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Abstract

Endothelial cells play essential roles in angiogenesis. Heat shock protein A12B (HSPA12B), a novel member of the multigene
Hsp70 family, expresses specifically in endothelial cells. Alpha-lipoic acid (LA) has been used for the treatment of human
diabetic complications for more than 20 years. However, little is known whether LA impacts endothelial proliferation and
migration. To address these questions, primary human umbilical vein endothelial cells (HUVECSs) were isolated and treated with
LA. We found that LA reduced viable HUVECS but not caused LDH leakage and nuclear condensation, suggesting an inhibitory
effect of LA on HUVEC proliferation. We also noticed that LA impeded wound closure of HUVEC monolayers. The expressions
of C-Myc, VEGF, and eNOS and phosphorylation of focal adhesion kinase were reduced by LA. Moreover, LA decreased the
expression of heat shock protein A12B (HSPA12B). Notably, overexpression of HSPA12B in endothelial cells prevented the LA-
induced loss of VEGF. More importantly, HSPA12B overexpression attenuated the LA-induced inhibition of endothelial prolif-
eration and migration. Collectively, the results demonstrated that LA inhibited proliferative and migratory abilities in human
vascular endothelial cells through the downregulation of the HSPA12B/VEGF signaling axis. The data suggest that besides the
treatment in diabetic complications, LA might represent a viable therapeutic potential for human diseases that involve high
angiogenic activities such as cancers.
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Introduction

Endothelial cells (ECs) form a monolayer that lines the inte-
rior surface of blood vessels and lymphatic vessels. Evidence
has shown that ECs play important roles in maintaining vas-
cular homeostasis and play pivotal roles in angiogenesis-
related pathological events. To exert these roles, proliferation
and migration of ECs are principally demanded for the
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angiogenesis. Angiogenesis is a critical event in response to
the repair of ischemic injury; however, pathological angiogen-
esis and vascular malfunction that caused by excessive EC
proliferation and migration are hallmarks of malignant disor-
ders, such as diabetes-related retinopathy and nephropathy;,
progressed atherosclerotic plaque, and advanced cancers
(Dworacka et al. 2015; Nikitenko and Boshoff 2006).

Heat shock protein A12B (HSPA12B) was initially cloned
from atherosclerotic lesions in 2003 and classified as a distant
member of heat shock protein 70 (HSP70) family because it
contains an atypical ATPase domain (Han et al. 2003). In
contrast with the ubiquitous expression of other members of
the HSP70 family, we and others revealed that HSPA12B
expresses specifically in endothelial cells (Han et al. 2003;
Hu et al. 2006; Li et al. 2013; Vos et al. 2008). This preferen-
tial expression pattern in endothelial cells suggests that
HSPA12B might play roles in endothelial-related biological
events. Indeed, HSPA12B is necessary for endothelial prolif-
eration and migration (Han et al. 2003; Hu et al. 2006). Also,
we have reported that HSPA12B promotes angiogenesis

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12192-020-01086-0&domain=pdf
mailto:xiaofei_cao@njmu.edu.cn
mailto:zhengnianding@njmu.edu.cn

456

Y. Ni et al.

following myocardial and cerebral ischemia through upregu-
lating vascular endothelial growth factor (VEGF) and other
angiogenic factors (Li et al. 2013; Zhao et al. 2018).
Therefore, HSPA12B might play critical roles in the regula-
tion of endothelial behaviors.

Alpha-lipoic acid (LA) is a compound naturally occurring
in human diet including spinach, broccoli, and tomato. LA has
been used as a diet supplement due to its central role in estab-
lishing and maintaining the antioxidant defense network by
effectively scavenging free radicals and regenerating redox
capacity (Dworacka et al. 2015). Notably, LA is licensed in
most European countries as an achievable adjunct therapy for
diabetic complications including retinopathy, neuropathy, and
pain management (Dworacka et al. 2015; Nebbioso et al.
2013; Rochette et al. 2015). As an example, LA supplemen-
tation helps in preventing vision loss in diabetic patients
(Nebbioso et al. 2013). However, both the underlying mech-
anisms and the indication/contraindication of LA has not been
fully understood when it is employed in anti-diabetic compli-
cation treatment. When taken into account that the patholog-
ical angiogenesis contributes to the pathogenesis of some di-
abetic complications (e.g., retinopathy), it is possible, there-
fore, that LA might impact the endothelial behaviors including
proliferation and migration.

To test this possibility, we treated primary human umbilical
vein endothelial cells (HUVECs) with LA. We observed that
LA inhibited endothelial proliferation and migration. This ac-
tion of LA was mediated, at least in part, through downregu-
lation of the HSPA12B/VEGF axis. The data suggest that
besides the treatment in diabetic complications, LA might
represent a viable therapeutic potential for human diseases that
involve high angiogenic activities such as cancers, whereas
LA might be harmful for the diseases that need angiogenesis
for repair such as myocardial infarction. Our data put further
insight into the indication/contraindication of LA when it is
employed in anti-diabetic complication treatment.

Materials and methods
Reagents

Trypsin, basic fibroblast growth factor (bFGF), and primary
antibody for «-tubulin were from Sigma-Aldrich (St. Louis,
MO). M199 medium and fetal bovine serum (FBS) were ob-
tained from GIBCO (Grand Island, NY, USA). Primary anti-
bodies for VEGF and endothelial nitric oxide synthase
(eNOS) were from Abcam (Cambridge, UK); phosphor-
focal adhesion kinase (p-FAK) and total FAK were from
Bioworld Technology (Louis Park, MN). The primary anti-
body for HSPA12B was a kind gift from Dr. Zhihua Han
(East Tennessee State University, Johnson City, TN).
Primary antibodies for HSP22, HSP27, HSP32, HSP47,
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HSP70, and HSP90 were from Stressgen (Victoria BC,
Canada). Hoechst 33342 reagent was obtained from
Invitrogen (Carlsbad, CA). BCA protein assay kit and
SuperSignal West Pico chemiluminescent substrate were ob-
tained from Pierce (Rockford, IL). MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2, 5-diphenyltetrazolium bromide) reagent was
from Bio Basic Inc. (Markham, Ontario, Canada). Cell-
Light™ EdU Apollo 567 In Vitro Kit was from RibBio
Technology (Guangzhou, China). Protease inhibitor cocktail
was from Roche (Mannheim, Germany). Trizol reagent was
from Life Technology (Carlsbad, CA). Lactate dehydrogenase
(LDH) activity assay kit was from Jiancheng Biotech
(Nanjing, China). SYBR Green Master was from Roche
(Indianapolis, IN).

Isolation and growth of human umbilical vein
endothelial cells

HUVECs were isolated from the umbilical vein cords of nor-
mal pregnancies according to our previous methods (Wu et al.
2015). Briefly, umbilical veins were digested with 0.25% tryp-
sin to dissociate endothelial cells. The harvested HUVECs
were grown in M199 medium supplemented with 10% FBS,
100 U/ml penicillin-streptomycin, and 0.5 ng/ml bFGF in an
atmosphere of 5% CO, at 37 °C. The medium was refreshed at
intervals of 2-3 days. The cells in passages 2 to 5 were used in
the experiments. The Ethical Board of the First Affiliated
Hospital of Nanjing Medical University approved these stud-
ies (#2012-SR-153). All the human study procedures were
followed in accordance with the ethical standards of the re-
sponsible committee on human experimentation and with the
Helsinki Declaration of 1975, as revised in 2000.

Construction of HSPA12B adenovirus

The adenoviral vector containing the coding region of human
HSPA12B (NM_052970) and green fluorescence protein
(GFP) was generated by GeneChem (Shanghai, China) as
described in our previous studies (Wu et al. 2015). To over-
express HSPA12B, HUVECs were infected with HSPA12B
adenovirus (Ad-HSPA12B) for 24 h followed by the indicated
treatment. The cells infected with empty adenovirus (Ad-
GFP) served as negative controls.

MTT assay

HUVECs grown in 24-well plates were treated with LA at the
indicated concentrations for the indicated durations. MTT as-
say was performed to evaluate cell viability as previously
described (Yao et al. 2012). Briefly, 40 pl of 5 mg/ml MTT
in PBS solution was added into the medium and incubated for
4 h. Subsequently, the formazan product was solubilized by
the addition of 300 pl of dimethyl sulfoxide (DMSO).
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Absorbance was measured at a wavelength of 570 nm using
Synergy HT plate reader (Synergy HT, Bio-Tek, USA).

RNA extraction and real-time PCR

After incubation with LA (500 uM) for 48 h, HUVECs were
collected for total RNA extraction using Trizol reagent ac-
cording to previous methods (Kong et al. 2016). Vehicle-
treated HUVECs served as controls. An amount of 2 pg
RNA was used for the first-strand cDNA synthesis using the
oligo (dT) first-strand primer. After cDNA synthesis, the ex-
pression levels of C-myc and Cyclin-dl mRNA were estimat-
ed by real-time PCR using the SYBR Green Master (Roche,
Indianapolis, IN). The PCR results of -actin served as inter-
nal controls. The primers used in the experiments for C-myc
were GGCTCCTGGCAAAAGGTCA (forward) and
CTGCGTAGTTGTGCTGATGT (reverse), for Cyclin-dl
were GCTGCGAAGTGGAAACCATC (forward) and
CCTCCTTCTGCACACATTTGAA (reverse), and for (-
actin were TGTTACCAA CTGGGACGACA (forward) and
TCTCAGCTGTGGTGGTGAAG (reverse).

EdU incorporated assay

HUVECs grown in 24-well plates were treated with LA
(500 uM) for 48 h, followed by incubation with EAU for
2 h. HUVEC proliferation was indicated using an EdU label-
ing that visualized by the assay kit according to the manufac-
turer’s instructions. Hoechst 33342 was used to counterstain
the nuclei.

Cell number measurements

HUVECs grown in 24-well plates were treated with LA
(500 uM) for 48 h. Following treatments, cells were counter-
stained with DAPI to indicate the nuclei of HUVECs. The
cells were counted and expressed as the relative density to
those of controls.

LDH leakage assay

Following incubation with LA (500 uM) for 48 h, HUVECs
and culture medium were collected for LDH activity measure-
ment according to the manufacturer’s instructions. The LDH
leakage was expressed as the percentage of activity in medium
divided by total activity in cells. Total LDH activity = (LDH
activity in the medium) + (LDH activity in the lysate of cells
treated with 0.2% Tween 20).

Nuclear condensation

After incubation with LA (500 uM) for 48 h, HUVECs were
stained with Hoechst 33342 to evaluate nuclear condensation,

a frequently used marker of apoptosis (Ma et al. 2010).
Briefly, HUVECs grown in 24-well plates were fixed with
50% methanol and 50% acetone for 10 min and then incubat-
ed with Hoechst 33342 (0.4 g/ml) for 5 min at room temper-
ature. The stained cells were examined under a phase-contrast
fluorescence microscope (Axiovert 200). Three fields on each
well were randomly examined with a magnification of x 200.

Immunoblotting analysis

After incubation with LA (500 uM) for 48 h, HUVECs were
collected for immunoblotting analysis with the indicated anti-
bodies according to previous methods (Kong et al. 2016).
Briefly, cellular proteins were prepared, separated on 10%
SDS-PAGE, and transferred onto Immobilon-P membranes
(Millipore). The membranes were probed with appropriate
primary antibodies followed by incubation with peroxidase-
conjugated secondary antibodies. The signals were detected
by enhanced Pierce chemiluminescence. The blots against o
tubulin served as loading controls. The signals were quantified
by scanning densitometry and the results from each experi-
mental group were expressed as relative integrated intensity
compared with those of controls.

Monolayer wound-healing migration assay

To measure the migrating ability of HUVECs, a wound-
healing assay was carried out according to our previous
methods (Wu et al. 2015). In brief, HUVECs grown in 6-
well plates were infected with Ad-HSPA12B or Ad-GFP and
allowed to grow to monolayers. Following scratching with a
200-pl pipette tip, cells were exposed to LA (500 uM) for
48 h. Wound closure was photographed and quantified as
the previous methods (Wu et al. 2015).

Statistical analysis

Results are expressed as mean + standard deviation (X £ SD).
Groups were compared using Student two-tailed unpaired ¢
test, one-way or two-way analysis of variance analysis
(ANOVA) followed by Tukey post hoc test. Statistical signif-
icance was set at P < 0.05.

Results

LA reduces proliferation of HUVECs

LA has been used for treating human diabetic complications
for more than 20 years. Considering that angiogenesis is in-
volved in the pathogenesis of some diabetic complications

such as diabetic retinopathy and impaired wound healing
(Nebbioso et al. 2013; Okonkwo and DiPietro 2017), we
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determined whether LA would have an impact on the vascular
endothelial cell proliferation because it is the essential early
step of angiogenesis. To this end, we first examined the “dose
effect” of LA on HUVEC viability using MTT assay follow-
ing treatment with LA at concentrations of 0, 300, 500, and
1000 uM for 48 h. As shown in Fig. la, 300 uM of LA
showed no significant effect on cell viability compared with
the untreated (0 uM) control cells. However, we found that
500 and 1000 uM of LA reduced HUVEC viability signifi-
cantly by 12.7% and 33.2%, respectively, compared with the
controls (P < 0.05 or 0.01). Thus, LA inhibited endothelial
cell viability in a dose-dependent manner. Based on these
results, 500 uM of LA was selected for the following
experiments.

Next, the “time effect” of LA on HUVEC viability was
examined following treatment with LA (500 uM) for 0, 12,
24, 48, and 72 h. The results of the MTT assay showed that
treatment with LA for 12 and 24 h did not significantly change
cell viability, respectively, when compared with the untreated
(0 h) control cells (Fig. 1b). However, LA treatment for 48 and
72 h significantly reduced cell viability by 17.2% and 31.9%,
respectively, compared with the control cells (P < 0.05 or
0.01). Thus, LA inhibited endothelial cell viability in a time-
dependent manner.

We subsequently examined the expression of C-Myc and
Cyclin-D1, because they are important in regulating cell
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Fig. 1 LA decreased viable HUVECs. a HUVECs were treated with LA
at the indicated dosages for 48 h. MTT assay was performed to evaluate
viable cells. **P < 0.01 and *P < 0.05 vs. untreated (0 uM) control cells,
n =3/group. b HUVECs were treated with LA (500 uM) for the indicated
durations. MTT assay was performed to evaluate viable cells. **P < 0.01
and *P< 0.05 vs. 0 h control cells, n=3/group. ¢ HUVECs were
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proliferation (Bretones et al. 2015). The results of real-time
PCR showed that following treatment with LA (500 uM) for
48 h, C-myc mRNA level was significantly decreased by
20.0% compared with that in untreated control cells (P
< 0.05, Fig. 1c). The mRNA levels of Cyclin-D1 showed no
significant changes following LA treatment (Fig. 1d). To fur-
ther illustrate the effect of LA on the proliferation of
HUVECs, an EdU incorporative assay after was performed.
As shown in Fig. 2a, after treatment with LA (500 uM) for
48 h, the EdU-positive cells decreased significantly by 55.7%
compared with the control cells (P < 0.01). We also measured
the effect of LA on HUVEC numbers. Following LA
(500 uM) for 48 h, cell density was reduced by 36.9% com-
pared with that of the control cells (P < 0.01, Fig. 2b).
Considering that the decrease in cell viability could be at-
tributable to either reduced proliferation or increased cell
death, we investigated whether LA could induce cell injury.
The LDH leakage, a marker of cell necrosis, from HUVECs
into the medium was examined after treatment with LA
(500 uM) for 48 h. As shown in Fig. 3a, no significant differ-
ence of LDH activities in the medium was detected between
untreated control and LA-treated HUVECs. Also, the nuclear
condensation, a generally used indicator of cell apoptosis, was
examined by Hoechst33342 staining. We found that LA
showed no significant effect on nuclear condensation com-
pared with controls (Fig. 3b). Collectively, the data suggest
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incubated with LA (500 uM) for 48 h. Cells were collected for analysis
of C-myc mRNA expression using real-time PCR. *P < 0.05 vs. untreated
control cells, n = 4/group. d HUVECs were incubated with LA (500 uM)
for 48 h. Cells were collected for analysis of Cyclin-DI mRNA expres-
sion using real-time PCR. *P < 0.05 vs. untreated control cells, n =3/
group. LA, «-lipoic acid
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Fig. 2 LA decreased HUVEC a
proliferation. HUVECs were
incubated with LA (500 uM) for
48 h. HUVEC proliferation alter-
ations were assessed using cell
counts and EdU labeling, then
photographed with a fluorescence
microscope at magnifications of
% 100. Scale bar represents

200 pwm. **P < 0.01 vs. untreated
control cells, n = 3/group. LA, -
lipoic acid. Scale bar=100 uM

Control

that treatment with LA (500 uM) in HUVECS did not result in
significant cell damage.

LA impedes wound closure of HUVECs

Migration of endothelial cells is another essential process for
angiogenesis (Gau et al. 2017). To examine whether LA af-
fects endothelial migration, we performed wound healing as-
say in HUVEC monolayers because this assay typically indi-
cates cell migratory ability by the closure of a standard scratch
in time. We found that at 48 h after scratch, the control cells
without LA exposure exhibited 86.2% closure of the scratch
wound (Fig. 4). However, the LA-treated cells only showed
20.0% closure of wound at 48 h after scratch, which was
significantly lower than that in control cells (P< 0.01, Fig.
4), suggesting an inhibitory effect of LA on the migration of
endothelial cells.

Fig. 3 Effect of LA on HUVEC
injury. a HUVECs were
incubated with LA (500 uM) for
48 h. LDH activity in cells and
culture medium were examined.
The leakage of LDH was
expressed as the percentage of
medium LDH activity over total
activities. n = 3/group. LA, - 4-
lipoic acid; LDH, lactic acid de-
hydrogenase. b Following treat-
ment with LA (500 uM) for 48 h,
Hoechst33342 was stained in the
HUVECS to examine nuclear
condensation. 7 = 3/group. LA,
«-lipoic acid
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Effects of LA on the expression of HSP22, HSP32,
and HSP70

The HSPs encompass a group of structurally unrelated protein
families (Saini and Sharma 2018; Vos et al. 2008). The results
of immunoblotting showed that after incubation with LA
(500 uM) for 48 h, HSP22 and HSP32 expressions were in-
creased by 134.46% and 86.2%, respectively, whereas HSP70
expression was decreased by 32.7% in HUVECs, compared
with that in the untreated controls (P < 0.05, P< 0.01; Fig. 5).
HSP27, HSP47, and HSP90 remained unchanged following
LA treatment.

LA decreases VEGF, eNOS, HSPA12B expression,
and FAK phosphorylation

Endothelial cell proliferation is a network which is regulated
by a group of signaling molecules. Among these, vascular

b Control LA

Nuclear condensation (%)

Control LA

LA
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Fig. 4 LA delayed wound
closure. HUVEC layers were
scratched and followed by LA
(500 uM) treatment. The wound
closure was measured at 48 h after
scratch. **P < 0.01 vs. untreated
control cells, n =3/group. LA, o-
lipoic acid

Control

0h

48 h

endothelial growth factor (VEGF) and endothelial nitric oxide
synthase (eNOS) have been shown to play critical roles in
promoting endothelial cell proliferation for angiogenesis (Hu
et al. 2006; Li et al. 2013). The results of immunoblotting
demonstrated that following treatment with LA (500 uM)
for 48 h, VEGF and eNOS protein expressions were decreased
by 64.9% and 52.8% in HUVECsS, respectively, compared
with those in the untreated controls (P < 0.01, Fig. 6).
Interestingly, VEGF and eNOS also have been shown to
play roles in endothelial migration through the activation of
focal adhesion kinase (FAK) (Lee et al. 2010; Zhao et al.
2017). Consistent with the observation that LA decreased
the migration of HUVECs, LA reduced the phosphorylation
level of FAK by 66.0% compared with the control HUVECs
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Fig. 5 Effect of LA on expression of heat shock proteins. HUVECs were
incubated with LA (500 uM) for 48 h. Cells were collected for immuno-
blotting analysis of the indicated proteins. The blots for x-tubulin served
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(P< 0.01, Fig. 6). As a heat shock protein that significantly
expressed in endothelial cells, HSPA12B has been shown to
promote both proliferation and migration of endothelial cells
for angiogenesis (Han et al. 2003; Hu et al. 2006; Li et al.
2013). Indeed, we found that compared with the control
HUVECsS, the LA-treated HUVECs showed significantly re-
duced expression of HSPA12B by 47.0% (P < 0.01, Fig. 6).

Overexpression of HSPA12B attenuates
the LA-induced inhibition of VEGF expression

HSPA12B has been shown to play an important role in the
regulation of endothelial proliferation and migration through
modulating the expression of angiogenesis factors, such as
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as loading controls. **P < 0.01 and *P < 0.05 vs. untreated control cells,
n =3/group. LA, «-lipoic acid
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Fig. 6 LA decreased VEGF,
eNOS, and HSPA12B expression

and FAK phosphorylation. Control LA

HUVECS were incubated with

LA (500 M) for 48 h. Cells were - « | VEGF

collected for immunoblotting

analysis of the indicated proteins. o e | cNOS

The blots for «-tubulin served as

loading controls. **P < 0.01 vs. — e | p-FAK

untreated control cells, n=3-9/

group. LA, «-lipoic acid prep— TN ¢
— — | HSPA12B
ss—— s 0, -Tublin

VEGF (Han et al. 2003; Hu et al. 2006; Li et al. 2013). We
then examined whether LA-induced VEGF downregulation
was mediated by reduced HSPA12B expression. To this end,
we overexpressed HSPA12B in HUVECs by infection with an
adenovirus that carries HSPA12B expression sequence (Ad-
HSPA12B, Fig. 7a). The HUVECs infected with empty ade-
novirus (Ad-GFP) served as controls. As shown in Fig. 7b,
Ad-HSPA12B HUVECs showed significantly increased
HSPA12B expression both in the presence and absence of

Fig. 7 Overexpression of
HSPA12B attenuated the
inhibitory effects of LA on VEGF
expression. HUVECs were
infected with HSPA12B
adenovirus (Ad-HSPA12B) or
empty adenovirus (Ad-GFP). The
scheme for adenovirus construc-
tion was shown (a). Twenty-four
hours after infection, cells were
incubated with LA (500 uM) for
48 h. Untreated cells served as
controls (Con). After experi-
ments, HUVECs were harvested
for immunoblotting analysis
against HSPA12B (b) or VEGF
(¢). The blots for x-tubulin served
as loading controls. **P < 0.01
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LA, respectively, when compared with their Ad-GFP controls
(P< 0.01). Notably, following overexpression of HSPA12B,
VEGEF protein expression levels were increased both in the
presence and absence of LA, respectively, when compared
with their Ad-GFP controls (Ad-HSPA12B/LA vs. Ad-GFP/
LA, Ad-HSPA12B/Con vs. Ad-GFP/Con, P< 0.01; Fig. 7c).
In addition, overexpression of HSPA12B attenuated the LA-
induced downregulation of VEGF expression in HUVECs
(Ad-HSPA12B/LA vs. Ad-GFP/LA, P< 0.01; Fig. 7c¢).
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Overexpression of HSPA12B attenuates
the LA-induced inhibition of HUVEC proliferation

We performed an EdU incorporative assay to illustrate wheth-
er LA-induced inhibition of endothelial proliferation is medi-
ated through the downregulation of HSPA12B. As shown in
Fig. 8a, overexpression of HSPA12B in HUVECsS increased
EdU-positive cells compared with those in the Ad-GFP con-
trol HUVECS both in the presence and absence of LA treat-
ment (Ad-HSPA12B/LA vs. Ad-GFP/LA, Ad-HSPA12B/Con
vs. Ad-GFP/Con, P <0.05), indicating that the LA-induced
reduction of HUVEC proliferation was significantly attenuat-
ed by HSPA12B overexpression. Consistently, compared with
Ad-GFP HUVECs, Ad-HSPA12B HUVECs showed an in-
crease in relative cell density both in the presence and absence
of LA treatment (Ad-HSPA12B/LA vs. Ad-GFP/LA, Ad-
HSPA12B/Con vs. Ad-GFP/Con, P <0.01 or 0.05) (Fig.
8b). To support these results, MTT assay revealed that the
viability of HUVECs increased following overexpression of
HSPA12B (Ad-HSPA12B/Con vs. Ad-GFP/Con, P< 0.01)
(Fig. 9). However, LA inhibited the HUVEC viability by
30.6% and 32.3% with and without HSPA12B

3_
%k
%k 2k %k 2k

2- %k 3k
e mm Control
Sld = = LA
8 -

1_

0 . .

Ad-GFP Ad-HSPA12B

Fig. 9 Overexpression of HSPA12B attenuated the LA-induced inhibi-
tion of proliferation. HUVECSs were infected with HSPA12B adenovirus
(Ad-HSPA12B) or empty adenovirus (Ad-GFP). Twenty-four hours later,
cells were incubated with LA (500 uM) for 48 h. Untreated cells served as
controls. MTT assay was performed subsequently. **P < 0.01 or *P
< 0.05, n =3/group. LA, «-lipoic acid

overexpression, compared with untreated controls (Ad-
HSPA12B/LA vs. Ad-HSPA12B/Con, Ad-GFP/LA vs. Ad-
GFP/Con; P< 0.01). Our data all suggest that overexpression
of HSPA12B could significantly attenuate the inhibitory effect
of LA on HUVEC proliferation.

Ad-HSPA12B

Control

Control

o

Ad-GFP Ad-HSPA12B

Fig. 8 Overexpression of HSPA12B attenuated the LA-induced inhibi-
tion of viable HUVECs. HUVECs were infected with HSPA12B adeno-
virus (Ad-HSPA12B) or empty adenovirus (Ad-GFP). Twenty-four hours
later, cells were incubated with LA (500 uM) for 48 h. Untreated cells
served as controls. HUVEC proliferation alterations were assessed using
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cell counts and EdU labeling, then photographed with a fluorescence
microscope at magnification of x 100. Scale bar represents 200 pm.
**¥P< 0.01 vs. untreated control cells, n =3/group. LA, o-lipoic acid.
*##*P< 0.01 or *P< 0.05, n=3/group. LA, «-lipoic acid. Scale bar=
100 uM
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Fig. 10 Overexpression of HSPA12B attenuated the LA-induced inhibi-
tion of wound closure. HUVECs were infected with HSPA12B adenovi-
rus (Ad-HSPA12B) or empty adenovirus (Ad-GFP). Twenty-four hours

Overexpression of HSPA12B attenuates
the LA-induced inhibition of HUVEC migration

Finally, we determined whether LA-induced inhibition of en-
dothelial migration was mediated by HSPA12B downregula-
tion. As shown in Fig. 10, Ad-HSPA12B HUVECs showed
faster wound closure than Ad-GFP HUVEC:sS in the presence
of LA (Ad-HSPA12B/LA vs. Ad-GFP/LA, P< 0.01).
However, the LA-induced inhibition of migration was only
partially reversed by HSPA12B overexpression (Ad-
HSPA12B/LA vs. Ad-HSPA12B/Con, P< 0.01).

Discussion

The significant finding of this study is that alpha-lipoic acid, a
diet supplement that has been used as a licensed therapy for
diabetic complications for more than 20 years (Dworacka
et al. 2015; Nebbioso et al. 2013; Rochette et al. 2015),
inhibited endothelial cell proliferation and migration. This ac-
tion of LA was medicated, at least in part, through the down-
regulation of HSPA12B/VEGF signaling axis. Our findings
put further insight into the use of LA in patients with appro-
priate indications.

The endothelial proliferation and migration are essential for
angiogenesis as well as for the endothelial repair when it was

Ad-HSPA12B

later, cells were scratched in the presence or absence of LA (500 uM).
The wound closure was measured at 48 h after scratch. **P < 0.01 vs.
untreated control cells, n = 3/group. LA, «-lipoic acid

damaged by intravascular examination or treatment. However,
angiogenesis is a double-edged sword that depends on the
differential pathological status. As examples, the promotion
of angiogenesis promotes the repair of ischemic injuries, such
as myocardial infarction and cerebral ischemic stroke (Li et al.
2013). By striking contrast, anti-angiogenic therapies have
been shown to improve the survival of patients with variant
cancers in clinical trials (Hellstrom et al. 2001; Yonenaga et al.
2005). Therefore, it is important for the targeted regulation of
angiogenesis by the modulation of endothelial proliferation
and migration. Interestingly, we found that LA exerted an
inhibitory effect on the proliferation and migration in human
vascular endothelial cells, suggesting that LA might have an
anti-angiogenesis therapeutic potential for the related human
diseases.

LA is a compound found in the human diet as a naturally
occurring co-actor for metabolic enzymes and has been used
as an antioxidant. Studies have shown that some antioxidants
such as N-acetylcysteine and epigallocatechin-3-gallate (the
main component of green tea extraction), could be ideal “va-
sopressor’” drugs because they have been proved to effectively
inhibit angiogenesis both in vivo and in vitro (Fassina et al.
2004; Ono et al. 2002; Steinritz et al. 2010). Interestingly,
besides being a diet supplement, LA has been clinically used
in treating symptomatic peripheral neuropathy, retinopathy;,
pain management, cardiac autonomic neuropathy, and other
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complications in diabetes patients for more than 20 years
(Pop-Busui et al. 2013; Ziegler and Gries 1997). Moreover,
oral administration with LA shows no obvious adverse effect
and even to be safe in pregnant women (Parente et al. 2017,
Rochette et al. 2015; van de Mark et al. 2003; Ziegler and
Gries 1997). However, it has not been fully addressed whether
endothelial proliferation and migration are involved in the
LA-induced protection from the abovementioned disorders.
Our findings on endothelial proliferation and migration sug-
gest that anti-pathological angiogenesis might be the potential
mechanism underlying these protective effects of LA.

To examine whether LA has an anti-angiogenesis therapeu-
tic potential, we examined the effect of LA on endothelial
proliferation and migration and found that LA could inhibit
the cell proliferation and impede wound closure of HUVECs.
Consistently with our results, other investigators found that
treatment of antioxidants, such as LA, might have an anti-
angiogenic effect, which in turn prevents the onset or progres-
sion of diabetic retinopathy (Lee et al. 2012; Obrosova et al.
2001). However, Coletta et al. (2015) reported a different re-
sult of LA on cerebral endothelial cells from ours. They stud-
ied the effect of LA on the ability of 3-MP, which could stim-
ulate angiogenesis, cellular bioenergetics, and wound healing
in hyperglycemia and diabetes, and concluded that therapy
with H2S donors or treatment with the combination of 3-MP
and lipoic acid may be beneficial in improving angiogenesis
and bioenergetics in hyperglycemia, which is in disagreement
with our results. These differential results of LA suggest that
the effects of LA on endothelial activation and angiogenesis
may depend on the subtype of endothelial cells, pathological
stimulation, and dose and duration of LA treatment.

To address how LA inhibits endothelial proliferation
and migration, we performed an in vitro analysis in endo-
thelial proliferation and migration. We found that endo-
thelial proliferation was significantly inhibited by LA
treatment in both dose- and time-dependent manners.
Moreover, we assessed endothelial migration by a mono-
layer wound healing assay and found that LA showed an
inhibitory effect on the migration of endothelial cells. To
further dissect the underlying mechanism of the anti-
proliferative effect of LA, we examined the expression
of C-Myc and Cyclin-D1. C-Myc is a multifunctional
transcription factor that regulates various processes in-
cluding development, differentiation, and proliferation.
Intriguingly, the expression of C-Myc could be regulated
by VEGEF in endothelial cells (Steiner et al. 2009). Cyclin-
D1 has been shown to promote cell cycle progression
during the G1 phase, a key event in G1-S transition and
plays critical roles in cell biology, including cell prolifer-
ation and growth regulation, mitochondrial activity mod-
ulation, DNA repair, and cell migration control (Budhiraja
et al. 2018; Luo et al. 2019; Ramos-Garcia et al. 2017).
Indeed, we found that C-myc mRNA level was
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significantly decreased whereas Cyclin-dl mRNA level
remained unchanged in endothelial cells following LA
treatment, suggesting that the downregulated C-Myc ex-
pression might be involved in the LA-induced inhibition
of endothelial proliferation and migration.

HSPA12B is a recently identified proangiogenic regulator.
As an endothelial cell-specifically expressed heat shock pro-
tein, we and others have shown that HSPA12B is required for
endothelial cell proliferation and angiogenesis in the late
phase of cardiac and cerebral infarction (Li et al. 2013; Zhao
et al. 2018). Also, HSPA12B is essential for the vascular de-
velopment of zebrafish (Hu et al. 2006). These actions of
HSPA12B are mediated by increasing the expression of
VEGF, which has been shown to play essential roles in mod-
ulating endothelial behaviors including proliferation, migra-
tion, and inflammation (Ma et al. 2015). In this study, we
found that compared with the control HUVECs, the LA-
treated HUVECs showed significantly reduced expression of
HSPAI12B and VEGEF. To investigate whether LA-induced
VEGF downregulation was mediated by reduced HSPA12B
expression, we overexpressed HSPA12B in HUVECs and
found that the decreased VEGF expression by LA could be
partially reversed by HSPA12B overexpression. The data in-
dicate that overexpression of HSPA12B in endothelial cells
prevented the LA-induced loss of VEGF. More importantly,
HSPA12B overexpression attenuated the LA-induced inhibi-
tion of endothelial proliferation and migration.

In summary, the data suggest that LA inhibited endothelial
cell proliferation and migration. These actions were mediated,
at least in part, through the downregulation of the HSPA12B/
VEGEF signaling axis. The data suggest that besides the treat-
ment in diabetic complications, LA might represent a viable
therapeutic potential for human diseases that involve high
angiogenic activities such as cancers. However, LA might be
harmful for the diseases that need angiogenesis for repair such
as myocardial infarction. Our data put further insight into the
indication/contraindication of LA when it is employed in anti-
diabetic complications treatment.
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