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Abstract

Background Excessive angiogenesis of the retina is a key component of irreversible causes of blindness in many ocular
diseases. Pitavastatin is a cholesterol-lowering drug used to reduce the risk of cardiovascular diseases. Various studies have
shown the effects of pitavastatin on angiogenesis but the conclusions are contradictory. The effects of pitavastatin on retinal
angiogenesis have not been revealed. This study investigated the effects of pitavastatin at clinically relevant concentrations
on retinal angiogenesis and its underlying mechanisms using retinal microvascular endothelial cells (RMECs).

Methods The effects of pitavastatin on retinal angiogenesis were determined using in vitro model of retinal angiogenesis,
endothelial cell migration, adhesion, proliferation, and apoptosis assays. The mechanism studies were conducted using
immunoblotting and stress fiber staining.

Results Pitavastatin stimulated capillary network formation of RMECS in a similar manner as vascular endothelial growth
factor (VEGF) and lipopolysaccharide (LPS). Pitavastatin also increased RMEC migration, adhesion to Matrigel, growth,
and survival. The combination of pitavastatin with VEGF or LPS was more effective than VEGF or LPS alone in stimulat-
ing biological activities of RMECsS, suggesting that pitavastatin can enhance the stimulatory effects of VEGF and LPS on
retinal angiogenesis. Pitavastatin acted on RMECs in a 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase-
independent manner. In contrast, pitavastatin activated pro-angiogenic microenvironment via promoting the secretion of
VEGF and stimulated retinal angiogenesis via multiple mechanisms including activation of RhoA-mediated pathways,
induction of focal adhesion complex formation, and activation of ERK pathway.

Conclusion Our work provides a preclinical evidence on the pro-angiogenic effect of pitavastatin in retina via multiple
mechanisms that are irrelevant to mevalonate pathway.
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Key messages 1. Excessive angiogenesis is associated with
many ocular diseases.

2. Pitavastatin at clinically relevant concentration stimulates
retinal angiogenesis, and acts synergistically with common
angiogenesis stimulators.
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4. Pitavastatin stimulates RhoA-mediated pathways and focal
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Key messages

® Excessive angiogenesis is associated with many ocular diseases.

@ Pitavastatin at clinically relevant concentration stimulates retinal angiogenesis, and acts synergistically with

common angiogenesis stimulators.

® Pitavastatin acts on retinal endothelial cells in a HMG-CoA reductase-independent manner.

® Pitavastatin stimulates RhoA-mediated pathways and focal adhesion.

Introduction

Angiogenesis, the formation of blood vessels from the pre-exist-
ing ones, is regulated by an interplay of stimulators and inhibi-
tors. Excessive angiogenesis can lead to many vision-threatening
diseases, including proliferative diabetic retinopathy, age-related
macular degeneration, and retinopathy of prematurity [1, 2]. The
main endogenous stimulators of angiogenesis are growth factors,
such as vascular endothelial growth factor (VEGF) and platelet-
derived growth factor (PDGF) [3]. Lipopolysaccharide (LPS), a
major component of inflammation, also plays an essential role
in the excessive angiogenesis in proliferative diabetic retinopa-
thy [4]. In addition, retinal endothelial cell plays an important
role in excessive angiogenesis and is a key participant in retinal
ischemic vasculopathies [5].

HMG-CoA (3-hydroxy-3-methylglutaryl coenzyme A)
reductase is a key enzyme of mevalonate pathway that cata-
lyzes the synthesis of cholesterol as well as mevalonate. As
competitive inhibitors of HMG-CoA reductase, statins are
lipid-lowering drugs and frequently used for the prevention
of cardiovascular disease [6—8]. Pitavastatin is a new genera-
tion of statins with stronger effect on cholesterol reduction
than conventional ones [9]. Apart from cholesterol lower-
ing, the pleiotropic effects of pitavastatin have been reported,
including improving endothelial function, increasing throm-
bomodulin, and decreasing inflammation [10—12]. Interest-
ingly, pitavastatin inhibits angiogenesis in murine tumor
model, whereas it induces angiogenesis in a murine hindlimb
ischemia model [11, 13], suggesting the differential effects
of pitavastatin on angiogenesis. Given the important asso-
ciation between angiogenesis and ocular diseases, our work
was designed to examine what is the effect of pitavastatin
on retinal angiogenesis using human retinal microvascular
endothelial cells (RMECs), and to determine whether pita-
vastatin affects RMEC biological functions as well as what is
the underlying mechanism of pitavastatin’s action.

@ Springer

Materials and methods
Endothelial cells, compounds, and antibodies

Primary human RMECs (Cat. No. H-6065) were pur-
chased from Cell Biologics, Inc. and expanded using
the complete human endothelial cell medium (Cat. No.
H1168) as provided by the manufacturer. Cells were
starved in basal endothelial medium (Cell Systems, Inc.)
for 2 h prior to drug treatment. Recombinant human
VEGF,¢; (R&D Systems, Inc.) was reconstituted in water
and kept in —20 °C. LPS was freshly prepared by dis-
solving in cell culture medium. Pitavastatin, mevalonate,
and cholesterol (Selleckchem, Inc.) were reconstituted in
dimethyl sulfoxide (DMSO). Antibodies for phospho- and
total myosin phosphatase targeting subunit 1 (MYPT1),
myosin light chain (MLC), VEGF receptor 2 (VEGFR2),
and focal adhesion kinase (FAK) were from Cell Signal-
ing Technology, Inc. Antibodies for phospho- and total
paxillin, extracellular-signal-regulated kinase (ERK), and
Akt were from Abcam, Inc. Antibody for B-actin was from
Santa Cruz Technology, Inc. Western blot was performed
using the standard protocol as described in our previ-
ous studies [14]. The band density was quantified using
ImageJ 1.32 software.

In vitro model of retinal angiogenesis

RMECs (10* cells per well in a 96-well plate) together with
pitavastatin in the presence of LPS or VEGF were seeded
onto the Corning® Matrigel® Growth Factor Reduced
(GFR) Basement Membrane Matrigel and cultured for 10 h
at 37 °C in 5% CO,. Tubular structures were evident and
documented using a phase-contrast microscope (Leica, Inc.).
The capillary networks were quantified with ImageJ 1.32
software.
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Bromodeoxyuridine/5-bromo-2’-deoxyuridine
(BrdU) assay

RMECs (10* cells per well in a 96-well plate) together
with pitavastatin in the presence of LPS or VEGF in 2%
fetal bovine serum (FBS)-containing basal endothelial
medium were incubated for 24 h at 37 °C in 5% CO,.
Twenty microliters of BrdU reagent was added to each
well and cell proliferation was evaluated by using BrdU
Cell Proliferation enzyme-linked immunosorbent assay
(ELISA) Kit (Abcam, Inc.) as per the manufacturer’s
protocol. Absorbance at 490 nm was measured using a
Tecan Infinite M200 microplate reader (Thermo Fisher
Scientific, Inc.).

Apoptosis assay

RMECs (10° cells per well in a 6-well plate) together with
pitavastatin in the presence of LPS or VEGF in 2% FBS-
containing basal endothelial medium were incubated for
24 h at 37 °C in 5% CO,. The apoptosis was determined by
quantifying cytoplasmic histone-associated DNA fragments
using the Cell Death Detection ELISA kit (Creative Diag-
nostics, Inc.). Absorbance at 405 nm was measured using
a Tecan Infinite M200 microplate reader (Thermo Fisher
Scientific, Inc.).

Boyden chamber migration assay

Migration assay was performed using the Boyden cham-
ber as described in our previous studies [14, 15]. Briefly,
RMECs (5% 10° cells per well in a 24-well plate) in 2%
FBS-containing basal endothelial medium were placed in
the gelatin-coated cell culture insert. Pitavastatin together
with LPS or VEGF was placed on the lower chamber.
After 8-h incubation at 37 °C in 5% CO,, cells on the
upper surface of the insert were swabbed. Cells moving
through the pores were fixed, stained, and counted under
a light microscope.

Adhesion assay

RMECs was pre-labelled with calerin using Vybrant™
Cell Adhesion Assay kit as per the manufacturer’s pro-
tocol. RMECs (5 x 10° cells per well in a 96-well plate)
together with pitavastatin in the presence of LPS or VEGF
in 2% FBS-containing basal endothelial medium were
seeded onto a 10 x diluted Matrigel-coated 96-well plate
and incubated for 1.5 h at 37 °C in 5% CO,. Medium
was added to each well and gently swirled to remove the
nonadherent cells. The calcine absorbance was measured
on the fluorescence microplate reader (Thermo Fisher
Scientific, Inc.).

ELISA

RMECs (10 cells per well in a 24-well plate) together with
pitavastatin in 2% FBS-containing basal endothelial medium
were incubated for 24 h at 37 °C in 5% CO,. Supernatant
was collected and cells were harvested for protein lysates
using a standard protocol. Cellular RhoA and Racl activities
were determined using cell lysates and measured using kits
from Cytoskeleton, Inc. VEGF and PDGF-AA levels were
determined using supernatant and measured using kits from
Thermo Fisher Scientific, Inc.

Phalloidin staining

RMECs (10° cells per well in a 96-well plate) together with
pitavastatin in 2% FBS-containing basal endothelial medium
were incubated for 6 h at 37 °C in 5% CO,. Cells were then
washed with PBS, fixed with 4% paraformaldehyde, and
stained with rhodamine phalloidin reagent (Abcam, Inc.) as
per the manufacturer’s protocol. Images were taken under a
fluorescent microscope (Leica, Inc.).

Statistical analyses

Results were obtained from minimal three independent
experiments with triplicates and presented as mean + stand-
ard deviation (SD). Statistical analyses for comparisons
of two categorical variables were conducted using the
Mann—Whitney U test. To ascertain each independent fac-
tor of VEGF and LPS stimulation, a one-way analysis of
variance (ANOVA) was conducted. Results were deemed
statistically significant when P value < 0.05.

Results

Pitavastatin stimulates retinal angiogenesis
and enhances pro-angiogenic effects of VEGF
and LPS

To investigate the effects of pitavastatin in retinal angio-
genesis, we performed in vitro angiogenesis assay using
primary human RMECs in the presence of pitavastatin
under three conditions: basal, VEGF-stimulated, and
LPS-stimulated. The mean serum maximal concentration
is~500 nM in patients after a single dose of 4 mg pita-
vastatin [16]. To correlate with clinical significance, we
tested concentrations of pitavastatin up to 100 nM in our
study. VEGF and LPS are known angiogenesis stimulators
that promote endothelial cell capillary network formation
[17]. In order to display the stimulating effects of VEGF
and LPS on the tubular structure formation, we seeded
RMECs onto growth factor-reduced basement membrane
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Fig. 1 Pitavastatin stimulates retinal angiogenesis and acts synergis-
tically with VEGF and LPS. (A) In vitro angiogenesis images using
RMEC:s in the absence (DMSO) and presence of pitavastatin, VEGF,
or LPS alone or the combination of pitavastatin with VEGF or LPS.
(B) Pitavastatin dose-dependently increases capillary network forma-
tion of RMECs under basal condition. (C and D) Pitavastatin signifi-
cantly further enhances VEGF- and LPS-stimulated capillary network

Matrigel as control. As shown in Fig. 1A, RMECs formed
capillary network but with disrupted tubular structure in
control whereas more well-formed branches were formed
in VEGF, LPS, and pitavastatin. Extensive well-formed
branches without disruption were observed in the combi-
nation of pitavastatin with VEGF or LPS. Quantification
of capillary length was performed using ImageJ software
and ANOVA shows significant differences among different
concentrations of pitavastatin. Pitavastatin dose-depend-
ently increased the capillary length under basal condition
(Fig. 1B). In addition, there was a significant increase in
capillary length in the combination compared to VEGF or
LPS alone (Fig. 1C and D).

Endothelial cell capillary network formation involves
multiple steps including cell attachment to matrix, cell
migration, spreading, and morphogenesis. After seeding
RMECs onto Matrigel, we observed that cells attached to
Matrigel and migrated during the O—1-h period; cells then
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formation. 10 ng/ml of VEGF and 1 pg/ml of LPS were used. (E)
Time course analysis shows that pitavastatin significantly stimulates
early stages of capillary network formation of RMECs. Pitavastatin
at 100 nM was added to the medium at O h, 1 h, 2 h, and 4 h after
RMECs were seeded to Matrigel. Results were shown as relative to
control (DMSO). *P<0.05, compared to control, VEGF alone, or
LPS alone

spread and elongated during 1-2-h period; capillary net-
work appeared within 4 h and well-extensive tubular struc-
ture was formed within 8 h (data not shown). To investigate
at which stage(s) pitavastatin promotes in vitro capillary
network formation, pitavastatin was added to the Matrigel
at the same time when RMECs were seeded (0 h), or 0.5, 1,
2, and 4 h after seeding cells. We observed a gradual loss of
capillary network formation when pitavastatin was added at
1 h and onward (Fig. 1E), demonstrating that pitavastatin
promotes early stages of capillary network formation.

Pitavastatin stimulates RMEC activities and acts
synergistically with VEGF and LPS

To confirm the above findings, we examined the effects
of pitavastatin on RMEC adhesion to Matrigel and migra-
tion using adhesion and Boyden chamber migration assays



Graefe's Archive for Clinical and Experimental Ophthalmology (2021) 259:2707-2716

2711

A B | * ., C
47 47 * 4 %
| r 1
- - I A
§ z - § 2 - _L «9 ’% 4 r+]
= = ) s
&h
1 ﬂ S A ﬂ
0 T T 0 T ! 0 T T T 1
o & & o 0 & & & o e & &
& S S S g S S S ) 3 S S S
9 NN SRR N R SR MO M
+ VEGF +LPS
D E
3.5 1 35 - . * . 35 -
= 31 , x
5. . §° —— L g —. '
Q 2D I 4 17} A
__-g % 25 — % 2.5 ;*—1
e 2 S 24 g 2 ——
= | = A 215
= 1.5 % 1.5 g 1.5
S &1 & 1
0.5 4 H 0.5 A H 0.5 A H ﬂ
0 0 T T T T 0 T T T T 1
o & & 2 o & & S O o> >
o & S S S O S S S
I S @o PSRN & > NP
+ VEGF +LPS

Fig.2 Pitavastatin stimulates RMEC migration and adhesion, and
acts synergistically with VEGF and LPS. (A) Pitavastatin signifi-
cantly stimulates RMEC migration under basal condition. (B and
C) Pitavastatin enhances more RMEC migration than VEGF or LPS

under three conditions: basal, VEGF-stimulated, and LPS-
stimulated. ANOVA analyses showed all conditions were
statistically different. We found that pitavastatin increased
cell migration by twofold compared to control under basal
condition (Fig. 2A). The combination of pitavastatin with
VEGEF or LPS significantly increased more cell migration
compared to VEGF or LPS alone (Fig. 2B and C). Pita-
vastatin increased cell adhesion to diluted Matrigel under
basal condition (Fig. 2D), and increased more cell adhe-
sion to diluted Matrigel compared to VEGF or LPS alone
(Fig. 2E and F).

We further examined the effects of pitavastatin on
RMEC proliferation and apoptosis under three condi-
tions: basal, VEGF-stimulated, and LPS-stimulated.
ANOVA showed majority of factors to be signifi-
cantly different. The exception was apoptosis results
under VEGF-stimulated environment (p value =0.31).
We found that pitavastatin significantly stimulated
RMEC proliferation and decreased apoptosis under
basal condition (Fig. 3A and D). The combination of

alone. (D) Pitavastatin significantly increases RMEC adhesion to
diluted Matrigel under basal condition. (E and F) Pitavastatin signifi-
cantly increases more RMEC adhesion compared to VEGF or LPS
alone. *P <0.05, compared to control, VEGF alone, or LPS alone

pitavastatin with VEGF or LPS resulted in significantly
more cell proliferation compared to VEGF or LPS alone
(Fig. 3B and C). Compared to LPS alone, pitavastatin
significantly decreased more cell apoptosis (Fig. 3F).
Although ANOVA showed VEGF overall apoptosis
trend to be insignificant, comparing results from VEGF
alone and its combination of VEGF and pitavastatin
(100 nM), there was statistical significance. This may
indicate that a higher concentration may be required to
further decrease apoptosis compared to VEGF. Taken
together, we demonstrate that (1) pitavastatin stimu-
lates biological activities of RMECs and (2) pitavastatin
enhances pro-angiogenic activities of VEGF and LPS
on RMECs.

Pitavastatin acts on RMECs in a HMG-CoA
reductase-independent manner

As an inhibitor of HMG-CoA reductase, pitavasta-
tin is known to inhibit cholesterol synthesis [18] and
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Fig. 3 Pitavastatin stimulates RMEC proliferation and survival. (A)
Pitavastatin stimulates RMEC proliferation under basal condition. (B
and C) Pitavastatin significantly increases RMEC proliferation than
VEGEF or LPS alone. (D) Pitavastatin significantly decreases RMEC
apoptosis under basal condition. (E) Pitavastatin at 100 nM signifi-

post-translational modification prenylation [13]. We there-
fore attempted to reverse the effects of pitavastatin using
cholesterol or mevalonate to determine whether HMG-CoA
reductase is involved in pitavastatin’s action in RMECs. The
concentration of cholesterol and mevalonate used in the res-
cue study has been shown to effectively reverse cholesterol
level and prenylation inhibition [19]. We found that choles-
terol or mevalonate alone did not affect capillary network
formation of RMECs and failed to reverse the stimulatory
effects of pitavastatin (Fig. 4A-C). This result demonstrates
that pitavastatin acts on RMECs in a HMG-CoA reductase-
independent manner. We further investigated the effects
of pitavastatin on the release of VEGF and PDGF-AA. As
assessed by ELISA using supernatant of RMECs after pita-
vastatin treatment, we found that pitavastatin significantly
increased the supernatant level of VEGF (Fig. 4D). In con-
trast, we did not observe difference on PDGF-AA level in
supernatant of cells exposed to pitavastatin compared to
control (Fig. 4E). This suggests that pitavastatin stimulates
pro-angiogenic microenvironment via upregulating specific
angiogenic growth factors.
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cantly decreases more RMEC apoptosis compared to VEGF alone.
(F) Pitavastatin significantly decreases more RMEC apoptosis com-
pared to LPS alone. *P <0.05, compared to control, VEGF alone, or
LPS alone

Pitavastatin stimulates RhoA-mediated signaling
pathways and focal adhesion complex in RMECs

Rho GTPase family is known to regulate several processes
critical for endothelial cell migration, growth, and main-
tenance [20]. We investigated the activities of RhoA and
Racl in RMECs after pitavastatin treatment. We found
that pitavastatin potently increased RhoA activity without
affecting Racl (Fig. 5A), suggesting the specific stimula-
tory effect of pitavastatin on RhoA activity. RhoA regu-
lates stress fibers which are contractile actomyosin bundles
and have a central role in endothelial cell adhesion and
morphogenesis [21]. Consistent with RhoA activation, we
found that pitavastatin induced stress fiber formation in
RMEC:s (Fig. 5B). We further performed immunoblotting
analysis of molecules downstream of RhoA pathway. As
expected, pitavastatin significantly increased phosphoryla-
tion of MYPT1 and MLC (Fig. 5C and D). Consistent with
RhoA activation and stress fiber formation, we observed
the increased phosphorylation of FAK and paxillin in
pitavastatin-treated cells (Fig. 5C and D), suggesting that
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Fig.4 Pitavastatin acts on RMECs in a prenylation-independent man-
ner. (A) In vitro angiogenesis images using RMECs in the absence
(DMSO) and presence of pitavastatin, mevalonate, or cholesterol
alone or the combination of pitavastatin with mevalonate or choles-
terol. (B and C) Mevalonate and cholesterol do not reverse the stim-
ulating effect of pitavastatin in RMEC capillary network formation.

pitavastatin stimulates focal adhesion. Pitavastatin did not
affect phosphorylation of VEGFR but increased phospho-
rylation of Akt and ERK (Fig. 5C and D). Collectively,
our results demonstrate that pitavastatin stimulates RhoA-
mediated pathways, induces focal adhesion complex for-
mation, and activates ERK in RMECs.

Discussion

Many studies have highlighted that the beneficial effects of
statins in cardiovascular disease may be attributed to their
pleiotropic effects on endothelial cells [22, 23]. Statins
improve function of endothelial cells, augment number
of endothelial progenitor cells, and enhance repair and
maintenance of a functioning endothelium, via multiple

Mevalonate at 50 uM, cholesterol at 1 uM, and pitavastatin at 100 nM
were used. Pitavastatin significantly increases the secretion of VEGF
(D) but not PDGF-AA (E) in RMEC cells. VEGF and PDGF-AA pro-
tein in supernatant were measured by ELISA. *P <0.05, compared to
control. ns, not significant

mechanisms independent of cholesterol lowering [23, 24].
Different from other statins that are well known for their
effects on endothelial cells, only few studies revealed the
possible effects of pitavastatin on angiogenesis and endothe-
lial cells. In this work, we demonstrated that pitavastatin has
a stimulatory effect on retinal angiogenesis and RMECs.

In order to demonstrate clinical significance, the concen-
trations of pitavastatin tested in in vitro retinal angiogenesis
models are clinically relevant. Pitavastatin at low nanomolar
concentrations stimulated early stages of retinal angiogene-
sis, most likely via activating RMEC migration and adhesion
(Figs. 1 and 2). In addition, pitavastatin enhanced RMEC
growth and survival in a similar manner as growth factors
(Fig. 3). These findings are in line with Kikuchi et al.’s work
that pitavastatin augmented endothelial proliferation and
tube formation on Matrigel [11]. In contrast, pitavastatin
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Fig.5 Pitavastatin stimulates multiple pro-angiogenic signaling path-
ways. (A) Pitavastatin significantly increases RhoA but not Racl
activity in RMECs. (B) Pitavastatin increases actin stress fiber forma-
tion in RMECs. Actin stress fibers were visualized with phalloidin
(red) and the cell nucleus were stained with DAPI (blue). Increased
stress fiber bundles were indicated by white arrows. Images shown

inhibited capillary network formation and proliferation, and
induced apoptosis of human lung cancer-associated endothe-
lial cells [13]. The reason behind this discrepancy is likely
to be a result of differences on concentrations of pitavastatin
and endothelial cell model systems. Similar to other statins
[25, 26], pitavastatin has a biphasic effect on endothelial
cells and angiogenesis [27]. Pitavastatin at high concen-
tration inhibits migration and proliferation of endothelial
cells, whereas at low concentration, it protects endothelial
cell viability and stimulates migration and proliferation. We
did not test high concentration of pitavastatin in our study
because such concentrations are not clinically achievable.
A significant finding of our work is that pitavastatin acts
synergistically with VEGF and LPS on RMECs (Figs. 2
and 3). The combination of pitavastatin with VEGF or LPS
was more effective than VEGF or LPS alone in stimulating
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are representative of photomicrographs captured at 400 X magnifica-
tion. Representative image (C) and quantification (D and E) of west-
ern blotting show the increased phosphorylation of MYPT1, MLC,
FAK, paxillin, ERK, and Akt but not VEGFR. *P <0.05, compared
to control

RMEC tubular structure formation, migration, adhesion, and
proliferation (Figs. 1, 2, and 3). VEGF- and LPS-induced
inflammation play a major role in stimulating angiogenesis
and are important features of ocular diseases caused by
excessive angiogenesis [5, 28]. Our findings suggest that
pitavastatin can further enhance the retinal angiogenesis
induced by pathological conditions, such as proliferative
diabetic retinopathy and age-related macular degeneration.

Masayuki et al.’s work demonstrated that pitavastatin aug-
mented function of human epidermal microvessel endothe-
lial cell via mevalonate pathway [27]. Kikuchi et al.’s work
showed that Notch signaling was responsible for pitavasta-
tin’s stimulatory activity in human umbilical vein endothe-
lial cells [11]. Interestingly, our study found that pitavasta-
tin acted on RMECs in a HMG-CoA reductase-independent
manner as neither mevalonate nor cholesterol reversed the
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stimulatory effects of pitavastatin (Fig. 4A-C). In line with
Frick et al.’s work that statins augment VEGF synthesis in
human umbilical vein endothelial cells [29], we showed
that pitavastatin specifically increased the release of VEGF
in RMECs (Fig. 4D and E). However, pitavastatin did not
affect VEGF-mediated signaling as phosphorylation level
of VEGFR2 was unchanged (Fig. 5C and E). We found that
pitavastatin increased RhoA activity and activated RhoA-
mediated signaling pathways as shown by the increased
phosphorylation of MYPT1 and MLC (Fig. 5A, C, and D).
The increased phosphorylation of Akt further confirms the
role of pitavastatin on RhoA signaling. Although previous
studies demonstrated that pitavastatin regulated RhoA activ-
ity via prenylation [30, 31], our findings suggest that pre-
nylation is not involved in RhoA activation by pitavastatin
in RMEC:s. Pitavastatin increases stress fiber formation and
phosphorylation of FAK and paxillin (Fig. 5B, C, and D),
demonstrating that pitavastatin induces focal adhesion for-
mation. This correlates well with the increased migration
and adhesion by pitavastatin.

A recent work highlights the therapeutic potential of
pitavastatin for peripheral arterial disease [32]. In a murine
hindlimb ischemia model, pitavastatin stimulates ischemia-
induced neovascularization via stimulating endothelial nitric
oxide synthase (eNOS), Akt, and Notchl1 [11, 33]. Our find-
ings agree with and extend the previous work by showing
that pitavastatin not only activates retinal endothelial cells
under growth factor-reduced conditions but also further
enhances VEGF- and LPS-induced excessive angiogenesis.
Our work and others suggest the pro-angiogenesis effect
of pitavastatin under various pathological angiogenesis-
induced disease models. It is worthy of investigating how
pitavastatin acts as a therapeutic agent for repair of endothe-
lial function under ischemic situations and endothelial dam-
ages, particularly for comprehensive ophthalmologists. We
speculate that pitavastatin might repair endothelial function
under ischemic situations via mediating eNOS-related sig-
nals (e.g., eNOS/Akt) and Notch.

In conclusion, our work demonstrates the stimulatory
effect of pitavastatin on retinal angiogenesis and RMECs via
HMG-CoA reductase-independent RhoA-mediated signaling
pathway and focal adhesion formation. Our work provides
preclinical evidence on the possible deleterious effect of
pitavastatin on angiogenesis-related ocular diseases.
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