell lysates were subjected to immunoprecipitation with either BCL2 or BECN1 antibody, followed by immunoblotting with the indicated antibodies. Cell
lysates were also subjected to immunoprecipitation with IgG as negative control.

Figure 10. (Continued ).
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Figure 11. Modulation of BNIP3 expression affects Hh-regulated autophagy, thus influences the endothelial protective effect exerted by the metformin-mediated Hh
activation. (a, c) Cell lysates of HUVECs were used to detect the expression of BNIP3 and LC3-II by immunoblotting. HUVECs were transduced with adenoviruses
harboring BNIP3 (Ad-BNIP3) and Ad-LacZ served as a control, respectively. After transduction, HUVECs were exposed to HG in combination with MET (50 μM) for 72 h.
(b) HUVECs were treated as in (a), and the cell lysates were subjected to immunoprecipitation with either BCL2 or BECN1 antibody, followed by immunoblotting with
the indicated antibodies. Cell lysates were also subjected to immunoprecipitation with IgG as negative control. (d) Representative confocal images of HUVECs
transduced with Ad-GFP-LC3B. HUVECs were treated as indicated in (a). Scale bars: 5 μm. (e) Quantification of the GFP puncta per cell in (d). Values displayed are
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complete, glucose-free or amino acid-free medium. After
transfection, HUVECs under each experimental condition
were observed under the Leica TCS SP5 Confocal microscope
(Leica, Wetzlar, Germany).

Immunofluorescence staining

For quantification of PECAM1-positive area, immunofluores-
cence staining was performed within the aortic wall. Paraffin
sections (5 µm) were cut and incubated with anti-PECAM1
(Abcam, ab24590). After washing, samples were incubated with
Alexa Fluor 647-conjugated anti-mouse IgG secondary antibody
(Abcam, ab150115) at a dilution of 1:200 for 60 min at room
temperature. Cell nuclei were labelled by DAPI. The total tissue
area and the PECAM1-positive area were analysed with a Leica
TCS SP5 Confocal microscope (Leica, Wetzlar, Germany) and
quantified with ImageJ software (National Institutes of Health,
Bethesda, Maryland, USA). Data were expressed as percentage of
positive staining area per analyzed area.

For immunofluorescence staining in HUVECs, the cells
were fixed with 4% formaldehyde, permeabilized with 0.1%
Triton X-100 and incubated with anti-HHIP (Santa Cruz
Biotechnology, sc-293265). After washing, cells were incu-
bated with Alexa Fluor 647-conjugated anti-mouse IgG sec-
ondary antibody (Abcam, ab150115) at a dilution of 1:200 for
60 min at room temperature. Cell nuclei were labelled by
DAPI. The images were obtained using a Leica TCS SP5
Confocal microscope (Leica, Wetzlar, Germany) and the
fluorescent intensity was quantified with ImageJ software
(National Institutes of Health, Bethesda, Maryland, USA).

Adenovirus constructs

Recombinant adenovirus vectors were constructed, propa-
gated and titered as previously described [82]. Briefly,
pBHGloxΔE1,3 Cre plasmid (Microbix, PD-01–40), including
the ΔE1 adenoviral genome, was cotransfected with the
pDC316 shuttle vector (Microbix, PD-01–28) containing the
gene of interest into HEK293 cells using Lipofectamine 2000
(Life Technologies, 11668019). Through homologous recom-
bination, the test genes were integrated into the E1-deleted
adenoviral genome. The viruses were propagated in HEK293

cells. We made replication-defective human adenovirus type 5
(devoid of E1) harboring human BNIP3 or GLI1. The genera-
tion of adenoviruses harboring GFP-LC3B has been described
[83]. An in-house–generated Ad-LacZ was used as a control.

For adenovirus-mediated gene transfer, these constructed
adenovirus vectors were transfected into HUVECs at a MOI
of 100× PFU/cell for 48 h. After 48 h, the overexpression
efficiency was evaluated.

Construction of shRNA adenoviral expression vectors

The pSilencer 2.1-U6 expression vector was purchased from
Ambion (Ambion, AM5762). The RNU6-1 RNA polymerase III
promoter and the polylinker region were subcloned into the
adenoviral shuttle vector pDC311 (Microbix, PD-01–25). The
GLI1 shRNA targeting sequence was 5ʹ- CCGTCCTGCT
CCAGCTAGA −3ʹ. The GLI2 shRNA targeting sequence was 5ʹ-
GATCTGGACAGGGATGACT −3ʹ. The GLI3 shRNA targeting
sequence was 5ʹ- CCGCCTTATCTAGTAGCCCTA −3ʹ. The
ATG7 shRNA targeting sequence was 5ʹ- CCAAG
GTCAAAGGACGAAGAT- 3ʹ. The BNIP3 shRNA targeting
sequence was 5ʹ- GGAATTAAGTCTCCGATTA −3ʹ. For
Scrambled shRNA, an in-house-generated shRNA adenovirus
that encodes a scrambled sequence was used as control.
Recombinant adenoviruses were generated by homologous
recombination in HEK293 cells as described above.

For adenovirus-mediated gene knockdown, these con-
structed adenovirus vectors were transfected into HUVECs
at a MOI of 100× PFU/cell for 96 h. After 96 h, the knock-
down efficiency was evaluated.

Adeno-associated virus production

Recombinant virus was produced as described below. Briefly,
murine Gli1, Atg7 shRNA (Gli1 shRNA targeting sequence was
5ʹ- CCTGTGTACCACATGACTCTA −3ʹ, Atg7 shRNA targeting
sequence was 5ʹ- CAGTTTGGCACAATCAATA −3ʹ) or
a scrambled sequence was initially inserted into a rAAV plasmid
consisting of the vector genome, a murine vascular Cdh5 core
promoter and AAV ITRs flanking the expression cassette.
Meanwhile, we have constructed the rAAV to deliver the murine
Gli1 cDNA under the control of murine Cdh5 core promoter. An

means ± SEM of 10 independent experiments. * P < 0.05 vs. Ad-LacZ-transduced HUVECs exposed to HG in the presence of MET. (f) Capillary-like tube formation was
assessed by matrigel angiogenesis assay in HUVECs treated as in (a). Scale bars: 300 μm. (g) Quantification of the tube length in (f), images of tube morphology were
taken in 6 random microscopy fields per sample and values displayed are means ± SEM of 8 independent experiments. * P < 0.05 vs. Ad-LacZ-transduced HUVECs
exposed to HG in the presence of MET. (h) TUNEL assay of HUVECs. HUVECs were treated as indicated in (a), the apoptotic cells were labeled with green, and nuclei
were stained with DAPI (blue). Scale bars: 100 μm. (i) The quantitative analysis of TUNEL+ cells in at least 6 separate fields, values displayed are means ± SEM of 6
independent experiments. * P < 0.05 vs. Ad-LacZ-transduced HUVECs exposed to HG in the presence of MET. (j, l) Cell lysates of HUVECs were used to detect the
expression of BNIP3 and LC3-II by immunoblotting. HUVECs were transduced with Ad-sh-GLI1 and either adenoviruses harboring sh-BNIP3 (Ad-sh-BNIP3) or not. After
transduction, HUVECs were exposed to HG in combination with MET (50 μM) for 72 h. (k) HUVECs were treated as in (j), and the cell lysates were subjected to
immunoprecipitation with either BCL2 or BECN1 antibody, followed by immunoblotting with the indicated antibodies. Cell lysates were also subjected to
immunoprecipitation with IgG as negative control. (m) Representative confocal images of HUVECs transduced with Ad-GFP-LC3B. HUVECs were treated as indicated
in (j). Scale bars: 5 μm. (n) Quantification of the GFP puncta per cell in HUVECs treated as in (m). Values displayed are means ± SEM of 10 independent experiments.
* P < 0.05 vs. Ad-sh-GLI1-transduced HUVECs exposed to HG in the presence of MET. (o) Capillary-like tube formation was assessed by matrigel angiogenesis assay in
HUVECs treated as in (j). Scale bars: 300 μm. (p) Quantification of the tube length in (o), images of tube morphology were taken in 6 random microscopy fields per
sample and values displayed are means ± SEM of 8 independent experiments. * P < 0.05 vs. Ad-sh-GLI1-transduced HUVECs exposed to HG in the presence of MET.
(q) TUNEL assay of HUVECs. HUVECs were treated as indicated in (j), the apoptotic cells were labelled with green, and nuclei were stained with DAPI (blue). Scale bars:
100 μm. (r) The quantitative analysis of TUNEL+ cells in at least 6 separate fields, values displayed are means ± SEM of 6 independent experiments. * P < 0.05 vs. Ad-
sh-GLI1-transduced HUVECs exposed to HG in the presence of MET.
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in-house–generated AAV-LacZwas used as a control. To generate
virus, the plasmid carrying the target gene cassette was cotrans-
fected into HEK 293 cells with a packaging plasmid and an
adenovirus helper plasmid. The packaged, recombinant viral par-
ticleswere thenpurified by aCsCl gradient sedimentationmethod,
desalted by dialysis and subjected to a quality control analysis as
described [84].

Statistical analysis

Results are expressed as means ± SEM. Statistical differences
were assessed with the unpaired 2-tailed Student t test for 2
experimental groups and one-way ANOVA for multiple
groups with SPSS software. Bonferroni post-hoc testing was

employed after ANOVA for testing for significant differences
between groups. A two-tailed P value of less than 0.05 was
considered statistically significant. Statistical analyses were
done using GraphPad Prism (GraphPad Software).
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Figure 12. Schematic showing that metformin alleviates hyperglycemia-induced endothelial impairment by downregulating autophagy via the Hedgehog pathway.
Metformin treatment restores the hyperglycemia-impaired Hh pathway activity. And it is through GLI1, that metformin downregulates hyperglycemia-triggered
BNIP3 expression, which subsequently inhibits the association between BNIP3 and BCL2, thus enhancing the binding of BECN1 and BCL2. In this way, hyperglycemia-
triggered prolonged autophagy is inhibited by metformin, resulting in the alleviation of hyperglycemia-induced endothelial dysfunction.
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