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Endothelial UCP2 Is a Mechanosensitive
Suppressor of Atherosclerosis

Jiang-Yun Luo®; Chak Kwong Cheng;" Lei He, Yujie Pu, Yang Zhang, Xiao Lin®, Aimin Xu, Chi Wai Lau, Xiao Yu Tian‘2,
Ronald Ching Wan Ma, Hanjoong Jo‘, Yu Huang

BACKGROUND: Inflamed endothelial cells (ECs) trigger atherogenesis, especially at arterial regions experiencing disturbed
blood flow. UCP2 (Uncoupling protein 2), a key mitochondrial antioxidant protein, improves endothelium-dependent relaxation
in obese mice. However, whether UCP2 can be regulated by shear flow is unknown, and the role of endothelial UCP2 in
regulating inflammation and atherosclerosis remains unclear. This study aims to investigate the mechanoregulation of UCP2
expression in ECs and the effect of UCP2 on endothelial inflammation and atherogenesis.

METHODS: In vitro shear stress simulation system was used to investigate the regulation of UCP2 expression by shear flow.
EC-specific Ucp2 knockout mice were used to investigate the role of UCP2 in flow-associated atherosclerosis.

RESULTS: Shear stress experiments showed that KLF2 (Kriippel-like factor 2) mediates fluid shear stress-dependent regulation of
UCP2 expression in human aortic and human umbilical vein ECs. Unidirectional shear stress, statins, and resveratrol upregulate
whereas oscillatory shear stress and proinflammatory stimuli inhibit UCP2 expression through altered KLF2 expression. KLF2
directly binds to UCP2 promoter to upregulate its transcription in human umbilical vein ECs. UCP2 knockdown induced expression
of genes involved in proinflammatory and profibrotic signaling, resulting in a proatherogenic endothelial phenotype. EC-specific
Ucp2 deletion promotes atherogenesis and collagen production. Additionally, we found endothelial Ucp2 deficiency aggravates
whereas adeno-associated virus-mediated EC-Ucp2 overexpression inhibits carotid atherosclerotic plaque formation in disturbed
flow-enhanced atherosclerosis mouse model. RNA-sequencing analysis revealed FoxO1 (forkhead box protein O1) as the major
proinflammatory transcriptional regulator activated by UCP2 knockdown, and FoxO1 inhibition reduced vascular inflammation
and disturbed flow-enhanced atherosclerosis. We showed further that UCP2 level is critical for phosphorylation of AMPK (AMP-
activated protein kinase), which is required for UCP2-induced inhibition of FoxO1.

CONCLUSIONS: Altogether, our studies uncover that UCP2 is novel mechanosensitive gene under the control of fluid shear
stress and KLF2 in ECs. UCP2 expression is critical for endothelial proinflammatory response and atherogenesis. Therapeutic
strategies enhancing UCP2 level may have therapeutic potential against atherosclerosis.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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sensing cells that constantly perceive and respond rosis,? a leading cause of death in patients with stroke
to the hemodynamic forces generated by blood and myocardial infarction® Both the preclinical and
flow." The hemodynamic forces play a critical role in the  clinical data showed that atherosclerotic plaque occurs

Endothelial cells (ECs) are professional mechano-  development and geometric distribution of atheroscle-
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Flow-Regulated UCP2 and Atherosclerosis

Novelty and Significance

What Is Known?

* Endothelial dysfunction, characterized by inflammation,
oxidative stress, and fibrosis, is an early pathophysi-
ological change prone to atherogenesis.

« UCP2 (Uncoupling protein 2) protects against endo-
thelial dysfunction in diet-induced obese mice through
suppression of oxidative stress.

* In mice, global knockout of Ucp2 aggravates athero-
sclerosis and endothelial deficiency of Ucp2 increases
vascular dysfunction in pulmonary hypertension.

What New Information Does This Article

Contribute?

* Oscillatory shear stress and unidirectional shear stress
oppositely regulate UCP2 expression by altering KLF2
(Krippel-like factor 2) in endothelial cells (ECs). Vaso-
protective agents statins and resveratrol upregulate
whereas proinflammatory stimuli  suppress UCP2
mRNA expression. UCP2 is a novel KLF2 target gene
in ECs.

* UCP2 expression is critical for endothelial proinflam-
matory phenotype and UCP2 knockdown inactivates
AMPK (AMP-activated protein kinase), which leads
to activation of FoxO1 (forkhead box protein O1) tran-
scription factor that critically regulates the expression
of proinflammatory genes.

+ Endothelial Ucp2 deficiency exaggerates atherogen-
esis while Ucp2 overexpression in ECs attenuates
disturbed flow-enhanced atherosclerosis. Inhibition of
FoxO1 by AS1842856 in endothelial Ucp2 knockout
mice reduces disturbed flow-enhanced atherosclerotic
plaque formation.

Blood flow patterns play a critical role in the site-
specific distribution of atherosclerotic plaques along
the arterial tree. UCP2 protects against endothelial
dysfunction by reducing oxidative stress in obese
mice. Here, we demonstrate that endothelial UCP2 is
a novel transcriptional target of KLF2. UCP2 expres-
sion is differentially regulated by distinct flow patterns
and upregulated by statins and resveratrol through
KLF2-dependent mechanism. UCP2 is a mecha-
nosensitive suppressor of inflammation and UCP2
insufficiency inactivates AMPK to induce FoxOf1
activation, which drives endothelial inflammation. We
show further that Ucp2 knockout in ECs aggravates
western diet/disturbed flow-induced atherosclerosis,
while EC-specific Ucp2 overexpression attenuates
plaque formation in disturbed flow-enhanced athero-
sclerosis. Furthermore, FoxO1 inhibitor AS1842856
reduces disturbed flow-enhanced atherosclerotic
plaque formation in EC-specific Ucp2 knockout mice.
Our findings suggest that enhancing UCP2 expres-
sion/activity is a potential therapeutic strategy to
treat atherosclerosis.

Nonstandard Abbreviations and Acronyms

AKT protein kinase B

AMPK AMP-activated protein kinase
DF disturbed flow

ECs endothelial cells

eNOS endothelial nitric oxide synthase

FoxO1 forkhead box protein O

HAECs human aortic endothelial cells

HO-1 HMOX1

HUVECs human umbilical vein endothelial cells
IL interleukin

KLF2 Krippel-like factor 2

(0111 oscillatory shear stress

ox-LDL oxidized low-density lipoprotein

PI3K phosphoinositide 3-kinases

ROS reactive oxygen species
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TGF transforming growth factor
UCP2 uncoupling protein 2
uUss unidirectional shear stress

preferentially in the branched or curved areas of blood
vessels, where blood flow is oscillatory or disturbed.*®
However, much less plaque is detected in the straight
part of blood vessel, where blood flow is unidirectional ®
Investigating the underpinning mechanisms of such site-
specific distribution of atherosclerotic plaques will criti-
cally contribute to the development of better therapeutic
options for treating atherosclerosis.

In recent years, targeting inflammation was proposed
as a rational measure to combat against atherosclerosis
and ongoing clinical trials using monoclonal antibodies
against IL (interleukin)-1p and IL-6 in patients showed
promising anti-atherosclerotic efficacy.” Multiple types
of cells participate in atherogenesis and dysfunction of
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ECs is essential in the initiation of atherosclerosis.® 1
In the early phase of atherogenesis, elevated circulating
levels of ox-LDL (oxidized low-density lipoprotein) and
proinflammatory mediators induce inflammation and
oxidative stress on the vascular wall and ECs become
damaged and express elevated levels of proinflamma-
tory genes including vascular cell adhesion molecule
1. The inflamed ECs orchestrate the recruitment of
immune cells to the injury sites and modulate the differ-
entiation of proinflammatory cells during the buildup of
plaques.'"'? One promising anti-inflammatory target in
ECs is KLF2 (Kruppel-like factor 2), a transcription fac-
tor inducible by unidirectional shear stress (USS) and
lipid-lowering drugs statins.'®'* Importantly, KLF2 exerts
anti-inflammatory and antioxidant effects in ECs.'>'®
Although hemizygous deficiency of KLF2 in mice was
reported to promote atherosclerosis,’” the mechanism
of its anti-atherosclerotic effect in ECs remains to be
further revealed.

UCP2 (Uncoupling protein 2) is a mitochondrial
proton anion that controls production of mitochondrial
superoxide anion.'® UCP2 inhibits oxidative stress to pre-
serve nitric oxide bioavailability and endothelial function
in diet-induced obese mice.'”® Endothelial UCP2 regu-
lates mitophagy and prevents excessive EC apoptosis
but UCP2 deficiency exaggerates intermittent hypoxia-
induced pulmonary hypertension.® Although UCP2 in
bone marrow-derived cells was reported to be protective
against atherosclerosis,?' it remains untested whether
endothelial UCP2 is an critical player in atherogenesis.
In addition, except for a role of AMPK (AMP-activated
protein kinase) in induction of UCP22 little is known
about other regulatory mechanisms of UCP2 expression
in ECs. Therefore, it is necessary to examine the endo-
thelium-specific role of UCP2 in atherogenesis and the
molecular regulatory mechanism of UCP2 expression
in ECs for the determination of the pathophysiological
function of endothelial UCP2 in atherosclerosis.

In the present study, we demonstrate that UCP2
expression is inhibited by disturbed flow (DF) and inflam-
matory cytokines. By contrast, USS and vasoprotec-
tive agents (statins and resveratrol) upregulate UCP2
expression through a KLF2-dependent mechanism. We
further reveal that UCP2 is a direct transcriptional tar-
get of KLF2 in ECs and endothelial UCP2 deficiency
induces proinflammatory response. UCP2 deficiency in
ECs aggravates both western diet-induced atheroscle-
rosis and DF-associated atherosclerosis, while EC-spe-
cific UCP2 overexpression attenuates plaque formation
in DF-induced atherosclerosis in the carotid artery. We
used RNA-sequencing analysis and identified FoxO1, a
transcription factor inactivated by PI3K (phosphoinosit-
ide 3-kinases)-Akt (protein kinase B) signaling and
an critical regulator of endothelial metabolic activity,?®
is a critical proinflammatory mediator downstream of
UCP2-AMPK axis.
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METHODS
Data Availability

All supporting data are available within the article and its
Supplemental Material. For details on the experimental
procedures and materials used, please refer to the Major
Resources Table and the materials and methods section in the
Supplemental Material.

RESULTS

Differential Regulation of UCP2 Expression by
Distinct Flow Patterns

To determine the expression of UCP2 in ECs in response
to different types of shear stress generated by blood flow,
both human aortic ECs (HAECs) and human umbilical
vein ECs (HUVECs) were exposed for different durations
to oscillatory shear stress (OSS) or USS generated by
the Ibidi pump system. Gene expression results showed
that, compared with cells kept static (STA), UCP2 mRNA
expression was inhibited by OSS (Figure 1A and 1B
and Figure STA and S1B). By contrast, USS upregu-
lated UCP2 mRNA (Figure 1C and 1D and Figure S1C).
Consistent with the mRNA expression data, Western
blotting results showed 24-hour OSS decreased (Fig-
ure 1E) while 24-hour USS increased (Figure 1F) the
UCP2 protein level in HUVECs. To detect the relative
UCP2 expression levels in different aortic regions, we
isolated aortic arch and thoracic aorta (TA) from mouse
aortas for Western blotting analysis and found UCP2
expression in aortic arch, where blood flow is disturbed,
is lower than that in TA, where blood flow is unidirectional
(Figure 1G and 1H and Figure S1G), thus revealing that
UCP2 expression is also inhibited by OSS in vivo. UCP2
is known to suppress mitochondrial reactive oxygen spe-
cies (ROS) in ECs." Indeed, knockdown of UCP2 using
shRNA in HAECs promoted generation of mitochondrial
ROS which was inhibited by ROS scavenger tempol (Fig-
ure S1D through S1F). En face endothelium staining of
mitochondrial ROS showed that the ECs in aortic arch
accumulated a higher level of mitochondrial ROS than
those in TA (Figure 11 and Figure S1H), suggesting that
the OSS-suppressed UCP2 expression likely contributes
to increased oxidative stress in aortic arch.

KLF2 Transcriptionally Regulates UCP2
Expression

The transcription factor KLF2 controls the expression of
a large number of genes responsive to shear stress and
KLF2 expression is also differentially regulated by differ-
ent flow patterns. We next asked whether KLF2 plays a
role in controlling UCP2 expression in ECs in response
to hemodynamic forces. Overexpression of KLF2 by
adenovirus KLF2 (Ad-KLF2) in HUVECs reversed the
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Figure 1. Differential regulation of UCP2 (uncoupling protein 2) by distinct flow patterns.

Oscillatory shear stress (OSS) for 12 h downregulated UCP2 mRNA level in human aortic endothelial cells (HAECs; A) and human umbilical vein

ECs (HUVECs; B), =6, nonparametric Mann-Whitney test. Unidirectional shear stress (USS) for 24 h upregulates UCP2 mRNA level in HAECs (C)
and HUVECs (D), n=6, nonparametric Mann-Whitney test. E, Representative and summarized Western blotting data showing inhibited UCP2 protein
expression in HUVECs exposed to OSS for 24 h. n=6, nonparametric Mann-Whitney test. F, Representative and summarized Western blotting data
showing increased expression of UCP2 protein level in HUVECs exposed to USS for 24 h. n=6, nonparametric Mann-Whitney test. G, Diagram
showing the location of thoracic aorta (TA) and aortic arch (AA) in the mouse aortas. H, Western blotting data showing reduced UCP2 protein level in
AA compared with TA, VCAM-1 level was known to be increased in AA and used as a positive control here, n=4. I, En face MitoSOX staining indicative
of mitochondrial ROS in the en face endothelium of aortas shows that AA has higher level of mitochondrial ROS compared with TA. Scale bar: 50 um.
Representative images were selected as they best represent images obtained as well as the mean values of each condition. STA indicates static.

inhibitory effect of 0SS on UCP2 mRNA expression  adenovirus KLF2-shRNA (Ad-shKLF2) abolished USS-
(Figure 2A), suggesting that KLF2 can increase UCP2  induced UCP2 mRNA upregulation I(Figure QB)- Like-
expression. However, knockdown of KLF2 in HUVECs by~ Wise, overexpression of a DNA-binding defective form
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Figure 2. UCP2 (Uncoupling protein 2) is a target of KLF2 (Kriippel-like factor 2).

A, Real-time quantitative polymerase chain reaction (qPCR) data showing KLF2 overexpression by adenovirus KLF2 (Ad-KLF2) reversed
oscillatory shear stress (0SS)-induced downregulation of UCP2 mRNA in human umbilical vein ECs (HUVECs), OSS time is 12 h, n=5, 2-way
ANOVA, Tukey post hoc. B, Real-time gPCR data showing KLF2 knockdown by KLF2-shRNA abolished unidirectional shear stress (USS)-
induced upregulation of UCP2 mRNA in HUVECs, USS time is 24 h, n=b, 2-way ANOVA, Tukey post hoc. C, Western blotting data showing
Ad-KLF2-mediated KLF2 overexpression for 24 h induces UCP2 protein expression in HUVECs. D, Ad-KLF2 overexpression for 24 h

induces UCP2 mRNA expression in HUVECs and human aortic ECs (HAECs). n=5, nonparametric Mann-Whitney test. E, Endothelium-specific
overexpression of KIf2 mediated by Ad-Cdh5-KIf2 in C57 mice for 7 d upregulated mRNA levels of KIf2, Ucp2, and Nos3 in mouse aortas. n=5,
nonparametric Mann-Whitney test. Representative western blots and summarized data (F) showing that endothelium-specific overexpression

of KIf2 mediated by Ad-Cdh5-KIf2 in C57 mice for 7 d upregulated UCP2 protein expression in mouse aortas. n=5, nonparametric Mann-
Whitney test. KLF2 knockdown by KLF2-shRNA downregulated mRNA (G) and protein (H) levels of KLF2, UCP2, and eNOS (endothelial nitric
oxide synthase) in HUVECs. n=6, nonparametric Mann-Whitney test. I, Dual luciferase activity assay results showing KLF2 regulates UCP2
promoter activity in HEK293A cells transfected with different lengths of human UCP2 promoters. n=4, 2-way ANOVA, Tukey post hoc. J, KLF2
increases UCP2 promoter activity in HUVECs electroporated a =508 bp UCP2 promoter. n=4, nonparametric Mann-Whitney test. K, Chromatin
immunoprecipitation (ChlP)-gPCR assay in HUVECs transduced with Ad-KLF2 showing enriched KLF2 binding to UCP2 promoter. n=4,
nonparametric Mann-Whitney test. Representative images were selected as they best represent images obtained. SCR indicates scramble.
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of KLF2 (Ad-KLF2AZnF) in HUVECs reduced USS-
induced UCP2 mRNA expression (Figure S1l). These
results clearly indicate that KLF2 expression is required
for UCP2transcription in ECs in response to USS. To test
whether KLF2 can directly induce UCP2 expression, we
determined basal UCP2 expression and found that Ad-
KLF2 significantly elevated both UCP2 protein expres-
sion in HUVECs (Figure 2C and Figure S2A) and UCP2
mRNA expression in HAECs, HUVECs and mouse aortic
ECs (Figure 2D and Figure S2B). To determine whether
KLF2 induces UCP2 expression in vivo, we generated
EC-specific overexpression adenoviral KIf2 (Figure S3A)
whose expression is under the control of mouse VE-Cad-
herin promoter (Ad-Cdh5-KIf2) and injected it to mice
via tail vein for 7 days. Compared with Ad-GFP (green
fluorescent protein)-injected control, the mRNA level of
mouse KIf2, Ucp2, and Nos3 (a known target gene of
KLF2) in mouse aortas, hearts and livers was all upregu-
lated by Ad-Cdhb-KIf2 (Figure 2E and Figure S3B and
S30C). Consistently, UCP2 protein level in mouse aortas
was also increased by Ad-Cdhb-KIf2 (Figure 2F). In con-
trast to the effect of KLF2 overexpression, knockdown of
KLF2 by shRNA downregulated the expression of UCP2
mRNA and protein in HUVECs (Figure 2G and 2H).
Moreover, overexpression of Ad-KLF2AZnF decreased
basal UCP2 mRNA and protein expression (Figure S2C
and S2D), suggesting that KLF2 likely regulates UCP2
expression through transcriptional mechanisms.

We next sought to investigate whether KLF2 can bind
to UCP2 promoter. We first checked the putative KLF2
binding core sequences (CA/GCCC) in UCP2 promoter
region and found that there are a number of CA/GCCC
sequences within 1000 bp DNA sequences before
transcription start site (Figure S2F). We cloned a UCP2
promoter 3500 bp in length to pGL3 vector and cotrans-
fected the promoter with KLF2 wild type and mutant
plasmids to HEK293A cells. Dual luciferase assay
showed that wild type-KLF2 increased luciferase sig-
nal while KLF2 mutants KLF2AZnF and ZnF decreased
basal UCP2 promoter activity in HEK293A cells trans-
fected with a 3500 bp UCP2 promoter (Figure S2E). To
identify the putative KLF2-binding region(s) in the UCP2
promoter, we performed the UCP2 promoter truncation
analysis and showed that, compared with the luciferase
signal produced by —581 bp fragment of UCP2 pro-
moter plasmid, the plasmid with —308 bp fragment of
UCP2 promoter showed a significant reduction in lucif-
erase activity, indicating that KLF2 is most likely to bind
to the DNA regions from —581 to —308 bp (Figure 2I).
In addition, compared with the luciferase signal produced
by —308 bp fragment of UCP2 promoter plasmid, the
plasmid with =227 bp fragment of UCP2 promoter also
showed a significant decrease in producing luciferase
signal (Figure 21), suggesting that the DNA region from
—308 bp to =227 bp in UCP2 promoter can also be
occupied by KLF2. Furthermore, electroporation of the
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—b581 bp UCP2 promoter to HUVECs also showed that
KLF2 increased UCP2 promoter activity (Figure 2J).

To determine whether KLF2 directly binds to UCP2
promoter, we performed chromatin immunoprecipita-
tion assay in HUVECs. Compared with IgG controls,
KLF2 chromatin immunoprecipitation has an enrichment
in UCP2 promoter region (Figure 2K and Figure S2G),
demonstrating that KLF2 is capable of a direct binding
to UCPZ promoter. Previous studies revealed that UCP2
expression is positively regulated by PGC-1a (peroxisome
proliferator-activated receptor gamma 1, coactivator) in
muscle cells?* Indeed, PGC-1a knockdown decreased
UCP2 mRNA level (Figure S2H), indicating that PGC-1a.
maintains the basal UCP2 transcription in ECs. However,
KLF2-induced UCP2 upregulation appears independent
of PGC-1a as knockdown of PGC-1a did not affect KLF2
overexpression-induced UCP2 mRNA expression (Fig-
ure S2I). In cancer cells, UCP2 is negatively regulated by
SMAD4.2 In congruence, SMAD4 knockdown by shRNA
upregulated UCP2 mRNA level in HUVECs (Figure S2I),
but KLF2-induced UCP2 expression was not affected
by SMAD4 knockdown (Figure S2J through S2L), thus
confirming that SMAD4 as a negative regulator of UCP2
is not involved in KLF2-regulated UCP2 expression in
ECs. Taken together, the present results demonstrate that
UCP2 is a new direct target of KLF2 in ECs.

Regulation of UCP2 by Proinflammatory Stimuli
and Vasoprotective Agents

KLF2 expression is suppressed by proinflammatory
mediators including cytokines and ox-LDL.%?" We
hypothesized that KLF2-UCP2 signaling axis par-
ticipates in endothelial proinflammatory response. In
contrast to other antioxidant proteins which were upreg-
ulated by IL-1p (Figure S3D), UCP2 mRNA expression
was inhibited by IL-1f (Figure 3A). In addition, treatment
of HUVECs with lysophosphatidylcholine, an impor-
tant component of ox-LDL?® and phorbol 12-myristate
13-acetate downregulated UCP2 mRNA expression
(Figure 3B and 3C). These results indicate that UCP2 is
an endothelial antioxidant protein susceptible to be inhib-
ited by inflammatory stimuli.

Vasoprotective agents, such as statins and resveratrol,
were reported to induce KLF2 expression in ECs."3?° To
test whether KLF2-UCP2 axis can be targeted by these
therapeutic agents, we treated HUVECs with rosuvastatin
and resveratrol and found that UCP2 mRNA expression
was time-dependently upregulated by both drugs (Figure
S3E and S3F). Likewise, simvastatin, rosuvastatin, and
resveratrol all upregulated UCP2 mRNA in HAECs (Fig-
ure 3D). UCP2 promoter activity was inhibited by IL-1f
but increased by rosuvastatin and resveratrol (Figure 3E),
suggesting the involvement of transcriptional regulatory
mechanism of UCP2 expression by these treatments. To
determine whether KLF2 is required for UCP2 induction by
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Figure 3. Regulation of UCP2 (uncoupling protein 2) by inflammation and vasoprotective agents.

A-C, Real-time quantitative polymerase chain reaction (qPCR) data showing UCP2 mRNA expression is inhibited by proinflammatory mediators IL
(interleukin)-1p (10 ng/mL), lysophosphatidylcholine (LPC; 100 pmol/L), and phorbol 12-myristate 13-acetate (PMA; 1 pmol/L), nonparametric
Mann-Whitney test. D, Human umbilical vein ECs (HUVECSs) treated with simvastatin (SMV, 1 umol/L), rosuvastatin (RSV, 10 pmol/L), and
resveratrol (RES, 50 umol/L) for 24 h showed upregulated expression of UCP2 mRNA, nonparametric Mann-Whitney test. E, Opposite regulation
of UCP2 promoter activity in HUVECs transfected with UCP2 promoter plasmid (581 bp in length) by IL-1f and vasoprotective agents RSV and
RES. Two-way ANOVA, Tukey post hoc. F, KLF2 (Krippel-like factor 2) knockdown in HUVECs by KLF2-shRNA abolished induction of UCP2
mRNA by treatment with SMV, RSV, and RES for 24 h. Two-way ANOVA, Tukey post hoc. G, SMV treatment antagonized the inhibitory effect of
IL-1p on UCP2 mRNA expression. Two-way ANOVA, Tukey post hoc. PBS indicates phosphate-buffered saline.

these agents, KLF2 was silenced by KLF2-shRNA before
treatment. KLF2 knockdown abolished UCP2 induction
by 24-hour treatment with simvastatin, rosuvastatin, and
resveratrol (Figure 3F and Figure S3G). Moreover, simv-
astatin treatment was antagonistic against IL-13-induced
inhibition of UCP2 expression in HUVECs (Figure 3G).
Altogether, the present results demonstrate that target-
ing the KLF2-UCP2 signaling axis holds much therapeu-
tic potential against vascular inflammation.

UCP2 Knockdown Induces a Proinflammatory
and Profibrotic EC Phenotype

The negative regulation of UCP2 by proinflammatory
mediators prompted us to wonder whether UCP2 is critical
in regulating proinflammatory responses in ECs. We gen-
erated EC-specific UCP2 knockout mice (Ucp2*¥, Figure
S4A through S4D) which exhibited increased oxidative
stress in the aortic endothelium as indicated by elevated
mitochondrial ROS level (Figure 4A and 4B). Knockdown
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of UCP2 in HAECs induced the expression of antioxidant
genes like HMOX1, SOD2, and GPX3 (Figure S4E) and
HO-1 (HMOXQ1 [heme oxygenase 1]) protein (Figure
S4F). The mRNA expression analysis showed that Hmox 1
but not Ngo7 was upregulated in aortas from Ucp2*¢ mice
(Figure S4G). The upregulation of cytoprotective HO-1 in
UCP2-silenced ECs is likely attributed to the increased
oxidative stress which normally triggers activation of anti-
oxidant pathways.

Sustained oxidative stress can result in chronic
inflammation in many cell types. We detected the
expression of proinflammatory genes in UCPZ2-silenced
ECs. The mRNA level of vascular adhesion molecules
VCAM1, ICAM1, and SELE, chemokine CCL2 and
cytokine IL6 was all upregulated in UCPZ-silenced
HAECs and HUVECs (Figure 4C and Figure SBA).
We observed a reduced expression of IkBa, which
negatively regulates NF-kB (nuclear factor kappa B)
activity, together with increased protein expression of
VCAM-1 (vascular cell adhesion molecule 1), MCP-1
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Figure 4. UCP2 (Uncoupling protein 2) knockdown induces a proinflammatory and profibrotic endothelial cell (EC) phenotype.
A, En face endothelium MitoSox staining showing elevated MitoSox fluorescence signal in endothelium of mouse aortas from Ucp2*t¢ mice.
Scale bar: 50 pm. B, Statistical summary of MitoSOX fluorescence intensity in en face endothelium of mouse aortas from Ucp2”" and Ucp2*&°
mice. Nonparametric Mann-Whitney test. C, Elevated expression of vascular proinflammatory genes VCAM1, ICAM1, SELE, CCL2, and IL6,
nonparametric Mann-Whitney test, and upregulated protein expression of VCAM-1, MCP-1, and IL-6 but inhibited expression of IkBat in in UCP2
silenced human aortic ECs (HAECs; D). E, Compared with aortas from Ucp2”" mice, the aortas from Ucp2*E€ mice express higher mRNA level

of Veam1, Icam1, Sele, Ccl2, and /6, nonparametric Mann-Whitney test. F, Monocyte attachment assay showed that more monocyte attached

to UCP2 silenced HAECs, figure magnification x20; nonparametric Mann-Whitney test. UCP2 knockdown in HAECs induces expression of (G)
collagen genes COL1A2, COL3A1, COL4A1, COL4A2 and COL5AT and (H) genes involved in extracellular matrix (ECM) degradation MMP1,
MMP2, and F3, nonparametric Mann-Whitney test.
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(monocyte chemoattractant protein 1), and IL-6 in
UCP2® HAECs (Figure 4D). UCP2-silenced HUVECs
also expressed much greater protein levels of VCAM-1
and MCP-1 (Figure S5B through S5D). Consistent
with in vitro observations, the mRNA level of Vcaml,
lcam1, Sele, Ccl2 and [l6 was elevated in the aortas
from Ucp2*¥¢ mice (Figure 4E). Moreover, Ccl2 and
Sele levels were increased in isolated lung ECs from
Ucp2°E¢ mice (Figure SBE). Furthermore, monocyte
attachment assay showed that UCP2 knockdown pro-
moted adhesion of monocytes to HAECs (Figure 4F).
These results demonstrate that UCP2 insufficiency in
ECs is proinflammatory.

As ECs is a critical cell type in initiating vascular
diseases which are often characterized with fibrosis,*°
we next interrogated whether UCP2 silencing plays
a role in expression of fibrotic genes. Analysis of the
expression of a number of collagen genes revealed
that UCP2 regulates expression of fibrillar collagens
COL1A2, COL3A1, and COL5A1 (Figure 4G). The
expression of type IV collagen which forms basement
membrane was also upregulated in UCPZ-silenced
HAECs (Figure 4G). Accordingly, the expression of
collagenases MMP1 and MMPZ and tissue factor F3
were also increased in these UCPZ-silenced HAECs
(Figure 4H), indicating remodeled extracellular matrix
when UCP2 expression is inhibited. In summary, UCP2
expression is critical for EC homeostasis and sup-
pressed UCP2 expression results in proinflammatory
and profibrotic responses.

EC-Specific UCP2 Deletion Aggravates
Whereas UCP2 Overexpression Attenuates
Atherosclerosis

The critical role of UCP2 in regulating expression
of proinflammatory and profibrotic genes led us to
hypothesize that endothelial UCP2 is important for
the pathogenesis of atherosclerosis, a vascular dis-
order of chronic inflammation. We endeavored to use
a method for induction of atherosclerosis in mice by
injecting the adeno-associated virus proprotein con-
vertase subtilisin/kexin type 9 (AAV-Pcsk9), which
degrades LDL receptor in mouse livers (Figure S6A
and S6B), leading to increased serum lipids. Indeed,
serum lipid level was rapidly elevated in AAV-Pcsk9-
injected mice on a western diet for 1 week (Figure
S6C through S6F). To investigate whether EC-spe-
cific deletion of Ucp2 affects atherogenesis, the
AAV-Pcsk9-injected Ucp2”t and Ucp2*t¢ mice were
fed a western diet for 15 weeks. Oil Red O stain-
ing of mouse aortas showed that UCP2 deficiency
in ECs aggravated atherosclerosis (Figure 5A and
5B), without affecting the serum lipid profile (Fig-
ure S6G through S6J). In agreement with the in vitro
data showing increased expression of collagen genes
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in UCP2-silenced ECs (Figure 4G), the Masson tri-
chrome staining of collagens in aortic roots showed
that, compared with Ucp2”f mice, Ucp2*° mouse aor-
tic roots expressed higher levels of collagens (Fig-
ure bC and 5D).

Given UCP2 expression is inhibited by OSS, we
reasoned that UCP2 is a critical regulator of DF-asso-
ciated atherosclerosis. To test this hypothesis in vivo,
mice were received left carotid artery partial ligation
surgery to develop DF-enhanced atherosclerosis. The
AAV-Pcsk9-injected UcpZ”" and Ucp2*E¢ mice were
fed a western diet immediately after recovery from
surgery. Fifteen days postsurgery, more plaques devel-
oped in left carotid arteries from Ucp2*¥ mice than
those from Ucp2/f mice (Figure BE and 5F and Fig-
ure STA). By contrast, ApoE~~ mice with EC-specific
Ucp2 overexpression using EC-enhanced AAV9 vec-
tor that is driven by Ve-Cadherin promoter exhibited
a reduced plaque formation in left carotid arteries 3
weeks postsurgery (Figure 5G and bH and Figure S7B
through S7D). Moreover, the in vitro UCP2 knockdown
and overexpression experiments in HUVECs showed
that UCP2 level is critical for KLF2 expression; UCP2
knockdown reduced whereas UCP2 overexpression
increased KLF2 mRNA level (Figure STE and S7F),
indicating a reciprocal regulation between UCP2 and
KLF2 in ECs. Furthermore, UCP2 downregulation was
observed in the plaque area of human renal arter-
ies (Figure S11C). Taken together, both gain- and
loss-of-function experiments in vivo demonstrate the
importance of endothelial UCP2 in DF-associated
atherogenesis.

UCP2 Deficiency Activates FoxO1 to Induce
Endothelial Inflammation

Given the importance of UCP2 in endothelial proin-
flammatory responses and atherogenesis, we next
investigated the underlying mechanisms for UCP2
deficiency-induced inflammation in ECs by performing
whole transcriptome analysis using RNA sequencing in
UCP2*® HAECs. Database for Annotation, Visualization,
and Integrated Discovery (DAVID) Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analysis revealed several enriched pathways that are
important in cell metabolism and proliferation (Figure B6A
and Figure S8A), including Ribosome, FoxO signaling
pathway, focal adhesion, cell cycle, DNA replication,
and pyrimidine metabolism. We further analyzed the dif-
ferentially expressed genes and found that a panel of
differentially expressed genes are FoxO1 target genes
(Figure 6B). FoxO1 is a transcription factor critical for the
metabolic activity and growth of vascular endothelium,
and its activity can be inhibited by the PISK-Akt pathway,
which is also a top ranked enriched pathway in UCP2®
HAECs (Figure 6A and Figure S8A). FoxO1 nuclear level
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Figure 5. Endothelial UCP2 (uncoupling protein 2) is critical for atherogenesis.

Oil Red O staining (A) and summarized data (B) showing endothelial cell (EC)-specific UCP2 knockout promotes atherosclerotic plaque
formation, nonparametric Mann-Whitney test. Increased collagen level visualized by Masson trichrome staining (C) and summarized data (D) for
elevated collagen level in aortic roots from Ucp2*t mice, nonparametric Mann-Whitney test. E and F, Increased plaque formation in Ucp2*€¢ mice
receiving left carotid partial ligation surgery, nonparametric Mann-Whitney test. G and H, AAV-Cdh5-Ucp2-mediated overexpression of UCP2
specifically in ECs reduced plaque formation in ApoE~~ mice receiving left carotid partial ligation surgery, unpaired ¢ test. Scale bar: 200 pym.

was increased in UCPZ® HAECs (Figure 6C through
6E). Western blotting analysis showed that total FoxO1
expression was increased while the levels of phosphory-
lated FoxO1 at serine 256 and phosphorylated Akt and
eNOS (endothelial nitric oxide synthase) were reduced
in UCPZ® HAECs (Figure 6F), indicating diminished
Akt activity and increased FoxO1 nuclear translocation.
These results demonstrate that FoxO1 is a transcrip-
tional regulator that is activated by UCP2 deficiency.

Circulation Research. 2022;131:424-441.DOI: 10.1161/CIRCRESAHA.122.321187

Endothelial FoxO1 ablation was reported to be anti-
inflammatory and protective from atherosclerosis in
mice.®" To further reveal the role of FoxO1 in mediat-
ing UCP2 deficiency-mediated endothelial inflamma-
tion, we first overexpressed a mutant form of FoxO1
with 3 Akt phosphorylation sites mutated to alanine
(FoxO1-AAA) in HAECs and found that FoxO1-
AAA significantly induced the expression of proin-
flammatory genes that are also inducible by UCP2
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Figure 6. UCP2 (Uncoupling protein 2) regulates PI3K (phosphoinositide 3-kinases)-Akt (protein kinase B)-FoxO1 (forkhead
box protein O1) pathway in endothelial cells (ECs).

A, Enriched KEGG pathways for upregulated genes in UCPZ® human aortic endothelial cells (HAECs). B, Heatmap showing differentially
expressed FoxO1 target genes in scramble (SCR) and UCP2® HAECs, fold change value of each gene was shown in the bracket. FoxO1

target genes were selected according to published data showing FoxO1 directly controls the transcription of these genes. C, FoxO1 nuclear
translocation visualized by immunofluorescence staining was increased in UCPZ® HAECs, Scale bar: 100 pm. D and E, Nuclear/cytosolic
fractionation of HAECs protein lysates followed by Western blotting analysis showing FoxO1 nuclear level is increased by UCP2 knockdown. n=4,
nonparametric Mann-Whitney test. F, Western blotting results showing increased expression of total FoxO1 but reduced level of p-FoxO1 S256,
p-Akt S473, p-Akt T308, p-eNOS (endothelial nitric oxide synthase) S1177 in UCP2® HAECs. Ad-FoxO1-AAA induced mRNA expression (G) of
VCAM1, ICAM1, SELE, CCL2, and IL6 and inhibited [xBa expression but increased protein level (H) of p-JNK, JNK1, and VCAM-1, nonparametric
Mann-Whitney test. TGF indicates transforming growth factor.
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Figure 7. FoxO1 (Forkhead box protein O1) inactivation reduces inflammation and attenuates UCP2 (uncoupling protein 2)

deficiency-induced atherosclerotic plaque formation.

A, FoxO1 knockdown by shRNA reduced basal mRNA level of VCAM1, ICAM1, SELE, and CCLZ2, nonparametric Mann-Whitney test. B, FoxO1
inhibitor AS1842856 (1 pmol/L) abolished mRNA expression of VCAM1 and CCL2 induced by UCP2 knockdown in human aortic endothelial cells
(HAECs). Two-way ANOVA, Tukey post hoc. € and D, FoxO1 inhibitor AS1842856 reduced atherosclerotic plaque formation in Ucp2”f and Ucp2*&©
mice receiving left carotid partial ligation surgery, 2-way ANOVA, Tukey post hoc. Immunofluorescence staining showing AS1842856 suppressed (E)
VCAM-1 level and (F) macrophage infiltration in atherosclerotic carotid arteries exposed to disturbed flow generated by partial ligation.

knockdown (Figure 6G). FoxO1-AAA also increased
JNK phosphorylation, JNK1, and VCAM-1 expression
but inhibited IxBa expression (Figure 6H), suggesting
that FoxO1 can activate JNK and NF-xB pathways

to induce inflammation in ECs. Luciferase reporter
assays further confirmed that FoxO1 promoted the
transcriptional activity of NF-xB and AP-1 (Figure
S8B and S8C).
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FoxO1 Inhibition Reduces Endothelial
Inflammation and Atherogenesis Induced by
UCP2 Deficiency

In contrast to the proinflammatory effect of FoxO1 acti-
vation, knockdown of FoxO1 reduces, except for L6,
basal expression of proinflammatory genes VCAMIT,
ICAM1, SELE, and CCL2in HAECs (Figure 7A and Fig-
ure S8D and S8E). FoxO1 knockdown also reduces the
basal transcriptional activity of NF-xB (Figure S6F). To
determine the effect of FoxO1 activation in UCP2"-
induced endothelial inflammation, we used FoxO1
inhibitor AS1842856 that blocks FoxO1 transcription
activit,. AS1842856 treatment abolished UCP2P-
induced FoxO1 expression and reversed the induction
of CDKN1B, a well-known FoxO1 transcription target
(Figure S8G through S8I). AS1842856 also reversed
UCP2®-induced expression of VCAM1 and CCL2 (Fig-
ure 7B), thus confirming that FoxO1 is a proinflamma-
tory mediator that is activated by UCP2 knockdown.

To determine whether increased FoxO1 signaling
contributes to the endothelial UCP2 knockout pheno-
type, we used FoxO1 inhibitor AS1842856 to treat the
Ucp2”F and Ucp2*=¢ mice subjected to partial ligation of
carotid arteries. The results showed that the formation of
atherosclerotic plaques in Ucp2” mice was attenuated
by FoxO1 inhibition, and the aggravated plaque forma-
tion in Ucp2*E¢ mice was also reduced by AS1842856
(Figure 7C and 7D and Figure S9A), suggesting FoxO1
signaling not only contributes to normal but also UCP2
knockout-accelerated atherogenesis. The reduced for-
mation of atherosclerotic plaques in AS1842856-treated
mice was accompanied by a decreased expression of
VCAM-1 (Figure 7E) in carotid arteries and a panel of
proinflammatory genes (Vcam1, Sele, Ccl2, and Icam1)
in aortas (Figure S9B and S9C). Moreover, the infiltra-
tion of macrophage to vascular tissues was reduced by
AS18492856 (Figure 7F) in Ucp2”" and Ucp2*¢ mice.
Furthermore, histological analysis of the carotid arteries
showed that AS1842856 decreased DF-enhanced vas-
cular remodeling (Figure S10A).

UCP2 Modulates AMPK Activity to Impact on
Akt-FoxO1 Pathway

UCP2 is a mild uncoupler of ATP synthesis in the elec-
tron transport chain, and increased UCP2 expression
may inhibit cellular ATP production and induce energy
stress in ECs. AMPK is a master regulator of cellular
homeostasis under energy stress and critically regu-
lates atherosclerosis.®> Therefore, we hypothesize that
UCP2 modulates AMPK activity to impact on Akt-FoxO'1
pathway. We found that UCP2 overexpression increased
phosphorylated level of AMPK at threonine 172 (p-AMPK
T172) in HUVECs (Figure 8A and Figure S10B), sug-
gesting increased AMPK activity by UCP2. To determine
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whether elevated AMPK activity by UCP2 overexpres-
sion plays a role in regulation of Akt-FoxO1 pathway,
we used Compound C to inhibit AMPK. Basal levels of
p-FoxO1 5256, p-Akt S473, and p-Akt T308 were sup-
pressed, while the total FoxO1 level was increased by
Compound C in control HUVECs (Figure 8B and Fig-
ure S10C). AMPK inhibition abolished UCP2-induced
p-AMPK T172, p-FoxO1 S256, and p-Akt S473/T308
(Figure 8B and Figure S10C). To support the role of
UCP2 overexpression in AMPK activation, we measured
cellular ADP/ATP level and mitochondrial membrane
potential. The result showed that UCP2 overexpression
decreased mitochondrial membrane potential indicated
by the dye MitoTracker Red CMXRos (Figure S11A).
ADP/ATP assay showed that there was a significant
increase of ADP/ATP ratio in Ad-UCP2-treated group
(Figure 8C), indicating increased cellular energy stress
by UCP2 overexpression. By contrast to the effect of
UCP2 overexpression on AMPK activation, knockdown
of UCP2 reduced level of p-AMPK T172 (Figure 8D and
Figure S11B). In consistent with in vitro data, endothe-
lial UCP2 deficiency leads to a reduced p-AMPK T172
in mouse aortas (Figure 8E and 8F and Figure S11C).
These results demonstrate that AMPK is critical for
UCP2-induced activation of Akt, which subsequently
phosphorylates FoxO1 to render it inactive.

DISCUSSION

Here, we demonstrate that UCP2 expression is nega-
tively regulated by atheroprone OSS and proinflamma-
tory mediators in ECs. The atheroprotective USS and
vasoprotective agents including simvastatin, rosuvastatin,
and resveratrol upregulate UCP2 expression through the
mechanosensitive transcription factor KLF2. We further
uncover that UCP2 is a novel mechanosensitive gene
under a direct control of KLF2. Mechanistic studies of
the UCP2-regulated inflammation reveal that FoxOf1,
whose activity is regulated by UCP2-induced AMPK,
as a proinflammatory mediator in ECs when UCP2 is
silenced. The in vivo investigation using gain- and loss-of-
function approaches support that UCP2-FoxO1 signal-
ing is a critical for endothelial proinflammatory response
and DF-associated atherosclerosis. These novel findings
suggest that activation of the KLF2-UCP2 signaling axis
may represent an effective anti-inflammatory strategy for
treating atherosclerosis.

KLF2 is a shear stress-responsive transcription fac-
tor inducible by USS3* The differential regulation of
UCP2 by OSS and USS prompted us to investigate
whether KLF2 regulates UCP2 in ECs in response to
hemodynamic forces. The identification of UCP2 as a
novel target of KLF2 helps gain deeper mechanistic
insights into previously unexplained effects of USS and
KLF2. For example, earlier studies suggested that the
antioxidant effects of USS and KLF2 are independent
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Figure 8. AMPK (AMP-activated protein kinase) is a key mediator of the inhibitory effect of UCP2 (uncoupling protein 2) on
FoxO1 (forkhead box protein O1).
A, UCP2 knockdown inhibits AMPK activity but increases FoxO1 activity and expression in human umbilical vein ECs (HUVECs). B, UCP2
overexpression for 72 h increases p-AMPK T172 level and inhibits FoxO1 activity and expression in HUVECs. C, ADP/ATP assay showing
UCP2 overexpression for 72 h increased ADP/ATP ratio in HUVECs. n=6, nonparametric Mann-Whitney test. D, AMPK inhibition by
Compound C abolished the inhibitory effect of UCP2 overexpression on FoxO1 activity and expression in HUVECs. E, EC-specific Ucp2
knockout inhibits AMPK activity but induces FoxO1 expression in mouse aortas. F, Summarized data showing EC-specific Ucp2 knockout
inhibits AMPK activity in mouse aortas, 2-way ANOVA, Tukey post hoc. G. Schematic overview of endothelial UCP2 regulation and signaling in
blood flow-associated atherosclerosis.
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of SOD2 and catalase, 2 important cellular oxidative
defense proteins.® It is of great interest to further inves-
tigate whether UCP2 mediates the antioxidant effect of
USS against oxidant stress challenge.

While the present study shows that KLF2 directly
regulates UCP2 expression through transcriptional regu-
latory mechanism, we cannot exclude other minor mech-
anisms that may indirectly contribute to flow dependent
UCP2 expression. We found that UCP2 expression can
be negatively regulated by SMAD4 in ECs (Figure S2I).
We went further to evaluate the relative contribution of
SMAD4 inhibition by KLF2 to UCP2 upregulation and
found that SMAD4 plays a minimal role in KLF2-medi-
ated upregulation of UCP2 (Figure S2J through S2L).
SMAD4 is a common SMAD protein that integrates
the extracellular signals from bone morphogenetic pro-
teins and TGF (transforming growth factor)-f3.5° TGF-p—
induced SMAD3/4 transcriptional activity is suppressed
by KLF2 and prolonged atheroprotective flow in ECs.'537
These reports indicate that the induction of UCPZ mRNA
by USS is likely to be partly contributed by SMAD4 inhi-
bition. Further study is needed to understand the degree
of the effect of TGF-3-SMAD3/4 pathway on UCP2
expression induced by USS,

Most KLF2 activators were discovered based on
their ability to increase KLF2 expression in ECs. For
example, suberanilohydroxamic acid, a pan-inhibitor of
histone deacetylase inhibitor, was found to induce KLF2
expression and demonstrated to be atheroprotective in
mouse models of atherosclerosis.®® In addition, based
on luciferase-based assay, tannic acid was found as a
novel KLF2 activator that inhibits endothelial inflamma-
tion and atherosclerosis.® These findings provide the
proof of concept that targeting KLF2 as a therapeutic
strategy has promise for treating atherosclerosis. How-
ever, desirable as KLF2 activation might be to treat ath-
erosclerotic diseases, KLF2 as a transcription factor is
difficult to be directly targeted using pharmacological
approaches. In the present study, we sought to establish
KLF2-UCP2 signaling axis as a targetable pathway with
better therapeutic prospects. UCP2 meets several cri-
teria for pharmacological targeting. First, we show that
UCP2 is differentially regulated by distinct flow patterns,
negatively regulated by proinflammatory mediators,
and a direct target of KLF2. Second, the vasoprotec-
tive statins upregulate UCP2 expression through KLF2
activation, suggesting that targeting UCP2 holds high
therapeutic potential. Third, UCP2 knockout in bone
marrow-derived cells promoted atherosclerosis,?' a simi-
lar effect is achieved by EC-specific UCP2 knockout
in the present study (Figure A, 5B, BE, and 5F). This
implies that pharmacological targeting at UCP2 in vivo
will produce more desired effects as both macrophages
and ECs are important cell types participate in ath-
erogenesis. More importantly, direct overexpression of
UCP2 in ECs attenuated DF-induced plaque formation
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(Figure 5G and 5H), suggesting that increasing endo-
thelial UCP2 level alone is sufficient to achieve benefi-
cial effect against atherosclerosis.

Endothelial inflammation is induced by OSS but sup-
pressed by USS. Our finding of the differential regulation
of UCP2 by OSS and USS as well as inhibition of UCP2
by proinflammatory mediators led us to ask whether
UCP2 as a direct target of KLF2 also plays a regula-
tory role in inflammation. We first detected the expres-
sion of antioxidant genes which are often upregulated
in response to oxidative stress and proinflammatory
insult#%4" We showed that the cytoprotective protein
HO-1 was strongly induced when UCP2 is silenced. This
result further confirms that UCP2 is an antioxidant pro-
tein whose deficiency rapidly activates cellular antioxi-
dant defense system. Next, we checked the expression
of vascular adhesion molecules and chemokines that are
important in endothelial inflammation and atherogen-
esis and found that lack of UCP2 inhibited expression
of IkBa which suppresses NF-xB nuclear translocation.
This result helps explain the effect of UCP2 knockdown
on induction of a wide range of proinflammatory genes.

UCP2 downregulation was observed in the plaque
region of human renal arteries. Further in vivo evaluation
of the functional effect of UCP2 against atherogenesis
revealed that endothelial UCP2 is a critical atheropro-
tective mitochondrial protein. The accelerated western
diet-induced atherosclerosis and DF-associated athero-
sclerosis observed in EC-specific Ucp2 knockout mice
are likely attributed to the proinflammatory and profi-
brotic effects of UCP2 deficiency in ECs. UCP2 silenc-
ing in HAECs results in greater adhesion of monocytes
to ECs, indicating that the vascular wall of EC-specific
Ucp2 knockout mice attracts more infiltrated macro-
phages, which promotes atherosclerotic progression. In
contrast to the detrimental effect of UCP2 deficiency,
EC-specific overexpression of UCP2 exerts a protec-
tive effect against DF-enhanced atherosclerosis. These
in vitro and in vivo results further support the notion that
UCP2 can be targeted for therapeutic purposes against
vascular inflammatory disorders.

To elucidate the molecular mechanisms for UCP2-defi-
ciency-induced inflammation, we checked global mRNA
expression in UCPZ® HAECs using RNA sequencing.
Our bioinformatic analysis together with experimental
approaches identified transcription factor FoxO1 as a criti-
cal mediator of the proinflammatory effect seen in UCPZ¥P
HAECs. FoxO1 is an important factor involved in a variety
of cellular processes including proliferation, differentiation,
metabolism, and stress response.?34243 PI3K-Akt signal-
ing is a critical upstream regulatory pathway of FoxO1
activity via direct phosphorylation to inactivate FoxO1.%¢
We observed an increased FoxO1 expression and nuclear
level but reduced Akt activity in UCPZ® HAECs. More-
over, overexpression of FoxO1-AAA mimics the proinflam-
matory effect observed in UCP2 knockdown conditions.
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Furthermore, knockdown or inhibition of FoxO1 in HAECs
greatly reduced the expression of proinflammatory genes.
These findings are consistent with previous reports
showing that endothelial knockout of Akt1 is proinflam-
matory and atheroprone while FoxO1 deletion in ECs is
anti-inflammatory and atheroprotective'#* In addition to
the contribution of inflammation to atherogenesis, dys-
regulated cellular metabolism in both immune and vascu-
lar cells was suggested to play a pivotal role in providing
energy and building materials for the remodeled blood
vessel 678 [t is plausible that the inflammation observed
in UCP2-silenced ECs is secondary to the impact of
UCP2 on cellular metabolism. Following this possibility, we
focused on the role of AMPK; a critical regulator of cel-
lular energy metabolism, in regulation of FoxO 1. We found
endothelial UCP2 level is critical for the phosphorylated
level of AMPK both in vitro and in vivo. UCP2 was previ-
ously found as a downstream effector of metformin-acti-
vated AMPK.#9%% Qur new data showing reduced AMPK
activity in aortas from endothelial Ucp2 knockout mice and
in UCPZ® HUVECs suggest that a reciprocal regulation
between AMPK and UCP2 in ECs.

Although we obtain substantial evidence showing the
regulatory mechanism of UCP2 expression and the proin-
flammatory and atheroprone effect of UCP2 deficiency in
ECs, the present study has several limitations. First, the more
detailed mechanisms for FoxO1 activation under the condi-
tion of UCP2 deficiency need to be explored in the future.
It will be interesting to uncover how AMPK regulates Akt-
FoxO1 signaling in ECs. Under stress, AMPK was shown
to drive Akt activation through phosphorylation of Skp2 ser-
ine 256 in cancer cells®' It is likely that endothelial UCP2
level is an indicator of cellular stress state and therefore it
signals to FoxO1 via AMPK-driven Akt activity. Second, our
mechanistic studies focus on the proinflammatory effect
of FoxO1 through NF-xB and AP-1 transcription factors,
but it remains to be demonstrated whether FoxO1 directly
works together with NF-xB or AP-1 to control the expres-
sion of proinflammatory genes. Third, the present study
did not evaluate the role of endothelial UCP2 signaling in
plaque rupture, a critical clinical event in the pathogenesis of
human atherosclerosis. Further study employing an Apoe™-
Fbn1C1039G*~ mouse line, a good genetic plaque rupture
mouse model, to study the effect of UCP2 deficiency on
plague vulnerability might be interesting. Last, the present
study used a Paigen diet, which contains cholate, to induce
atherosclerosis in mice. Cholate can influence transcription
factors controlling genes involved with regulating hepatic
lipoprotein metabolism, which may confound interpretation
of the results obtained® Although the cholate-containing
diet is widely used in atherosclerotic research, even up to
the present time,*® we think that the use of cholate in induc-
tion of atherosclerosis should be carefully evaluated based
on the nature of the studies to be carried out.

In summary, we provide novel evidence demonstrat-
ing that UCP2 is a novel KLF2 target in ECs and UCP2
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expression is differentially regulated by OSS and USS.
UCP2 deficiency in ECs induces inflammation and
aggravates western diet-induced atherosclerosis and
DF-associated atherosclerosis, while EC-specific over-
expression of UCP2 attenuates plaque formation in DF-
induced carotid atherosclerosis. UCP2 is an inflammatory
regulator whose deficiency inactivates AMPK, which is
required for UCP2-induced inhibition of FoxO1 in ECs.
Pharmacological targeting the KLF2-UCP2 pathway
may represent a promising therapeutic strategy for the
treatment of atherosclerotic diseases.
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