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ABSTRACT 

Mitochondrial Reactive Oxygen Species Mediate Lysophosphatidylcholine-induced 

Endothelial Cell Activation 

Xinyuan Li 

Doctor of Philosophy 

Temple University, 2015 

Doctoral Advisory Committee Chair: Xiao-Feng Yang, MD, PhD 

Lysophosphatidylcholines (LPCs) are a class of pro-inflammatory lipids that play 

important roles in atherogenesis.  LPC activates endothelial cells (ECs) to upregulate 

adhesion molecules, cytokines and chemokines, which is the initiation step of 

atherogenesis.  However, the mechanisms underlying LPC-triggered EC activation are 

not fully understood.  Previously considered as the toxic by-products of cellular 

metabolism, mitochondrial reactive oxygen species (mtROS) are recently found to 

directly contribute to both the innate and adaptive immune responses.  Here we tested a 

novel hypothesis that mtROS serve as signaling mediators for LPC-induced EC 

activation. 

Using electron spin resonance and flow cytometry, we found that several LPC 

species including LPC 16:0, 18:0, and 18:1 induced mtROS in human primary aortic ECs 

(HAECs).  Mechanistically, our analysis using confocal microscopy and Seahorse XF96 

mitochondrial function analyzer showed that LPC induced mtROS via increasing 

mitochondrial calcium-mediated increase of mitochondrial respiration.  In addition, we 
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found that mtROS scavenger MitoTEMPO abolished LPC-induced EC activation by 

downregulating Intercellular adhesion molecule 1 (ICAM-1) in HAECs.  Moreover, our 

analysis with mass spectrometer analysis of histone H3 lysine acetylation and 

electrophoretic mobility shift assay (EMSA) showed that MitoTEMPO acts by blocking 

LPC-induced histone H3 lysine 14 acetylation (H3K14ac) and nuclear translocation of 

pro-inflammatory transcription factor activator protein-1 (AP-1).  Remarkably, all the 

above effects can be inhibited by anti-inflammatory cytokines interleukin (IL-35) and IL-

10. 

Our results indicate that mtROS are responsible for LPC-induced EC activation, 

which can be inhibited by anti-inflammatory cytokines.  MtROS targeting therapies and 

anti-inflammatory cytokines such as IL-35 may serve as novel therapeutic targets for 

vascular inflammation and cardiovascular diseases.  

The studies in this dissertation were supported by grants from the National 

Institutes of Health (NIH) funded to Dr. Xiao-Feng Yang. 
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CHAPTER 1 - GENERAL INTRODUCTION 

Atherosclerosis 

Atherosclerosis is the Usual Cause of Cardiovascular Diseases 

CVDs including coronary heart disease and stroke are the number one cause of 

deaths in the US1 and worldwide2.  The underlying pathological mechanism of CVDs is 

atherosclerosis, which is a general term describing the pathogenic processes of the 

thickening (Athero-) and hardening (-sclerosis) of arteries.   

Atherosclerosis begins in childhood, with early atherosclerotic lesions as a thin 

layer of white-yellowish streaks detectable in youths as young as 7 years of age3, 4.  It 

remains asymptomatic for decades until the adverse effects may appear.  The clinical 

consequences of atherosclerosis only occur after severe narrowing or closure of an artery 

impedes blood flow in different organs5.  Atherosclerosis in the coronary arteries leads to 

myocardial infarction, which is usually manifested as the chest pain of angina and may 

cause sudden death.  In the brain, atherosclerosis can cause ischemic stroke, which could 

lead to progressive brain damage.  In the peripheral arteries, it can cause peripheral artery 

disease, which may lead to gangrene and leg amputation.  In the kidneys, atherosclerosis 

can lead to renal impairment and hypertension.    
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Atherosclerosis is a Chronic Inflammatory Disease 

 

Historically considered as merely a lipid deposition dysfunction disease with 

aging, recent studies established atherosclerosis as a chronic inflammatory disease6, 7.  

Animal studies, epidemiological studies and clinical investigations have established that 

hyperlipidemia, characterized as high circulating concentrations of cholesterol, promote 

atherogenesis.  Cholesterol is transported by low-density lipoprotein (LDL) in the blood, 

which contain esterified cholesterol and triglycerides surrounded by a shell of 

phospholipids and unesterified cholesterol, as well as Apo B-100.  When hyperlipidemia 

occurs, sub-endothelial migration and oxidation of LDL will accumulate oxidized LDL 

(oxLDL) in the tunica intima (the innermost layer of the artery).  The oxidized lipids 

derived from oxLDL such as LPC can then initiate innate inflammatory response.  LPC 

activates EC to upregulate adhesion molecules, cytokines and chemokines, which 

mediate the adhesion and trans-EC migration of blood leukocytes into the intima8.   Once 

reside in the artery wall, monocytes (the most abundant leukocytes in plaques) 

differentiate into tissue macrophages, which is necessary for the development of 

atherosclerosis9.  Subsequently, macrophages uptake cholesterols and become foam cells, 

which is a hall marker of atherosclerotic lesion 5.  Besides monocytes, other immune cell 

including T cells also participate in this process, although different subtypes of T cells 

play different roles, either promoting or suppressing roles, in atherogenesis10, 11.  As the 

disease progresses, vascular smooth muscle cells (VSMCs) are recruited from the tunica 

media (the middle layer of the artery wall) into the intima, where VSMCs proliferate and 

produce extracellular matrix molecules to form a fibrous cap, which covers the plaque5.  
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This cap typically overlies a collection of apoptotic as well as necrotic cells, cell debris, 

and cholesterol crystals, forming a complex advanced lesion7.  This can result in stenosis 

(narrowing of the lumen) that impedes blow flow to the surround tissue.  Rupture of the 

fibrous cap further leads to thrombosis, when thrombogenic materials including collagen 

from the lesion are released to the lumen and elicit ischemia, with myocardial infarction 

and ischemic stroke as life-threatening consequences.    
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Atherosclerosis is Initiated by Endothelial Activation 

As mentioned in the previous section, atherosclerosis is initiated by the activation 

of endothelial cells (ECs) that line the inner surface of the blood vessel wall (Figure 1) 5.  

Normally, ECs are quiescent and resist the adhesion of circulating leukocytes.  However, 

when hyperlipidemia occurs, the peroxidation of the phospholipids component of oxLDL 

generates modified phospholipids including LPC and oxidized 1-palmityol-2-

arachidonyl-sn-glycero-3-phosphocholine (ox-PAPC)7.  These proinflammatory lipids 

can activate ECs to produce adhesion molecules such as intercellular adhesion molecules 

1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) as well as cytokines and 

chemokines8, 12.  The mechanisms that mediate EC activation by LPC and ox-PAPC are 

not fully understood.  The downstream effects of ox-PAPC seems to involve the 

transcription factor peroxisome proliferator activated receptor α (PPARα)13 , the Janus 

kinase (JAK)/signal transducer and activator of transcription (STAT) pathway14, and the 

unfolded protein response15; while Ca2+ and ROS are involved in LPC-induced EC 

activation16.  In addition, it has also been recently reported the LPC derivative 

lysophosphatidic acid (LPA) also promotes atherosclerosis by releasing endothelial 

chemokine CXCL1, which mediates LPA-induced monocyte adhesion and 

atherogenesis17.  As a result of EC activation induced by these proinflammatory lipids, 

leukocytes (mainly monocytes) can migrate from the blood stream into the intima where 

they differentiate into macrophages.  Macrophages can further take up lipids to become 

foam cells and produce proinflammatory cytokines and pro-coagulants that amplify 
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inflammation responses and promote thrombotic events5.  Thus, ECs serve as the gate-

keeper of atherogenesis by controlling the leukocyte entry in the lesion18.  

 

 

Figure 1.  Atherosclerosis is initiated by endothelial activation. 

ECs line in the innermost layer of the arteries.  Normally, ECs are quiescent.  

When hyperlipidemia occurs, however, retention and oxidation of LDL will generate 

oxLDL.  The modified phospholipid components of oxLDL including LPC and ox-PAPC 

can activate EC to produce adhesion molecules such as ICAM-1 and chemokines which 

mediate the adhesion and migration of monocytes into the intima.  Once inside the blood 

vessel wall, monocytes differentiate into tissue macrophages and further become foam 

cells. 
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Lysophosphatidylcholine (LPC) 

LPC are a Group of Bioactive Lipids 

 LPC is produced in the cell by the superfamily of phospholipase A2 (PLA2) 

enzymes, which catalyze the hydrolysis of the sn-2 position fatty acid of membrane 

phosphatidylcholine to generate LPC.  There are four categories in the PLA2 superfamily 

enzymes: secreted sPLA2, cytosolic cPLA2, calcium-independent iPLA2, and lipoprotein 

associated Lp-PLA2
19.  Recent studies have established central roles of sPLA2 and Lp-

PLA2 in atherogenesis20.  sPLA2 is Ca2+-dependent and hydrolyzes glycerophospholipids 

to generate LPC and free fatty acids.  Various sPLA2 enzymes are highly expressed in 

human atherosclerotic lesions, and experimental and clinical studies suggest their 

involvement in atherosclerosis and CVDs21, 22.  By contrast, Lp-PLA2 is Ca2+-

independent and hydrolyzes oxidized phospholipids to generate LPC and oxidized fatty 

acids23.  In preclinical animal studies, inhibition of Lp-PLA2 attenuates the development 

of atherosclerosis, suggesting that it is not only a biomarker but also a candidate risk 

factor mediator for atherogenesis24.  

 Several receptors have been reported to be LPC’s receptor in the cells, which 

include GPR4, GPR132 (also known as G2A), GPR119, and PAFR.  The different 

candidate LPC receptors engage with different G proteins and elicit distinct cellular 

responses (Table 1).  However, with the two major papers that investigated LPC 

receptors retracted25, 26, the real receptor(s) for LPC remains to be identified.   
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 Numerous publications study LPC-induced responses in different cell types after 

the observation that LPC is upregulated at the sites of inflammation27.  One major 

signaling effect that is shared by different studies is the induction of cytosolic Ca2+.  LPC 

also inhibits or activates MAPK and affects adenylate cyclase (AC) signaling to produce 

cAMP (Table 1). 

 

Table 1.  Candidate receptors for LPC and the associated effects 

Receptor G-protein Cell signalling Cellular effects PMID 

GPR4 Gi/o  [Ca2+]i ↑, ERK, ↑↓, 

MAPK ↑, AC↑ 

Endothelial barrier 

dysfunction 

16461426 

GPR132 

(G2A) 

Gi/o, Gq, 

G12/13, Gs 

 [Ca2+]i ↑, ERK, ↑, 

MAPK ↑, AC↓, PLC ↑, 

Rho ↑, Rac ↑, Ras ↑ 

T cell chemotaxis 

Macrophage chemotaxis 

Macrophage apoptosis 

14681556 

15383458 

15834123 

GPR119 Gs cAMP ↑, AC↑ Induction of insulin from β-

cells 

15607732 

PAFR Gi/o, Gq, Gs [Ca2+]i ↑ Monocyte production of 

IFN-γ 

 10337026 
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LPC is a Key Atherogenic Component of OxLDL 

 More than 30 years ago, it was discovered by Dr. Steinberg’s group that when 

LDL is incubated with cultured ECs, LDL is oxidized and 40% of the 

phosphatidylcholine (PC) of LDL is degraded to LPC28.  The same group reported later 

that LPC generated in this process is a potent chemoattractant for monocytes, which may 

contribute to atherogenic process29.  This hypothesis is supported by the finding that both 

human and rabbit atherosclerotic lesions contain LPC-enriched oxLDL30 and LPC 

induces the expression of adhesion molecules and leukocyte adhesion in rat using 

intravital microscopy in vivo31.  In addition, plasma LPC levels are also higher in mild 

coronary atherosclerosis patients and correlate with coronary endothelial dysfunction, 

suggesting a role of LPC as a participant in early atherosclerosis in humans32.  

Furthermore, LPC positively correlated with proinflammatory cytokine production, 

macrophage content, and lesion size while negatively correlated with VSMC content in 

human atherosclerotic plaques, suggesting that LPC play a key role in plaque 

inflammation and vulnerability as well33.  Oral administration of a potent inhibitor of Lp-

PLA2, the enzyme that produces LPC during LDL oxidation, reduces lesion LPC content 

and inhibits complex coronary atherosclerosis development in the pigs24, indicating that 

targeting LPC could be a plausible approach for the treatment of CVDs. 

 Mechanistically, LPC exerts its proatherogenic effects by altering various 

functions in a number of cell types20, 23.  These effects include chemotaxis of immune 

cells, induction of EC adhesion molecules, cytokines and chemokines; stimulation of 
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VSMC migration, proliferation, and cell death; and induction of macrophage 

inflammation. 

 

LPC Induces EC Activation 

 LPC induces monocyte adhesion in cultured human ECs by inducing the 

expression of EC adhesion molecules intercellular adhesion molecule-1 (ICAM-1) in 

human umbilical vein endothelial cells (HUVECs)8.  The induction of ICAM-1 by LPC 

can be blocked by general ROS inhibitor diphenyleneiodonium34 and intracellular 

calcium inhibitor BAPTA16.  There are also controversial reports on whether protein 

kinase C (PKC) is involved35, 36.  In addition, LPC also activates proinflammatory 

transcription factors nuclear factor-κB (NFκB), activator protein-1 (AP-1), and cAMP 

response element-binding protein in ECs37, 38.  However, the intracellular sources of ROS 

induced by LPC remain poorly characterized and the mechanisms underlying those 

cellular signaling events and the mechanistic links between them remain unclear. 
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Mitochondrial Reactive Oxygen Species (MtROS) ∗∗∗∗ 

ROS in the Cell 

There are multiple sources of reactive oxygen species (ROS) in the cell including 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, xanthine oxidase, 

uncoupling of nitric oxide synthase, cytochrome P450, and mitochondrial electron 

transport chain (ETC).  As a major site of ROS production, mitochondria have drawn 

considerable interest because it was recently discovered that mitochondrial ROS 

(mtROS)  directly contribute to inflammatory cytokine production by activation of 

inflammasomes (IL-1β production)39, mitogen-activated protein kinases pathway 

(MAPK) (IL-6 production)40 and nuclear factor of activated T cells (NFAT) (IL-2 

production)41.  In addition, pathological conditions as diverse as malignancies, 

autoimmune diseases, and cardiovascular diseases all share common phenotype of 

increased mtROS production above basal levels42.  

                                                 

 

∗ This part of introduction is modified and updated from the article “Targeting Mitochondrial Reactive 

Oxygen Species as Novel Therapy for Inflammatory Diseases and Cancers” J Hematol Oncol, 2013. The 

first author of this article is the author of this thesis. 
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Production of MtROS 

 Mitochondria have a four-layer structure, including outer mitochondrial 

membrane, intermembrane space, inner mitochondrial membrane and matrix.  Generation 

of mtROS mainly takes place at the electron transport chain (ETC) located on the inner 

mitochondrial membrane during the process of oxidative phosphorylation (Figure 2).  

Oxidative phosphorylation is an essential cellular process that uses oxygen and simple 

sugars to create adenosine triphosphate (ATP), which is the cell's main energy source.  

Four big protein complexes and ATP synthase are involved in this process.  These ETC 

complexes are named complex I (NADH dehydrogenase (ubiquinone), 45 protein 

subunits), complex II (succinate dehydrogenase, 4 protein subunits), complex III 

(ubiquinol-cytochrome c reductase, 10 protein subunits), complex IV (cytochrome c 

oxidase, 19 protein subunits), and ATP synthase (19 protein subunits).  Electrons donated 

from nicotine adenine dinucleotide (NADH) at complex I and flavin adenine dinucleotide 

(FADH2) at complex II pass through ETC and ultimately reduce O2 to water at complex 

IV.  Meanwhile, positively charged protons (H+) are actively being pumped from the 

mitochondrial matrix into the intermembrane space, resulting in the increased negative 

charges in the mitochondrial matrix and the upregulated positive charges in the 

intermembrane space, and thus creating a mitochondrial membrane potential (Δψm) 

across the inner mitochondrial membrane.  This proton-motive force allows complex V - 

ATP synthase (ATP-ase) to generate ATP from adenosine diphosphate (ADP) and 

inorganic phosphate when protons re-enter the mitochondrial matrix through the complex 

V enzyme.  However, either by accident or by design, the process of ETC is not perfect.  
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Leakage of electrons at complex I and complex III leads to partial reduction of oxygen to 

form superoxide (O2
.-).  It has been estimated that 0.2% to 2.0% of O2 consumed by 

mitochondria generates O2
.-43.  There are three leak events: complex I leaks O2

.- towards 

the mitochondrial matrix, while complex III leaks O2
.- towards both the intermembrane 

space and mitochondrial matrix43, 44.  Subsequently, O2
.- is quickly dismutated to 

hydrogen peroxide (H2O2) by two dismutases including superoxide dismutase 2 (SOD2) 

in mitochondrial matrix and superoxide dismutase 1 (SOD1) in mitochondrial 

intermembrane space.  Collectively, both O2
.- and H2O2 generated in this process are 

considered as mtROS.  These two mtROS have different fates however.  Given its 

electrophilic property and short half-life, O2
.- can hardly pass through mitochondrial outer 

membrane and unlikely to become the candidate of signaling transduction molecule in the 

cells.  Instead, O2
.- can undergo radical-radical reaction with nitric oxide (NO) to form 

peroxynitrite within mitochondria, a detrimental oxidant capable of induction of DNA 

damage, disruption of mitochondrial integrity, and irreversible modification of proteins43.  

In contrast, H2O2 is electrophobic and more stable than O2
.-.  Indeed, the concentrations 

of H2O2 in mitochondria are 100 times greater than that of O2
.-45.  These properties render 

mitochondrial H2O2 an ideal signaling molecule in the cells. 
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Figure 2.  Production of mtROS 

Electrons (e-) donated from NADH and FADH2 pass through the electron transport chain 

and ultimately reduce O2 to form H2O at complex IV.  MtROS are produced from the 

leakage of e- to form superoxide (O2.-) at complex I and complex III.  O2
.- is produced 

within matrix at complex I, whereas at complex III O2
.- is released towards both the 

matrix and the intermembrane space.  Once generated, O2
.- is dismutated to H2O2 by 

superoxide dismutase 1 (SOD1) in the intermembrane space and by SOD2 in the matrix.  

Afterwards, H2O2 is fully reduced to water by enzymes including glutathione peroxidase 

(GPX).  Both O2
.- and H2O2 produced in this process are considered as mtROS. OM: 

outer membrane; IM: inner membrane. 
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Disposal of MtROS 

Owing to the high reactivity and toxicity of mtROS, mammalian cells have 

evolved a number of antioxidant enzyme systems to scavenge mtROS as soon as they are 

generated.  As mentioned in the previous section, the SOD family of antioxidant enzymes 

catalyze the dismutation of O2
.- to H2O2.  Subsequently, H2O2 is quickly reduced to water 

by other enzymes such as catalase and glutathione peroxidase (GPx).  

SODs 

Three isoforms of SOD have been identified, including SOD1/copper-zinc SOD 

(CuZn-SOD), SOD2/ manganese SOD (Mn-SOD), and extracellular SOD3 (EC-SOD).  

SOD1 is widely distributed throughout the cell cytoplasm, nucleus, and intermembrane 

space of mitochondria46.  SOD2 is expressed only in the mitochondrial matrix46, and 

SOD3 is found in the extracellular space.  The physiological importance of SOD2 is 

highlighted by the finding that in contrast to other SOD isoforms, the deficiency of SOD2 

causes early neonatal death in gene knockout mice47 and endothelial dysfunction in 

carotid artery of proatherogenic mouse model apolipoprotein E (ApoE)-deficient mice43, 

48. 

Catalase 

Catalase is a heme-containing tetramer of four polypeptide chains that reduces 

H2O2 to water.  Although catalase is highly efficient at reducing hydrogen peroxide, it 

may not play a central role in scavenging ROS in the mitochondria since it is localized 
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mainly in peroxisomes except that rat heart mitochondria does partially depend on 

catalase to scavenge ROS49.  Nevertheless, overexpression of catalase in ApoE-/- mice 

results in the retardation of atherosclerotic process50.  In addition, overexpression of 

catalase in the mitochondria decreased oxidative damage, inhibited cardiac pathology, 

and extended the lifespan of mice51.  These results suggest the importance of catalase in 

suppressing cardiovascular inflammation and damage and atherosclerosis.  

Glutathione peroxidase (GPx) 

GPx catalyzes the reductive inactivation of H2O2 using reduced glutathione 

(GSH) as a cofactor.  GSH is a tripeptide containing of three amino acid residues 

including glutamate, cysteine, and glycine.  During the process of reducing H2O2, GSH is 

oxidized to oxidized glutathione (GSSG).  GSSG is then recycled back to GSH by the 

enzyme glutathione reductase using NADPH as a substrate52.  Thus, the maintenance of 

GSH for optimal scavenging capacity is dependent on the bioavailability of NADPH 

stores.  Deficiency of GPx results in acceleration of atherogenesis in ApoE-/- mice, 

highlighting the importance of glutathione peroxidase in suppressing vascular 

inflammation and atherosclerosis53. 

Peroxiredoxin 

Peroxiredoxins are a family of antioxidant enzymes that regulate cytokine-

induced peroxide levels and mediate signal pathways54.  There are six peroxiredoxins in 

this family.  Importantly, H2O2 has the highest affinity to peroxiredoxin 2 (100%), then to 
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GSH (<0.01%), demonstrating the importance of peroxiredoxins55.  Overexpression of 

mitochondrial matrix peroxiredoxin (peroxiredoxin-3) prevents left ventricular 

remodeling and failure after myocardial infarction in mice56. 

Thioredoxins 

Thioredoxins are small proteins that play a variety of roles depending upon 

binding interactions and oxidoreductase activity.  Mammalian thioredoxin-2 (Trx2) is a 

mitochondrial protein.  Trx2 deficiency results in embryonic lethality at gestational day 

10.5 and embryos show massive apoptosis.  The timing coincides with the maturation of 

mitochondrial function.  In addition, Trx2 protects against vascular pathology in the 

ApoE-knockout mouse model for CVD57.  Furthermore, the accumulated data strongly 

support a role for Trx2 in protecting against oxidant-induced apoptosis via regulating 

mitochondrial permeability transition58. 
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Regulation of MtROS 

ROS production in mitochondria is determined by the rates of both mtROS 

production and disposal, which is regulated by a number of factors, such as metabolic 

state of mitochondria, mitochondrial membrane potential (Fig. 2).  

Mitochondrial Membrane Potential (Δψm) 

As described above, Δψm is created when protons are pumped from the 

mitochondrial matrix to the intermembrane space as electrons pass through the ETC.  The 

concept that higher (more polarized) Δψm is associated with greater mtROS generation is 

widespread in literature, and this is thought to be due to the slowed electron transport43.  

This idea is supported by the observation of decreased ROS generation when Δψm is 

dissipated by either chemical uncouplers59, such as FCCP60, or overexpression of 

mitochondrial uncoupling proteins (UCPs)61.  However, it has also been shown that 

uncoupling of the mitochondrial ETC in cardiomyocytes using chemical uncouplers in 

fact increased ROS accumulation62.  To reconcile this obvious discrepancy, a redox-

optimized ROS balance hypothesis is proposed, stating that physiological ROS signaling 

occurs within an optimized Δψm, and oxidative stress can happen at either the extreme of 

high Δψm or low Δψm
62.  This hypothesis is based on the fact that the redox couples 

involved in substrate oxidation (NADH) are closely linked to the redox couples involved 

in antioxidant defenses (NADPH).  Hence, it is vital to balance an adequate level of Δψm 

to maintain matrix NADPH rather than NADP+, which is necessary for mitochondrial 

antioxidant enzyme systems.  In other word, an increase in mitochondrial uncoupling of 
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the ETC can increase ROS production, which is primarily due to the fact that the 

antioxidant system of the cell is compromised. 

Respiration rate 

Endogenous modulators such as nitric oxide (NO) and Ca2+ can regulate the 

production of mtROS by regulating the respiration rate of mitochondria.  NO is a 

diffusible gas synthesized by three nitric oxide synthase (NOS) enzymes including 

endothelial NOS (eNOS), inducible NOS and neuronal NOS.  These three enzymes share 

50–60% homology at the amino acid sequence and have an N-terminal oxygenase 

domain with heme-, L-arginine-, tetrahydrobiopterin-binding domains, a central 

calmodulin-binding region, and a C-terminal reductase domain with NADPH, FAD, and 

FMN binding sites63.  The identification of NOS in the mitochondria64 and the fact that 

the ETC has several NO. reactive-redox metal centers43 strongly argue NO’s role as an 

important modulator of mtROS production.  NO can modulate mitochondrial respiration 

and oxygen consumption through reversible binding and inhibition at complex IV, 

leading to the accumulation of NADH and increases in ROS production65.  Mitochondria 

also participate in Ca2+ homeostasis by serving as a high-capacity, low-affinity transient 

Ca2+ store.  In contrast to NO, mitochondrial Ca2+ stimulates the rate of electron flow in 

the ETC66.  By allosteric activation of key enzymes in the tricarboxylic acid (TCA) cycle 

and ATP synthase, Ca2+ stimulates oxidative phosphorylation and mtROS production67.   
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O2 concentration 

MtROS production also depends on O2 concentration. As cellular O2 

concentration increases, the rate of mtROS production increases linearly68.  However, 

during hypoxia, a paradoxical increase in mtROS release was reported69.  This mtROS 

release appears to come from complex III and functions as a regulator of hypoxia-

inducible factor 1α (HIF-1α).  Nevertheless, the precise molecular basis underlying the 

seemingly controversial relationship between ambient oxygen levels and mtROS 

production remains obscure.  The redox-optimized ROS balance hypothesis mentioned 

previously can be used to account for this discrepancy.  It is postulated that hypoxic cells 

would exhibit high Δψm and augmented mtROS production due to the low electron 

flow62.  In this setting, the increased generation of mtROS could then be relieved by 

overexpressing mitochondrial UCPs70.  

Transcription factors 

Several nuclear transcription factors with well-characterized functions in the 

nucleus are also present in the mitochondria and become mitochondrial transcription 

factors.  Mitochondrial transcription factors include those of the nuclear hormone 

receptor family as well as transcription factors such as p53, NF-κB and STATs that are 

activated downstream of the binding of growth hormones and cytokines to cell-surface 

receptors71.  These TFs have several different mechanisms in regulating mitochondrial 

function and ROS levels.  P53 can bind to the Bcl-2 family members and induces 

apoptosis.  Also, p53 can inhibit SOD2.  In addition, interferon regulatory transcription 
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factor family 3 can interact with proapoptotic protein Bax.  Moreover, TFs including 

cAMP-responsive transcription factor, NF-κB, myocyte enhancer factor-2D and STAT3 

all can regulate gene expression.  

STAT3, initially identified as a transcription factor that regulates gene expression 

in response to cytokines such as IL-6 and IL-10, has recently been found to modulate 

mtROS through mechanisms independent of its nuclear factor activity, but dependent on 

its ability to directly modulate the activity of the ETC52, 72.  It has been shown that STAT3 

is present in the mitochondrial matrix, and deficiency of STAT3 in murine hearts leads to 

decreased activities of complexes I and II while increasing mtROS at complex I52.  

However, the molecular mechanism by which STAT3 modulates ETC activity is not well 

understood and it remains to be determined whether STAT3 is unique among STAT 

proteins in localizing to mitochondrial matrix and regulating mtROS.  Since STAT3 

responds to cytokines of the IL-6 and IL-10 families, which themselves regulate cellular 

metabolism process, it is tempting to speculate that by modulating mitochondrial ETC 

activity and mtROS generation, STAT3 links cytokine signaling pathways to cellular 

metabolism.  

HIF-1 mediates adaptive responses to chronic hypoxia with reduced oxygen 

availability by regulating gene expression.  HIF-1 reduces mtROS production under 

hypoxic conditions through multiple mechanisms including: i) a subunit switch in 

cytochrome c oxidase that increases the efficiency of mitochondrial complex IV; ii) 

induction of pyruvate dehydrogenase kinase 1, which shunts pyruvate away from the 
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mitochondria; iii) induction of BCL2/adenovirus E1B 19 kDa protein-interacting protein 

3, which triggers mitochondrial selective autophagy; and iv) induction of microRNA-210, 

which blocks assembly of Fe/S clusters that are required for oxidative phosphorylation73. 

Non-mitochondrial ROS sources 

Under certain conditions, non-mitochondrial generated ROS can augment mtROS 

production, a process known as “ROS-induced ROS”.  It has been demonstrated that 

many other ROS-producing enzymes, including NADPH oxidase74, xanthine oxidase75, 

and uncoupled eNOS76, can stimulate mtROS production.  The “ROS-induced ROS” 

system downstream of angiotensin II (Ang II) signaling pathway is well characterized.  

Ang II is a well-known stimulator of NADPH-oxidase-derived ROS77, but a role of 

mtROS downstream of Ang II-mediated cellular signaling has also emerged only 

recently74.  However, “ROS-induced ROS” can be a two-way street, which suggests that 

cytosolic ROS induce mtROS and mtROS also promotes cytosolic ROS.  In fact, it has 

been suggested that by activating NADPH oxidase, Ang II induces mtROS, which in turn 

leads to further activation of NADPH oxidase.  Moreover, scavenging of mtROS using 

mitochondria-targeted antioxidant can interrupt this vicious cycle and significantly 

decrease blood pressure after the onset of Ang II-induced hypertension78.  

The question of how other sources of ROS induce mtROS remains.  However, the 

importance of p66shc in this process is highlighted by the fact that p66shc is localized 

within the mitochondrial intermembrane space and can directly transfer electrons from 

cytochrome c to O2 to generate mtROS79.  Importantly, intracellular antioxidants such as 



22 

GSH are thought to maintain the mitochondrial form of p66shc in an inactive state80.  

Thus, p66shc may serve as a thiol-based redox sensor that signals to mitochondria to 

induce mtROS when the ROS level in cytoplasm becomes high.  As such, the 

atherosclerotic risk factor mediator, oxidized LDL, activates p66shc through NADPH 

oxidase81.  Furthermore, deficiency of p66shc gene renders mice resistant to complications 

of atherosclerosis82.  
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Figure 3.  Regulation of mtROS production. 

A number of factors including mitochondrial membrane potential (Δψm), metabolic state 

of mitochondria, and O2 concentration regulate the production of mtROS.  Non-

mitochondrial generated ROS can also augment mtROS production, a process known as 

“ROS-induced ROS”.  Meanwhile, transcription factor STAT3 has recently been found to 

suppress mtROS production independent of its nuclear factor activity. 
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MtROS and EC Functions 

Even when plenty of oxygen is presented, ECs rely heavily on glycolysis rather 

than mitochondrial respiration to generate ATP83.  Nevertheless, ECs still contain 

functional mitochondria, in which oxidative phosphorylation continues84, 85.  Thus, the 

primary function of mitochondria in ECs may be the regulated generation of ROS for 

cells signaling purpose, but not generation of ATP for energy production.  If this is true, 

ECs could modulate mtROS production without jeopardizing their energy needs.  Indeed, 

mtROS are involved not only in regulating a variety of important endothelial functions 

under basal conditions but also in activating proinflammatory pathways in response to 

cardiovascular risk factors in ECs86. 

Under normal physiological conditions, mtROS are capable of regulating vascular 

homeostasis.  Firstly, it has been demonstrated that vascular endothelial growth factor 

(VEGF) promotes endothelial migration through mtROS in cultured human umbilical 

vein endothelial cells87.  Endothelial migration is critical in a variety of physiological 

conditions including wound healing and vascular repair.  VEGF increases mitochondrial 

metabolism and mtROS production.  Furthermore, mitochondria-targeted antioxidant 

prevents VEGF-induced endothelial migration.  Secondly, mtROS contribute to 

endothelium-dependent vasodilation88.  The endothelium regulates vascular homeostasis 

in response to shear stress by synthesizing vasodilators such as NO.  Using ESR and 

histochemofluorescence methods, it has been shown that shear flow increases the 

production of ROS in human coronary resistance arteries, which can be blocked by 



25 

mitochondrial complex I inhibitor rotenone.  Moreover, complex I and complex III 

inhibitors, but not NADPH oxidase inhibitors, markedly blocked flow-induced dilation.  

Notably, ROS formation in response to flow after endothelial denudation is significantly 

decreased, suggesting an important role of endothelium in flow-induced mtROS 

formation.  Thirdly, mtROS are also of importance in hypoxia-induced adaptation 

response in ECs.  At low O2 concentrations, mitochondria of human umbilical vein 

endothelial cells (HUVECs) have been shown to generate ROS for activation of enzymes 

such as AMP-activated protein kinase (AMPK) because: 1) AMPK activation coincides 

with the hypoxia condition at which ROS is produced; 2) antioxidants can rescue 

hypoxia-induced AMPK activation; and 3) AMPK activation does not occur in ρ0 

HUVECs devoid of mitochondria.  Under the challenge of cardiovascular risk factors, 

however, excessive mtROS are produced in endothelial mitochondria.  Vascular 

stressors, as diverse as oxidized lipids, high glucose, and angiotensin II, can all induce 

mtROS in ECs. (Table 2) 

oxLDL 

Substantial evidence suggests that the retention and oxidative modification of 

LDL and subsequently activation of ECs initiates atherosclerotic lesion formation89.  

OxLDL triggers the expression of adhesion molecules and secretion of chemokines by 

ECs, which drive immune cell trans-EC migration and infiltration.  In this sense, oxLDL 

has been shown to induce mtROS in ECs in vitro90-92.  Using confocal microscopy, it has 

been demonstrated that a significant proportion of oxLDL-induced cellular ROS are co-
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localized to mitochondria.  Moreover, ECs that are deficient in functional mitochondria 

show a substantial decrease in cellular ROS formation stimulated by oxLDL90.  The 

precise mechanisms whereby oxLDL induces excessive mtROS generation in ECs 

remains poorly defined.  It has been suggested that oxLDL significantly reduces oxygen 

consumption and enzyme activity in the mitochondrial ETC91.  OxLDL also increases 

Δψm and reduces SOD2 protein levels92.  Moreover, c-Jun N-terminal kinases small 

interference RNA reduces oxLDL induced mtROS production substantially.  

Glucose 

Hyperglycemia is a key cardiovascular risk factor for patients with type 2 diabetes 

93.  High glucose is the first identified pathogenic stressor that induces mtROS in ECs94.  

High glucose-induced DCF fluorescence in bovine aortic ECs is prevented by several 

factors including an inhibitor of the ETC complex, an uncoupler of oxidative 

phosphorylation, uncoupling protein-1 and SOD294.  Furthermore, normalizing levels of 

mtROS after treatment of cells with each of these agents prevents high glucose-induced 

activation of protein kinase C, formation of advanced glycation end-products, sorbitol 

accumulation and NFκB activation94.  Later on, other studies report similar results95, 96.  

One study shows that inhibition of ROS production by uncoupling of the ETC 

significantly reduces high glucose-mediated induction of IL-8 expression in human aortic 

ECs95.  Another study links high glucose-dependent mtROS to increased consumption of 

H2S
96.  Interestingly, traditional pharmacological drugs including anti-inflammatory Sirt1 

activator resveratrol, anti-inflammatory/anti-cancer drug cannabidiol, and hypolipidemic 
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drug simvastatin have been shown to prevent high glucose-induced mtROS97-99.  The 

measurement of MitoSOX fluorescence shows that resveratrol attenuates high glucose-

induced mtROS production in human coronary arterial ECs.  The authors propose that 

resveratrol, via a pathway that involves the upregulation of antioxidant defense 

mechanism, attenuates mtROS production97.  Another paper shows that high glucose 

markedly increases mtROS, NF-κB activation, upregulation of iNOS, and EC adhesion 

molecules ICAM-1 and VCAM-1, monocyte-endothelial adhesion in human coronary 

artery ECs, and transendothelial migration of monocytes.  Remarkably, all the above 

mentioned effects induced by high glucose are attenuated by cannabidiol pretreatment98.  

Similarly, Simvastatin decreases high glucose-induced mtROS in bovine retinal capillary 

ECs and exerts protective effects against early retinal vascular damage in diabetic rats99.  

A recent study proposes that acute exposure to low glucose also increases mtROS 

production in human umbilical vein ECs100.  Interestingly, anti-diabetic drug Metformin 

can reverse low glucose-induced endothelial dysfunction through inhibiting excessive 

mtROS production. 

Angiotensin II 

Ang II is another pathogenic stressor that mediates endothelial dysfunction and 

promotes vascular inflammation and atherogenesis101.  Ang II treatment of bovine aortic 

ECs is shown to significantly increase mtROS production detected by ESR.  This effect is 

associated with decreased endothelial NO availability74.  Later on, the same group 

confirms this result using MitoSOX fluorescent probe.  Interestingly, supplementation of 
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human aorta ECs with the mitochondria-targeted antioxidant mitoTEMPO abolishes the 

MitoSOX signal after Ang II stimulation78.  In addition, mitoTEMPO also prevents the 

loss of endothelial NO caused by Ang II both in cultured ECs and in mice.  Furthermore, 

treatment of hypertensive mice with mitoTEMPO after onset of Ang II-induced 

hypertension significantly reduces blood pressure and substantially improves 

endothelium-dependent vasodilation. 
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Table 2.  Identified pathologic stressors that induce mtROS in EC. 

Cell type  Treatment  Dose  Time  PMID  

Bovine aortic ECs Oxidized LDL 200 μg/ml 30 min 15805232 

Bovine aortic ECs Electrophilic lipids 4 μM 4 h 16387790 

Human umbilical vein ECs LPC  5 μmol/L 60 min 16651638 

Porcine aortic ECs Glycated LDL 100 μg/ml 2 h 20036735 

Bovine aortic ECs Glucose 30 mM  2 h 10783895 

Human aorta ECs Glucose 25 mM  7 d  12600878 

bEnd3 microvascular ECs Glucose 40 mM  7 d  21808008 

Human umbilical vein ECs Low Glucose ≤ 80 mg/dL  5 min 22207730 

Bovine aortic ECs Angiotensin II 200 nmol/L 4 h 18096818 

Human aortic ECs Angiotensin II 200 nmol/L 4 h  20448215 

Human aortic ECs Homocysteine  150 μM 24 h 21672628 

Human umbilical vein ECs Hypoxia 14 mmHg 30 min  11950692 

Human umbilical vein ECs Hypoxia 0 mmHg 24 h 12165534 

Porcine aortic ECs Hypoxia 0 mmHg 1 h 12690038 

Murine pulmonary ECs Thrombin 1 mU/mL  100 s 17724077 

Human umbilical vein ECs PAR1-AP 50 μmol/L 1 h 18983479 

Human umbilical vein ECs TNF-α  1 ng/mL  1 h 11415943 

Murine pulmonary ECs  TNF-α  1 ng/mL  10 min 21519143 

Bovine aortic ECs Leptin  10 ng/mL  45 min 11342529 

Human coronary artery ECs Resistin  40/80 ng/mL  24 h 20435848 

Human umbilical vein ECs  VEGF 50 ng/mL  5 min 21653897 

PMID: PubMed ID 
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MtROS and Cardiovascular Diseases 

MtROS and hypertension 

Hypertension is associated with increased ROS production in several key target 

organs, including the vasculature, the kidney, and the central nervous system, which all 

contribute to the dysregulation of blood pressure102.  Ang II, the hormone commonly 

implicated in hypertension, is shown to increase ROS production in these sites.  A key 

role of NADPH oxidase in this process has been demonstrated both in vitro and in 

vivo103.  However, later studies indicates that Ang II activation of NADPH oxidase 

further leads to mitochondrial dysfunction and increased mtROS production74.  

Importantly, mice transgenic for thioredoxin (Trx2), the mitochondrial antioxidant 

enzyme, are shown to resist endothelial dysfunction and the development of Ang II-

induced hypertension104.  Moreover, Ang II-induced hypertension is also significantly 

attenuated by either overexpressing SOD2 or treatment with mitoTEMPO78.  These 

studies strongly demonstrate the potential of antioxidant strategies specifically targeting 

mtROS as therapy in hypertension and possibly in other CVDs as well. 

MtROS and atherosclerosis 

Multiple lines of in vivo experimental data indicate that excessive mtROS within 

vasculature promote the development of atherosclerosis. ApoE-/- mice that are deficient in 

SOD2, a mitochondria-specific antioxidant enzyme, exhibit accelerated atherogenesis at 

arterial branching points105.  SOD2 is also shown to protect against endothelial 
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dysfunction in carotid artery of ApoE-/- mice48.  Notably, transgenic overexpression of 

Trx2, another mitochondrial antioxidant enzyme, improves endothelial function and 

reduces atherosclerotic lesions in ApoE-/- mice in part by reducing oxidative stress and 

increasing NO bioavailability57.  It was recently shown that macrophage mtROS promote 

atherosclerosis development by promoting NF-κB-mediated inflammation in 

macrophages 106.  There is still limited knowledge of the involvement of mtROS in 

human atherogenesis; however, epidemiologic data suggest that genetic nucleotide 

polymorphisms leading to reduced SOD2 function are associated with increased 

atherosclerotic risk107.  In addition, there is significantly increased mitochondrial DNA 

(mtDNA) damage in human atherosclerotic arterial specimens compared to that of 

normal human arterial tissue105.  Indeed, increased mtDNA damage is also a shared 

phenotype of multiple diseases including neurological degenerative disease108 and 

cancer109.  As mtDNA contains genes that encode critical structural subunits for three of 

the four protein complexes of the ETC (complex I, III, and IV)110, mtDNA damage will 

lead to increases in mtROS generation and the extent of mtDNA damage is an index of 

the levels of mtROS. 
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Histone Acetylation 

Histone Acetylation Favors Gene Transcription 

Epigenetic regulations in the cell include DNA methylation, non-coding RNAs, 

and post translational modification of histone proteins such as acetylation, methylation, 

phosphorylation, ubiquitylation, and SUMOylation 111, 112.  DNA methylation mainly 

occurs on CpG dinucleotides of DNA and usually leads to transcriptional repression of 

gene expression.  More than 10 different groups of non-coding RNAs have been 

discovered in the cell so far, such as microRNAs, small interfering RNA, and long non-

coding RNAs113.  MicroRNAs are small single stranded RNA molecules, which inhibit 

mRNA stability and translation from a different locus of which they are derived.  Small 

interfering RNAs, on the other hand, are double stranded RNA molecules which induce 

gene silencing by cleaving mRNA and regulate the same genes that express them.  At 

last, long non-coding RNAs are RNA molecules longer than 200 nucleotides and regulate 

gene expressions.  However, the majority of the biological functions of nearly 200 

identified LncRNA still remain largely unknown114. 

Key post translational modifications of histone proteins include methylation and 

acetylation112.  Histone methylation can be associated with either transcriptional 

repression or activation and is mainly regulated by histone methyltransferases.  For 

example, mono-, di, or tri-methylation of histone H3 lysine 4 (H3K4me, me2, me3) are 

active marks for transcription whereas methylation on H3K9, H3K27 are signals for 

transcriptional silencing115.  Histone acetylation, on the other hand, favors gene 

transcription and is considered as a hallmark of transcriptionally active regions.  Histone 
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acetylation modifications are carried out by histone acetyltransferase (HAT) and histone 

deacetylase (HDAC) enzymes.  The addition of acetyl groups on histone tails was 

considered to facilitate gene transcription by neutralizing the histone charges, thus 

weakening histone-DNA interaction and relaxing the chromatin structure116. 
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Histone Acetylation and Atherosclerosis 

 Despite the ample knowledge of histone acetylation in cancer and the 

development of histone deacetylase (HDAC) inhibitors as anticancer drugs117, there is 

limited knowledge of the role of histone acetylation in atherosclerosis and the established 

knowledge on this topic is controversial.  One study using ApoE-/- atherosclerotic mouse 

model found that expression of HDAC3 was induced in the aortas during atherosclerosis 

development and in ECs exposed to disturbed flow in vitro.  In addition, knockdown of 

HDAC3 in ApoE-/- mice led to increased atherosclerotic lesion formation, suggesting a 

protective effect of HDAC3 in atherogenesis118.   Along the same line, a recent study 

showed that macrophage-specific HDAC3 knockout in ApoE-/- stabilized atherosclerotic 

lesions and HDAC3 was shown to be the sole HDAC upregulated in ruptured 

atherosclerotic lesions in humans119.  However, another study investigated the role of 

HDAC9 in atherosclerosis and found that systemic and bone marrow cell deletion of 

HDAC9 decreased atherosclerosis in low density lipoprotein receptor knockout mice, 

another atherogenic mouse model, arguing a proatherogenic role of HDAC9 in 

atherosclerosis instead120.  This was supported by a study showing that trichostatin A 

(TSA) (a specific histone deacetylatse inhibitor) treatment in low density lipoprotein 

receptor knockout mice exacerbated atherosclerosis development, indicating that histone 

acetylation plays a protective role in atherogenesis development121.  
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Histone Acetylation and EC Activation 

 The fact that histone acetylation favors gene transcription led the researchers to 

hypothesize that histone acetylation contributes to EC activation.  In fact, oxLDL-

induced secretion of IL-8 and monocyte-chemoattractant protein in ECs was enhanced by 

HDAC inhibitors122.  oxLDL also induced histone H3 and H4 acetylation both globally 

and on the promoters of IL8 and MCP1 genes in ECs.  The authors also showed that 

oxLDL reduced HDAC1 and HDAC2 expression in ECs and decreased expression of 

HDAC2 was found in ECS in atherosclerotic plaques of human coronary arteries.  

However, it is surprising to find that HDAC inhibitors (which increase histone 

acetylation) also served as potent suppressor of EC activation agents.  Preincubation of 

HDAC inhibitor TSA attenuated tumor necrosis factor alpha (TNF-α)-induced monocyte 

adhesion through VCAM-1 inhibition both in HUVECs and in vivo123.  Similarly, TSA 

and four other HDAC inhibitors were also shown to inhibit tissue factor (a cell surface 

receptor for the serine protease factor VIIa, also termed platelet tissue factor) expression 

in HUVECs124.  Thus, inhibition of HDAC activities can have promoting and inhibiting 

effects in EC activation in different studies.  
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IL-35* 

Anti-inflammatory Cytokines Suppress Atherosclerosis Development 

CD4+ T helper cells (Th) play essential roles in regulating inflammation and 

immune responses via differentiation into various Th functional subtypes, including Th1, 

Th2, Th17, Th9, Th22, follicular Th, and regulatory T cells (Tregs)125.  The majority of 

Th cell functions are fulfilled via the secretion of various cytokines, which can play a 

dual role in regulating atherogenesis126.  Proinflammatory and Th1-related cytokines such 

as interleukin-1 (IL-1), IL-18 promote the development and progression of 

atherosclerosis127, 128. However, Tregs-related anti-inflammatory cytokines such as IL-10 

and transforming growth factor beta (TGF-β) exert clear anti-atherogenic activities129, 130.  

It therefore stands to reason that patients with angina131 or familiar 

hypercholesterolemia132 have lower serum IL-10 levels than healthy controls.  In fact, 

transfer of murine IL-10 in the atherogenic ApoE-/- mouse model achieved 60% reduction 

in atherosclerotic lesion size133.  In addition, knockout of IL-10129 or inhibition of TGF-β 

signaling134 in ApoE-/- mice resulted in 300% and 200% increase of atherosclerotic lesion 

formation, respectively.  These findings suggest that anti-inflammatory cytokines play a 

critical role in the inhibition of atherosclerosis.  

                                                 

 

* This part of introduction is modified and updated from the article "IL-35 is a novel responsive anti-

inflammatory cytokine—a new system of categorizing anti-inflammatory cytokines." PloS one  2012. The 

first author of this article is the author of this thesis. 
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Anti-inflammatory Cytokines Suppress EC Activation 

IL-10 suppresses EC activation both in vitro and in vivo.  In cell culture systems, 

IL-10 inhibits IL-1-induced expression of ICAM-1 and VCAM-1 in HUVECs135.  In 

addition, preincubation with IL-10 or overexpressing IL-10 using adenovirus in HAEC 

significantly decreases oxLDL-induced monocyte adhesion136.  These findings were 

supported by in vivo findings in mice.  Systemic delivery of IL-10 using plasmid DNA 

completely prevented high fat diet-induced upregulation of ICAM-1 and VCAM-1 in the 

aortic sinus of mice137.    

The inhibitory effect of TGF-β was demonstrated using heterozygous TGF-

β1+/− mice.  After 12 weeks of high fat diet, higher level expressions of EC adhesion 

molecules ICAM-1 and VCAM-1 in vascular ECs and marked deposition of macrophage-

enriched lipid lesions were detected in TGF-β1+/− mice compared with that of wild-type 

mice138.  These results suggest that endogenous TGF-β1 is protective against EC 

activation in the vessel wall. 
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IL-35 is a Novel Responsive Anti-inflammatory Cytokine 

IL-35 was identified as a novel anti-inflammatory cytokine in 2007.  It is a 

dimeric protein with two subunits, IL-12A and Epstein-Barr virus induced 3 (EBI3)139, 

140.  Secretion of IL-35 has only been confirmed in Tregs140 and B cells141, 142.  Using 

experimental database mining approach that we developed143-146, we found that IL-35 was 

not constitutively expressed in human tissues147.  In addition, the genes encoding IL-35 

(IL-12A and EBI3) were transcribed by vascular ECs, VSMCs, and monocytes after 

activation with proinflammatory cytokines and lipopolysaccharide147.  Furthermore, IL-

35 has intrinsic instability, as it could be quickly degraded by AU-rich element- and 

microRNA-mediated mechanism147.  We concluded that IL-35, similar to IL-10 but 

opposite to TGF-β, is a responsive anti-inflammatory cytokine (Figure 4).  Our new 

working model in categorizing anti-inflammatory cytokines provide important insight 

into the following two important issues: first, how anti-inflammatory cytokines share 

their duties: the house-keeping cytokines, such as TGF-βs, inhibit the initiation of 

inflammation whereas the responsive cytokines including novel cytokine IL-35 suppress 

full-blown inflammation; and second how these two groups of anti-inflammatory 

cytokines orchestrate their roles in suppressing inflammation in different stages in 

various tissues and systems. 
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Figure 4.  IL-35 is a novel responsive anti-inflammatory cytokine 

Homeostatic tissues express “house-keeping” anti-inflammatory cytokines such as TGF-β 

to prevent it from initiation of inflammation.  When tissues get inflamed, 

proinflammatory factors may stimulate tissues to express “responsive” anti-inflammatory 

cytokines such as IL-35 by specific transcription factors to counteract inflammation 

response.  In addition, ARE binding proteins and MicroRNAs are responsible of the 

quick degradation of IL-35 mRNA afterwards, by which IL-35 achieves non-constitutive 

expression status in tissues again. 
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Rationale and Hypothesis of Dissertation 

Atherosclerosis is a chronic inflammatory pathogenic process of the arteries that 

leads to CVDs including myocardial infarction, stroke and peripheral artery disease, 

which are the number one cause of death in the United States6.  Atherosclerosis is 

initiated by the activation of EC that line the inner surface of the blood vessel wall5.  

Normally arterial EC are quiescent.  When hyperlipidemia occurs, however, sub-

endothelial retention and oxidation of LDL generate LPC which activates EC to 

upregulate the expressions of adhesion molecules and secretion of cytokines and 

chemokines7, 8.   However, the mechanisms underlying this response are not fully 

understood16.  Previously considered as the toxic by-products of cellular metabolism, 

mtROS are recently found to directly contribute to both the innate and adaptive immune 

responses.  As a novel anti-inflammatory cytokine, the role of IL-35 in EC activation is 

not known.  Here we tested novel hypotheses that mtROS serve as signaling mediators 

for LPC-induced EC activation; and that IL-35 could suppress LPC-induced EC 

activation by inhibiting mtROS.  Our hypothesis will be tested with the following specific 

aims: 

Specific aim 1 – Determine whether and how LPC induces mtROS in HAEC 

Study 1 – Determine whether LPC is induced in the aortas of ApoE-/- mice during early 

atherogenesis 

Study 2 – Determine whether LPC induces mtROS in HAEC 
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Study 3 – Determine the mechanisms underlying LPC-induced mtROS in HAEC 

Specific aim 2 – Determine the downstream effects of LPC-induced mtROS in HAEC. 

Study 1 – Determine whether mtROS mediate LPC-induced ICAM-1 upregulation 

Study 2 – Determine the underlying mechanisms of LPC-induced mtROS in regulating 

ICAM-1 expression 

Study 3 – Determine whether anti-inflammatory cytokines IL-35 and IL-10 can suppress 

LPC-induced EC activation by inhibiting mtROS 
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CHAPTER 2 - MATERIAL AND METHODS 

Chemicals and Antibodies 

All chemicals were from Sigma-Aldrich (St. Louis, MO) unless otherwise 

indicated.  Three different types of lysophosphatidylcholine (16:0, 18:0, 18:1) were 

purchased from Avanti Polar Lipids, Inc.  For the measurement of mtROS, MitoSOX Red 

Mitochondrial Superoxide Indicator (Life technologies) and mito-TEMPO-H Spin Probe 

(Enzo) were used.  CPH Spin Trapping reagent (Enzo) was also used for detection of 

cytosolic superoxide.  Fluo-4 and Rhod-2 (Life technologies) were purchased for the 

measurement of cytosolic and mitochondrial calcium.  IRDye 700 AP-1 and NFκB oligos 

were purchased from LI-COR for detecting nuclear translocation of transcription factors. 

Calcium signaling inhibitor Ruthenium Red was purchased from Calbiochem.  

Mitochondrial ROS inhibitor MitoTEMPO was purchased from Enzo.  HAT inhibitor 

Curcumin was purchased from Sigma.  Anti-inflammatory cytokines IL-35 and IL-10 

were purchased from Enzo and R&D, respectively.   The primers (5’-3’) used for the 

real-time PCR are: human ICAM1: TCTACGCTGACAATGAATCCTG and 

AGGGCCACTCAAATGAATCTC, human ACTB: ACCTTCTACAATGAGCTGCG 

and CCTGGATAGCAACGTACATGG.  Anti-ICAM-1 antibody (#4915) was purchased 

from Cell Signaling and Anti-acetyl-Histone H3 (Lys14) antibody (#MABE351) was 

purchased from Millipore. 
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Animals 

All animal experiments were performed in accordance with the Institutional 

Animal Care and Use Committee (IACUC) Guidelines and Authorization for the use of 

Laboratory Animals and approved by the Experimental Animal Committee of Temple 

University School of Medicine. 

All mice used were on a C57BL/6 background.  ApoE mutant mice or commonly 

known as ApoE-/- mice (strain name: B6.129P2-Apoetm1Unc/J) and wild-type (WT) 

mice were purchased from The Jackson Laboratory (Bar Harbor, ME).  Both WT and 

ApoE-/- mice were weaned at 4 weeks of age and maintained chow diet for another 4 

weeks, at which time (8 weeks-old) they were given 0.2% (w/w) cholesterol and 21.2% 

(w/w) fat high fat diet (TD.88137, Harlan) for 3 weeks.  At 11 weeks-old, mice were 

sacrificed and aortas were collected for metabolomics study. 

Mouse Genotype 

Mouse genotype was confirmed with PCR followed by agarose gel separation of 

the products. Mouse tail tissue was collected and digested with 600μl of tissue lysis 

buffer (10mM tris (pH 8.0), 100mM NaCl, 10mM EDTA, pH 8.0, and 0.5% SDS) 

containing 0.4mg/ml proteinase K at 55°C overnight. Tissue lysate was centrifuged at 

13,000rpm (Fisher Scientific Accuspin Micro R Centrifuge) for 20 minutes. Supernatant 

containing genomic DNA was collected and DNA was precipitated in 100% ethyl alcohol 

and dissolved in distilled deionized water at 37°C overnight.  
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Mouse genomic DNA was amplified with 3 specific ApoE primers by PCR: 180 

(5'-GCCTAGCCGAGGGAGAGCCG-3'), 181 (5'-TGTGACTTGGGAGCTCTGCAGC-

3'), and 182 (5'-GCCGCCCCGACTGCATCT-3').  The PCR cycle was 94°C for 30 

seconds (sec), 68°C for 40 sec, 72°C for 1 minute (min), and repeated for 35 cycles.  The 

PCR product was realized by gel electrophoresis with a 2% agarose gel.  The DNA 

fragment for ApoE-/- mice was 245 base pairs (bp), and the DNA fragment for WT mice 

was 155bp in length. 

Metabolomics Analysis 

 Aortas were collected from mice after 3 weeks of high fat diet.  Global, unbiased 

metabolic profiling was performed by Metabolon148.  Briefly, after the extraction of 

metabolites from tissues, the extracts were analyzed by ultra-high performance liquid 

chromatography-tandem mass spectrometry (UPLC-MS/MS; positive mode), UPLC-

MS/MS (negative mode) and gas chromatography-mass spectrometry (GC-MS).  

Compounds were identified by library search and statistical analysis was performed.    

Cell Culture 

Human aortic endothelial cells (HAECs) (Lonza, CC2535) were cultured in 

medium M199 (Hyclone laboratories, Logan, UT) supplemented with 15% fetal bovine 

serum (FBS; HyClone), endothelial cell growth supplement (ECGS, 50μg /mL; BD 

Biosciences), heparin (50μg/mL),  and 1% penicillin,  streptomycin, and amphotericin 
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(PSA; Invitrogen, Carlsbad, CA). HAECs were grown on 0.2% gelatin-coated flasks, 

plates, or dishes and they were used between passages 8 to 9.  

Fluorescence Activated Cell Sorting (FACS)  

After staining with MitoSOX (5 μM), HAECs were incubated at 37oC incubator 

for 10mins and washed with PBS twice afterwards.  After treatment of drugs, cells were 

washed once with ice-cold PBS and 200μL of Trypsin-EDTA was added to detach cells. 

Typsinization was terminated by adding FACS buffer (2% FBS in PBS) and collected by 

centrifuge. After re-suspension in 0.2 ml FACS buffer, samples were subjected to flow 

cytometry analysis and fluorescence emissions were measured at FL2 channel by 

FACSCalibur machine (BD). 

Fluorescence Microscopy 

 After staining with MitoSOX (5 μM), HAECs were incubated at 37oC incubator 

for 10mins and washed with PBS twice afterwards.  After treatment of drugs, cells were 

washed twice with PBS and used for staining by fluorescence microscopy.  Images were 

captured by the Zeiss Axioscope microscope. 

Electron Spin Resonance (ESR) 

After treatment, HAECs were washed with PBS twice and collected with cell 

scraper.  HAECs were then centrifuged and collected in 100 μl of deoxygenated modified 

pH 7.35 Krebs HEPES buffer (KHB) (99mM NaCl, 4.69mM KCl, 25mM NaHCO3, 

1.03mM KH2PO4, D-glucose 5.6mM, Na-HEPES 20mM, CaCl2(x2H2O) 2.5mM, MgSO4 
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1.2mM).  Cells were then vortexed briefly and aliquoted into 10 μl suspension in 

Eppendorf tubes.  , each aliquot of cells were added 80 μl of modified KHB buffer (plus 

25 μM Deferoxamine and 5 μM DETC) and 10μl of MitoTEMPO-H/CP-H buffer 

(10mM) to measure mitochondrial/cytosolic ROS.  The remaining cells were centrifuged 

and the cell pellets were frozen for the determination of protein concentration. 

Toxicology Assay 

 In vitro Toxicology Assay Kit, Lactic Dehydrogenase based (SIGMA-Aldrich, 

TOX7) was performed according to the manufacturer’s suggestion.  Briefly, cytoplasmic 

lactact dehydrogenase (LDH) released into the medium was measured based on the 

reduction of NAD by LDH.  The resulting reduced NADH is converted to colored 

compound and measured by spectrophotometer plate reader.  LDH activity was expressed 

by subtracting the 630nm absorbance value (background signal from instrument) from 

the 490nm absorbance. 

Seahorse XF96 Analyzer 

 HAECs were seeded at 30K per well in 96-well plates and cultured overnight.  

Culturing media was changed to modified DMEM media (2mM sodium pyruvate, 25mM 

glucose) and placed into a 37oC non-CO2 incubator for 1h.  After preparation of drugs 

and XF Cell Mito Stress Test Kit (Seahorse Bioscience) into cartridge ports, the cartridge 

and cell culture plates were loaded in XF96 analyzer (Seahorse Bioscience).  After 3 

basal measurement of oxygen consumption rate, drugs of interest were added and basal 
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respiration were measured every 15 min for 1 hour.  XF Cell Mito Stress Test Assay was 

performed afterwards to determine maximal respiration rate and other parameters of 

mitochondria. 

Confocal Microscopy 

 HAEC cells were grown on 25-mm glass coverslips and loaded with 2 μM Rhod-

2 AM (50 min) and 5 μM Fluo-4 AM (30 min)149.  After 1 min of baseline recording, 

LPC (10 μM) was added, and confocal images were recorded every 3 s (510 Meta; Carl 

Zeiss, Thornwood, NY) at 488- and 561-nm excitation using a 63× oil objective to 

simultaneously monitor cytoplasmic and mitochondrial Ca2+ dynamics. Images were 

analyzed and quantified using custom-made software (Spectralyzer, Elmsford, NY). 

Western Blot Analysis 

Protein extracts were collected from HAEC. Protein concentrations were 

determined by the bicinchoninic acid (BCA) assay with BSA standards. Proteins were 

separated on SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. 

Membranes were blocked by 5% BSA in tris buffered saline containing 0.01% Tween 20 

[TBST, 50mM Tris (pH 7.5), 150mM NaCl, and 0.1% Tween 20 (v/v)]. Membranes were 

incubated with primary antibodies overnight at 4°C. Membranes were then washed 

extensively with TBST and incubated with the appropriate horseradish peroxidase-

labeled secondary antibodies for 1 hour at room temperature. Afterward, membranes 

were incubated with enhanced chemiluminescence (ECL) substrate for horseradish 
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peroxidase (Pierce/Thermo, Rockford, IL) and the ECL intensity was detected by X-ray 

film exposure in a dark room.  The X-ray films were developed by the SRX-101A 

medical film processor.  The expression levels of proteins as indicated by the ECL 

intensity were measured with ImageJ software (NIH, Bethesda, MD, USA). 

Real-Time PCR 

Total RNA was isolated from HAECs with RNeasy Mini Kit (Qiagen) following 

the manufacturer’s suggestion. The RNA was solubilized in 30μl nuclease-free water. 

RNA quality and concentration was determined by the Nanodrop 2000 (Thermo 

Scientific, Wilmington, DE). Two μg of total RNA was reverse transcribed to generate 

complementary DNA (cDNA) using the High Capacity cDNA Reverse Transcription Kit 

(Invitrogen). 

The mRNA expression levels of genes were determined by quantitative real-time 

PCR (qRT-PCR) with the SYBR-green dye (Invitrogen) on the StepOnePlus PCR system 

(Applied Biosystems, Foster City, CA).  

Human EC Biology PCR Array 

 RNA collected from HAEC was isolated using the RNeasy Mini Kit (Qiagen). 

RNA was converted to cDNA with the RT² First Strand Kit (SABiosciences) and used 

following the direction of the Human Endothelial Cell Biology PCR Array 

(SABiosciences). Data was analyzed with the SABiosciences PCR Array Data Analysis 

Software. 
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Site-Specific Histone Acetylation Screening 

 Residue-specific histone acetylation was quantified by multiplexed mass 

spectrometry using published methods150, 151.  Briefly, a Waters Acquity H-class UPLC 

(Milford, MA) coupled to a Thermo TSQ Quantum Access (Waltham, MA) triple 

quadrupole (QqQ) mass spectrometer was used to quantify site-specific acetylated H3 

peptides.  After histone extraction and purification by the Histone Purification Mini Kit 

(Active Motif), the extracted histones were subjected to propionylation and trypsin 

digestion.  The digested samples were then injected to an Acquity BEH C18 column 

(2.1×50 mm; particle size 1.7 μm) with 0.2% formic acid (FA) aqueous solution (solution 

A) and 0.2% FA in acetonitrile (solution B).  Peptides were eluted over 11 min at 0.6 

mL/min and 60°C, and the gradient were programmed from 95% solution A and 5% 

solution B and down to 80% solution A and 20% solution B in 11 min. Selected reaction 

monitoring (SRM) were used to monitor the elution of the acetylated and propionylated 

H3 peptides.  The resolved peaks were integrated using Xcalibur software (version 2.1, 

Thermo), and the relative quantitative analysis was used to determine the acetylation 

fraction on individual lysine residues. 

Genome-wide Analysis of H3K14ac 

 To generate genome-wide maps of H3K14ac in HAEC, we performed chromatin 

immunoprecipitation followed by next-generation sequencing (CHIP-Seq) using 

previously published method152.  In brief, after chromatin was isolated and cross-linked, 

the DNA in the chromatin was sheared to an average length of 300-500 bp.  Genomic 
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DNA regions of interest were isolated using antibody against H3K14ac (Active Motif, 

cat.# 39599).  Crosslinks were reversed afterwards and CHIP DNA was purified by 

phenol-chloroform extraction and ethanol precipitation.  Quantitative PCR reactions were 

carried out in triplicate on specific house-keeping genes before next-generation 

sequencing (Illumina) was performed.  Illumina sequencing libraries were prepared from 

the CHIP and Input DNAs (without IP) by the standard consecutive enzymatic steps of 

end-polishing, dA-addition, and adaptor ligation.  After a final PCR amplification step, 

the resulting DNA libraries were quantified and sequenced on NexSeq 500.  Sequences 

(75 nt reads, single end) were aligned to the human genome (hg19) using the BWA 

algorithm (default settings).  Duplicate reads were removed and only uniquely mapped 

reads (mapping quality >= 25) were used for further analysis.  Alignments were extended 

in silico at their 3’-ends to a length of 200 bp, which is the average genomic fragment 

length in the size-selected library, and assigned to 32-nt bins along the genome.  The 

resulting histograms (genomic “signal maps”) were generated. H3K14Ac enriched 

regions were identified using the SICER algorithm (threshold FDR 1E-10, gap size 600 

bp).  Using a cutoff of FDR 1E-20, significant changed-regions between the control 

sample and the LPC-treated sample were further identified.  Signal maps and peak 

locations were used as input data to acquire detailed information on sample comparison, 

peak metrics, peak locations and gene annotations. 
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Preparation of Nuclear Extracts 

 HAECs were collected and homogenized in a low-salt buffer [10mM HEPES (pH 

7.9), 1.5mM magnesium chloride (MgCl2), 10mM KCl, 0.2mM PMSF, 0.5M DTT].  The 

cytoplasmic fraction was removed, and the isolated nuclei were resuspended in a high-

salt buffer [20mM HEPES (pH 7.9), 25% glycerol, 1.5mM MgCl2, 420mM NaCl, 0.2mM 

EDTA, 0.2mM PMSF, 0.5M DTT] to release soluble proteins.  The nuclear protein 

preparation was then collected and stored at -80ºC.  Protein concentration was determined 

by the bovine serum albumin (BCA) assay (Pierce) using BSA as a standard (DTT was 

added after protein concentration determination).   

Electrophoretic Mobility Shift Assay 

 Transcription factor interactions with DNA response elements were assessed 

using electrophoretic mobility shift assay (EMSA).  AP-1 and NF-κB consensus 

oligonucleotides end-labeled with IR700 were purchased from LI-COR (Lincoln, 

Nebraska).  The sequences of the probes are as follows: AP-1, 5’-

CGCTTGATGACTCAGCCGGAA-3’; and NF-κB, 5’-

AGTTGAGGGGACTTTCCCAGGC-3’.  EMSA were carried out using an Odyssey 

Infrared EMSA kit (LI-COR) according to the manufacturer’s instructions.  2-5 μg of 

nuclear extracts were added to each binding reaction.  The probe and nuclear proteins 

were incubated for 20 min at room temperature and DNA-protein complexes were 

resolved on a 5% non-denaturing polyacrylamide gels afterwards.  Images of gel were 

then obtained in an Odyssey scanner (LI-COR). 
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Microarray Analysis 

 RNA of the aorta from five male WT and ApoE-/- mice that were fed a Western 

diet for 3 weeks starting from 8 weeks-old were isolated with the RNeasy Kit (Qiagen). 

RNA quantity was determined by the NanoDrop ND-2000 (Thermo Scientific). RNA 

samples were sent to the Fox Chase Cancer Center Genomic Facility. The RNA integrity 

was determined by the RNA 28S/18S ratio using the Agilent 2100 Bioanalyzer (Agilent 

Technologies). Then samples were labeled and hybridized to the Affymetrix Genechip 

Mouse Gene 2.0ST Arrays following the manufacturer’s instructions. Scanned 

microarray images were analyzed using the Affymetrix Gene Expression Console with 

Robust Multi-array Average normalization algorithm. 

Statistical Analysis 

Data were expressed as the mean ± standard error of the mean (SEM).  For 

comparisons between two groups, two-tailed Student t test was used for evaluation of 

statistical significance.  Comparison across multiple groups, one-way ANOVA was used.  

*, p<0.05, **, p<0.01, **, p<0.001. 
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CHAPTER 3 - RESULTS 

Aortic LPC species are induced during early atherogenesis in mice 

 Multiple lines of evidence indicate that aortic LPC is induced during advanced 

atherosclerosis development.  As early as 1969, it was reported that the concentration of 

LPC of atherosclerotic aorta from monkeys was nearly 8 times as that of controls153.  In 

addition, arterial LPC content from advanced coronary atherosclerosis in diabetic and 

hypercholesterolemic pigs showed a 300% increase in arterial LPC content24.  

Furthermore, Different LPC species including palmitoyl-LPC (16:0), stearoyl-LPC 

(18:0), and oleoyl-LPC (18:1) were about 2-times higher in atherosclerotic plaques 

associated with symptoms than in asymptomatic plaques in human, suggesting that LPC 

contribute to plaque vulnerability as well33.  However, the answer to the question of 

whether LPC, which has been indicated not only as a marker but also a major culprit of 

atherosclerosis development, is induced in the aortas during early atherogenesis remains 

unknown.   To address this issue, we examined the expression of different species of LPC 

in the aortas of atherosclerotic mouse model ApoE-/- mice.  Wild-type (WT) and ApoE-/- 

mice were fed with high fat diet for 3 weeks, before they were sacrificed and tissues were 

collected from mice for global, non-targeted metabolomics analysis (Figure 5A).  It 

should be noted that in ApoE-/- mice fed with 3 weeks of high fat diet, plasma cholesterol 

triples but very minimal plaque develops154, 155.  8 different LPC species were detected in 

the aortas of WT and ApoE-/- mice (Figure 5B).   The most abundantly expressed species 

in both mice include LPC (16:0), LPC (18:0), and LPC (18:1).  Except for LPC (18:2), all 
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the other LPC species are significantly induced in the aortas of ApoE-/- compared with 

that of WT mice.    

In addition to aorta, we also performed global metabolomics analysis of the 

expression of LPC species in the plasma, heart, and liver of WT and ApoE-/- mice (Table 

3), the results showed that LPC species are differentially expressed among tissues: 

pentadecanoyl-LPC (15:0) and heptadecanoyl-LPC (17:0) are expressed in heart, liver, 

and plasma but not in aorta; arachidoyl-LPC (20:0) and eicosadienoyl-LPC (20:2) are 

only expressed in plasma; docosapentaenoyl-LPC (22:5) is only expressed in heart; and 

docosahexaenoyl-LPC (22:6) is expressed in aorta and heart.  In addition, the 

distributions of LPC species are similar among tissues except that plasma has high level 

of linoleoyl-LPC (18:2) expression (Figure 6).  More importantly, major LPC species 

including LPC (16:0), LPC (18:0) are only induced in aorta (Figure 5) but not in the other 

tissues while LPC (18:1) is induced in aorta, plasma, and heart.  Furthermore, only 3 

minor LPC species including myristoyl-LPC (14:0) and pentadecanoyl-LPC (15:0) and 

eicosatrienoyl-LPC (20:3) are induced in liver, with all the major LPC species 

unchanged. 
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Figure 5.  Aortic LPC species are induced during early atherogenesis in mice 

A. Experiment design.  Wild-type mice (n=8) and ApoE-/- mice (n=8) were fed with high 

fat (HF) diet for 3 weeks (w) starting from 8 w before they were sacrificed.  Aortas from 

were collected from the mice and metabolomics analysis was performed.  B. Relative 

changes of aortic LPC species between WT and ApoE-/- mice.  Data are expressed as 

mean ± SEM.   *, p<0.05, **, p<0.01, **, p<0.001. 
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Table 3.  Expression differences of LPC species in aorta, heart, liver and plasma 

between ApoE-/- mice and WT mice.   

LPC  

Species 

Aorta 

 

Heart 

 

Liver 

 

Plasma 

FC P FC P FC P FC P 

14:0 3.08 0.000  
 
3.86  0.000  

 
1.85 0.000 

 
3.46  0.000  

15:0 -- -- 
 
2.46 0.000  

 
1.44 0.000 

 
4.00 0.000  

16:0 1.83  0.012  
 
1.15 0.071  

 
0.78 0.120 

 
0.87 0.079  

16:1 3.47  0.001  
 
1.62 0.003 

 
1.27 0.063 

 
2.28 0.000  

17:0 -- -- 
 
1.36 0.461 

 
0.78 0.191 

 
2.24 0.016 

18:0 2.33  0.032  
 
0.96  0.964 

 
1.23 0.582 

 
1.35 0.333 

18:1 5.25  0.000  
 
1.87 0.007 

 
1.15 0.473 

 
2.07 0.000  

18:2 1.66  0.093  
 
0.96  0.917 

 
0.70 0.059 

 
1.04 0.469 

20:0 -- -- 
 
-- -- 

 
-- -- 

 
1.01 0.991 

20:2 -- -- 
 
-- -- 

 
-- -- 

 
1.94 0.034 

20:3 3.08  0.001  
 
4.07  0.000  

 
2.11  0.008  

 
1.50 0.011 

20:4 2.01  0.029 
 
3.08 0.000  

 
1.25 0.094 

 
1.06 0.525 

22:5 -- -- 2.35 0.000  
 
-- -- 

 
-- -- 

22:6 -- -- --  --  
 
0.84 0.441 

 
0.67 0.007  

FC, fold change; P, p value 
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Figure 6.  LPC level changes in plasma, heart, and liver between WT and ApoE-/- 

mice. 

Wild-type mice (n=8) and ApoE-/- mice (n=8) were fed with high fat (HF) diet for 3 

weeks (w) starting from 8 w before they were sacrificed.  Plasma, heart, and liver were 

collected from the mice and metabolomics analyses were performed.  Data are expressed 

as mean ± SEM.   *, p<0.05, **, p<0.01, **, p<0.001.  
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LPC induces mtROS in human aortic endothelial cells (HAECs) 

Next, we asked whether LPC would induce mtROS in HAEC.  Using flow 

cytometry method with mtROS-specific probe MitoSOX, we found that major LPC 

species including LPC (16:0), LPC (18:0), and LPC (18:1), which were induced in the 

aortas of ApoE-/- mice during early atherogenesis, induce mtROS production by 2-fold 

(Figure 7A).  In addition, LPC (16:0) dose-dependently increases mtROS production in 

HAEC (Figure 7B).  Higher concentration of LPC (40μM), however, did not further 

induce mtROS but becomes cytotoxic as measured by LDH released into the media 

(Figure 8).  We confirmed that MitoSOX did not incorporate with nucleus to give non-

specific signals by fluorescence microscopy (Figure 7C).  We also used ESR with 

specific spin probes MitoTEMPO-H/ CP-H to simultaneously examine LPC’s effect on 

mtROS and cytosolic ROS (ctROS) in HAEC156.  The results suggested LPC similarly 

induced mtROS and ctROS production by 2-fold at 1 hour and lasted for at least 2 hours 

but decreased at 24 hours (Figure 7D).  Wider time phase examination revealed that LPC 

induced mtROS and ctROS as early as 30 minutes and lasted for at least 6 hours and the 

time-phase of mtROS and ctROS inductions by LPC matched with each other tightly 

(Figure 9A).  The specificity of the spin probes to dissect mtROS and ctROS was 

determined using mtROS-inducer Antimycin A (mitochondrial complex III inhibitor) and 

ctROS-inducer Phorbol myristate acetate (NADPH oxidase and PKC activator ).  The 

results showed that Antimycin A (5μM) induced MitoTEMPO-H ESR signal but PMA 

did not increase it (Figure 9B).  Antimycin A and PMA both induced CP-H ESR signal. 
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Figure 7.  LPC induces mtROS in human aortic endothelial cells (HAECs). 

A. After loading with MitoSOX  (5 μM) for 10 min, HAECs were treated with three 

major LPC species (10 μM) including LPC (16:0), LPC (18:0), and LPC (18:1) for 1 hour 

and flow cytometry analysis was performed to quantify mtROS.  B. Dose-dependent 

effects of LPC (16:0) (10 μM, 1 hour) on mtROS in HAEC measured by MitoSOX using 

flow cytometry.  C. After loading with MitoSOX (5 μM) for 10 min, HAEC were treated 
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with LPC (16:0) (10 μM) for 1 hour and MitoSOX staining was visualized by 

fluorescence microscopy.  D & E. HAECs were treated with LPC (16:0) (10 μM) for 

different time points and cell aliquots were incubated with either mitochondrial ROS spin 

probe MitoTEMPO-H (1mM, D) or cytosolic ROS spin probe CP-H (1mM, E) at 37oC 

for 20 minutes before electron spin resonance (ESR) analysis.  Data are expressed as 

mean ± SEM.   *, p<0.05, **, p<0.01, **, p<0.001. 

 
Figure 8.  Higher concentration of LPC (40μM) does not further increase mtROS 

but induces cell death in HAECs. 

A.  After loading with MitoSOX (5 μM) for 10 min, HAECs were treated with different 

doses of LPC ranging from 2.5μM to 40 μM for 1 hour before flow cytometry analysis.  

B.  HAECs were treated with different doses of LPC for 1 hour and cell mediums were 

collected for the measurement of LDH release as an indicator of cytotoxicity. Data are 

expressed as mean ± SEM.   **, p<0.01, **, p<0.001.  
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Figure 9.  ESR detection of cytosolic and mitochondrial ROS in HAECs. 

A.  HAECs were treated with LPC (10 μM) for different times and cell aliquots were 

incubated with either mitochondrial ROS spin probe MitoTEMPO-H (1mM) or cytosolic 

ROS spin probe CP-H (1mM) at 37oC for 20 minutes before measurement by ESR (Left).  

Representative ESR signals were shown in the right.  C. HAECs were treated with 

Antimycin A (5 μM) and PMA (5 μM) for 1 hour and cell aliguots were incubated with 

MitoTEMPO-H (1mM) or CP-H (1mM) before measurement by ESR. 
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LPC increases mitochondrial respiration in HAEC 

 MtROS are produced in the ETC of mitochondria at the same time when the cell 

is synthesizing ATP, and higher respiration rate of mitochondria favors higher mtROS 

production42.  As such, we hypothesized that LPC would increase mitochondrial 

respiration rate in HAEC.  We tested this hypothesis using the Seahorse XF96 Analyzer, 

which can measure 4 different parameters of mitochondria in the cell including basal 

respiration, maximal respiration, ATP production, and proton leak.  We first seeded 

different densities of HAEC ranging from 5,000 (5K) cells/well to 30K cells/well in 96-

well plates to determine cell seeding density for the assay.  A linear induction of oxygen 

consumption rate (OCR) was followed after increasing seeding densities and 30K 

cells/well was picked for subsequent experiments (Figure 10A).  Because different cell 

types respond differently to Δψm uncoupler carbonilcyanide p-

triflouromethoxyphenylhydrazone (FCCP), FCCP titration experiment was also 

performed, and FCCP at concentration (1μM) which induced maximal mitochondrial 

respiration was used for subsequent experiment (Figure 10B).  OCR was measured every 

15 minutes for 1 hour, and LPC gradually induced OCR compared with vehicle-treated 

cells (Figure 10C).  At 1 hour, LPC significantly increased OCR by 20%, compared with 

2-fold increase of mtROS in the same condition.  4 parameters of mitochondria were also 

measured when the XF Mito Stress Test Kit was used after 1 hour basal OCR 

measurement.  It was found that LPC also significantly induced basal respiration, 

maximal respiration rate, proton leak of mitochondria, and ATP production as well 

(Figure 10C).  
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Figure 10.  LPC increases mitochondrial respiration in HAEC. 

A. Seeding density assay.  Varying densities of HAECs from 5,000 cells /well to 30,000 

cells /well were seeded into 96-well plate and oxygen consumption rate (OCR) was 

measured by Seahorse XF96 Analyzer afterwards.  B.  FCCP titration assay.  After three 

basal measurements of OCR, XF Mito Stress Test (Seahorse Bioscience) was applied by 

sequential adding of Oligomycin (1 μM), FCCP, and Rotenone (1 μM).  Different dose of 

FCCP (125 nM, 250 nM, 500 nM, and 1 μM) was added in each group.  C.  HAECs were 

seeded by 30,000 cells /well into 96-well plate.  After three measurements of OCR, LPC 

(10 μM) or vehicle control was added to the plate and OCR was measured every 15 
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minutes for 1h before XF Mito Stress Test was performed by sequential adding of 

Oligomycin (1 μM), FCCP (1 μM), and Rotenone (1 μM).  Quantitation of four different 

parameters of mitochondria was shown in the right.  Data are expressed as mean ± SEM.   

**, p<0.01, **, p<0.001.  
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Mitochondrial Ca2+ entry mediates LPC-induced respiration and mtROS 

 Previous studies have revealed that LPC can cause an increase in cytosolic 

Ca2+157, 158 and Ca2+ regulate mtROS production by increasing metabolic rates of 

mitochondria159, 160.  Thus, we hypothesized that LPC-induced Ca2+ entry into 

mitochondria could leads to increased metabolic rates in mitochondria and excessive 

mtROS production.  To test this hypothesis, we first examined the effects of LPC on 

cytosolic and mitochondrial Ca2+ using confocal microscopy.  The results showed that 

LPC dramatically induces cytosolic Ca2+ as measured by Fluo-4, which was quickly 

followed by mitochondrial Ca2+ induction afterwards (Figure 11A).  The peak response 

of mitochondrial Ca2+ (~6 fold) is higher than that of cytosolic Ca2+ (~5 fold) and both 

signals last at least for 10 minutes.  Next we used ruthenium red (RR), which is a 

mitochondrial calcium uniportor (MCU) inhibitor, and blocks Ca2+ entry into the 

mitochondria, to determine whether LPC-induced Ca2+ entry into mitochondria 

contributes to mtROS production.  The results showed that RR significantly inhibited 

LPC-induced basal respiration as well as maximal respiration, measured by XF96 

analyzer (Figure 11B).  In addition, RR also completely abolished LPC-induced mtROS 

production, measured by flow cytometry using MitoSOX (Figure 11C). 
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Figure 11.  Ca2+ mediates LPC-induced respiration and mtROS in HAEC. 
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A. HAECs loaded with cytosolic Ca2+ indicator Fluo-4/AM (green) and mitochondrial 

Ca2+ indicator Rhod-2 (red) were stimulated by 10 μM LPC and analyzed by confocal 

microscopy.  Left, Images were taken before and after the stimulation of LPC;  Upper 

right, real-time tracing of cytosolic and mitochondrial Ca2+ mobilization in response to 

LPC; Lower right, quantitation of peak responses of cytosolic Ca2+ (CytoCa2+) and 

mitochondrial Ca2+ (MitoCa2+) uptake.  B.  HAECs were seeded by 30,000 cells /well into 

96-well plate.  After three measurements of OCR, vehicle control/ LPC (10 μM)/ LPC 

(10 μM) plus Ruthenium Red (RR, 10 μM) were added to the plate and OCR was 

measured every 15 minutes for 1h before XF Mito Stress Test was performed by 

sequential adding of Oligomycin (1 μM), FCCP (1 μM), and Rotenone (1 μM).  

Quantitation of basal respiration and maximal respiration was shown.  C. After loading 

with MitoSOX  (5 μM) for 10 min, HAECs were treated with vehicle control/ LPC (10 

μM)/ LPC (10 μM) plus Ruthenium Red (RR, 10 μM) for 1 hour and flow cytometry 

analysis was performed.  Data are expressed as mean ± SEM.   *, p<0.05, **, p<0.01, **, 

p<0.001. 
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LPC-induced mtROS mediate ICAM-1 upregulation in HAEC 

LPC has been shown to induce upregulation of EC adhesion molecule ICAM-1 in 

HUVEC8; and the induction of EC ICAM-1 by LPC in HUVEC can be blocked by 

general ROS inhibitor diphenyleneiodonium16.  However, the source of ROS in this 

process remains unknown.  As such, we hypothesized that LPC-induced mtROS leads to 

ICAM-1 upregulation in HAEC. To test this hypothesis, we applied newly-developed 

specific mtROS inhibitor MitoTEMPO to block mtROS induction and assayed for 

ICAM-1 expression using RT-PCR and Western blot with specific antibody to ICAM-1.  

The results showed that LPC (10 μM) significantly induced both protein and mRNA of 

ICAM-1, which could be significantly suppressed by co-treatment of mtROS inhibitor 

MitoTEMPO (1 μM) (Figure 12). 
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Figure 12.  LPC-induced mtROS mediate ICAM-1 upregulation in HAEC. 

A. HAECs were treated with LPC (10 μM) with/without MitoTEMPO (1 μM) for 18 

hours before protein was collected.  Representative Western blots were shown in the left.  

Quantitation of ICAM-1 protein expression normalized by β-actin was shown in the right.  

B. HAECs were treated with LPC (10 μM) with/without MitoTEMPO (1 μM) for 18 

hours before RNA was collected for real-time PCR analysis.  Quantitation of ICAM-1 

RNA expression normalized by β-actin was shown.  Data are expressed as mean ± SEM.   

*, p<0.05, **, p<0.01, **, p<0.001.  
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LPC-induced mtROS contribute to EC activation 

 To explore additional downstream pathways that are targeted by mtROS in EC, 

we performed the Human EC Biology PCR Array to profile the expression of 84 genes 

related to EC biology, which are involved in vascular permissibility and vessel tone, 

angiogenesis, endothelial cell activation and endothelial cell injury.  Out of 57 genes 

detected, we found that 34 genes were induced more than 1.2-fold by LPC after 6-hour 

treatment (Figure 13).  More importantly, 14 out of 34 LPC-induced genes such as 

ICAM-1, PLAT, IL-6, and MMP2 could be blocked by co-treatment of mtROS inhibitor 

MitoTEMPO, with ICAM-1 being the most sensitive gene towards MitoTEMPO 

treatment (Figure 13). 
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Figure 13. LPC-induced mtROS contribute to EC activation. 

HAECs were treated with LPC (10 μM) with/without MitoTEMPO (1μM) for 6 hours 

and RNA was collected for Human EC Biology PCR array (QIAGEN) analysis.  A.  

Non-supervised hierarchical clustering of genes was used to generate heat map in the left.  

B. Fold changes of LPC/control and LPC plus MitoTEMPO/ control were shown in the 

right.  
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LPC induced-mtROS contribute to histone H3 lysine 14 (H3K14) acetylation 

 To examine how LPC-induced mtROS lead to EC biology changes, we applied 

site-specific histone acetylation screening by high-performance liquid chromatography 

coupled with mass spectrometer (HPLC-MS) method150, 151.  We hypothesized that LPC-

induced mtROS could upregulate ICAM-1 mRNA by inducing histone H3 acetylation, 

facilitating transcription factor binding and gene transcription.  We screened for 8 

different lysine acetylation positions on histone H3 including lysine 9 (K9), K14, K18, 

K23, K27, K36, K37 and K64 simultaneously.  The results showed that LPC specifically 

induces H3K14 acetylation in HAECs in a dose- and time- dependent manner (Figure 

14A) and LPC (10μM) for 2h treatment significantly induces H3K14 and to a lesser 

degree H3K23 acetylation (Figure 14B).  The levels of H3K9 and H3K18 stayed the 

same after LPC treatment, and the levels of K27, K36, K37, and K64 did not reach 

detection limits and were not plotted.  Next, we used newly-developed specific H3K14ac 

monoclonal antibody that could discriminate acetylated and non-acetylated H3K14ac 

peptide161 to perform Western blots to confirm the results from HPLC-MS method.  The 

results suggested that LPC (10μM) for 2h significantly induces H3K14ac by 2-fold 

(Figure 14C).  ESR was also applied to the same sample aliquots and we found that the 

induction of mtROS was associated with the increase of H3K14ac (Figure 14C).  

Furthermore, mtROS inhibitor MitoTEMPO could inhibit LPC-induced H3K14ac (Figure 

14D). 
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Figure 14.  LPC-induced mtROS contribute to H3K14 acetylation. 

A. After treatment of HAECs with LPC for different doses (10μM /20μM) and different 

time points (1 hour/2 hour), histones were purified using histone purification kit (Active 

Motif).  After propionylation and trypsin digestion, the acetylation fractions on individual 

lysine residues on histone H3 were measured by HPLC-MS method.  B. Statistical 

analysis of the acetylation fractions on lysine residues of H3 between control and LPC 

treatment group (10μM, 2 hours).  C. HAECs were treated with LPC (10μM) for 2 hours 

and protein was collected for Western blot analysis (up and lower left).  Aliquots from 

the same samples were also used to measure mtROS by ESR (lower right).  D. HAECs 

were treated with LPC (10μM) or LPC (10μM) plus MitoTEMPO-H (1μM) for 2 hours 

and protein was collected for Western blot analysis.  Data are expressed as mean ± SEM.   

*, p<0.05.   
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LPC-induced H3K14ac contribute to ICAM-1 upregulation 

To link LPC-induced H3K14ac to ICAM-1 upregulation, we performed genome-

wide analysis for significantly increased H3K14ac bound DNA regions across human 

genome in HAEC by CHIP-sequencing (CHIP-seq).  We hypothesized that LPC would 

induce H3K14ac binding in the promoter region of ICAM-1.  We had three groups of 

cells in the immunoprecipitation experiment with anti-acetylated histone 3 lysine 14: 

vehicle-treated HAEC, LPC (10μM, 2 hour)-treated HAEC, and input (HAEC without 

immunoprecipitation).  Each group of cells was pooled from 5 individual assay dishes to 

avoid potential intra-group differences between dishes.  We found that when compared 

with input group, vehicle-treated HAEC has a significant H3K14ac-enriched region in the 

promoter region of ICAM-1 (SICER algorithm, threshold FDR 1E-10, gap size 600bp) 

(Blue bars in Figure 15A).  When compared LPC-treated HAEC with vehicle-treated 

HAEC, LPC-treated HAEC has a significant higher H3K14ac-enriched region which is 

both wider and higher in the promoter region of ICAM-1 (threshold FDR 1E-20) (Red 

bars in Figure 15A).  In addition, when HAT inhibitor curcumin (which blocks histone 

acetylation) was applied, the induction of ICAM-1 by LPC was abolished (Figure 15B). 
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Figure 15.  LPC-induced H3K14ac contribute to ICAM-1 upregulation. 

A. Chip-Seq of H3K14ac in HAEC.  After treatment of vehicle or LPC (10μM) for 2 

hours, chromatins were collected, cross-linked, and sheared.  Immunoprecipitation of 

H3K14ac was performed afterwards and the resulting co-immunoprecipitated DNA 

regions were purified, sequenced, and aligned to human genome (hg19).  Unprecipitated 

chromatin sample was used for input control.  Data were visualized using UCSC genome 

browser.  Blue bars indicate significant difference between control and input, red bars 

indicate significant difference between LPC and control. Pooled samples in each group 

(n=5).  B.  HAECs were pre-incubated with Curcumin (10μM) for 1 hour and treated 

with LPC (10μM) for 2 hours and protein was collected for Western blot analysis. 
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LPC-induced H3K14ac contribute to EC biology changes 

 To explore additional genes which are regulated by LPC-induced H3K14ac, we 

analyzed genome-wide binding of H3K14ac in HAEC with or without LPC treatment.  

Using the SICER algorithm at a cutoff of FDR1E-10 and a Gap parameter of 600 bp 

(which merges peaks located within 600 bp of each other into a single “island”), the 

number of H3K14ac peaks was 24,346 for the vehicle-treated sample and 31,014 for the 

LPC-treated sample.  To identify the regions with the most significant changes in 

H3K14ac bound DNA enrichments, SICER was also run by comparing LPC-treated vs. 

vehicle-treated sample and vice versa (SICER-df).  Using a cutoff of FDR 1E-20, 

SICER-df identified 2,146 regions with significant up-regulation in the control sample 

(located in 1330 NCBI Genes with Intervals within -10,000 base pairs (bp)/+10,000 bp), 

and 6,034 regions with up-regulation in the LPC-treated sample (located in 6412 NCBI 

Genes with Intervals within -10,000 bp/+10,000 bp) (Table 4).  In addition, vehicle-

treated sample has high correlation with LPC-treated sample, with more read numbers of 

peaks in the LPC-treated sample (slope) (Figure 16A).  Furthermore, after LPC treatment, 

genome-binding of H3K14ac shifts from intergenic regions and introns towards the 

regulatory regions for gene transcription such as enhancers and promoter regions (Figure 

16B).  

 Next, we cross-examined the genome-wide association of H3K14ac with the 

human EC biology PCR array data (Figure 13).  Out of 34 genes which were induced 

more than 1.2-fold by LPC, 11 genes such as NOS3, PTGIS, ACE, COL18A1, and 
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VEGFA had increased H3K14ac binding after LPC treatment.  By contrast, out of 23 

genes which were induced less-than 1.2 fold or reduced by LPC, only one gene SPHK1 

had increased H3K14ac binding after LPC treatment (Figure 17).   

Table 4.  Summary of H3K14ac Chip-Seq in HAEC. 

SAMPLE Control  LPC  LPC-decreased LPC-increased 

NUMBER OF PEAKS 24,346 31,014 2,146 6,034 

DIST PROM (1-3 kb) 6,160 7,113 359 2,211 

PROX PROM (0-1 kb) 7,614 8,263 391 2,270 

GENEBODY 17,628 21,876 1,426 4,781 

5`-UTR 7,576 8,236 382 2,155 

EXON 10,120 13,745 733 4,150 

INTRON 16,568 20,819 1,389 4,649 

3`-UTR 2,926 5,558 188 2,523 

PROX DOWNSTR (0-1 kb) 2,785 5,164 165 2,453 

DIST DOWNSTR (1-3 kb) 3,062 5,383 156 2,429 

DIST INTERGENIC 8,580 12,314 904 2,743 

CpGI +/-200 bp 8,254 10,832 285 3,391 

SIMPLE REPEATS 16,667 22,726 1,597 5,558 
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Figure 16.  LPC increases H3K14ac peak lengths and shifts H3K14ac binding 

locations in the genome. 

A. After treatment of vehicle or LPC (10μM) for 2 hours, chromatins were collected, 

cross-linked, and sheared.  Immunoprecipitation of H3K14ac was performed afterwards 

and the resulting co-immunoprecipitated DNA regions were purified, sequenced, and 

aligned to human genome (hg19).  Unprecipitated chromatin sample was used for input 

control.  Scatter plot shows the tags (read numbers in peaks) between vehicle-treated 

group and LPC-treated group.  B. Genomic locations of LPC-decreased and LPC-

increased H3K14ac signals.  Pooled samples in each group (n=5). 
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Figure 17.  LPC-induced H3K14ac contribute to EC biology changes. 

After treatment of vehicle or LPC (10μM) for 2 hours, chromatins were collected, cross-

linked, and sheared.  Immunoprecipitation of H3K14ac was performed afterwards and the 

resulting co-immunoprecipitated DNA regions were purified, sequenced, and aligned to 
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human genome (hg19).  Unprecipitated chromatin sample was used for input control.  A. 

Correlation between the human biology PCR array (Figure 13) and the CHIP-Seq data 

(Figure 15).  B. Data were visualized using UCSC genome browser.  Blue bars indicate 

significant difference between control and input. Red bars indicate significant difference 

between LPC and control.  Pooled samples in each group (n=5).  
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LPC-induced mtROS and histone acetylation contribute to AP-1 nuclear 

translocation 

Putative transcription factor binding sites of NFκB and AP-1 have been identified in the 

promoter region of ICAM-1162.  In addition, LPC was shown to increase nuclear 

translocation of NFκB and AP-1 in HUVEC37, 38.  Thus, we hypothesized that LPC-

induced mtROS and H3K14ac mediate nuclear bindings of pro-inflammatory 

transcription factors to the target gene promoters, which contributes to ICAM-1 

upregulation.  Using electrophoretic mobility shift assay (EMSA), we showed that LPC 

induced nuclear translocation of AP-1 and NFκB to a lesser degree as published before.  

Importantly, MitoTEMPO almost completely abolished LPC-induced AP-1 nuclear 

binding but did not affect NFκB nuclear translocation (Figure 18A).  Moreover, HAT 

inhibitor Curcumin which blocks histone acetylation not only blocked LPC-induced AP-1 

nuclear binding but also reversed basal AP-1 nuclear activity (Figure 18B). 
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Figure 18.  LPC-induced mtROS and histone acetylation contribute to AP-1 

binding. 

Electrophoretic mobility shift assay (EMSA) was performed using Odyssey Infrared 

EMSA Kit (LI-COR).  A. HAECs were treated with vehicle or LPC (10 μM) for 1 hour 

with or without MitoTEMPO (1 μM) pre-incubation for 1 hour, nuclear proteins were 

collected afterwards.  2 μg nuclear proteins were used for AP-1 EMSA and 5μg nuclear 

proteins were used for NFκB EMSA.  B. HAECs were treated with vehicle or LPC (10 

μM) for 1 hour with or without Curcumin (10 μM) pre-incubation for 1 hour, 2μg nuclear 

protein were used for AP-1 EMSA.  Data are expressed as mean ± SEM.   *, p<0.05, **, 

p<0.01. 
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Anti-inflammatory cytokines IL-35 and IL-10 suppress LPC-induced ICAM-1 

upregulation by inhibiting mtROS-H3K14ac-AP-1 pathway 

 Lastly, we hypothesized that IL-35, as a newly identified anti-inflammatory 

cytokine, could inhibit ICAM-1 upregulation by inhibiting mtROS-H3K14ac-AP-1 

pathway.  We compared the effect of IL-35 with classic anti-inflammatory cytokine IL-

10 together.  The results showed that IL-35 and IL-10 both abolished LPC-induced 

upregulation of ICAM-1 in HAEC (Figure 19A).  In addition, IL-35 and IL-10 both 

abolished LPC-induced mtROS generation in HAEC measured by flow cytometry 

method (Figure 19B).  Moreover, IL-35 and IL-10 also suppressed LPC-induced 

H3K14ac (Figure 19C) and nuclear binding of AP-1 in HAEC (Figure 19D).   
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Figure 19.  Anti-inflammatory cytokines IL-35 and IL-10 suppress LPC-induced 

ICAM-1 upregulation by inhibiting mtROS-H3K14ac-AP-1 pathway. 

A. HAECs were treated with LPC (10 μM) with/without IL-10 (10ng/mL) or IL-35 

(10ng/mL) preincubation for 18 hours.  Representative Western blots were shown in the 

upper panel.  Quantitation of ICAM-1 protein expression normalized by β-actin was 

shown in the lower panel.  B. After loading with MitoSOX (5 μM) for 10 min, HAEC 

were treated with LPC (10 μM) with or without co-treatment of IL-10 (10ng/mL) or IL-

35 (10ng/mL) for 1 hour and flow cytometry analysis was performed afterwards.  C&D. 

HAECs were treated with LPC (10 μM) with/without IL-10 (10ng/mL) or IL-35 

(10ng/mL) preincubation for 2 hours. Western blot from total proteins (C) and EMSA of 

AP-1 from nuclear proteins (D) were performed.  Data are expressed as mean ± SEM.  *, 

p<0.05, **, p<0.01, ***, p<0.001. 
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IL-35 suppresses LPC-induced EC activation 

 To explore additional genes that are inhibited by IL-35, we performed PCR Array 

in HAECs.  Out of 84 EC biology-related genes, we found that 19 genes were induced 

more than 1.2-fold by LPC after 18-hour treatment (Figure 20A).  Interestingly, EC 

activation markers including E-selectin (SELE), ICAM-1, and VCAM-1 were among the 

top induced genes by 18-hour LPC treatment (Figure 20B).  In addition, 9 genes 

including PLAT, ICAM-1, TIMP1, SERPINE1, VEGFA, IL-7, TEK, THBD, and CDH5 

were both induced more than 1.2-fold by LPC after 6-hour or 18-hour treatment.  

Furthermore, out of the 19 genes induced by LPC, IL-35 selectively inhibited the 

induction of 6 genes including PLAT, VCAM-1, IL1B, ICAM-1, VEGFA, and IL-7. 
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Figure 20.  IL-35 suppresses LPC-induced EC activation. 

HAECs were treated with LPC (10 μM) for 6 hours with/without IL-35 (10 ng/mL) 

preincubation for 1 hour and RNA was collected for Human EC Biology PCR array 

analysis (QIAGEN).  A. Non-supervised hierarchical clustering of genes was used to 

generate heat map.  B. Fold changes of LPC/control and LPC plus IL-35/ control were 

shown in the right. 
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CHAPTER 4 - DISCUSSION 

LPC-induced EC activation is considered as the initiation step of atherogenesis.  

Although Ca2+ and ROS have been indicated to be required for this process, the 

mechanisms underlying those cellular signal events and mechanistic links between them 

remain not well defined.  Besides, the effect of novel anti-inflammatory cytokine IL-35 in 

regulating endothelial cell activation is not known.  To address these issues, our current 

study utilized a wide spectrum of highly sophisticated state-of-the-art techniques 

including non-targeted metabolomics profiling to screen for metabolites changes during 

early atherogenesis in ApoE-/- mice, FACS analysis using novel mtROS probe MitoSOX, 

ESR analysis using specific spin probes to detect mitochondrial and cytosol ROS 

simultaneously in the ECs, confocal microscopy to measure cellular mitochondrial and 

cytosolic Ca2+, HPLC-MS -based method to measure acetylation in different lysine 

rsidues of histones, and CHIP-seq to study genome-wide association of histone 

acetylation in the LPC-activated ECs.  We have made the following new findings: 1) 

Different LPC species including LPC (16:0), LPC (18:0), and LPC (18:1) were 

significantly induced in the aortas of mice during early atherogenesis;  2)  Different LPC 

species including LPC (16:0), LPC (18:0), and LPC (18:1) all significantly induced 

mtROS after 1 hour treatment in HAECs;  3)  LPC (16:0) dose-dependently and time-

dependently induced mtROS after 1 hour treatment in HAECs;  4) Higher levels of LPC 

did not further increase mtROS production but led to significant cell death in HAEC;  5) 

LPC-induced mtROS happened as early as 30 minutes, which lasted for at least 6 hours.  

The induction of mtROS by LPC matched closely with the induction of cytosolic ROS.  
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6)  1 hour treatment of LPC increased both basal /maximal respiration in the 

mitochondria of HAEC, which are indications of increased electron transport chain 

activity in the mitochondria;  7) LPC significantly increased Ca2+ in the cytosol which 

was followed quickly by increased Ca2+ signal in the mitochondria in HAEC. Both the 

induction of cytosolic and mitochondrial Ca2+ lasted for at least 10 minutes;  8) 

Mitochondrial calcium uniporter inhibitor Ruthenium Red significantly abolished both 

LPC-induced basal or maximal respiration in the mitochondria and LPC-induced mtROS 

in HAEC;  9) Specific mtROS inhibitor MitoTEMPO significantly blocked LPC-induced 

ICAM-1 after 18 hours both in protein and mRNA level;  10) MitoTEMPO blocked LPC-

induced upregulation of 14 EC biology related genes;  11) LPC dose-dependently and 

time-dependently increased H3K14ac but not H3K9ac, H3K23ac in HAEC.  The 

induction of H3K14ac by 2-hour treatment of LPC was also confirmed by Western blot 

using novel monoclonal antibody against H3K14ac;  12) LPC-induced mtROS correlated 

with LPC-induced H3K14ac in the same samples and mtROS inhibitor mitoTEMPO 

suppressed LPC-induced H3K14ac;  13) HAEC had a significant basal H3K14ac-

enriched region in the promoter of ICAM-1 compared with input sample.  After LPC 

treatment for 2 hour, the H3K14ac-enriched region in the promoter of ICAM-1 was both 

significantly higher and wider than that of non-treated controls.  In addition, HAT 

inhibitor Curcumin inhibited LPC-induced ICAM-1 upregulation;  14) 2-hour treatment 

of LPC significantly induced H3K14ac binding around 6412 genes and decreased 

H3K14ac binding around 1330 genes after genome-wide analysis of H3K14ac signals in 

HAEC;  15) LPC-induced H3K14ac associated with the induction of 11 gene expressions 
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related to EC biology;  16) MtROS inhibitor MitoTEMPO significantly blocked LPC-

induced nuclear translocation of proinflammatory transcription factor AP-1 but not NFκB 

after 1 hour.  The induction of AP-1 nuclear binding by LPC could also be significantly 

blocked by HAT inhibitor Curcumin;  17) Novel anti-inflammatory cytokine IL-35 and 

classic anti-inflammatory cytokine IL-10 both significantly abolished LPC-induced 

ICAM-1 upregulation in HAEC.  Mechanistically, IL-35 and IL-10 significantly blocked 

LPC-induced mtROS generation and suppressed LPC-induced H3K14ac and AP-1 

nuclear binding in HAEC. 

Atherosclerosis is a chronic inflammatory pathogenic process of the large and 

middle size artery wall, which leads to CVDs. CVDs are the number one cause of death 

in the United States.  ROS have long been recognized as a major culprit in the 

development of atherosclerosis which has led to the enthusiastic use of antioxidants in the 

treatment of the disease.  However, the results of randomized clinical trials of Vitamin C 

and Vitamin E have been disappointing.  One possible explanation of such failure is our 

incomplete understanding in the roles of different sources of ROS in atherosclerosis.  

This study addressed the issue of the role of mitochondrial ROS in LPC-induced EC 

activation which is the initiation step of atherogenesis. 

The proposed work is significant as it will greatly improve our understanding in 

the roles of mtROS in atherosclerosis which may lead to the development of 

mitochondria-targeting antioxidant in combating cardiovascular diseases. In fact, only a 
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small proportion of currently known antioxidants are actually accumulated in the 

mitochondria which might explain their failure in the treatment of the diseases.  

Major LPC species are induced in the aortas of mice during early atherogenesis 

To demonstrate the pathophysiological relevance of LPC, we first examined the 

expression profiles of LPC species in four major tissues of atherosclerotic ApoE-/-
 mice 

compared with WT mice during early atherogenesis.  The mice were fed with high fat 

diet for 3 weeks and at this time of age, very minimal lesions could be detect in the en 

face of aortas and early lesions just started to buildup in the aortic root of ApoE-/- mice as 

we previously reported154 (and unpublished data from Dr. Virtue in our lab).  In addition, 

as defined by Ross’ laboratory in ApoE-/- mice155, significant monocyte recruitment into 

ApoE-/- mouse aorta does not happen until 6 weeks after HF diet.  Thus, our mouse 

model is ideal for the examination hyperlipidemia-induced EC activation, an initiative 

step of early atherogenesis.  We utilized a global, non-targeted metabolomics to screen 

for the changes of more than 500 metabolites, which has low molecular weight (50-

1500Da) including LPC (~500 Da) during early atherogenesis.  This type of method is 

particularly ideal for the analysis of LPC species since LPC is generated post-

translational due to the enzymatic activity of enzyme activities.  Conventional approaches 

including PCR and Western blot analysis thus cannot detect LPC.  We examined four 

tissues including aorta, heart, plasma, and liver, which are key organs that participate in 

the pathogenic process of atherosclerosis.  We found that when compared with that of 

WT mice, almost all the 8 LPC species detected in the aorta except for LPC (18:2) were 
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significantly induced in ApoE-/- mice.  By contrast, fewer percentage of LPC species 

were induced in the plasma, heart, and liver of ApoE-/-, with only 3 minor LPC species 

induced in the liver.  In addition, major LPC species including (16:0) and (18:0) were 

only induced in the aortas of ApoE-/- mice but not in the 3 other tissues.  These results 

pointed to a key role of LPC in the aorta of mice during early atherogenesis.  

Furthermore, LPC species are differentially expressed in tissues and some LPC species 

are only expressed in one of the four tissues examined, hinting specific biological roles of 

these LPC species in different tissues. 

Our results correlated with previous findings, which reported increased aortic 

LPC expression in the aortas of atherosclerotic monkey, pig, and human24, 33, 153.  In 

addition, one of these studies also reported that LPC is strikingly induced in the aorta but 

not much in the plasma of atherosclerotic monkeys.  However, all these studies studied in 

the advanced stage of atherosclerosis development, which complicate the interpretation 

of whether LPC is simply a marker or indeed is a causal factor in atherosclerosis.  In 

contrast, our study examined the global changes of metabolites including LPC during 

early atherogenesis. The results clearly demonstrated that the induction of aortic LPC is 

an early event in the initiation of early atherosclerosis. 

LPC induces mtROS in HAEC 

Next, we studied the effects of LPC in EC activation, which initiates 

atherosclerosis development.  Firstly, we examined the effects of LPC on mtROS in 

HAEC.  Mitochondria contributes to early atherosclerosis development as it has been 
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shown that mtDNA damage not only correlated with the extent of atherosclerosis in 

human specimens and aortas from ApoE−/− mice but also preceded atherogenesis in 

young ApoE−/− mice.  In addition, ApoE-/- compound mice deficient in SOD2 (a 

mitochondrial antioxidant enzyme), displayed accelerated atherogenesis105.  Furthermore, 

endothelial-specific overexpression of Trx2, another mitochondrial antioxidant enzyme, 

improved endothelial function and reduced atherosclerosis development in ApoE-/- 

mice57.  As such, we hypothesized that LPC could contribute to early atherosclerosis 

development by inducing mtROS in HAEC.  We utilized 3 different methods that are 

complimentary to each other.  We used mtROS probe MitoSOX combined with FACS 

analysis to study mtROS in HAEC which analyzes every single cell and gates off any 

debris or dead cells before providing the final data.  However, measuring mtROS by 

detecting MitoSOX using flow cytometry has two potential drawbacks: 1) prolonged or 

high dose incubation of MitoSOX may incorporate nonspecifically to the nucleus to give 

erratic readings;  2) The reactions of MitoSOX with ROS yield two fluorescent products, 

one of which is superoxide specific, while the other is formed in response to general 

oxidative stress.  HPLC methodologies are thus required to separate and identify these 

products78, 163.  We addressed the first issue by combining the use of MitoSOX with 

fluorescence microscopy and showed that MitoSOX did not incorporate with nucleus 

after 10-imunte loading of 5μM of MitoSOX.  We addressed the second issue by using 

ESR combined with novel mtROS spin probe MitoTEMPO-H, which specifically detects 

superoxide in the mitochondria.  ESR also has a second advantage in that application of 

different spin probes allows us to localize and distinguish mtROS versus cytosolic 
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ROS.  However,   the sensitivity of ESR assay is lower than that of methods based on 

fluorescence.  The specific principles and advantages/disadvantages of these different 

methods to detect mtROS have been thoroughly discussed in our review article42.  

We found that three major LPC species including LPC (16:0), LPC (18:1), LPC 

(18:2), which were induced in the aortas of ApoE-/- mice during early atherogenesis, all 

induced mtROS by 2-fold after 1 hour treatment of LPC, suggesting that the ability to 

induce mtROS is a common characteristic of different LPC species.  We used the most 

abundantly expressed species LPC (16:0) in the studies afterwards, and showed that LPC 

at 5, 10, and 20 μM dose-dependently increased mtROS in HAEC.  However, we did not 

detect higher induction of mtROS by 40 μM LPC stimulation than that of 20 μM LPC 

treatment but significant cell death was observed instead.  Thus, cell death induced by 

LPC may not be the result of increased mtROS but other pathways but other pathways 

may be involved.  We further demonstrated that induction of mtROS by LPC is an early 

event, as it is induced as early as 30 minutes and persisted for at least 6 hours but 

decreased after 24-hour treatment.  This result suggested that the induction of mtROS by 

LPC was not due to gene expression changes related to mitochondrial ETC or antioxidant 

enzymes.  Instead, it should be due to the effect of cell signal mediator(s) which act 

promptly in the cell.  Furthermore, we also demonstrated that cytosolic ROS were 

induced side-by-side with mtROS.  Previous studies also implicated ROS generated by 

NADPH-oxidase in the cell also contributed to EC biology changes.  To rule out the 

possibility that the induction of mtROS is the result of ROS generated by NADPH 

oxidase, we used specific NADPH-oxidase inhibitor VAS-2870 and found that inhibition 
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of NADPH oxidase did not suppress LPC-induced mtROS production but rather 

increased it (Data not shown).  Thus, LPC-induced mtROS are not the result of NADPH 

oxidase activity. 

Our result is supported by a previous study reporting similar findings158.  It was 

found that LPC induces mtROS in HUVECs using MitoSOX combined with fluorescence 

microscopy.  In addition, they reported partial co-localization between mitochondria and 

ROS using ROS indicator DCFH-DA by confocal microscopy.  Our study expanded on 

these findings and showed that the induction of mtROS is a common feature of LPC 

species family.  We also examined the time-dependent and dose-dependent effects of 

LPC. 

LPC-induced mtROS is mediated by Ca2+-regulated respiration increase 

 MtROS are generated in the ETC of mitochondria during mitochondrial 

respiration as a result of leakage of electrons from ETC complexes. Higher rates of 

mitochondrial respiration favor higher production of mtROS.  For this reason, we 

measured mitochondrial respiration rate in HAEC using Seahorse XF96 Analyzer.  The 

Seahorse XF96 Analyzer measures OCR in the cells.  When different mitochondrial 

inhibitors and uncouplers are applied, four parameters of the mitochondria including 

basal respiration, maximal respiration, ATP production, and proton leak can be measured.  

Each cell type has different basal respiration rate and responds differently to the chemical 

uncoupler FCCP, so we performed pre-experiment to determine the optimal cell seeding 

density and titrate the concentration of FCCP.  Our results demonstrated that OCR 
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increased linearly as cell seeding density increased and that FCCP dose-dependently 

increased the maximal respiration in HAEC.  We picked the cell seeding density (30K) 

that gave the highest basal OCR and the FCCP concentration that induced maximal 

respiration for our studies afterwards.  We found that LPC gradually increased OCR, and 

that higher dose of LPC accelerated this process (data not shown).  At 1 hour, LPC 

significantly increased OCR by 20% while LPC increased mtROS by 2-fold at the same 

time.  Thus, a higher percentage of oxygen consumption is converted to mtROS after 

LPC treatment.  In addition, other parameters including maximal respiration, ATP 

production, and proton leakage were also significantly induced after 1 hour treatment.  

These results suggested that LPC accelerated the overall activity of ETC, which led to 

higher mtROS production in HAEC.    

 Ca2+ is an accelerator of ETC activity as it allosterically activates several key 

enzymes involved in the TCA cycle including isocitrate dehydrogenase, α-ketogluterate 

dehydrogenase, and pyruvate dehydrogenase.  Ca2+ also stimulates the ATP synthase 

which facilitate the transfer of electrons in the ETC.  The net effect of TCA cycle 

activation by Ca2+ is a boost of supply of reducing equivalents NADH and FADH which 

donate electrons to ETC and cause higher mitochondrial respiration159.  Thus, we 

hypothesized that LPC would induce Ca2+ entry into mitochondria, which mediates the 

acceleration of mitochondrial respiration and mtROS production.  To address this 

hypothesis, we measured cytosolic and mitochondrial Ca2+ simultaneously using confocal 

microscopy.  As published before149, 160, our method using confocal microscopy image 

clearly demonstrate the separation of cytosolic and mitochondrial Ca2+ stainings in the 
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cell.  We found that LPC quickly induced the induction of cytosolic Ca2+, which is 

promptly followed by the induction of mitochondrial Ca2+, both of which persisted at 

least 10 minutes.  Furthermore, we found that MCU inhibitor Ruthenium Red completely 

abolished LPC-induced basal/maximal respiration and mtROS induction in HAEC.  

These data suggested that LPC firstly induces cytosolic Ca2+, which subsequently enters 

into mitochondria through MCU and mediate the induction of mitochondrial respiration, 

leading to mtROS increase at last. 

 Previous studies reported similar findings between Ca2+ signaling and mtROS in 

ECs158, 160.  It was found that thrombin-induced mtROS is channeled by Ca2+ evoked by 

G protein receptor-coupled signaling.  Controversies still exist on what is the real LPC 

receptor in the cell, but different studies agreed on that LPC stimulates cytosolic Ca2+ in 

different cell types27.  Indeed, our study linking Ca2+ and mtROS is reinforced by one 

previous study, which reported similar findings that LPC-induced ROS in HUVEC is 

channeled through cytosolic Ca2+ induction.  They have shown that LPC-induced 

cytosolic Ca2+ is from an extracellular source; and that different Ca2+ inhibitors including 

Ruthenium Red, EGTA, and BAPTA all significantly suppressed LPC-induced ROS in 

HUVEC.  Our study expanded on these study and showed that mitochondrial Ca2+ 

followed quickly after cytosolic Ca2+ by LPC treatment and found that LPC-induced 

mtROS is channeled through Ca2+ entry into mitochondria.  We further proved that LPC-

induced Ca2+ acts to induce mtROS by increasing mitochondrial respiration rates in 

HAEC. 
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LPC-induced mtROS leads to ICAM-1 upregulation by H3K14ac-AP-1 pathway 

 Next, we examined the downstream effects of LPC-induced mtROS.  Using EC 

biology array, we screened for the changes of 84 genes related to EC biology after LPC-

treatment in HAEC.  We found that among the 34 genes that were induced by LPC, 

ICAM-1 expression was decreased the most after the co-treatment of mtROS inhibitor 

MitoTEMPO.  We further confirmed that MitoTEMPO significantly blocked LPC-

induced ICAM-1 expression at both protein and mRNA levels, which suggested that 

LPC-induced mtROS lead to ICAM-1 induction at the transcription levels. 

 Next, we examined the underlying mechanisms of how LPC-induced mtROS 

transcriptionally increase ICAM-1 expression.  It was recently discovered that mtROS 

contribute to inflammatory cytokine production by activation of inflammasomes (IL-1β 

production)39, mitogen-activated protein kinases pathway (MAPK) (IL-6 production)40 

and nuclear factor of activated T cells (NFAT) (IL-2 production)41.  We generated a 

novel hypothesis that LPC-induced mtROS might transcriptionally upregulate ICAM-1 

and other EC biology -related genes by reorganizing the chromatin architecture in EC.  

To address this novel hypothesis, we firstly utilized HPLC-MS-based method to screen 

for site-specific histone acetylation changes in HAEC after LPC-treatment and found that 

LPC selectively induced H3K14ac in HAEC.  Histone acetylation is regulated by 

different enzymes, which work either by themselves or cooperatively to acetylate specific 

site(s) on histones.  However, such “histone codes” still remain not fully understood and 
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we speculate that LPC acts to regulate H3K14ac by regulating the activity of either 

certain HAT or HDAC enzyme(s).  Regardless, we found that LPC significantly induced 

both H3K14ac and mtROS in the same sample aliquots and also found that mtROS 

inhibitor MitoTEMPO inhibited LPC-induced H3K14ac.  Thus, LPC-induced mtROS 

contribute to H3K14ac.  

 To examine whether LPC-induced H3K14ac contribute to EC biology changes 

and ICAM-1 upregulation, we performed genome-wide association of H3K14ac in 

HAEC by CHIP-Seq.  CHIP-Seq is a recently developed method based on next 

generation sequencing, which is ideal to examine the binding of transcription factors or 

histone modifications in a genome-wide level.  To our knowledge, we are the first group 

to examine histone acetylation changes during EC activation although this has been 

examined intensively during T cell activation.  We found that after 2-hour LPC treatment, 

around 6000 genes had significant increased H3K14ac binding events around them and 

around 1000 genes had significant decreased H3K14ac binding events around them.  In 

addition, we found that 11 genes out of the 34 LPC-induced genes related to EC biology 

including ICAM-1 had significant increased H3K14ac binding events around these genes.  

We also showed that HAT inhibitor Curcumin pretreatment completely wiped out the 

induction of ICAM-1 by LPC.  Since specific H3K14ac inhibitor is not available right 

now, the use of nonspecific HAT inhibitor Curcumin serves as a proof of principle to 

demonstrate that histone acetylation event is required for LPC-induced ICAM-1 

expression.  Next, we hypothesized that LPC-induced H3K14ac allows for specific 

transcription factor to bind on the opened promoter region and regulate the expression of 
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ICAM-1.  We performed EMSA to study the nuclear binding of NFκB and AP-1 which 

are putative proinflammatory transcription factors that regulate ICAM-1 expression.  We 

found that LPC significantly induced AP-1 and to a lesser extent NFκB nuclear 

translocation.  In addition, mtROS inhibitor MitoTEMPO significantly inhibited LPC-

induced AP-1 upregulation.  Furthermore, HAT inhibitor Curcumin also significantly 

blocked LPC-induced AP-1 upregulation.  These results indicated that LPC-induced 

mtROS and H3K14ac contribute to the nuclear binding of AP-1 on the promoter of 

ICAM-1. 

Previous studies showed that LPC induced ICAM-1 upregulation and monocyte 

adhesion in HUVEC8.  The induction of EC adhesion molecules by LPC can be blocked 

by general ROS inhibitor diphenyleneiodonium34 (DPI) and intracellular calcium 

inhibitor BAPTA16.  One study also found that LPC-induced mtROS contribute to MAPK 

signal pathway, which is the upper signaling of AP-1158.  Our study connected these 

separate dots and suggested that mtROS mediate LPC-induced ICAM-1 upregulation by 

firstly increasing H3K14ac, which facilitates the opening of chromatin regions in the 

promoter of ICAM-1 and binding of AP-1 to transcriptionally induce the upregulation of 

ICAM-1.  

IL-35 and IL-10 suppress LPC-induced ICAM-1 by inhibiting mtROS 

 Lastly, we examined the effects of novel anti-inflammatory cytokines IL-35 and 

IL-10 on LPC-induced EC activation.  Classic anti-inflammatory cytokines including IL-

10 and TGF-β has been shown to inhibit EC activation and atherosclerosis development.  
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However, the effect of newly discovered cytokine IL-35 in EC activation remains 

unknown.  Thus, we examined the effects of IL-35 in LPC-induced EC activation.  We 

found that IL-35 and IL-10 both significantly inhibited the expression of ICAM-1 by 

inhibiting mtROS production, as they also significantly abolished LPC-induced mtROS 

in HAEC.  In addition, IL-35 and IL-10 also suppressed the induction of H3K14ac and 

AP-1 nuclear binding.  We concluded that these two cytokines inhibited LPC-induced 

ICAM-1 by inhibiting mtROS-H3K14ac-AP-1 pathway.  The striking similarity between 

the two cytokines could be explained by their shared signaling pathways.  Although IL-

35 and IL-10 engage with different set of receptors, they can both activate STAT3, which 

has recently been found to modulate mtROS through mechanisms independent of its 

nuclear factor activity, but dependent on its ability to localize into mitochondria and 

modulate the activity of the ETC73.   However, the molecular mechanism, by which 

STAT3 modulates ETC activity, is not currently well understood.  We further explored 

the additional effects of IL-35 in LPC-induced EC biology changes.  We found that IL-35 

selectively inhibited the induction of 6 genes including PLAT, VCAM-1, interleukin 1β 

(IL1B), ICAM-1, VEGFA, and IL-7.   

Our results for the first time demonstrated that two endogenous cytokines IL-35 

and IL-10 can suppress EC activation by inhibiting mtROS.  As mtROS has recently been 

shown to contribute to inflammatory cytokine production and innate immune responses 

in macrophages and T cells39-41, it would be interesting to examine whether these two 

cytokines could similarly inhibit mtROS in these immune cells. 
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Summary and Future Directions 

 To summarize, our study demonstrated that LPC is induced in the aortas of mice 

during early atherogenesis.  In addition, LPC induces mtROS, which is mediated by Ca2+-

stimulation of mitochondrial respiration increase.  LPC-induced mtROS further led to 

ICAM-1 upregulation by increasing H3K14ac, thus facilitating the nuclear translocation 

of AP-1 and ICAM-1 transcription.  Furthermore, anti-inflammatory cytokines IL-35 and 

IL-10 can suppress LPC-induced EC activation by inhibiting mtROS-H3K14ac-AP-1 

pathway (Figure 21).  

 There are several future directions to pursue. Firstly, it could be examined that 

whether mtROS mediate hyperlipidemia-induced EC activation in vivo using ApoE-/- 

mice.  Specifically, it could be determined that whether hyperlipidemia induces excessive 

mtROS in comparison with cytosolic ROS in the aortas of ApoE-/- mice using ESR 

method.  In addition, it could be studied that whether hyperlipidemia induces excessive 

mtROS in aortic EC using confocal microscopy method.  Furthermore, it could be 

determined whether mtROS scavenger MitoTEMPO can suppress EC activation and 

lesion formation in ApoE-/- mice.  Secondly, the molecular mechanism linking LPC-

induced mtROS and H3K14ac could be examined by determining whether LPC-induced 

mtROS regulate certain histone modification enzymes.  Thirdly, the underlying 

mechanism of IL-35 suppression of mtROS could be examined by investigating whether 

IL-35 induces STAT3 in HAEC; and whether STAT3 “talks” to the mitochondria to 

suppress mtROS production. 



102 

 

Figure 21.  Working Model 

LPC induces mtROS production through Ca2+-regulated respiration increase in HAEC. 

LPC-induced mtROS mediate ICAM-1 upregulation by H3K14ac-AP-1 pathway. Anti-

inflammatory cytokines IL-35 and IL-10 can suppress LPC-induced ICAM-1 

upregulation by inhibiting mtROS. 
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