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HIF-1a-dependent pathway

Hao Ding*?", Bin Chen®", Qianyi Lu*, Jian Wang?

1Department of General Surgery, Children’s Hospital Affiliated to Soochow University, Suzhou, China; 2Department
of Clinical Nutrition, Anhui Provincial Children’s Hospital, Hefei, China; *Department of Ophthalmology, Changshu
No. 1 People’s Hospital, Changshu, China; “Department of Ophthalmology, The First Affiliated Hospital of Soochow
University, Suzhou, China. *“Equal contributors.

Received December 13, 2017; Accepted January 8, 2018; Epub March 1, 2018; Published March 15, 2018

Abstract: Background: Diabetic retinopathy (DR), a well-known serious complication of diabetes mellitus, can even-
tually advance to end-stage blindness. Aim: To investigate the role of profilin-1 (PFN1) in microvascular endothelial
dysfunction (MVED) triggered by DR. Methods: We assessed the expression of PFN1 and hypoxia inducible factor-1
alpha (HIF-1«) in cultured human retinal microvascular endothelial cells (HRMECs) treated with high glucose and in
6 month-old Sprague-Dawley (SD) rats with DR. We also investigated the function of metformin in PFN1-mediated
MVED. Results: High glucose upregulated PFN1 and HIF-1a expression levels. These changes were associated
with increased permeability, apoptosis, and angiogenesis in vivo and in vitro. Metformin prevented high glucose or
hyperglycemia-induced MVED by inhibition of HIF-1a/PFN1 signaling in cultured HRMECs and in SD rats with DR.
Conclusion: Our results indicate that activation of HIF-1a/PFNZ1 by high glucose mediates permeability, apoptosis,
and angiogenesis and that metformin alleviates MVED by suppressing HIF-1a/PFN1 signaling during DR. These
results suggest a potential therapeutic strategy for preventing the onset of PFN1 in early-stage of DR.
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Introduction

Diabetic retinopathy (DR), especially prolifera-
tive diabetic retinopathy (PDR), is a major cause
of blindness in the working-age population in
developed countries. The search for effective
treatment and prevention measures has long
been a foci of study [1-3]. As an early patho-
physiological precursor, microvascular endo-
thelial dysfunction (MVED) is simultaneously a
prevalent complication of both type 1 and type
2 diabetes, including primary hypertonicity,
subsequent apoptosis, and angiogenesis, etc.
MVED underlies and precedes the vascular bar-
rier destruction of DR, whereas the underlying
mechanism(s) remains an enigma. Due to the
complex nature of MVED in DR, diverse (and
poorly understood) signal pathways (e.g.,
hypoxia inducible factor-1 alpha [HIF-1«] and
profilin-1, etc) are in persistent exploration day
after day [4, 5].

Profilin-1 (PFN1), aubiquitously expressed actin-
binding protein that plays an important role in
the regulation of actin polymerization and cyto-
skeleton remodeling, is required for migration,
invasion, and capillary morphogenesis of vas-
cular endothelial cells by regulating its biologi-
cal function and facilitating microvascular cord
regeneration [6-8]. Previous studies have pro-
vided ample evidence for the critical role of
PFN1 in endothelial cell injuries, and blockade
of PFN1-mediated biological effects may con-
tribute to the prevention of endothelial abnor-
malities and vascular diseases due to hypergly-
cemia [1, 9]. Of note, accumulating evidence
hasunderscored that profilin-1 signaling pro-
videsmultiple and critical functionsin facilitat-
ing inflammation [10], apoptosis [11], and
angiogenesis [12]. Meanwhile, our previous
research also indicated the significance of HIF-
1a/PFN1 signaling during DR [4]. Nonetheless,
the specific mechanism and contribution of
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PFN1 to MVED in retinal endothelium due to DR
has not been sufficiently elucidated yet.

Thus, the present study aimed to elucidate the
role of PFN1 in MVED due to DR. Here, we test-
ed whether the expression levels of PFN1 and
HIF-1a were significantly increased under high
glucose (HG) conditions in vivo and in vitro.
Then, we set out to address that PFN1 knock-
down by short hair RNA (shRNA) significantly
suppressed the MVED induced by HG.
Furthermore, our results indicate that metfor-
min alleviates MVED by suppressing HIF-1a/
PFN1 signaling during DR. These results sug-
gest a potential therapeutic strategy for pre-
venting the onset of PFN1 in early-stage of DR.

Materials and methods
Animals

All experiments were conducted in accordance
with the requirements of the Association for
Research in Vision and Ophthalmology, as out-
lined in the Statement for the Use of Animals
in Ophthalmic and Vision Research. Male Sp-
rague-Dawley (SD) rats, weighing 100-120 g,
were purchased from Shanghai Laboratory
Animal Center of the Chinese Academy of
Sciences and housed five per cage in a room
under controlled temperature, humidity, and
lighting conditions, with food and water provid-
ed ad libitum. Rats were assigned randomly
into groups receiving 60 mg/kg streptozotocin
(STZ, Sigma-Aldrich, St. Louis, MI, USA) intra-
peritoneally or citrate buffer alone as previous-
ly described [13]. Briefly, diabetic rats were cat-
egorized as diabetic when the blood glucose
exceeded 16.7 mmol/l at 48 h after STZ admin-
istration. One week after the injection of STZ,
diabetic rats were randomly assigned to the fol-
lowing 4 groups for duration of the 24 weeks
experiment: (1) normal (non-diabetic) rats; (2)
diabetic rats; (3) diabetic rats treated with
intravitreal injection of recombinant adenovirus
encoding shRNA for PFN1; (4) diabetic rats
treated with insulin plus metformin by oral
route (100 mg/kg body weight/day) during the
last 8 weeks. Diabetic rats received subcut-
aneous insulin (Humulin-N; Eli Lilly & Co., In-
dianapolis, IN) twice a week to maintain body
weight and maximize survival rate (0-4 units).

Cell culture and reagents

Human retinal microvascular endothelial cells
(HRMECs; cat. no. ACBRI 181) were purchased
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from Cell Systems (Kirkland, WA) and cells from
passages 3-7 were used in the experiment.
Cells were grown in M199 medium with 45 ng/
mL bFGF and heparin and 20% fetal bovine
serum. Confluent cells were switched to a
serum-free medium for 24 h before treatment.
Cells were exposed to normal glucose (NG, 5
mmol/L) or HG (30 mmol/L) with or without
shRNA for PFN1. Primary antibodies against
profilin-1, HIF-1, and GAPDH were from R&D
Systems. The shRNA for PFN1 (100 nmol/L)
was from Genesil Biotechnology (Wuhan, China)
and the PFN1-shRNA sequences were 5'-
AGAAGGUGUCCACGGUGGUUU-3’ (forward) and
5-ACCACCGUGGACACCUUCUUU-3’ (reverse). At
24 h after passage, at a 1:5 ratio, cells were
transfected using Lipofectamine 2000 (0.15%,
vol/vol) (Invitrogen, Carlsbad, CA) following the
protocol provided by the manufacturer. Lipo-
fectamine 2000 was removed by changing to
fresh medium containing 10% FBS 5 h post-
transfection, and the cells were analyzed 48 h
after transfection.

Real-time PCR

The total RNA was extracted from RF/6GA ce-
lls using TRIZOL reagent (Invitrogen Life Te-
chnologies, Gaithersburg, MD) and stored at
-80°C. Theprimer sequences used were as
follows: PFN1, 5’-ATCGACAACCTCATGGCGGACG
-3’ (forward) and 5-TTGCCAACCAGGACACCC-
ACCT-3’ (reverse); GAPDH, 5-CAAGGTCATCCA-
TGACAACTTTG-3’ (forward) and 5-GTCCACCA-
CCCTGTTGCTGTAG-3’ (reverse). Relative quanti-
fication of the signals was performed by nor-
malizing the signals of different genes to that of
the GAPDH signal.

Western blot analysis

Adherent cells grown to sub-confluency on tis-
sue culture plates and were then washed with
phosphate-buffered saline (PBS) and lysed in
250 uyl of 2x concentrated 12% SDS Lysis
Buffer (BeyotimeBiotchnology, China). The sam-
ples collected were first boiled at 95°C for 5
min and then frozen in ice crush for 5 min in
turn. After three times of successive manufac-
turing, cell lysates were electrophoresed in
SDS-PAGE, and transferred onto nitrocellulose
membrane. The membrane was blocked with
5% nonfat dried milk solution and subsequently
incubated overnight with gentle agitation at
4°C with anti-PFN1. This was followed by incu-
bation with corresponding horseradish peroxi-
dase (HRP) conjugated secondary antibodies.
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GAPDH was used as internal control. Im-
munoreactive bands were identified using an
enhanced chemiluminescence detection sys-
tem (Pierce Biotechnology, Inc., Rockford, IL,
USA).

Immunofluorescence microscopy

Paraffin wax-embedded sections of the retina
were dehydrated and subsequently incuba-
ted with antibodies against PFN1 (Abcam,
Cambridge, MA). Counterstaining of nuclei was
performed with 4’, 6-diamidino-2-phenylindole
(DAPI; Sigma). The staining was observed under
an Axioplan 2 fluorescence microscope or a
Cell Observer SD confocal laser scanning mi-
croscope (Carl Zeiss, Gottingen, Germany).

Clearance of bovine serum albumin (BSA)

For the detection of HRMEC permeability, albu-
min diffusion across endothelial monolayers
was measured as described previously [14].
The permeability of the RF/6A cells monolayer
was quantified as a percentage clearance of
BSA from insert to lower well, as described by
Quan and Godfrey [15] and Bonner and
O’Sullivan [16]. Finally, the clearance rates of
Trypan blue-labelled albumin through the cell
monolayers were measured using a spect-
rophotometer.

Transendothelial electrical resistance (TEER)

TEER was determined as previously described
[17]. We partly modified that method from
Pavan B et al. [18]. RF/6A cells were seeded to
form confluent monolayers to develop low elec-
trical resistance on Transwell-permeable sup-
ports (area of 0.33 cm?) in 24-well plates [19].
TEER was measured using an epithelial voltme-
ter (WPI, Sarasota, FL).

Retinal permeability

Briefly, Evans blue dye was dissolved in normal
saline (45 mg/mL). Then, under deep anesthe-
sia, the dye (45 mg/kg) was injected into the
jugular vein of each rat. Blood (200 uL) was
withdrawn from the iliac artery 2 min after
Evans blue injection and then every 30 min for
up to 120 min. After the dye had circulated for
120 min, the chest cavity was opened, and the
left ventricle was cannulated. Each rat was per-
fused with 0.05 M citrate buffer, pH 3.5 (37°C),
for 2 min at 66 mL/min to clear the dye. After
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the perfusion, the eyes were enucleated imme-
diately, and the retinas were carefully dissected
under an operating microscope. Evans blue in
retinas and blood samples were detected as
described previously [20]. Retinal vascular per-
meability was calculated using the following
equation, and the results were expressed in uL
plasma/g retina dry weight/h: Retinal vascular
permeability = Evans blue (ug)/retina dry weight
(g)/time-averaged Evans blue concentration
(Mg)/plasma (uL) x circulation time (h).

Apoptosis

Apoptotic cells in the HRMECs cultures was-
detected using the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling
(TUNEL) system (Promega, Madison, WI) acc-
ording to the manufacturer’s instructions.

Tube formation assay

The HRMECs tube formation assay was con-
ducted on Matrigel (BD Biosciences, Bedford,
MA) according to the manufacturer’s protocol.
HRMECs were plated at 4x10° cells/well in
24-well plates precoated with 300 yL Matrigel
(10 mg/mL) in the absence of VEGF. After 24 h
of incubation with or without the fluorescent
dye calcein (8 ug/mL, 300 uL/well; BD Biocoat)
under a 5% CO,-humidified atmosphere at
37°C, cell organization was examined under an
inverted photomicroscope at 100x maghnifica-
tion. A minimum of three fields were analyzed
per image using Imagel) software (National
Institutes of Health).

Statistical analysis

The results are expressed as the mean + stan-
dard deviation (SD). Group means were com-
pared by one-way ANOVA using the GraphPad
Prism 4.0 software system (Graph Pad, San
Diego, CA) and the statistical software program
SPSS version 17.0 for Windows (SPSS, Chicago,
IL). In all comparisons, a value of P<0.05 was
considered to indicate a statistically significant
difference.

Results

Increased expression of PFN1 and HIF-1x
under HG conditions in vivo and in vitro

PFN1 is a critical regulator of actin, the major
cell skeleton, and HIF-1a, a single transcription-
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Figure 1. Activation of the HIF-1a/Profilin-1 pathway under HG conditions in
vivo and in vitro. (A-C) Western blotting (A) and quantification (B) of HIF-1a
and Profilin-1 protein or real-time RT-PCR analysis of mRNA (C) expression
profiles in the following cell treatment groups: NG, HG for 48 h (HG 48 h),
and HG 72 h. **P<0.01 vs. NG; ##P<0.01 vs. HG. (D-F) Western blotting (D)
and quantification (E) of HIF-1a and Profilin-1 protein or real-time RT-PCR
analysis of mRNA (F) expression profiles in the control rat group (Con), dia-
betic rat group (DM), and DM plus metformin group (DM + Met). **P<0.01
vs. Con; ##P<0.01 vs. DM. Means + SD. n=3.

NG

HG + Met

DAPI

Profilin-1

Merge

Figure 2. Immunofluorescent analysis indicates that high glucose (HG) in-
duced profilin-1 activation in the HG group are effectively inhibited by treat-
ment with metformin (HG + Met). Mean + SD. n=3.

al activator, mediate acclimation of cells, tis-
sues, and the organism to conditions of HG-
evoked low oxygen tension [21]. Initially, to
determine whether PFN1 and HIF-1a expres-

1250

sion level is upregulated in
DR, we incubated HRMECs in
HG for 48 or 72 h. As shown in
Figure 1A-C, chronic HG res-
ulted in significantly increased
levels of PFN1 and HIF-1«x pro-
tein or mRNA compared with
the NG group (P<0.01).

Hyperglycemia has long been
identified as major risk factor
for DR. To further clarify the
expression level of PFN1 in
vivo, and to define the role of
metformin, we examined the
levels of PFN1 and HIF-1a in
the retinas of diabetic ani-
mals. We found that hyperg-
lycemia caused a significant
increase in the protein and
mMRNA levels of PFN1 and HIF-
1o compared with the control
rats group (P<0.01; Figure
1D-F).

Metformin reverses HG-trig-
gered overexpression of PFN1

The concept that ischemic
retinopathyis driven by isch-
emia-induced angiogenic fac-
tors was proposed decades
ago. HIF-1a has recently em-
erged as the master regulator
of these angiogenic media-
tors [21]. Hereby, we exam-
ined the inhibiting effect of
metformin on HIF-1la since
metformin has been demon-
strated to be a strong phar-
maceutical inhibitor of HIF-1«
activity [22, 23]. As shown in
Figure 1D, 1E, elevated pro-
tein levels of HIF-1a and PFN1,
were blocked by metformin pr-
etreatment for 48 h (P<0.01).
Metformin also significantly
inhibited HIF-1a and PFN1
MRNA expression (P<0.01; Fi-
gure 1F).

Moreover, we quantified PFN1 levels using
immunofluorescence. Compared with the NG
group, a clear increase in PFN1 expression was
evident in the HG group, which was effectively

Int J Clin Exp Pathol 2018;11(3):1247-1255



Profilin-1 in DR

A 44
@ 3 ki
ST NS
[ Q #
9% 2 T L
83
© £
58 1
SE
@ oll =
N
R R S
& o
0,." >
B3
B 80+
NS
604 1 ot
a« e —
E ——
L 401
c
m *k
w204
w
-
0 T T
N
© S &
& o
Ox* X
_
C 3-
o *k
= ¥
£% 2 NS
‘e >
§ 5 e
«© P
£ £ 4] — =
g%’
& g0 T T
N X
LE. '°'é° o‘x‘ QQ#\ x*e
® & N
i. @x 0
= )

Figure 3. Modulation of Profilin-1 (PFN1) contributes
to hyper-permeability induced by HG in vivo and in
vitro. (A, B) Utilization of the BSA clearance rate (A)
and TEER of HRMECs to measure the permeability
in the following cell treatment groups: NG, HG, HG
+ shPFN1, HG + Met. (C) PFN1 knockdown by shR-
NA (DM + shPFN1) and metformin (DM + Met) both
significantly decrease the hyper-permeability in the
DM group. **P<0.01 vs. NG; ##P<0.01 vs. HG; NS
means not significant (P>0.05). Means + SD. n=3.

inhibited by metformin in the HG + Met group
(Figure 2).
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HG-inducedactivation of PFN1 contributes to
the cell hypertonicity in vivo and in vitro

To assess alterations in the rat retina under HG
conditions, we examined the permeability of
HRMECs in vitro and SD rat retinas in vivo.
Compared with the NG group, PFN1 knockout
by shPFN1 and metformin both significantly
restored HG resulted increase of BSA clear-
ance rate (P<0.05; Figure 3A) and decrease of
TEER (P<0.01; Figure 3B). Moreover, we found
an ~2.5-fold increase in retinal permeability
under HG conditions versus that under NG con-
ditions in vivo, and similar results were
observed in the DM + shPFN1 group and the
DM + Met group (P<0.01; Figure 3C). However,
the differences of permeability between the HG
+ shPFN1 group and the HG + Met group, and
between the DM + shPFN1 group and the DM +
Met group, were not significant (P>0.05; Figure
3A-C).

PFN1 mediates cell apoptosis under HG condi-
tions in vivo and in vitro

To evaluate the physiological effect of PFN1 in
the augmented cell apoptosis induced by
hyperglycemia, we examined apoptotic factors
via knockdown of PFN1 in vivo. Our first obser-
vation was that the hyperglycemia induced
overexpression of apoptotic molecules includ-
ing p53 and BAX in the DM group, correlating
with the overexpression of PFN1, were both sig-
nificantly decreased in the DM + shPFN1 group
via western blot in vivo (P<0.01; Figure 4A, 4B).
Simultaneously, mRNA analysis showed the
analogical results in vivo (Figure 4C).

To confirm these results, we retested apoptosis
in vitro via using TUNEL assays. Compared with
the NG group, the number of apoptotic cells in
the HG group was significantly increased
(P<0.01; Figure 4D, 4E). Furthermore, the num-
bers of apoptotic cells in the HG + shPFN1
group (P<0.05; Figure 4D, 4E) and HG + Met
group (P<0.01; Figure 4D, 4E) were both signifi-
cantly decreased compared with the HG group.
However, the difference between the HG +
shPFN1 group and the HG + Met group was not
significant (P>0.05; Figure 4D, 4E).

PFN1 mediates angiogenesis under HG condi-
tions in vitro

Regarding the pivotal role of PFN1 in the reor-
ganization and redistribution of actin and the

Int J Clin Exp Pathol 2018;11(3):1247-1255
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Figure 4. Profilin-1 (PFN1) modulates apoptosis under HG conditions in vivo and in vitro. (A-C) Western blotting (A)
and quantification (B) of p53 and BAX protein or real-time RT-PCR analysis of mRNA (C) expression profiles in control
rats (Con), diabetic rats (DM), and DM plus shPFN1 (DM + shPFN1). **P<0.01 vs. Con; #P<0.05 vs. DM; ##P<0.01
vs. DM. (D-F) Fluorescence microscope (D) and quantification analysis (E) of cellular apoptosis levels by TUNEL in
the following cell treatment groups: NG, HG, HG plus shPFN1 (HG + shPFN1), and HG plus metformin (HG + Met).
**P<0.01 vs. NG; #P<0.05vs. HG; ##P<0.01 vs. HG; NS means not significant (P>0.05). Means + SD. n=3.

indispensable part of actin in the mitosis and
proliferation of endothelial cells [24], we hypoth-
esized that PFN1 may also be involved in the
pathological angiogenesis of HRMECs due to
HG. Thus, we performed tube formation assays
to measureangiogenesis using Matrigel in vitro.

Similar to the previous observations, HG condi-
tions markedly stimulated promotion of tube
formation in vitro (P<0.01; Figure 5A, 5B).
Subsequently, this promotion was significantly
decreased in the HG + shPFN1 group and the
HG + Met group (P<0.01; Figure 5A, 5B). These
results suggest an important role for PFN1 in
this characteristic response to HG.
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Discussion

DR, one of the most devastating acquired vas-
cular complications of diabetes mellitus, is
responsible for affecting overall life quality
worldwide [25]. DR manifests in two stages,
first, the retinal microvasculature is compro-
mised and capillary degeneration occurs; sub-
sequently, an over-compensatory angiogenic
response is initiated [26]. In DR, various growth
factors, vasoactive agents and adhesion mole-
cules result in increased blood flow, increased
capillary permeability, increased apoptosis,
andangiogenesis and microvascular remodel-
ing [4]. Although landmark cross-sectional

Int J Clin Exp Pathol 2018;11(3):1247-1255
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Figure 5. Profilin-1 (PFN1) modulates tube formation in vitro. Fluorescence microscope of tube formation (A) without
(left) or with (right) dye fluorescent calcein and quantification analysis (B) in the following cell treatment groups: NG,
HG, HG plus shPFN1 (HG + shPFN1), and HG plus metformin (HG + Met). **P<0.01 versus NG; ##P<0.01 versus

HG; NS means not significant (P>0.05). Means * SD. n=3.

studies have confirmed the strong relationship
between chronic hyperglycemia and the pro-
gression of DR, the underlying mechanism of
how hyperglycemia causes MVED remains an
enigma.

Essentially, PDR involves marked retinal vascu-
lar malfunction, and multiple proangiogenic
factors (e.g., HIF-1a and profilin-1) portray piv-
otal roles in the progression of angiogenesis
and represent significant targets for therapeu-
tic intervention in PDR [4]. Notably, tube forma-
tion and sprouting progression of angiogenesis
undoubtedly refer to various cell movements,
and profilin-1 has been crucial in these steps
according to previous research. Furthermore,
there is also controversy as to PFN1 has both
pro- and anti-angiogenic effects [1]. In this
study, we provide proof that PFN1 is a proangio-
genic factor like HIF-1o0 and VEGF which have
been depicted before based on morphological
experiments.

PFN1 is originally identified as an actin-associ-
ated protein, and has been linked to many bio-
logical functions including physiological and

1253

pathological processes, such as tumorigenesis,
angiogenesis and apoptosis [12, 27]. Previous
research has demonstrated that PFN1, a com-
monly recoghized intracellular actin-binding
protein, plays a crucial role in inflammatory and
angiogenic disease, which has linked the actin
cytoskeleton and its dynamics directly to MVED.
PFN1 is overexpressed in cultured endothelial
cells and up-regulated profilin-1 triggers endo-
thelial dysfunction [10]. In this study, our find-
ings first demonstrated that PFN1 is pivotally
engaged in the regulation of cell hyperperme-
ability, cell apoptosis, and angiogenesis under
HG conditions. The role for PFN1 in MVED regu-
lation was further supported by the efficient
inhibition of PFN1 by metformin because met-
formin mediates as an upstream inhibitor of
HIF-1a under HG conditions.

As far as clinical significance, we selectively
chose p53 and BAX to explore the correlation
between the increased apoptosis and PFN1
under HG conditions. For the purpose of testing
the previous hypothesis, we took advantage of
two negative control groups of PFN1 including
shRNA and pharmacological inhibitor metfor-

Int J Clin Exp Pathol 2018;11(3):1247-1255
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min.First, PFN1 activation triggered by HG was
clearly verified. Subsequently, the potential
role of PFN1 signaling early stages of endothe-
lial dysfunction was examined. Of note, we
found that PFN1 inhibition critically contributed
to MVED restoration under HG conditions.

We next went on to assess the forward dys-
function of endothelium described above, such
as tube formation. The results shown in the fig-
ures demonstrated up-regulation and recovery
of tube formation are mediated by fluctuations
of PFN1 protein level. This finding opens a new
perspective for the prevention, treatment, and
control of DR.

In conclusion, our results provide new insight of
PFN1 in the regulation of MVED triggered by
HG. We also provide evidence that metformin
efficiently reverses MVED resulting from HG.
Current therapies, which include pan-retinal
photocoagulation and vitrectomy, have re-
mained unaltered for several decades [26].
Thus, PFN1 bypasses canonical, multistep
intracellular signaling events to initiate endo-
thelial permeability, apoptosis, and angiogene-
sis, and might serve as a selective therapeutic
target for anti-angiogenic therapy in DR.
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