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Abstract: Vascular barrier dysfunction is considered as the initial and critical event in atherosclerosis progression.
Recent studies have revealed that treatment with piceatannol (PIC) alleviates both acute and chronic responses to
vascular injury. We investigated whether PIC treatment would have beneficial effects on glucolipotoxicity-induced
endothelial barrier dysfunction. Target proteins of PIC were identified from several online databases. Then, we con-
firmed the effect of PIC on endothelial barrier function. PIC treatment mitigated the impairment of endothelial cell
motility, adhesion and migration ability associated with high glucose/lipid stimulation. PIC stabilized cytoskeletal
reorganization and expression of cell cytoskeletal associated proteins GTPase. PIC reversed changes in critical vas-
cular junction proteins and thus preserved endothelial barrier function and permeability. Finally, we confirmed that
reducing of nuclear factor kappa B (NF-kB)/p65 activation and elimination of reactive oxygen species (ROS) were
involved in the protective effect of PIC against glucolipotoxicity-induced vascular barrier injury. We identify PIC as a
promising therapeutic strategy for glucolipotoxicity-induced endothelial barrier injury.
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Introduction rial [9], anti-inflammatory and anti-obesity
activities [10-12]. PIC has been shown to have

Vascular injury is responsible for atherosclero-
sis associated high rates of morbidity and mor-
tality [1]. Endothelial barrier injury and vascular
hyper-permeability always occur at the initial
stage of atherosclerosis, which are closely
related to endothelium dysfunction [1].

It is necessary to develop new agents to pre-
vent endothelial barrier dysfunction in the
development of atherosclerosis. Piceatannol
(trans-3, 4, 3’, 5’-tetrahydroxy-stilbene or 3, 3’
4, 5-tetrahydroxy-trans-stilbene, PIC) is a poly-
phenolic stilbene phytochemical that presentin
seeds of Euphorbia lagascae [2] and a variety
of natural foods [3]. PIC is an analog and
metabolite of resveratrol (trans-3, 5, 4’-trihy-
droxystilbene, RES), but has higher radical
scavenging activity [4] because it has an addi-
tional aromatic hydroxy group [5]. PIC shows a
wide range of protective activities, including
anti-tumor [5-7], anti-mutagenic [8], anti-bacte-

protective activities in ischemic reperfusion
injury of rats; heart and anti-arrhythmic activity
[43-15]. Inflammatory activation in human
umbilical vein endothelial cells (HUVECs) was
also inhibited by PIC through the Nrf2/HO-1
pathway [16].

However, the effect of PIC on glucolipotoxicity-
induced endothelial barrier injury remains
unknown. This study was performed to explore
the effect of PIC on glucolipotoxicity-induced
endothelial barrier injury using bioinformatics
and experimental analyses, and the results
confirmed its protective effects in vitro.

Materials and methods
Cell cultures

HUVECs were purchased from ScienCell
Research Laboratories, Inc. (San Diego, CA,
USA) and grown in endothelial cell medium


http://www.ajtr.org

Piceatannol alleviates glucolipotoxicity induced vascular barrier injury

(ECM; ScienCell Research Laboratories). All
experiments were performed with these prima-
ry HUVECs between passage 2 and 6. The
human monocytic cell line, THP-1, was pur-
chased from the Institute of Biochemistry and
Cell Biology (Shanghai, China) and grown in
RPMI 1640 medium (Gibco-BRL, Grand Island,
NY, USA).

Treatment of HUVECs

For glucolipotoxicity treatment, HUVECs were
cultured in ECM containing 33 mmol/L glucose
and 200 umol/L of saturated free fatty acid pal-
mitate for 24 hours, with or without 10 uM PIC
or vehicle (dimethyl sulfoxide, DMSO; final con-
centration, 1%).

Reagents and antibodies

PIC (purity > 98%) obtained from Sigma Che-
mical Co. (St. Louis, MO, USA) was dissolved in
DMSO as a 100 mM stock solution. Primary
antibodies against Cdc42, Racl, VE-cadherin,
Z0-1, Cx-43, eNOS and p-eNOS were purchased
from Cell Signaling Technology (Beverly, MA,
USA). Anti-GAPDH antibody was obtained from
Abcam (Cambridge, UK) and goat anti-rabbit
and anti-mouse IgG-HRP secondary antibodies
were obtained from Cell Signaling Technology.

Bioinformatic analysis

We searched for PIC targets using DrugBank,
STITCH and SwissTargetPrediction databases.
Data were integrated into a PIC target network
and analyzed with Cytoscape (version 3.6.0).
Then, GO and KEGG function and pathway
enrichment analyses were carried out with
ClusterProfiler in R studio.

Cytotoxicity tests

We evaluated the cytotoxicity of PIC in HUVECs
by CCK-8 assay (Dojindo, Tokyo, Japan). The
optical density was determined at a wavelength
of 450 nm with a spectrophotometer (ScienCell
Research Laboratories).

Monocyte-endothelial cell adhesion assay

HUVECs grown in 6-well plates were washed
with phosphate-buffered saline (PBS). Calcein-
AM pre-stained THP-1 cells were added at a
ratio of 1:3 (HUVEC: THP-1) and incubated for 1
hour. After incubation, the medium containing
monocytes was aspirated off and HUVECs were
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washed three times to remove non-adhering
THP-1 cells. Adherence of THP-1 to endothelial
cells was expressed as fluorescence intensity.

Endothelial cell monolayer permeability

Endothelial cell permeability was tested with
Evans blue-labelled BSA according to the proto-
col. Briefly, HUVECs were grown to confluence
on tissue culture inserts (3 um pore size mem-
brane filters; Corning Inc., Corning, NY, USA) in
24-well plates. Endothelial cell monolayer per-
meability was examined by testing the diffusion
of the Evans blue-BSA complex.

Electrical resistance

To measure the endothelial cell monolayer per-
meability, TER was determined with a Millicell-
ERS meter (Millipore Corp., Bedford, MA, USA).
HUVECs were grown to confluence on tissue
culture inserts and TER was examined at vari-
ous times according to the manufacturer’s
instructions.

Trypan blue exclusion assay

The viability of HUVECs was measured by the
trypan blue exclusion method. Briefly, HUVECs
were plated in 24-well plates (5x10* cells per
well). At various time points, cells were rinsed,
trypsinised and stained with trypan blue dye
(Invitrogen, Carlsbad, CA, USA). The number of
live cells was counted using a cell counting
chamber slide (Invitrogen) with an automated
cell counter (Invitrogen).

EdU incorporation assay

Cell proliferation was measured using an EdU
Apollo in vitro kit (RiboBio, Guangzhou, China)
according to the manufacturer’s protocol. Cells
were imaged under a fluorescence microscope
(Nikon, Melville, NY, USA) and counted using
Imagel software (NIH, Bethesda, MD, USA).

Boyden chamber cell migration assay

The migration assay was performed using a
Transwell chamber (8 um pore size membrane
filter, 24-well plates; Corning Inc.). Cells (2x10%)
were grown in the upper chamber in ECM sup-
plemented with 0.5% FBS. The medium in the
lower chamber consisted of ECM supplement-
ed with 10% FBS. Following incubation, the
cells that migrated to the bottom surface of the
filter were fixed and the membranes were
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mounted on slides using mounting medium.
The number of migrating cells was quantified
from microscopic images of Transwell mem-
branes.

Monolayer wound healing experiments

HUVECs were grown to 80-90% confluence in
6-well plates and then starved of serum for 24
hours. One scratch was then made in each well
using a 100-1000-pL pipette tip. After rinsing
twice with PBS, HUVECs were incubated in
ECM. Images of the same regions were taken at
0 and 24 hours after stimulation.

Filamentous actin (F-actin) staining

Cytoskeletal F-actin was stained with Acti-stain
488 phalloidin according to the manufacturer’s
instructions (Yesen, Shanghai, China).

Western blotting

Proteins were separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride
membranes (Merck Millipore, Billerica, MA,
USA). After blocking with 5% non-fat milk for 1
hour, the membranes were incubated with pri-
mary antibody overnight at 4°C. The mem-
branes were incubated with secondary antibod-
ies for 1 hour at room temperature, then visual-
ize the membranes using Electro-chemilumi-
nescence Plus Reagent (Merck Millipore), and
the band intensity was quantified using a
Chemiluminescence Imaging System (Shenhua
Science Technology Co., Ltd., Hangzhou, China).

Detection of intracellular ROS

Intracellular ROS production was assessed
using the cell-permeable oxidation-sensitive
fluorogenic probe, DCFH-DA (Beyotime Biote-
chnology, Shanghai, China). Confluent HUVECs
were cultured in 6-well plates and incubated
with 10 yM DCFH-DA for 1 hour, and then mea-
surement of ROS was performed using a fluo-
rescence microscope (EVOS™ FL Auto 2;
Invitrogen).

Immunofluorescence staining

To analyze the activation of p-NF-kB, HUVECs
were fixed with 4% paraformaldehyde for 15
minutes at room temperature, and then rinsed
twice with PBS. The cell membranes were per-
meabilized by treatment with 0.1% Triton X-100
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for 5 minutes. Non-specific antibody binding
sites were blocked by incubation with 5% BSA
for 1 hour at room temperature. The cells were
then incubated with the primary antibody over-
night at 4°C, washed three times with PBS and
then incubated with fluorophore-conjugated
secondary antibody for 1 hour at room temper-
ature while protected from light with aluminum
foil. HUVECs were rinsed twice with PBS, and
then nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI, blue) for 10 minutes. The
samples were rinsed again with PBS and finally
observed using a confocal microscope.

Statistical analysis

All data were presented as the mean * stan-
dard deviation (SD). Means of two groups were
compared using Student’s t-test (unpaired, two-
tailed) and one-way analysis of variance was
used for comparison among multiple groups.
Statistical analyses were performed using
SPSS 20.0 statistical software (IBM Corp.,
Armonk, NY, USA). In all analyses, P < 0.05 indi-
cates statistical significance.

Results

Proteins related to endothelial barrier function
and inflammation were identified as functional
targets of PIC

According to Drug-Bank, the targets of PIC can
regulate endothelial proliferation, redox reac-
tions, and cell motility (Figure 1A and Table 1).
The target genes determined using STITCH
were similar to those identified in Drug-Bank
(Figure 1B and Table 2). The Swiss Target
Prediction web-based tool predicted 102 target
genes (Figure 1C, 1D). GO and KEGG function
enrichment analysis showed that a number of
these target genes played roles in functions
that were closely related to vascular function,
such as cell growth, cell cytoskeleton-related
proteins and inflammation. The results of KEGG
pathway analysis of these genes are shown in
Figure 2.

Toxicity of PIC in endothelial cell

The molecular structure of PIC has four hydrox-
yl groups, a characteristic of stilbenes (Figure
3A). To study the cytotoxic effects of PIC on
HUVECs, cell viability was assessed by cell
counting kit-8 (CCK-8) assay after incubation of
cells with different concentrations of PIC (O, 10,
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Figure 1. Drug-target predictions for PIC. PIC targets were identified using DrugBank, STITCH and SwissTarget-
Prediction database, and analysed using Cytoscape: A. PIC targets obtained from the DrugBank database; B. PIC
targets obtained from STITCH database; C. PIC targets predicted based on its structure in the SwissTargetPrediction
web-based tool and analysed using Cytoscape; D. Distribution range of PIC targets in the SwissTargetPrediction

web-based tool.

25, 50 and 100 uM) for 8, 24 or 48 hours. PIC
significantly reduced cell viability at 100 uM
after 8 hours as well as at 50 uM after 24 hours
(Figure 3B-D). However, cell viability was unaf-
fected by 25 uM or 10 uM for 24 or 48 hours
(Figure 3B-D). Therefore, cells were incubated
with 10 uM PIC for 24 hours in the subsequent
experiments.

PIC inhibited glucolipotoxicity-induced mono-
cyte adhesion to endothelial cells and inflam-
mation

Monocyte adhesion to the endothelium is a
critical process in the initiation of atherosclero-
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sis. When the vascular barrier is damaged, cir-
culating monocytes would bind to the damaged
endothelium and transmigrate into the vascular
endothelium where they transform into lipid-
laden foam cells. Compared to the control
group, high glucose/lipid (HG/HL) treatment
promoted monocytes adhesion to HUVECs.
However, PIC treatment decreased the percent-
age of monocytes adhering to the HUVECs
(Figure 4A, 4B). ICAM-1 is known to mediate
monocytes adhesion to the endothelium during
inflammation. PIC was shown to prevent the
change in ICAM-1 protein level associated with
HG/HL treatment (Figure 4E).
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Table 1. PIC targets according to Drug-Bank database

Compound Target Related-process

PIC ATP synthase subunit alpha  Endothelial cell proliferation/Respiratory electron transport chain
PIC ATP synthase subunit beta Cell adhesion/Respiratory electron transport chain

PIC ATP synthase subunit gamma Respiratory electron transport chain

Table 2. PIC targets in STITCH database

Compound Target

Related-process

PIC ATP synthase beta chain mitochondrial Cell adhesion/Respiratory electron transport chain
PIC ATP synthase FO subunit 1 Endothelial cell proliferation/Respiratory electron transport chain
PIC SIRT1 Cell senescence/Cell growth
Endothelial cell related KEGG pathway xicity-induced endothelial hy-
Cellular senescence ® perpermeability (Figure 4C).
MAPK signaling pathway . . .
i ° PIC attenuated glucolipotoxic-
Insulin resistance ® p.adjust ’l:y_lnd_ucec_j_HUVEC prolifera-
Insuiin signaling pathway PY tion disability
0.02
Focal adhesion @
" . Both CCK-8 and trypan blue
TNF signaling pathway .
. I i exclusion assays showed that
suknoyts ransendomelal wigrallon ) . .
£ incubation of cells with HG/HL
s Fluid shear stress and atherosclerosis [ ] Count . i .
—— " . resulted in a significant de-
AGE-RAGE signaling pathway in diabetic complications @ : & crease In Ce” Vlablllty and pro_
" . .
s R s " B liferation oompared to normal
o control medium (5.5 mM dex-
Acherens junciion trose). This reduction of prolif-
VEGF signaiing pathway | ¢ erative capacity was amelio-
Type I iabetes melitus | & rated by pre-treatment of the
004 006 008 010 0.12 cells with PIC (Figure 5A, 5B).
GeneRatio ) .
Consistent with these results,
Figure 2. Bioinformatics analysis of endothelial cell-related functions in 5-ethynyl-2’-deoxyuridine (Ed-
PIC target genes. KEGG pathway enrichment analysis of PIC targets as- U) fluorescence staining also

sociated with endothelial cells.

PIC alleviated endothelial cell hyperpermeabil-
ity during glucolipotoxicity injury

Endothelial permeability is evaluated based on
the results of transepithelial electrical resis-
tance (TER) assay of the cell monolayer and
Evans blue-labelled bovine serum albumin
(BSA) diffusion assay. The results confirmed
the protective effect of PIC against glucolipo-
toxicity-induced endothelial cell hyperperme-
ability (Figure 4D). The results of TER assay
showed that endothelial cell permeability in-
creased at 2 hours following HG/HL stimula-
tion, and this increase persisted through 24
hours. PIC prevented this vascular injury, indi-
cating that it effectively inhibited glucolipoto-
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revealed that HG/HL signifi-

cantly reduced the percentage
of EdU-positive cells (red), and pre-treatment
with PIC mitigated the anti-proliferation effect
of HG/HL on HUVECs (Figure 5C, 5D).

PIC protected against glucolipotoxicity-induced
endothelial motility dysfunction

HG/HL reduced the migration of HUVECs, as
revealed by scratch wound-healing assay
(Figure 6A, 6B). Treatment with PIC moderately
promoted the return to confluence of cells in
the scratch wound-healing assay (Figure 6D).
We then performed Transwell migration assay
to exclude the proliferation effect of PIC from
the wound-healing assay and to further investi-
gate its role in chemotactic migration. The
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Figure 3. Structure and toxicity of PIC. A. Chemical structure of PIC. B-D. Cytotoxicity of PIC in HUVECs determined by
CCK-8 assay at different concentrations for 8, 24 or 48 hours. PIC was not toxic to HUVECs at 10 or 25 yM. Values
are expressed as means * SD ***P < 0.05, vs. control group (O uM).

results of the Transwell migration assay re-
vealed that HG/HL significantly decreased the
ratio of migrating cells, while PIC ameliorated
this inhibition and increased cell migration
(Figure 6C, 6E).

PIC attenuated glucolipotoxicity-induced cy-
toskeletal reorganization and dysfunction of
cytoskeleton-associated Rho GTPases family
proteins

Considering the protective effects of PIC on
vascular barrier and endothelial cell motility
function, we explored the effects of PIC on cyto-
skeleton rearrangement as well as stress fibre
formation induced by HG/HL in HUVECs. Cyto-
skeletal proteins play central roles in endothe-
lial barrier function and cell motility. HG/HL
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stimulation caused actin cytoskeleton remodel-
ing, as demonstrated by thickening of the fila-
mentous actin (F-actin) band and the presence
of F-actin bundles within the cells. PIC amelio-
rated this actin cytoskeleton remodeling,
resulting in the maintenance of cell morphology
(Figure 7A). The Rho GTPase family is vital for
endothelial cell morphology and motility, as
members of this family regulate cytoskeleton
reorganization. Glucolipotoxicity induces de-
creases in the expression of Racl and Cdc42
as well as the effector protein, 1Q Motif Con-
taining GTPase Activating Protein 1 (IQGAP1).
PIC treatment recovered the decreases in
Racl1/Cdc42 and IQGAP1 expression, as well
as cytoskeleton rearrangement induced by HG/
HL (Figure 7B-E).
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Figure 4. PIC attenuated HG/HL-induced monocyte adhesion to endothelial cells by decreasing endothelial perme-
ability under glucolipotoxicity conditions. A, B. Effects of HG/HL or HG/HL+PIC on monocyte (THP-1) adherence
to HUVECs. The arrow indicates adherent monocytes (THP-1) in HUVECs. C. TER assay showing an increase in
endothelial cell permeability at 2 hours following HG/HL stimulation; this increase persisted through 24 hours and
PIC inhibited glucolipotoxicity-induced endothelial hyperpermeability. D. Evans Blue-labelled BSA diffusion assay
confirming the significant protective effect of PIC against endothelial cell permeability. E. Western blotting analysis
demonstrating the effects of PIC on ICAM-1 levels following HG/HL. The ICAM-1 protein level is shown relative to
GAPDH. Values are shown as means + SD. ***P < 0.05, vs. control group; *#P < 0.05, vs. HG/HL treatment group.

Scale bar: 200 ym for 4x.

PIC prevented glucolipotoxicity-induced reduc-
tion of endothelial cell junction protein expres-
sion

To assess the expression of endothelial cell
junction proteins following glucolipotoxicity
stimulation with HG/HL and PIC treatment, we
measured the protein levels of vascular endo-
thelial (VE)-cadherin, zonula occludens-1 (Z0-1)
and connexin-43 (Cx-43). HG/HL compromised
endothelial barrier function by reducing VE-
cadherin and ZO-1 levels, while increasing Cx-
43 protein in HUVECs. PIC effectively amelio-
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rated these changes in VE-cadherin, ZO-1 and
Cx-43 protein levels, thereby maintaining endo-
thelial cell barrier function (Figure 8A-D).

PIC suppressed glucolipotoxicity-stimulated
oxidative stress and NF-kappa B activation

As determined by a dichlorodihydrofluorescein
diacetate (DCFH-DA) assay, HG/HL stimulation
induced excess probe-associated fluorescence
and intracellular ROS production. Fluorescence
was diminished in the PIC treatment group,
suggesting that PIC may contribute to the scav-
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Figure 5. PIC attenuated the HG/HL-induced decrease in HUVEC proliferation. A. Cell proliferation of HUVECs treated
with p-glucose (33 mM)/palmitic acid (200 uM) for 72 hours alone or in combination with 10 uM PIC for 24 hours
based on CCK-8 assay. B. HUVEC cell viability under different conditions based on trypan blue exclusion assay. C.
Cell proliferation based on active DNA synthesis using the EdU incorporation assay. D. Ratio of EdUration based on
active DNA synthesis using the E Values are expressed as means + SD. ***P < 0.05, vs. control group; ##P < 0.05,

vs. HG/HL treatment group. Scale bar: 200 uym for 4x.

enging of ROS induced by HG/HL (Figure 9A,
9B). ROS plays a critical role in NF-kB activa-
tion. We performed immunofluorescence stain-
ing of NF-kB p65 to evaluate its nuclear translo-
cation during NF-kB activation. Under resting
conditions, NF-kB localized in the cytoplasm.
After HG/HL stimulation, intense staining for
p65 was detected in the nucleus, while there
was no staining in the cytoplasm, indicating
nuclear translocation of p65 and enhancement
of NF-kB activation. However, PIC attenuated
the nuclear translocation of NF-kB and signifi-
cantly suppressed NF-kB activation (Figure 9C,
9D). These results demonstrated that PIC
reduced the nuclear translocation and activa-
tion of NF-kB and thus protected endothelial
barrier function.

Discussion

This study was performed to examine the
effects of PIC on glucolipotoxicity-induced vas-
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cular barrier injury in atherosclerosis. The
results presented here demonstrated the pro-
tective effect of PIC on glucolipotoxicity-induced
vascular barrier injury at several levels.

When endothelial barrier function is damaged,
circulating leukocytes, especially monocytes,
would adhere to endothelium and migrate into
the vascular intima, passing through the dam-
aged endothelium. These monocytes ultimately
lead to the development of atherosclerosis
[17]. Notably, PIC treatment decreased the glu-
colipotoxicity-induced adhesion of monocytes
to endothelial cells.

Endothelial barrier function is precisely regu-
lated through cytoskeletal organization and
proteins involved in cell-cell junctions, i.e.,
adherens junctions (AJs), gap junctions (GJs)
and tight junctions (TJs). In AJs, VE-cadherin
[18-20] is an important contributor to vascular
barrier integrity and permeability due to its

Am J Transl Res 2022;14(1):120-134
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Figure 6. PIC protected HUVECs against HG/HL-induced reduction of migratory capacity. A, B, D. Effects of HG/HL or
HG/HL+PIC stimulation on scratch wound healing in cultured HUVECs at different magnifications. A-C. Representa-
tive images. D. Quantification of confluence rate at 24 hours. C-E. Migration ability of HUVECs following HG/HL or
HG/HL+PIC treatment based on the Transwell assay. E. Quantification of cell migration after 24 hours. Values are
expressed as means + SD. ***P < 0.05, vs. control group; *#P < 0.05, vs. HG/HL treatment group. Scale bar: 200

um for 4x and 100 um for 10x.

intercellular domain, which is connected to the
actin cytoskeleton [21]. Cx43, a GJ protein, par-
ticipates in the initial and progression of ath-
erosclerosis. Further, enhanced expression of
Cx43 plays a critical role in the development of
atherosclerosis during the early phases [22,
23]. In the meanwhile, the TJ protein, ZO-1, con-
nects junctional structures with the cytoskele-
ton and is downregulated in diabetes and obe-
sity [24]. Glucolipotoxicity leads to an increase
in CX43 and decrease of Z01 and VE-cadherin
in endothelial cells. However, the results re-
vealed that PIC effectively prevented changes
in the levels of these endothelial junction pro-
teins in response to glucolipotoxicity.
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Endothelial barrier damage is also accompa-
nied by cytoskeleton polymerization, prolifera-
tion dysfunction and reduced migration of en-
dothelial cells [25-27]. The proliferation and
migration of endothelial cells play a critical role
in vascular repair and integrity [28, 29].
Coordinated rearrangement of actin filaments
and microtubules is required for cell migration.
Hyperglycemia leads to serious injuries, affect-
ing endothelial cell survival and migration [30-
32]. Data demonstrated that PIC promoted
endothelial cell proliferation and migration fol-
lowing HG/HL stimulation by ameliorating the
rearrangement of actin filaments, which en-
hances vascular barrier integrity.
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Figure 7. PIC rescued HG/HL-induced cytoskeletal reorganisation and dysfunction of cytoskeleton-associated pro-
tein GTPases (Racl, Cdc42) and IQGAPL. A. Immunofluorescence staining of F-actin showing that HG/HL treatment
resulted in a thickened F-actin band and the presence of F-actin bundles inside the cells. PIC ameliorated the actin
cytoskeleton remodelling and maintained cell morphology. B. Western blotting analysis showing the expression of
cytoskeleton-associated proteins, Rac1/Cdc42, and their effector, IQGAP1. C-E. The levels of these proteins relative
to GAPDH. Values are expressed as means + SD. ***P < 0.05, vs. control group; ##P < 0.05, vs. HG/HL treatment
group.
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Figure 8. PIC attenuated the HG/HL-induced decrease in endothelial junction protein levels. A. Western blotting
analysis showing the expression of ZO-1 (TJ protein), VE-cadherin (AJ protein) and Cx-43 (GJ protein). B-D. ZO-1, VE-
cadherin and Cx-43 protein levels relative to GAPDH. Values are expressed as means + SD. ***P < 005, vs. control

group; ##*P < 0.05, vs. HG/HL treatment group.

Cytoskeleton polymerization and endothelial
migration are largely orchestrated by the Rho
family of GTPases and their effector, IQGAP1.
The Rho family GTPase have also emerged as
regulators of endothelial junction proteins,
mediating vascular barrier integrity via such
interaction. Rac1/Cdc42 is thought to spatially
influence the forming of filopodia and lamellipo-
dia, which can promote vascular barrier devel-
opment [33-36]. They also promoted endothe-
lial cells migration and adhesion through the
assembly and organization of the actin cyto-
skeleton [37]. The present study indicated that
PIC enhanced the expression of the Rho family
GTPases (Racl, Cdc42 but not RhoA) and their
effector protein, IQGAP1, in endothelial cells
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during HG/HL stimulation, thereby influencing
cell proliferation, migration and the expression
of several junction proteins, which in turn
enhanced vascular barrier repair as well as vas-
cular permeability.

Oxidative stress, increased ROS production,
and dysregulated redox balance contribute to
dysfunction of endothelial barrier. ROS can not
only increase endothelial permeability through
directly damaged endothelium junction protein
components, such as AJ proteins, leading to
endothelial barrier dysfunction, but may also
cause endothelial hyperpermeability by pro-
moting NF-kappa B activation. During cancer
and lipopolysaccharide induced toxemia, NF-
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Figure 9. Effects of PIC on HG/HL-stimulated NF-kB translocation and ROS production. (A) Intracellular ROS produc-
tion in HUVECs based on the fluorescent probe, DCFH-DA, and (B) fluorescence intensity analysed using ImageJ.
(C) NF-kB nuclear translocation during its activation evaluated using immunofluorescence staining, and (D) fluores-
cence intensity analysed using ImageJ. Values are expressed as means + SD. ***P < 0.05, vs. control group; ##P <
0.05, vs. HG/HL treatment group. Scale bar: 200 ym for 4x, 100 um for 10x and 50 um for 20x.

kappa B activation alters the levels of vascular
junction proteins such as Z0-1 and Z0-2, induc-
ing endothelial hyperpermeability separately
from pro-inflammatory gene expression [38].
In the present study, PIC decreased HG/HL
induced intracellular ROS production and NF-
kappa B activation, protecting endothelial bar-
rier function.

However, this study had some limitations. We
did not confirm the protective effects of PIC in a
clinical study, because this compound is not
approved for human trials. With the develop-
ment of nanoparticle technology [39] and the
murine endothelial cells single-cell transcrip-
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tome atlas [40], we plan to create PIC-
incorporated albumin nanoparticles, thereby
enhancing its solubility and targeting potential,
and will study the effects of PIC on endothelial
dysfunction in vivo in future.

Conclusions

Glucolipotoxicity causes endothelial ROS accu-
mulation and NF-kB activation, inducing severe
endothelial barrier dysfunction. PIC amelio-
rates the glucolipotoxicity-induced endothelial
barrier injury following HG/HL stimulation
through inhibition of the ROS/NF-kB signaling
pathway. PIC is a promising therapeutic agent
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for glucolipotoxicity-induced endothelial barrier
injury.
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