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Abstract

Objective—Hyperlipidemia-induced endothelial cell (EC) activation is considered as an initial

event responsible for monocyte recruitment in atherogenesis. However, it remains poorly defined
what is the mechanism underlying hyperlipidemia-induced EC activation. Here we tested a novel
hypothesis that mitochondrial reactive oxygen species (mtROS) serve as signaling mediators for
EC activation in early atherosclerosis.

Approach and Results—Metabolomics and transcriptomics analyses revealed that several
lysophosphatidylcholine (LPC) species, such as 16:0, 18:0 and 18:1, and their processing
enzymes, including Pla2g7 and Pla2g4c, were significantly induced in the aortas of apolipoprotein
E knockout (ApoE /") mice during early atherosclerosis. Using electron spin resonance and flow
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cytometry, we found that LPC 16:0, 18:0 and 18:1 induced mtROS in primary human aortic ECs
(HAECS), independently of the activities of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase. Mechanistically, using confocal microscopy and Seahorse XF mitochondrial
analyzer, we showed that LPC induced mtROS via unique calcium entry-mediated increase of
proton leak and mitochondrial O, reduction. In addition, we found that mtROS contributed to
LPC-induced EC activation by regulating nuclear binding of AP-1 and inducing intercellular
adhesion molecule 1 (ICAM-1) gene expression /n vitro. Furthermore, we showed that mtROS
inhibitor Mito TEMPO suppressed EC activation and aortic monocyte recruitment in ApoE ™~ mice
using intravital microscopy and flow cytometry methods.

Conclusions—ATP synthesis-uncoupled, but proton leak-coupled mtROS increase mediates
LPC-induced EC activation during early atherosclerosis. These results indicate that mitochondrial
antioxidants are promising therapies for vascular inflammation and cardiovascular diseases.
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Introduction

Atherosclerosis is a chronic inflammatory pathogenic process of arteries, which leads to
cardiovascular diseases (CVDs), including myocardial infarction and strokel. Despite
current therapies, CVDs remain the number one cause of death in the United States?. We and
others have previously shown that hyperlipidemia, along with other CVD stressors, such as
hyperglycemia and hyperhomocysteinemia, promote atherosclerosis via several mechanisms.
These mechanisms include endothelial cell (EC) activation and injury3 4; monocyte
recruitment and differentiation® 6; decreased regulatory T cells’: 8; and impaired vascular
repair ability of bone marrow-derived progenitor cells® 10, Hyperlipidemia-induced EC
activation is considered as an initial event responsible for monocyte recruitment in
atherogenesis?. However, the molecular mechanism underlying hyperlipidemia-induced EC
activation remains poorly defined.

Lysophosphatidylcholines (LPCs) are a group of proinflammatory lipids, which are critically
involved in the pathogenesis of atherosclerosis'l. Multiple lines of evidence indicate that
aortic LPCs are induced in advanced atherosclerosis. As early as 1969, it was reported that
the concentration of aortic LPCs from monkeys fed on an atherogenic diet for three to six
months was nearly eight times higher than that of the control group?2. In addition, diabetic
and hypercholesterolemic pigs with advanced coronary atherosclerosis showed a 305%
increase in arterial LPC content!3. Furthermore, different LPC species, including palmitoyl-
LPC (16:0), stearoyl-LPC (18:0), and oleoyl-LPC (18:1), were approximately two times
higher in atherosclerotic plaques associated with symptoms than those in asymptomatic
plagues in humans4. However, whether LPC is induced during early atherogenesis remains
unknown.

It was shown thirty years ago that when low-density lipoprotein (LDL) was incubated with
ECs, LDL was oxidized and as much as forty percent of the LDL phospholipid was
hydrolyzed to LPC by the enzymatic action of phospholipase®. It was later found that LPC
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could potently activate ECs and induce monocyte adhesion by transcriptionally upregulating
intercellular adhesion molecule 1 (ICAM-1) gene expression in human umbilical vein ECs
(HUVECs)18. Furthermore, both reactive oxygen species (ROS) inhibitor and intracellular
calcium inhibitor could block LPC-induced ICAM-1 gene expression in HUVECsY’.
Moreover, LPC also activated proinflammatory transcription factors, such as nuclear factor-
kB (NF-kxB) and activator protein-1 (AP-1), in HUVECs!®. Nevertheless, the source of ROS
that contributes to LPC-induced EC activation, and the mechanistic links between these
cellular signaling events remain unclear.

There are multiple cellular sources of ROS, including mitochondrial electron transport
chain, nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase), xanthine
oxidase, uncoupled nitric oxide synthase, and cytochrome P450. As a major contributor to
cellular ROS, mitochondrial ROS (mtROS) are generated from the partial oxygen reduction
to form superoxide at complex | and complex 111 in the mitochondrial electron transport
chainl®. Although mtROS are historically considered to be toxic by-products of
mitochondrial metabolism, it is recently discovered that mtROS are, in fact, signaling
molecules that directly contribute to proinflammatory cytokine production!?, independently
of key cytosolic ROS generator, NADPH oxidaseZC. In addition, mtROS production is
regulated by a number of factors, such as mitochondrial membrane potential, mitochondrial
Ca?*, and mitochondrial proton leak®. However, since mtROS and ATP production are both
coupled to electron transport chain activity, it still remains unknown how mtROS could be
induced independently of ATP synthesis.

Thus, in spite of recent progress, two important knowledge gaps exist: first, it remains
unknown whether the expression of LPC is increased during early atherosclerosis; second,
the intracellular source of ROS, which contributes to LPC-induced aortic EC activation is
unclear. In this study, we test a novel hypothesis that mtROS serve as signaling mediators for
LPC-induced EC activation. Using metabolomics analysis and microarray profiling, as well
as biochemistry and molecular biology approaches, we found that LPCs were induced in the
aorta during early atherosclerosis and that mtROS mediated LPC-induced EC activation. In
addition, we uncovered a novel ATP synthesis-uncoupled, but proton leak-coupled
mechanism in driving mtROS production in the cell. Thus, mtROS may serve as a novel
target for therapeutic intervention in vascular inflammation and CVDs.

Materials and Methods

Results

Materials and Methods are available in the online-only Supplement.

1. LPCs are induced in the aorta during early atherosclerosis in mice

To determine whether LPC is involved in early atherosclerosis development, we examined
LPC levels in the aortas of ApoE~'~ mice (an atherosclerotic mouse model) in comparison to
those of wild-type (WT) control mice. We performed non-targeted metabolomic analysis on
the aortas from these mice fed with high-fat (HF) diet for three weeks (Supplemental
Figure I). Of note, western-type, HF diet was used to accelerate atherosclerosis and we and
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others have shown previously that in ApoE ™~ mice fed with high-fat diet for 3 weeks,
plasma cholesterol level tripled but very minimal plague developed in the aorta3 2. Thus, it
serves well as an early atherosclerosis mouse model. We were able to detect eight different
LPC species in the aortas of WT and ApoE~'~ mice. The three most abundant species in the
aorta included palmitoyl-LPC (16:0), stearoyl-LPC (18:0), and oleoyl-LPC (18:1).
Strikingly, all of the detected LPC species were significantly induced in the aortas of
ApoE~"~ mice, with the exception of linoleoyl-LPC (18:2) (Figure 1A). LPC is produced by
the enzymatic action of phospholipase A, (PLA,) on phosphatidylcholine; and the PLA,
superfamily enzyme members are critically involved in atherosclerosis!: 22, For these
reasons, we also examined the gene expression changes of all the PLA, superfamily
enzymes between ApoE ™~ mice and WT mice using microarray analysis. The results
showed that Pla2g7 (also known as lipoprotein-associated PLA,) and Pla2g4c were
significantly induced in the aortas of ApoE~/~ mice in early atherosclerosis (Figure 1B,
Supplemental Table I). Notably, the expression levels of three house-keeping genes were
within the range of 0.97 to 1.06, suggesting the high quality of our microarray analysis and
the specificity of PLA, upregulation. It is possible that aortic LPC could be increased due to
increased substrate availability in ApoE~~ mice. However, it is unlikely to be the case since
several long chain fatty acids, including palmitate (16:0), stearate (18:0), and oleate
(18:1n9), were not significantly increased in the aortas of ApoE™'~ mice (Supplemental
Figure 1). Taken together, these results indicate that LPC is induced during early
atherosclerosis, presumably due to the induction of Pla2g7 and Pla2g4c enzyme expression
(Supplemental Figure ).

2. LPC induces mtROS, independently of NADPH oxidase, in human aortic ECs (HAEC)

Next, we hypothesized that the induction of aortic LPC could contribute to atherosclerosis
development by promoting aortic EC activation. It should be noted that lesional
macrophages are also present in early atherosclerosis but our current study focuses on
investigating the role of LPC in aortic EC activation. It has been previously demonstrated
that LPC induced EC activation in HUVECs!8. In addition, LPC-induced EC activation in
HUVECs could be blocked by diphenyleneiodonium’, which inhibits ROS generation from
mitochondria as well as NADPH oxidase, the latter of which being a major cytosolic ROS
generator. Thus, the intracellular source of ROS contributing to LPC-induced HAEC
activation remains to be specified. To examine this issue, we first compared the effects of
LPC on the production of mtROS and cytosolic ROS in HAECs simultaneously by using
electron spin resonance (ESR) method. We found that 10 uM palmitoyl-LPC (16:0) quickly
induced mtROS production in 30 minutes, which lasted for at least 6 hours and decreased
after 24 hours (Figures 2A and 2B). In addition, LPC induced cytosolic ROS in a similar
manner, but to a lesser degree (Figure 2B). Importantly, a specific NADPH oxidase
inhibitor, VAS-2870, did not prevent LPC-induced mtROS in HAECs, but rather further
increased it (Figure 2C). Of note, VAS-2870 treatment alone also significantly induced
mtROS in HAEC, suggesting that mtROS may be induced to compensate for the loss of
cytosolic ROS in the cell. It is possible that VAS-2870 itself may have stimulated mtROS
production besides inhibiting NADPH oxidase. However, it is unlikely to be the case since
another specific NADPH oxidase inhibitor, VAS3947, similarly induced mtROS (data not
shown). Furthermore, mtROS-inducer, Antimycin A, induced both mtROS and cytosolic
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ROS, while NADPH oxidase activator, phorbol myristate acetate (PMA), only induced
cytosolic ROS (Figure 2D). Taken together, these results have demonstrated that LPC-
induced mtROS are located upstream of the pipeline in generating cytosolic ROS.

To confirm the results from ESR, we used another specific mtROS fluorescence probe,
MitoSOX, combined with the use of flow cytometry and found that LPC dose-dependently
increased mtROS production in HAECs (Figure 2E). Higher dosage of LPC (40 pM),
however, did not further induce mtROS but was cytotoxic (Figure 2E and 2F). In addition,
we found that the induction of mtROS is a common feature shared by the LPC family
members since all the three major LPC species, including LPC (16:0), LPC (18:0), and LPC
(18:1), similarly induced mtROS production in HAECs (Figure 2G). Since LPC (16:0) was
the most abundantly expressed aortic LPC species (Figure 1A), 10 uM LPC (16:0) was used
hereafter in this study. Lastly, we used a third method, fluorescence microscopy, and
confirmed that LPC induced mtROS in HAECs (Figure 2H). Collectively, these results
indicate for the first time that three major LPC species, upregulated in early atherosclerotic
aortas (Figure 1A), could all induce mtROS in HAECs. While high levels of mtROS
induced by a high concentration of LPC are associated with EC death, moderate levels of
mtROS stimulated by 10 uM LPC could serve as signaling molecules for EC activation.

3. Mitochondrial Ca2* entry mediates LPC-induced mtROS production by increasing
mitochondrial proton leak and oxygen reduction in HAECs

MtROS production is regulated by a number of factors, such as the metabolic state of
mitochondria, mitochondrial membrane potential, and mitochondrial Ca2* influx1®: 23, Since
previous studies reported that LPC could induce cytosolic Ca2* levels?4; and that Ca2*
influx into mitochondria is a positive regulator of mitochondrial O, reduction rates?®, we
hypothesized that LPC-induced Ca2* entry into the mitochondria could lead to increased
mtROS production. Firstly, we examined the effects of LPC on cytosolic and mitochondrial
Ca?" levels simultaneously using confocal microscopy. The results showed that LPC
dramatically induced cytosolic Ca2*, which were quickly followed by mitochondrial Ca2*
induction (Figures 3A and 3B). The peak response of mitochondrial Ca2* entry was similar
to that of cytosolic Ca2*, and both signals lasted for at least 5 minutes (Figures 3B and 3C).
These results indicate that LPC induces mitochondrial Ca2* entry from cytosol.

Next, we hypothesized that LPC-induced mitochondrial Ca2* entry could lead to mtROS
production in HAECs. To examine this, we used ruthenium red (RR), which is a
mitochondrial calcium uniporter (MCU) inhibitor that can block Ca2* entry into the
mitochondria. We found that RR completely abolished LPC-induced mtROS production
(Figure 4A), indicating that mitochondrial Ca2* entry mediates LPC-induced mtROS in
HAECs. To determine how LPC-induced mitochondrial Ca2* entry accelerated mtROS
production, we utilized the Seahorse XF96 Analyzer to assess mitochondria functions. The
Seahorse XF analyzer could measure six different mitochondrial parameters, including
mitochondrial O, reduction rate, non-mitochondrial O, reduction rate, proton leak, ATP
production, maximal respiration, and spare respiratory capacity (Supplemental Figure II).
We found that LPC significantly induced mitochondrial O, reduction rate but did not affect
non-mitochondrial O, reduction rate (Figures 4B and 4C), which correlated with our
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previous findings that LPC-stimulated ROS originated from mitochondria, but not cytosol
(Figure 2). In addition, the MCU inhibitor, RR, significantly inhibited LPC-induced
mitochondrial O, reduction rates (Figure 4C), correlating with the previous findings that
mitochondrial Ca2* entry mediates LPC-induced mtROS in HAECs (Figure 4A). LPC also
significantly increased maximal respiration rates, but it did not change spare respiratory
capacity of mitochondria (Figure 4C), which suggested that LPC-induced maximal O,
reduction increase was mainly due to increased basal O, reduction. The rate of
mitochondrial O, reduction is coupled to the rates of ATP production and proton leak
(Supplemental Figure 11). Mitochondrial proton leak is the re-entry of protons from the
intermembrane space into the mitochondrial matrix independent of ATP synthesis, which
usually leads to a decrease in mitochondrial membrane potential (A¥m)2°. Interestingly, we
found that LPC significantly induced proton leak, but not ATP production and that LPC-
induced proton leak could be blocked by the MCU inhibitor, RR (Figure 4C). Moreover,
LPC did not change A¥m in HAECs (Figure 4D), while chemical mitochondrial membrane
uncoupler, FCCP, significantly decreased ATm. These results suggest the following: first,
LPC-induced mitochondrial Ca%* entry preferentially stimulates proton leak but not ATP
synthesis, suggesting that LPC at low dose is not an energy-generating stimulus in ECs;
second, LPC-induced proton leak is used by EC for the induction of O, reduction in the
electron transport chain; ird, mtROS are increased in response to LPC stimulation and
reversed by MCU inhibitor RR, and fourth, LPC-induced proton leak is equivalent to the
proton efflux into intermembrane space, so that mitochondrial membrane potential is not
affected. Taken together, these results indicate that LPC induces mitochondrial Ca2* entry,
which increases ATP synthesis-uncoupled, but proton leak-coupled mtROS (Figure 4E).

Since ROS production in mitochondria is determined by the rates of both mtROS production
and disposall?, we also investigated the effects of LPC on regulating the expression of
mitochondrial antioxidant superoxide dismutase 2 (SOD2) and uncoupling molecules
including uncoupling protein 3 (UCP3) and adenine nucleotide translocator (ANT). We
found that LPC did not regulate the expression of SOD2 and UCP3, although there was a
trend of ANT induction after LPC stimulation (Supplemental Figure I11). ANT, also
known as the ADP/ATP translocator, exports ATP from the mitochondrial matrix, imports
ADP into the matrix, and also mediates both basal and inducible proton conductance. The
induction of ANT by LPC correlated with the findings that LPC induced mitochondrial
proton leak in HAECs (Figure 4C).

4. MtROS contribute to LPC-induced upregulation of ICAM-1 and other EC activation-
related genes by regulating nuclear binding of AP-1

To determine the downstream effects of LPC-induced mtROS in ECs, we determined the
effects of LPC in regulating EC-related gene expressions by performing Human Endothelial
Cell Biology PCR array profiling. HAECs were stimulated by LPC with or without a
specific mtROS scavenger, MitoTEMPO. PCR array was performed afterwards to screen for
the changes of 84 genes related to EC functions, including vessel tone, angiogenesis, EC
activation, and EC injury. We were able to detect the expressions of 57 genes in both control
and LPC-treated HAECs. Among these 57 expressed genes, we found that 34 genes were
induced more than 1.2-fold by LPC, and 3 genes were decreased more than 1.2-fold
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(Supplemental Table 11). More importantly, we found that 14 out of these 34 LPC-induced
genes (41.2%), such as ICAM-1, plasminogen activator, tissue (PLAT), interleukin 6 (IL-6),
and matrix metalloproteinase-2 (MMP2), could be blocked by co-treatment of mtROS
inhibitor, MitoTEMPO. Importantly, the expression of EC adhesion molecule, ICAM-1, was
the most sensitive gene in response to mtROS scavenging (Figure 5A). By using RT-PCR
and Western blots, we confirmed that LPC increased ICAM-1 RNA and protein expression,
which could be inhibited by MitoTEMPO co-treatment (Figures 5B and 5C). Furthermore,
we performed monocyte adhesion assay and showed that LPC-treated HAECs had increased
their adhesion to untreated monocytes, which was inhibited by MitoTEMPO (Figure 5D).
Taken together, these results demonstrate for the first time that LPC-induced mtROS are
required for LPC-induced EC activation by regulating the mRNA and protein expressions of
certain EC biology-related genes, including ICAM-1.

Transcription factor binding sites of NFxB and AP-1 have been previously identified in the
promoter region of ICAM-128 (Figure 6A). In addition, LPC has been shown to increase the
nuclear translocation of NFkB and AP-1 in HUVECs!8. Thus we hypothesized that LPC-
induced mtROS contribute to the nuclear bindings of pro-inflammatory transcription factors
to the promoter of ICAM-1 in HAECs, which leads to ICAM-1 upregulation. Using
electrophoretic mobility shift assay (EMSA), we showed that LPC potently induced nuclear
translocation of AP-1 but weakly induced NFxB in HAECs (Figures 6B and 6C). In
addition, co-treatment of MitoTEMPO almost completely abolished LPC-induced AP-1 but
not NFxB nuclear binding. These results correlated well with our previous finding that AP-1
mediated LPC-induced EC activation3. Moreover, by performing a literature search, we
found that out of the 14 upregulated genes that were the targets of LPC-induced mtROS
(Figure 5A), 12 genes, including ICAM-1, were also previously proposed to be the
downstream targets of AP-1 or ROS pathway (Supplemental Table I11). Taken together,
these results suggest that mtROS contribute to upregulated expressions of ICAM-1 and other
genes involved in EC activation by upregulating AP-1-targeted gene transcription.

5. MtROS inhibition suppresses EC activation and monocyte recruitment into the aorta
during early atherosclerosis in vivo

To examine whether mtROS contribute to EC activation during early atherosclerosis /n vivo,
we implanted the ALZET osmotic mini-pumps containing either saline control or
MitoTEMPO (1500 pg/kg/day) subcutaneously into 8-week old ApoE ™'~ mice before they
were put on a high fat diet for another 3 weeks. We determined their EC activation status
afterwards by examining leukocyte rolling and adhesion to the endothelium in cremaster
muscle vessels using intravital microscopy. We found that MitoTEMPO significantly
inhibited leukocyte rolling and adhesion to the endothelium on the post-capillary venule wall
(Figures 7A and 7B). Of note, there was no difference in the venule diameters between the
two groups (Figure 7C), suggesting that MitoTEMPO did not significantly change the
venule diameters. In addition, we did not detect any leukocyte rolling or adhesion in the
arterioles of the cremaster muscle (data not shown) due to the rapid movement of blood cells
within these vessels, as shown previously?’. Similarly, the high blood flow speeds and high
pulse vibrations in middle and aortic arteries make the current technology of intravital
microscope unsuitable in determining /7 vivo leukocyte rolling and adhesion to the
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endothelium in aortic arteries?®. To determine whether MitoTEMPO could decrease the
recruitment of monocytes into the aortas of ApoE ™/~ mice, we prepared aortic single cell
suspensions from these mice and performed flow cytometric analysis with fluorescence-
conjugated antibodies staining for Indo-1 (dead cell), CD45 (leukocyte), CD11b (monocyte),
and Ly6c (inflammatory or resident monocyte), as we reported previously® (Figure 7D). The
results showed that MitoTEMPO significantly decreased the recruitment of CD45*CD11b*
total monocytes as well as CD45"CD11b*Ly6c* inflammatory monocytes into the aortas of
ApoE~~ mice (Figures 7E and 7F), while MitoTEMPO did not significantly affect the
recruitment of CD45*CD11b*Ly6c™ resident monocytes (Figure 7G). We further
determined whether aortic monocyte composition changes resulted from the global changes
in the peripheral blood monocyte composition. The results showed that MitoTEMPO did not
significantly affect the populations of CD45*CD11b* monocytes and CD45*CD11b*Ly6C*
monocytes in the blood (Supplemental Figure 1V). Taken together, these results
demonstrate that MitoTEMPO treatment suppresses aortic EC activation in ApoE™~ mice
but do not rule out the potential beneficial effects of MitoTEMPO on lesional macrophages.

Discussion

Atherosclerosis is a chronic inflammatory disease that is a major pathogenic process
underlying the development of coronary heart disease, stroke and peripheral vascular
disease. In spite of recent progress, novel anti-inflammatory strategies are still in urgent need
for prevention and treatment of atherosclerotic CVD?°. LPCs are a group of endogenous
proinflammatory lipids considered to be a causative factor for atherosclerosis. For this
reason, inhibitors of SPLA; and Lp-PLA; the key enzymes responsible for the generation of
LPC, have been developed in the hope of developing novel anti-inflammatory therapies
against atherosclerosis?®. The beneficial effects of SPLA, inhibitor (Varespladib) and Lp-
PLA, inhibitor (Darapladib) have been demonstrated in atherosclerotic animal models?3: 30
and human phase 2 clinical trials3- 32, However, three recent phase 3 clinical trials failed to
show their therapeutic efficacy33-3%, One possibility that may explain these failures is related
to the fact that LPC also plays important physiological roles, such as stimulating insulin
release from pancreatic {3 cells3® and transporting essential fatty acids3’. For this reason,
targeting the pathogenic downstream effects of LPC, instead of blocking the production of
LPC itself, may lead to the development of better therapeutics. Along this line, our
approaches using metabolomics and transcriptomics in the current study demonstrated for
the first time that 7 out of 8 detected LPC species were induced in the aorta of early
atherosclerotic mice, presumably due to increased expression of PLA, in the aorta. More
importantly, we found for the first time that proatherogenic lipid, LPC, via a mtROS-
mediated mechanism, induced EC activation, which is an initiation step of atherogenesis.
Therefore, blocking excessive mtROS production downstream of LPC might protect arteries
against atherogenesis. This idea is supported by previous findings reporting that various
other vascular stressors, including oxidized LDL, glucose, angiotensin 11, hypoxia, and
proinflammatory cytokines also induced mtROS production in ECs9. In addition,
pharmacological drugs, such as statins, metformin, resveratrol, and cannabidiol could inhibit
glucose-induced mtROS production in ECs19. Moreover, it has been shown previously that
ApoE~"~ mice deficient in superoxide dismutase 2 gene, which scavenges mtROS, displayed
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accelerated atherogenesis38. EC-specific overexpression of thioredoxin 2, another
mitochondrial antioxidant enzyme, improved endothelial function and reduced
atherosclerosis development in ApoE ™~ mice3°. Collectively, we and others have
demonstrated a critical proatherogenic role for mtROS in EC activation during early
atherosclerosis. Notably, LPC could also activate macrophages besides promoting EC
activation!! and diminishing mtROS in macrophages reduced lesion development in
atherosclerotic mice®C. Further study is needed to determine the role of LPC-induced mtROS
in lesional macrophages during the development of atherosclerosis.

Previous studies have reported that LPC could induce NADH oxidase (mitochondrial)/
NADPH oxidase (cytosolic)-related ROS in ECs*L. In addition, it was found that LPC-
induced ROS was more prominent in mitochondria and much less abundant in cytosol?4. It
has also been shown that mitochondria, rather than NADPH oxidase, was the major source
of inflammatory ROS in monocytes20. Along the same line, we identified that LPC-induced
mtROS production was independent of NADPH oxidase in ECs.

Even when there is ample oxygen, ECs rely heavily on glycolysis for their ATP demand, yet
ECs contain functional mitochondria and very little is known about the role of mitochondria
in endothelium?2. By using the novel, state-of-art mitochondrial Seahorse XF96 analyzer for
assaying mitochondrial functions, we demonstrate for the first time that when ECs are
activated, LPC induces mtROS by accelerating electron transport chain and proton efflux,
which is uncoupled from ATP synthesis by simultaneously accelerating proton leak. Thus,
we propose that one of the major functions of mitochondrial proton leak in ECs may be fine-
tuning mtROS generation for cell signaling purpose, such as endothelial activation. By doing
this, in response to proatherogenic/proinflammatory stimuli including LPC, ECs could
upregulate mtROS production without affecting ATP level and EC survival (Figure 8). This
hypothesis is supported by the findings that mtROS were involved in regulating important
physiological endothelial functions, such as hypoxia adaptation and angiogenesis effects,
and in activating proinflammatory signaling pathways in response to various vascular
stressors1?,

Although controversies exist regarding what the real LPC receptor(s) is in the cell, LPC has
been shown to stimulate cytosolic Ca2* in different cell types!L. In addition, it has been
shown that LPC induced cellular Ca%* uptake from an extracellular source via transient
receptor potential vanilloid 2 (TRPV2) channel®3. Interestingly, ruthenium red, which was
used in this study for inhibiting MCU for mitochondrial Ca2* entry, could also potently
inhibit TRPV2 for cytosolic Ca2* entry. Future studies are needed to determine the roles of
MCU and TRPV2 in LPC-induced mtROS production.

To summarize (Figure 8), our study suggests that during early atherosclerosis, aortic LPCs
are induced, presumably due to increased enzyme expression of Pla2g4c and Pla2g7. LPC
then induces Ca2* entry from cytosol to mitochondria, where it drives ATP synthesis-
uncoupled, but proton leak-coupled mtROS. LPC-induced mtROS then regulate nuclear
binding of AP-1 to the promoters of ICAM-1 and other EC activation-related genes,
contributing to endothelial activation, monocyte adhesion to ECs, and monocyte recruitment
into aorta. These findings are important, as they have improved our understanding of the
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molecular mechanisms of hyperlipidemia stimuli-induced EC activation in early
atherogenesis. Such findings may, in turn, lead to the development of novel therapies, such
as mitochondria-targeting antioxidant, which might greatly improve the outcome of CVDs.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

e Aortic LPCs and their processing enzymes are induced during early
atherogenesis.

«  LPC-induced mitochondrial Ca2* triggers mtROS independently from ATP
synthesis.

e MtROS mediate LPC-induced endothelial cell activation and monocyte
adhesion.

e MtROS inhibition is a promising target of early therapy for vascular
inflammation.
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Figure 1. Aortic lysophoshatidylcholine (LPC) species are induced during early atherogenesis in
mice

Eight-week old wild-type (WT) mice and apolipoprotein E knockout (ApoE ") mice were
fed with high-fat diet for 3 weeks before they were sacrificed. Aortas were collected from
these mice for metabolomics analysis (A) and microarray analysis (B). A. Aortic LPC
species were induced during early atherosclerosis. Relative changes of aortic LPC between
WT and ApoE~'~ were shown (n=8 per group). B. LPC-generating enzymes, including
Pla2g4c and Pla2g7, were induced in the aortas during early atherosclerosis. Volcano plot
was presented which showed fold change and statistical P value of expression changes of
phospholipase A, superfamily members and 3 housekeeping genes (Actb, Gapah, and Nono)
between ApoE ™~ mice and WT mice (n=5 per group; solid triangle, significantly increased
PLA, genes; grey diamond, unchanged PLA, genes; empty circle, control housekeeping
genes). For all panels, values represent mean = SEM. NS, not significant; *, p<0.05; **,
p<0.01; *** p<0.001. WT, wild-type; ApoE~/~, apolipoprotein E deficient.
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Figure 2. LPC induces mitochondrial ROS (mtROS) in human aortic endothelial cells (HAECs)
A. LPC time-dependently induced mtROS. HAECs were treated with LPC (16:0, 10 uM)

for different time points and cell aliquots were incubated with MitoTEMPO-H (1mM) at
37°C for 20 minutes before electron spin resonance (ESR) analysis (n=4, p values vs
control). B. Higher mtROS than cytosolic ROS were induced by LPC. HAECs were treated
with LPC (16:0, 10 pM) for different time points and cell aliquots were incubated with either
mtROS spin probe MitoTEMPO-H (1mM, red line) or cytosolic ROS spin probe CP-H
(ImM, green line) at 37°C for 20min before measurement by ESR. C. The effect of NADPH
oxidase inhibition on LPC-induced mtROS. After loading with MitoSOX (5 uM) for 10 min,
HAECs were treated with LPC (16:0, 10 pM) with or without NADPH oxidase inhibitor
VAS-2870 (5 uM) for 1 hour before flow cytometry analysis (n=6). Fold change of
MitoSOX+ cell population was shown. D. The effect of NADPH oxidase activation on
mtROS. HAECs were treated with Antimycin A (5 uM) or phorbol myristate acetate (PMA,
5 uM) for 1 hour and cells were incubated with mtROS probe MitoTEMPO-H (1mM) and
cytosolic ROS probe CPH (1mM) before measurement by ESR. ESR signals were shown
and fold changes were quantified by measuring the difference between maximal and
minimal spin probe signal. E. LPC dose-dependently induced mtROS. After loading with
MitoSOX (5 pM) for 10 min, HAECs were treated with different doses of LPC (16:0)
ranging from 2.5uM to 40 uM for 1 hour before flow cytometry analysis (n=8, p values vs
control). F. Higher concentration of LPC induced cytotoxicity. HAECs were treated with
different doses of LPC (16:0) for 1 hour and cell mediums were collected for the
measurement of LDH release as an indicator of cytotoxicity (n=15, p values vs control). G.
Three major LPC species all induced mtROS. Three major LPC species (10 uM)
including LPC (16:0), LPC (18:0), and LPC (18:1) all significantly induced mtROS in
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HAEC after 1-hour treatment as measured by MitoSOX using flow cytometry method (n=6,
p values vs control). H. Visualization of mtROS induction by LPC. After treatment of
HAEC with vehicle control or LPC (16:0, 10 uM) for 1 hour, MitoSOX staining was
visualized by fluorescent microscopy. The data are representative of three randomly chosen
field. For all panels, values represent mean + SEM and data are representative of at least two
independent experiments. NS, not significant, *, p<0.05, **, p<0.01, ***, p<0.001. PMA,
phorbol myristate acetate.
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Figure 3. LPC induces mitochondrial Ca%* entry in HAECs
A. LPC induced both cytosolic Ca?* and mitochondrial Ca2* in HAEC. HAECs loaded with

cytosolic Ca2* (cytoCa?*) indicator Fluo-4/AM (green) and mitochondrial Ca2* (mitoCa?*)
indicator Rhod-2 (red) were stimulated by 10 uM LPC and analyzed by confocal
microscopy. Images were taken before and after the stimulation of LPC. B. LPC-induced
mitochondrial Ca2* followed quickly after cytosolic Ca?* increase. Real-time tracing of
cytosolic and mitochondrial Ca2* mobilization in response to LPC from the confocal
microscopy analysis was shown. Each line represents the mean value from three cells. C.
LPC induced similar levels of mitochondrial Ca2* and cytosolic Ca2*. Quantitation of peak
response of cytosolic Ca2* and mitochondrial Ca2* from the confocal microscopy analysis
was shown (n=9). For all panels, values represent mean + SEM and data are representative
of at least three independent experiments. ***, p<0.001. CytoCa?*, cytosolic Ca?*;
mitoCa?*, mitochondrial Ca?*. F/F, fluorescence intensity ratios.
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Figure 4. Mitochondrial Ca2* entry mediates LPC-induced mtROS by increasing mitochondrial
O reduction and proton leak in HAECs
A. LPC induced mtROS via mitochondrial Ca?* entry. After loading with MitoSOX (5

uM) for 10 min, HAECs were treated with vehicle control, LPC (10 uM), or LPC (10 pM)
plus Ruthenium Red (RR) (10 uM) for 1 hour and mtROS were measured by flow cytometer
(n=8). B & C. LPC induced mitochondrial O, reduction and proton leak via mitochondrial
Ca®* entry. After the addition of vehicle control, LPC (10 uM), and LPC (10 uM) plus RR
(10 uM), oxygen consumption rate (OCR) was measured every 20 minutes for 1 hour.
Afterwards, XF Mito Stress Test was performed by sequential adding of Oligomycin (1 uM),
FCCP (1 uM), and Rotenone (1 pM). Experiment curve (B) and quantification of six
mitochondrial parameters (C) were shown (n=6). D. LPC did not affect mitochondrial
membrane potential (A¥m). After HAECs were treated with vehicle control, LPC (10 pM),
or FCCP (1 uM) for 1 hour, they were loaded with ATm probe TMRM (30 nM) for 20 min,
and ATm was measured by flow cytometer (n=4, p values vs control). E. Schematic
representation of how LPC induced mtROS. For all panels, values represent mean = SEM
and data are representative of at least two independent experiments. NS, not significant, *,
p<0.05, **, p<0.01, ***, p<0.001. RR, Ruthenium Red; A¥m, mitochondrial membrane
potential. OCR, oxygen consumption rate; MFI, mean fluorescence intensity.
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Figure 5. LPC-induced mtROS are required for ICAM-1 upregulation in HAECs
A. LPC induced ICAM-1 and other EC function-related genes via mtROS. HAECs were

treated with vehicle control, LPC (10uM), and LPC (10uM) plus MT (1uM) for 6 hours and
RNA was collected for Human EC Biology PCR array (QIAGEN) analysis. Non-supervised
hierarchical clustering of genes was used to generate heat map to show the genes that were
regulated by LPC-induced mtROS. Three samples were pooled in each group. B.
Confirmation by real-time PCR. HAECs were treated with LPC (10 uM) with/without
MitoTEMPO (1 pM) for 18 hours before RNA was collected for real-time PCR analysis.
Quantitation of ICAM-1 RNA expression normalized by B-actin was shown (n=6). C.
Confirmation by Western blot. HAECs were treated with LPC (10 pM) with/without
MitoTEMPO (1 uM) for 18 hours before proteins were collected for ICAM-1 expression.
Representative Western blots from three independent experiments were shown. D. Effects of
mtROS inhibition on LPC-induced monocyte adhesion to HAECs. HAECs were treated with
LPC (10 uM) with/without MitoTEMPO (1 uM) for 4 hours, after which the adhesion of
non-stimulated, fluorescence-labeled human peripheral blood mononuclear cells to
stimulated HAECs was quantified (n=5). For all panels, values represent mean + SEM and
data are representative of at least two independent experiments. *, p<0.05, **, p<0.01, ***,
p<0.001. MT, MitoTEMPO.
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Figure 6. MtROS contribute to LPC-induced endothelial activation by upregulating nuclear

binding of AP-1 on the promoter of ICAM-1

A. Putative AP-1 and NF«B binding site in the promoter of ICAM-1. B & C. MtROS
inhibitor MitoTEMPO blocked LPC-induced nuclear AP-1 binding. HAECs were treated
with vehicle or LPC (10 uM) for 1 hour with or without MitoTEMPO (1 uM) 1-hour pre-
incubation, and nuclear proteins were collected afterwards for electrophoretic mobility shift
assay (EMSA). 2 ug nuclear proteins were used for AP-1 EMSA (B) and 5 pg nuclear
proteins were used for NFkB EMSA (C). Representative images from three independent

experiments were shown.
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Fig. 7. MitoTEMPO treatment decreases in vivo endothelial activation during early
atherosclerosis

At eight weeks of age, mini-pumps containing saline or MitoTEMPO (1500 ug/kg/day) were
implanted in ApoE~/~ mice before they were fed with a high fat diet for three weeks.
Afterwards, intravital microscopy (A-C, n=4-6 mice per group, 3 vein vessels per mouse
were recorded) and flow cytometry analyses (D to G, n=7-9 mice per group) were carried
out to determine the endothelial activation status /7 vivo. A. MitoTEMPO treatment
decreased leukocyte rolling to endothelium. Number of leukocytes that rolled past an
imaginary line that was perpendicular to the vessels during a 1-minute period observed. B.
MitoTEMPO decreased leukocyte adhesion to endothelium. Number of cells adhered to the
endothelium for 1 minute, 100um length observed. C. MitoTEMPO did not change mean
vessel diameter of venule. D. Gating strategy of aortic monocyte by flow cytometry. Total
monocytes were gated as Indo-1"CD45*CD11b* and inflammatory monocytes were gated as
Indo-1-CD45*CD11b*Ly6c*. E. MitoTEMPO decreased aortic monocyte infiltration.
Percentages of CD11b*™ monocytes (Gate A+B in panel C) in total aortic leukocyte cell
population (Indo-1"CD45%) were shown in each group. F. MitoTEMPO decreased aortic
inflammatory monocyte infiltration. Percentages of CD11b*Ly6c*inflammatory monocytes
(Gate B in panel C) in total aortic leukocyte cell population were shown in each group. G.
MitoTEMPO did not significantly affect aortic resident monocyte infiltration. Percentages of
CD11b*Ly6c™ resident monocytes (Gate A in panel C) in total aortic leukocyte cell
population were shown in each group. For all panels, values represent mean + SEM. NS, not
significant, *, p<0.05, ***, p<0.001.
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Figure 8. A new working model
Left, during early atherosclerosis, LPCs are induced in the aorta, presumably due to

increased expression of Pla2g4c and Pla2g7. LPC then induces cytosolic Ca*, which then
enters into the mitochondria of aortic endothelial cells. LPC-induced mitochondrial Ca2*
then stimulates mitochondrial electron transport chain and proton leak without affecting ATP
synthesis and mitochondrial membrane potential. As a result, mitochondrial reactive oxygen
species (MtROS) are specifically induced without causing mitochondria injury. LPC-induced
mtROS could then be released to the cytosol, where they regulate nuclear binding of AP-1 to
the promoter of intercellular adhesion molecule-1 (ICAM-1) and other genes, contributing to
endothelial activation. Anterograde signaling describes signal transduction from cytosol to
mitochondria and retrograde signaling describes signal transduction from mitochondria to
cytosol and nucleus. Right, LPC induces ATP-uncoupled, but proton leak-coupled mtROS.
ICAM-1, intercellular adhesion molecule-1; mtROS, mitochondrial reactive oxygen species.
A¥m, mitochondrial membrane potential.
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