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Vascular endothelial cells are exposed to shear stresses with dis-
turbed vs. laminar flow patterns, which lead to proinflammatory
vs. antiinflammatory phenotypes, respectively. Effective treatment
against endothelial inflammation and the consequent atherogene-
sis requires the identification of new therapeutic molecules and
the development of drugs targeting these molecules. Using Con-
nectivity Map, we have identified vitexin, a natural flavonoid, as a
compound that evokes the gene-expression changes caused by
pulsatile shear, which mimics laminar flow with a clear direction,
vs. oscillatory shear (OS), which mimics disturbed flow without a
clear direction. Treatment with vitexin suppressed the endothelial
inflammation induced by OS or tumor necrosis factor-a. Adminis-
tration of vitexin to mice subjected to carotid partial ligation
blocked the disturbed flow-induced endothelial inflammation and
neointimal formation. In hyperlipidemic mice, treatment with
vitexin ameliorated atherosclerosis. Using SuperPred, we predicted
that apurinic/apyrimidinic endonuclease1 (APEX1) may directly
interact with vitexin, and we experimentally verified their physical
interactions. OS induced APEX1 nuclear translocation, which was
inhibited by vitexin. OS promoted the binding of acetyltransferase
p300 to APEX1, leading to its acetylation and nuclear transloca-
tion. Functionally, knocking down APEX1 with siRNA reversed the
0OS-induced proinflammatory phenotype, suggesting that APEX1
promotes inflammation by orchestrating the NF-xB pathway. Ani-
mal experiments with the partial ligation model indicated that
overexpression of APEX1 negated the action of vitexin against
endothelial inflammation, and that endothelial-specific deletion of
APEX1 ameliorated atherogenesis. We thus propose targeting
APEX1 with vitexin as a potential therapeutic strategy to alleviate
atherosclerosis.
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he focal nature of atherosclerosis suggests a critical role of

local hemodynamic microenvironments in atherogenesis
(1-3). Disturbed flow with a low and reciprocating shear stress
(oscillatory shear, OS) in arterial branches and curvatures
up-regulates proinflammatory molecules in vascular endothelial
cell (EC), and hence induces the filtration of circulating mono-
cytes into the arterial wall and the migration of smooth muscle
cells into the subintimal space, leading to atherosclerosis (4). In
contrast, laminar flow with a high and unidirectional shear
stress (pulsatile shear, PS) in the straight parts of the arteries
elicits an antiinflammatory and atheroprotective effect on the
vasculature (2). The distinct gene-expression patterns and phe-
notypes in ECs provoked by disturbed vs. laminar flows develop
before the appearance of any functional outcomes, and they
have been suggested as hallmarks of atherosusceptible or athe-
roresistant endothelium (1). While the importance of endothe-
lial gene expression and phenotype in atherogenesis has been
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recognized, treatment options for endothelial abnormality are
limited. The phase with endothelial phenotypic changes repre-
sents a therapeutic window in which the eradication of the
disturbed flow-caused endothelial inflammation may lead to a
prevention or cure. A systematic understanding of functional
connections among the atherogenic phenotypes of endothe-
lium, gene expressions, and drug actions can lead to effective
antiatherosclerotic drug screening.

Apurinic/apyrimidinic endonuclease 1/redox factor-1 (APEX1
in human and Apex] in mouse), which has the ability to cleave
at apurinic/apyrimidinic sites in DNA and to activate the DNA
binding activity of a number of transcription factors (5), has
been implicated in the regulation of vascular EC function (6-9).
However, it remains to be determined whether APEX1 plays a
role in the hemodynamic regulation of endothelial phenotype.
Exogenous overexpression of APEX1 inhibited adhesion of
monocytes to ECs activated by tumor necrosis factor-a (TNF-
a) (6), and EC-secreted APEX1 could suppress the TNF-
a—induced expression of vascular cell adhesion molecule-1
(VCAML1) (7); these findings suggest an antiinflammatory role
of APEX1. Knocking down APEXI1 by small-interfering RNA
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(siRNA) promoted the endothelial barrier function (8), and
inhibition of nuclear translocation of APEX1 down-regulated
the oxidized low-density lipoprotein-stimulated expression of
C-C motif chemokine ligand 2 (CCL2) (9): these findings sug-
gest a role of APEX1 in endothelial damage. Thus, the existing
evidence reveals that APEX1 plays a complex role in the regu-
lation of endothelial function. Despite its importance, little is
known about the exact role of APEXI1 in the disturbed flow-
induced endothelial inflammation and atherosclerosis.

By using the Connectivity Map (CMap)-based computational
systems biology approach to search for compounds that can
produce similar gene signature as induced by PS vs. OS, we
identified vitexin, a natural flavonoid isolated from the leaf of
Crataegus pinnatifida Bunge, which greatly diminishes the endo-
thelial proinflammatory responses. We demonstrated that
vitexin associated directly with APEX1 to inhibit the
OS-induced interaction of APEX1 with acetyltransferase p300,
its acetylation, and nuclear translocation. The action of APEX1
in the OS-regulated EC responses is mechanistically dependent
on NF-xB signaling. These findings indicate that suppressing
the APEX1/NF-xB pathway represents an approach to prevent
endothelial inflammation. In addition, our studies utilizing
mice with the intraluminal overexpression and EC-specific
depletion of APEX1 provide pivotal evidence demonstrating
the proinflammatory role of APEX1 in ECs.

Results

Discovery of Endothelial-Protective Compounds Based on the
CMap. Previously, we presented the gene-expression profiles of
human umbilical vein ECs (HUVECs) subjected to PS (12 + 4
dyn/em?, 1 Hz) or OS (0.5 + 4 dyn/em? 1 Hz) for four time
periods (1, 4, 12, and 24 h) (10). The sequencing data of the
cells after 24 h of shearing were analyzed for the degree of sim-
ilarity of gene expression using the CMap database (https:/
portals.broadinstitute.org/cmap/) (11) to search for bioactive
compounds (among 7,056 treatments) that could simulate the
effects of PS vs. OS (Fig. 14). Based on the “connectivity scores
(from —1 to +1),” with positive values denoting the degree of
similarity and negative values representing the inverse, we
obtained a list of 480 treatments with connectivity scores >0.5.
A literature review on this list using the PubMed/MEDLINE
database led to the finding of a c-glycosylated flavone vitexin
(SI Appendix, Fig. S1) that has antioxidant, antiinflammatory,
antihypertensive, and anticancer activities (12), with a connec-
tivity score of 0.539. Dose-response tests showed that vitexin at
25 ~200 pmol/L did not affect the EC viability (SI Appendix,
Fig. S2). Hence, 50 pmol/L was applied in subsequent experi-
ments to minimize the potential cytotoxic effect of vitexin.

Vitexin Attenuates the 0S- or TNF-o-Induced Proinflammatory
Responses in ECs. We performed transcriptional profiling in ECs
treated with vitexin or DMSO and subjected to PS/OS expo-
sure. RNA-sequencing analysis showed that 1,168 genes were
differentially regulated by OS vs. PS (513 up- and 655 down-
regulated, P < 0.05) in the DMSO-treated cells; vitexin
decreased the number of differentially expressed genes (DEGs)
to 924 (SI Appendix, Fig. S3). In total, there were 2,377 DEGs
(P < 0.05) in any of the pairwise comparisons (SI Appendix,
Fig. S44). Importantly, the expression changes of a subset of
DEGs in the DMSO-treated cells were attenuated or reversed
by vitexin (SI Appendix, Fig. S4B). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis showed that
these DEGs were mainly involved in leukocyte transendothelial
migration, fluid shear stress and atherosclerosis, NF-xB signal-
ing pathways, and others as presented (Fig. 1B), suggestive of a
shear- or vitexin-regulation on endothelial inflammation and
barrier function. Since endothelial inflammation plays a central
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role in the mentioned pathways, we further analyzed the
inflammation-related genes (log, fold-change > 0.5 or < —0.5)
and identified proinflammatory adhesion molecules and che-
motactic cytokines, such as endothelial selectin E (SELE),
CCL2, and VCAM], which were induced by OS, and the induc-
tion was suppressed by vitexin (Fig. 1C), demonstrative of an
inhibitory effect of vitexin on proinflammatory gene expression.

Both disturbed flow and TNF-a are implicated in endothelial
inflammation and atherosclerosis (13). Application of OS or
TNF-a (10 ng/mL) to ECs induced increases in the protein lev-
els of SELE, VCAMI, and intercellular adhesion molecule 1
(ICAM1), and the mRNA levels of SELE, VCAMI1, CCL2,
and ICAMI. Their inductions were suppressed by vitexin (Fig.
1 D-G and SI Appendix, Fig. S5). The TNF-a-stimulated CCL2
accumulation in the media was also suppressed by vitexin (S
Appendix, Fig. S6). Up-regulation of adhesion molecules and
chemotactic cytokines can lead to adhesion of monocytes to
endothelium and impairment in endothelial barrier function
(14). Application of OS or TNF-« induced an increase in endo-
thelial adhesiveness for THP-1 monocytes, and this increase
was attenuated by vitexin (Fig. 1 H and I and SI Appendix, Fig.
S7). The TNF-a—promoted endothelial permeability to dextran
was also inhibited by vitexin (SI Appendix, Fig. S84). Reactive
oxygen species (ROS) production is associated with endothelial
inflammation (15). The OS or TNF-a induction of ROS in ECs
was found to be suppressed by vitexin (SI Appendix, Fig. S8B).
Altogether, our findings indicate that vitexin protects ECs from
the OS- or TNF-o—stimulated endothelial inflammation.

Vitexin Counteracts the Disturbed Flow-Induced Endothelial Inflam-
mation and Neointimal Formation. To evaluate the role of vitexin
in vivo, partial carotid ligation was conducted in mice to introduce
low and oscillatory shear stress in the left common carotid artery
(16). In this model the time-averaged wall shear stress in the
ligated common carotid artery was reduced to ~27% of the unli-
gated (16). The mice were subjected to vitexin (5, 10, or 20 mg/
kg) or saline (Fig. 24). Immunofluorescence on sections of ligated
(left) or unligated (right) carotid arteries after 1 wk of ligation
revealed no apparent endothelial denudation (SI Appendix, Fig.
S9). EC expressions of SELE, VCAMI, and ICAMI were
increased in the ligated saline group, indicative of endothelial
inflammation. These increases were suppressed by vitexin (Fig. 2
B-D). In mice receiving vitexin or saline for 4 wk, the neointimal
thickening induced by partial ligation in mice receiving saline (4
wk) was suppressed by vitexin (4 wk) at all concentrations tested
(Fig. 2E and SI Appendix, Fig. S10). Thus, in the following in vivo
experiments, the concentration of 5 mg/kg was applied.

Vitexin Ameliorates Atherosclerosis. We used a hyperlipidemia
mouse model to test the antiatherogenic effect of vitexin.
ApoE ™~ mice fed on a Western diet were injected with vitexin
or saline (Fig. 2F). The atherosclerotic areas in the aortic tree
of vitexin-treated mice were reduced by 55% (Fig. 2G), and the
reduction was especially profound in aortic arch (SI Appendix,
Fig. S11), where the local fluid shear stress is low and oscilla-
tory (4). Moreover, histological examination of cross-sections of
the atherosusceptible cardiac outflow tract showed that athero-
sclerosis was attenuated by vitexin (Fig. 2H). Circulating mono-
cytes infiltrating into the subcutaneous vascular wall via injured
endothelium is a key event in atherogenesis (4). Immunofluo-
rescence of macrophage marker F4/80 in the outflow tract
showed a decrease in the ratio of F4/80" cells to plaque area in
the vitexin-treated mice (Fig. 2I), suggesting inhibition of
monocyte infiltration by vitexin. No significant differences in
serum lipid content, body weight, or blood pressure were
observed between the saline and vitexin treatments (S/
Appendix, Fig. S12). The results from these experiments
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Fig. 1.

Identification of vitexin as antiinflammatory compound attenuating the OS- or TNF-a-induced proinflammatory responses in vascular ECs. (A)

Schematic depicting a flow diagram of screening potential therapeutic compounds. Gene-expression profiles in cells subjected to PS/OS were analyzed
with the CMap database. (B) The transcriptome in ECs pretreated with vitexin or DMSO for 24 h and exposed for 6 h to PS or OS was analyzed by RNA-
sequencing, and a subset of genes shown in S/ Appendix, Fig. S4B were subjected to KEGG pathway enrichment analysis. Pathways with the 10 lowest
adjusted P values are presented. (C) Heatmaps of differentially expressed inflammation-related genes (log, fold-change > 0.5, P < 0.05 by pairwise com-
parisons). The fold-changes of group 4 vs. 3 are indicated. (D and E) ECs were pretreated with DMSO or vitexin for 24 h, exposed to PS/OS for 6 h, and
the protein and mRNA expressions of the indicated genes were assayed by Western blotting (D) and quantitative RT-PCR (E). (F and G) ECs were pre-
treated with DMSO or vitexin for 24 h, incubated with TNF-a for 6 h, and the protein and mRNA expressions of the indicated genes were assayed by
Western blotting (F) and quantitative RT-PCR (G). (H and /) ECs were pretreated with DMSO or vitexin for 24 h, exposed to PS/OS for 6 h (H) or incubated
with TNF-a or the control solvent for 6 h (/), and the Dil (red)-labeled THP-1 monocyte-to-endothelium adhesion assay was performed. Shown are the
quantification of relative adherent monocytes. Data are presented as mean + SEM. *P < 0.05 by two-way ANOVA followed by Tukey’s post hoc test (n > 3).

indicate that vitexin serves a protective role against endothelial
injury and atherosclerosis independent of lipid metabolism.

Vitexin Directly Targets APEX1 in ECs. To elucidate the mecha-
nisms by which vitexin protects ECs, we searched for molecules
that might be directly targeted by vitexin to mediate the func-
tional outcomes. Using the SuperPred web server (https:/
prediction.charite.de/), a prediction webserver for target predic-
tion of compounds based on the similarity distribution among
the targets’ ligands (17), we identified five targets for vitexin:
aldose reductase (AKR1B1), DNA polymerase-k (POLK), runt-
related transcription factor 1 (RUNXI1), alkaline phosphatase
(ALP), and APEXI. Searching vitexin in the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/) indicated it as an inhibitor
of APEX1 protein based on a quantitative high-throughput
screening for small-molecule inhibitors of human APEX1 (18).
In order to validate APEX1 as a direct target of vitexin in
ECs, we implemented the cellular thermal shift assay (CETSA),
which monitors drug-target engagement based on the biophysi-
cal principle of ligand-induced thermal stabilization of target
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proteins (19). In this assay, aliquots of DMSO- or vitexin-
pretreated intact cells and DMSO- or vitexin-cell lysates mix-
tures were heated to 50 to 60°C. Soluble fractions from the
treated samples were subjected to Western blotting to quantify
APEX1. Compared with DMSO-treated samples, the vitexin-
treated samples exhibited a robust thermal stabilization of
APEXI1 indicative of target engagement, with overall thermal
shifts of 2°C and 4 °C for intact cells and cell lysates, respec-
tively (Fig. 3 A and B), suggesting binding of vitexin to APEX1.
The isothermal dose-response (ITDR) reflects protein stabili-
zation in response to a drug-concentration gradient at a single
temperature in nondenaturing conditions (20). Because the
melting temperatures in the CETSA melt curve assay were
53°C and 56 °C for intact cells or cell lysates, respectively, we
measured the ITDR with vitexin at 53 °C to ensure a nondena-
turing condition for both samples. In either intact cells or
lysates, APEX1 was stabilized by vitexin in a dose-dependent
manner (Fig. 3 C and D).

We performed surface plasmon resonance (SPR) (21) to
identify the kinetic parameters of molecular interactions in
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Fig. 2. Vitexin counteracts the hemodynamic disturbed flow-induced endothelial inflammation, neointimal formation, and atherosclerosis. (A) (Upper)
Schematic diagram of the partial carotid ligation surgery. ECA: external carotid artery; ICA: internal carotid artery; LSA: left subclavian artery; OA: occipi-
tal artery; RSA: right subclavian artery; STA: superior thyroid artery. (Lower) Schematic diagram of experimental design in WT mice. (B-E) Representative
immunofluorescence staining of SELE (B), VCAM1 (C), and ICAM1 (D), and H&E staining (E) in cross-sections of ligated (the left side) and unligated (the
right side) common carotid arteries from mice subjected to vitexin or saline administration for 1 (B-D) or 4 (E) weeks. DAPI: to stain the nucleus; EL: elastic
lamina. In E, quantification of the ratios of intima-to-media areas was shown (n = 7). (F) Schematic diagram of the experimental design in ApoE’/’ mice.
(G and H) Representative Oil red O staining and the quantification of atherosclerosis in whole aorta (n = 12) and cardiac outflow tract (n = 7) of mice
receiving vitexin or saline. (/) Representative immunofluorescent staining of F4/80 and the quantification of F4/80* area in cardiac outflow tract (n = 9).

Data are presented as mean + SEM, *P < 0.05 by Student’s t test or by two-way ANOVA followed by Tukey’s post hoc test. L: lumen.

real-time to confirm the APEX1-vitexin interaction. A known
APEX1 inhibitor, E3330, was employed as a positive control.
Resonance reaction units of immobilized human APEXI
recombinant protein and vitexin increased with rising vitexin
concentrations, indicative of a dose-dependent interaction
between vitexin and APEX1, with an equilibrium dissociation
constant (KD) of 2.344 x 10°° mol/L; E3330 interacted with
APEX1 with a KD of 8.921 x 10~ mol/L (Fig. 3 E and F and
SI Appendix, Table S1). Since smaller KD values are indicative
of greater ligand-target binding affinity, the results validate the
APEX1-vitexin interaction.

Vitexin Inhibits the 0S- and TNF-a-Induced APEX1 Translocation.
APEX1 exhibits both cytoplasmic and nuclear localizations
(22), and it undergoes nuclear translocation in ECs in response
to proinflammatory stimuli (9, 23). We found that OS caused a
strong, time-dependent nuclear localization of APEXI, in com-
parison to the heterogeneous distribution of APEX1 within and
among cells in the time-matched static controls. In contrast,
under PS, APEX1 was mainly located in the cytoplasm (Fig.
44). These findings were validated in the mouse aorta in vivo:
in ECs of the descending thoracic aorta, where the flow is lami-
nar, APEX1 was found predominantly in the cytoplasm, but in
ECs of the inner curvature of aortic arch, where disturbed flow
occurs, APEX1 exhibited nuclear accumulation (Fig. 4B). TNF-
o also induced nuclear translocation of APEX1, and the OS- or
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TNF-a-induced translocation was blockaded by vitexin (Fig. 4
C and D). The Western blotting results on the localization of
APEXI1 in the nuclear and cytoplasmic fractions are in line
with those of immunofluorescence, as evidenced by the
increases in the nuclear-to-cytoplasm ratios of APEX1 signals
in the OS- or TNF-a-stimulated cells treated with DMSO and
the suppression of these increases by treating these cells with
vitexin (Fig. 4 E-H).

0S Induces Nuclear Translocation of APEX1 via Promoting Its
Acetylation. Acetylation at lysine residues of APEX1 promotes
its nuclear distribution and binding to its target DNA (24, 25).
We measured lysine acetylation of APEX1 in ECs exposed to
PS or OS by immunoprecipitation assay. The antiacetylated-
lysine antibody detected a higher enrichment of acetylated
lysine residues in the APEXI1-precipitated immunocomplexes
in OS than that in PS (Fig. 54), suggesting an enhancement of
APEXI1 acetylation by OS. Pretreating the ECs in PS condition
with a deacetylases inhibitor mixture (HDACI) for 24
h increased the percentage of cells exhibiting a predominant
APEXI1-nuclear distribution, mimicking the effect of OS. No
apparent differences were found in OS condition between ECs
pretreated with DMSO and HDACI (Fig. 5B). The findings
suggest that OS induces nuclear translocation of APEX1 via
promoting its acetylation.
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0S Promotes p300 Phosphorylation and Its Association with APEX1.
Rapid increases in phosphorylation and enzymatic activity of
histone acyltransferase p300 have been reported in ECs in
response to shear stress (26, 27). We found that OS promoted
p300 phosphorylation to 2.70-fold of that in PS-treated cells
(Fig. 5C). Coimmunoprecipitation experiments further indi-
cated that OS or TNF-a enhanced the binding of p300 to
APEX1 compared with PS or the vehicle control, and that their
binding was disrupted by vitexin (Fig. 5 D and E). The OS- or
TNF-o—promoted APEX1 acetylation was also suppressed by
vitexin (Fig. 5 D and E). These data are in keeping with the
thesis that OS induces nuclear translocation of APEX1 via pro-
moting its acetylation (Fig. 5 4 and B), suggestive of a p300-
dependent mechanism of shear-activation of APEX1.

APEX1 Orchestrates the 0S-Induced NF-kB Activation. Given that
activation of the proinflammatory transcription factor NF-xB
was observed in diseased vasculature and in ECs exposed to
atheroprone shear stress (4, 28), and that APEX1 inhibition
could suppress NF-kB activation (29-31), we hypothesized that
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the shear-activated APEX1 to promote endothelial inflamma-
tion was mediated through potentiation of NF-kB activation. In
accord with this hypothesis, inhibition of APEX1 activation by
vitexin, E3330 (50 pmol/L), or siRNA-mediated gene silencing
down-regulated the expression of p50 NF-kB subunit, but not
p65 (Fig. 6 A and B). The cytoplasmic NF-kB forms complexes
with their natural inhibitor IxB, and when activated, translo-
cates to the nucleus to bind to the targeted DNA sequences
(32). OS promoted a nuclear translocation of p50 and p65;
these effects were abolished by APEX1 knockdown (Fig. 6 C
and D). We next questioned how APEXI regulates NF-xB
translocation. Coimmunoprecipitation experiments indicated
that OS increased the accumulation of p5S0 and p65 in the anti-
APEX1 antibody-precipitated immunocomplexes (Fig. 6F),
suggesting enhanced association between APEX1 and p50/p65
in response to OS. To study the role of the APEX1/NF-«xB axis
in mediating endothelial inflammation, we assessed the expres-
sions of ICAM1, SELE, and VCAM1 in cells with the indicated
treatments. Their OS- or TNF-a-induced expressions were
found to be suppressed by APEX1 knockdown. Double-
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knockdown of APEX1 and IkBa abolished the suppressive
effect (Fig. 6 F and G). Altogether, these findings support the
notion that APEX1 orchestrates the OS-activated NF-
kB signaling.

Endothelial Overexpression of APEX1 Abolishes the Athero
protective Effect of Vitexin. To assess the function of APEX1
in v1v0 we performed partial carotid ligation in WT or
ApoE '~ mice, in which the left common carotid arteries
were sub]ected to a local intraluminal incubation with adeno-
virus expressing APEX1 (Ad-APEX1) or its control VlI‘US
(Ad CL) before ligation. The operated WT and ApoE '~

mice were fed on a chow or a Western diet, respectively.
After surgery, the mice were subjected to intraperitoneal
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injection of vitexin or saline twice a week for 1 or 4 wk. At 1
wk after ligation in the WT mice, carotid arteries were har-
vested for assessing the expressions of proinflammatory
markers in the endothelia. The carotid arteries from ApoE "/~
mice receiving vitexin for 4 wk were used to analyze the dis-
turbed flow-acceleration of atherosclerosis (Fig. 74). In mice
receiving Ad-CL, vitexin inhibited the partial ligation-induced
expression of SELE, VCAMI, and ICAM1 in the ECs. Intralu-
minal overexpression of APEX1 de-suppressed the expressions
of these proinflammatory genes, abrogating the inhibitory
effect of vitexin against endothelial inflammation (Fig. 7 B-D
and SI Appendix, Fig. S13). In the Ad-CL-treated mice, vitexin
decreased the intima-to-media ratio by 44% in comparison to
the saline group, suggesting the alleviation of neointimal
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thickening. Intraluminal application of Ad-APEX1 abolished
this ameliorative effect (Fig. 7E). Mice treated with Ad-APEX1
exhibited markedly enhanced formation of atherosclerosis,
compared with the mice with Ad-CL (SI Appendix, Fig. S14).
Collectively, our results suggest that endothelial overexpression
of APEX1 could block the atheroprotective effect of vitexin.

Endothelial-Specific Deletion of Apex1 Ameliorates the Disturbed
Flow-Accelerated Atherosclerosis. To further assess the role of
endothelial Apex1 in atherosclerosis, we(generated inducible
EC-specific Apexl-deletion (Apex15“¥°) and the control
(Apex1™T) mice (SI Appendix, Fig. S154). Immunostaining
of the arterial cross-sections from the Apex1®“¥° mice
receiving tamoxifen (1.5 mg daily for 5 d) confirmed that
Apex1 expression was undetectable in the ECs (Fig. 7F). The
body weight, serum lipid level, and blood pressure were
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comparable between the Apex1™ T and Apex1¥¥° mice (SI
Appendix, Fig. S15 B-D). These mice were injected once with
adeno-associated-virus-9  (AAV9)-overexpressing PCSK9
(AAV9-PCSKDY) via the tail vein and were fed on a Western
diet. Partial ligation of the left carotid artery was performed
(Fig. 7G). At 1-wk postsurgery, depletion of Apexl was
found to ameliorate the disturbed flow-induced EC expres-
sions of SELE, VCAM1, and ICAM1 (Fig. 7 H-J). At 4-wk
postligation, the Apex1™ T mice exhibited marked neointimal
formation, which was markedly inhibited in the Apex1®<K©
mice (Fig. 7K). Scattered deposition of lipid shown by Oil
red O staining and monocyte infiltration indicated by F4/80
signals were observed in the Apex1™ " mice, but these changes
were largely reduced or undetectable in the Apex15“*° mice
(Fig. 7 K and L). Taken together, these findings suggest that
endothelial Apex! positively contributes to atherogenesis.
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Fig. 6. APEX1 orchestrates the OS-induced NF-xB activation. (A and B) The expressions of p50, p65, and APEX1 in ECs were assayed by Western blotting.

Cells were treated with vitexin, E3330, or DMSO, or transfected with APE

X1-specific siRNA (siAPEX1) or the control siRNA (siCL). Quantifications of the

blots were shown in B. *P < 0.05 by Student’s t test (n = 3). (C and D) Representative immunofluorescent staining of p50 (C) and p65 (D) in ECs. Cells
were transfected with siAPEX1 or siCL and were then exposed to PS/OS for 6 h. (E) Coimmunoprecipitation followed by Western blotting to detect the
association of APEX1 with p50 or p65 in ECs exposed to PS/OS for 6 h. IgG was used as an isotype control. (F and G) Western blotting to detect the expres-
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and were then exposed for 6 h to PS/OS (F) or TNF-a versus its control rea
Tukey's post hoc test. Data are presented as mean + SEM.

Discussion

APEXI1 plays a central role in the repair of oxidized and alky-
lated bases in mammalian genomes by acting as a nuclease in
the base excision repair pathway (33). It not only functions as a
redox effector for several redox-sensitive transcription factors,
but also as a direct transacting factor (34). The role of APEX1
in vascular inflammation and atherosclerosis remains elusive.
There is evidence that the expression levels of Apexl in plasma
and EC/macrophage were highly correlated with vascular and
systemlc inflammation in ApoE~/~ mice and that ApoE "/~
mice fed on a Western diet exhibited significantly increased
their expression of APEX1 in macrophages and foam cells (35,
36), suggesting a positive correlation between APEX1 expres-
sion and atherosclerosis. However, there were also contradic-
tory in vitro findings showing that the intracellular and secre-
tory APEX1 might play an antiinflammatory role in vascular
ECs (6, 7). Studies on animals with endothelial-specific deple-
tion of APEX1 may provide critical insights to resolve this
issue. Data obtained from the present study, by using mice with
EC-specific Apex1 deletion and with intraluminal overexpression
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gent (G). Results in C-G are n > 3. *P < 0.05 by two-way ANOVA followed by

of APEXI, support the notion that endothelial APEX1 plays a
proatherogenic rather than an antiatherogenic role, in the con-
text of flow-regulation of endothelial function. We discovered a
role for APEX1 in promoting the atheroprone phenotypes of
vascular endothelium under disturbed flow. Mechanistically, we
found that the OS-induced expressions of proinflammatory mol-
ecules (SELE, VCAMI, and ICAM1) were mediated by APEX1
through the NF-kB pathway. Our findings demonstrate that the
APEX1-mediated endothelial inflammation and dysfunction
serve as critical pathophysiological signatures and mechanisms in
the disturbed flow-stimulated atherosusceptible endothelium.

By using CMap-based drug screening and expression profil-
ing, we have demonstrated the effects of vitexin on shear-
sensitive gene expression. Subsequent functional and mechanis-
tic investigations revealed that vitexin alleviated the endothelial
proinflammatory responses to OS and the proinflammatory
cytokine TNF-a. Furthermore, in vivo administration of vitexin
attenuated the disturbed flow-induced neointimal formation
and atherosclerosis. There have been reports on the inhibition
of proinflammatory cytokines and ROS production in ECs by

Zhao et al.
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Fig. 7.

Endothelial Apex1 contributes to the disturbed flow-accelerated atherogenesis. (A) Schematic diagram of experimental design. (B-D) Representa-

tive immunofluorescence staining of SELE (B), VCAM1 (C), and ICAM1 (D) in cross-sections of common carotid arteries from mice received vitexin or saline
administration and were subjected to local intraluminal incubation with adenovirus-expressing APEX1 (Ad-APEX1) or control virus (Ad-CL) followed by
partial ligation. Arterial specimens were harvested at 1-wk after the ligation (n = 7). DAPI: to stain the nucleus; EL: elastic lamina. (E) Representative H&E
and Oil red O staining and quantification of atherosclerosis in common carotid arteries from mice with treatments as described in A to D. Arterial speci-
mens were harvested at 4 wk after ligation (n = 7). Data are presented as mean + SEM, *P < 0.05 by the Kruskal-Wallis test followed by Dunn's test. (F)
Representative immunofluorescent staining of APEX1 in carotid arteries from Apex1"" or Apex15<K° mice receiving tamoxifen to verify Apex1-depletion.
(G) Schematic diagram of experimental design. (H-J) Representative immunofluorescence staining of SELE (H), VCAM1 (/), and ICAM1 (J) in cross-sections
of the left common carotid arteries from the Apex1"VT or Apex15€C mice. Arterial specimens were harvested at 1-wk after ligation. (K) Representative
H&E and Oil red O staining and quantification of neointima in the left common carotid arteries from the Apex1"V" or Apex15“° mice. (L) Representative
immunofluorescent staining of F4/80 indicative of monocyte infiltration in the left common carotid arteries from the Apex1VT or Apex15€© mice. Arterial

specimens in K and L were harvested at 4-wk after ligation (n = 7-11). *P < 0.05 by the Mann-Whitney test. L: lumen.

vitexin (37, 38) and the use of vitexin in protecting against myo-
cardial dysfunction including cardiac hypertrophy, myocardial
infarction, and ischemia/reperfusion injury (39—41), but these
studies did not identify the molecules directly targeted by
vitexin, nor the comprehensive mechanistic pathways in ECs. It
is to be emphasized that the present study is unique in report-
ing the antiatherogenic effects of vitexin.

In developing potential drug molecules, a determinant of the
quality and effectiveness is their ability to engage the intracellu-
lar specific targets (42). Our results identified vitexin as a direct
inhibitor of APEX1 in ECs through utilization of a target
engagement assay (CETSA) coupled with biophysical charac-
terization (SPR). Using CETSA, we found that addition of
vitexin stabilized the thermally induced aggregation of APEX1.
We applied the SPR assay for the kinetic analysis of the interac-
tions of vitexin with APEX1. The SPR method was also
employed to interrogate the action of an established APEX1
inhibitory compound, E3330, and the results demonstrated an
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interaction of E3330 with APEX1. The pharmacological char-
acterization links the endothelial protective activity of vitexin
with the proinflammatory role of APEX1, thus providing a the-
oretical basis for the utilization of vitexin in antiinflammatory
therapy in atherosclerosis. Prior to this work, the coupling of
CETSA and SPR had been applied to identifying antimyocar-
dial fibrosis compounds (43), but not to antiatherosclerotic
drug screening.

APEXI1 can be posttranslationally modified via acetylation
on its critical lysine residues, such as K6, K7, K27, K31, K32,
and K35 (44, 45). Acetylation of APEX1 prevents its proteoly-
sis and enhances the activity (46, 47). Another major finding of
the present study is the demonstration that OS and TNF-«
induce nuclear translocation of APEXI, and the induction is
very likely through enhancing the binding of acetyltransferase
p300 to APEX1 to lead to its acetylation. Our experiments
reveal that the association between p300 and APEX1, as well
as the subsequent acetylation and nuclear translocation, could
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be disrupted by vitexin. It is to be noted that exclusive nuclear
accumulation of acetylated APEX1 has been found in lung
fibroblasts and lung adenocarcinoma cells (48). In kidney cells,
treatment with histone deacetylases inhibitor trichostatin A
caused a nuclear-to-cytoplasmic translocation of APEX1 (44).
These phenomena have not been documented in ECs prior to
the present study. Although the underlying mechanisms regard-
ing the enzymes responsible for catalyzing APEX1 acetylation
or deacetylation remain to be elucidated, one possibility is the
increased binding of APEX1 by acetyltransferases, such as
p300 (34). Despite that the mechanotransduction of shear
stress in ECs is still not completely understood (4, 49), p300
was indicated a mechano-sensitive protein, as shear-regulated
changes in its phosphorylation or acetyltransferase activity has
been shown in ECs (26, 50). Our study resolved the questions
of whether and how p300 responds to distinct shear patterns by
showing that OS (in contrast to PS) elevated p300 phosphoryla-
tion and promoted its binding to APEX1 in ECs. However,
there is also the possibility that OS may promote APEX1 acety-
lation via p300-independeent pathways, since direct interaction
between APEX1 and HDACI has been found and this interac-
tion facilitates the recruitment of HDACI to the promoter
regions of the APEX1-targeted genes (51).

In summary, our results established that inhibition of endo-
thelial APEX1 by vitexin is an approach for antiinflammation
therapies that target the disturbed flow-induced atheroprone
EC phenotype and the associated atherogenesis. We propose a
mechanism that disturbed shear stress promotes phosphoryla-
tion of p300 to induce its binding to APEX1 to lead to the acet-
ylation of APEXI, and that the acetylated APEX1 forms
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