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Chapter I

INTRODUCTION

Immune Response, Inflammation, and Disease

Macrophages
As the sesquicentennial anniversary of Dr. Élie Metchnikoff’s discovery of
the macrophage approaches4, macrophages have become one of the most
highly studied immune cells in the human body. In 2014 nearly 10,000
publications listed in PubMed contained the keyword macrophage. Dr.
Metchnikoff was studying nutrient uptake in cells when he noticed a cell type that
would engulf particulates. He coined the term phagocytes, or “eating cell” as a
name for these cells5. Dr. Metchnikoff was not the first to observe this
phenomenon. Dr. Robert Koch noted anthrax inside granulomas, but
misinterpreted what he saw as the bacterium invading the host cell, and not the
host cell engulfing the bacterium5. Dr. Metchnikoff noticed that these cells were
also involved in the first line of host defense (innate immunity), as they would
phagocytose yeast cells that were foreign to the host. These new cells “ate”
different amounts of material and he named them accordingly: microphages or
“little eaters” later to be renamed neutrophils and macrophages or “big eaters”5.
Dr. Metchnikoff, along with Dr. Paul Ehrlich received the 1908 Nobel Prize in
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Physiology or Medicine for their discoveries of innate immunity and adaptive
immunity respectively5.
Since their discovery, macrophages have been identified in nearly every
body system. They have various names depending on the tissue type including
Kupfer cells in the liver6, microglia in the central nervous system7, osteoclasts in
bones8, Langerhans cells in skin and mucosa9, alveolar macrophages in lungs10,
monocytes, or macrophages in an early differentiation stage, are abundant in the
bone marrow and blood11, histiocytes in the lymph nodes12, Hofbauer cells in the
placenta13, and many more. Macrophages are a critical component of the
immune system, with functions as varied as their names and locations. The
functions of macrophages begin in early embryo development with the removal of
apoptotic cells allowing formation of organs and limbs, and continues to protect
the organism until death14.
Macrophages are primarily involved in innate immunity, but can also
participate in adaptive immunity10,

15

. Innate immunity is the nonspecific host

response to a variety of pathogenic stimuli, generating an acute inflammatory
response (M1-polarization) through a series of pattern recognition receptors
(PRR)16. The PRRs have evolved to recognize molecules unique to broad
classes of pathogens, and easily distinguished from host molecules called
pathogen-associated molecular patterns (PAMPs)17. One example of a PAMP is
lipopolysaccharide (LPS), which is on the outer coat of all Gram-negative
bacteria, and initiates inflammatory signaling through toll-like receptor 4, a
macrophage PRR18,

	
  

19

. PAMP signaling stimulates phagocytosis to engulf the

2	
  

pathogen; generates reactive oxygen species (ROS)20 and reactive nitrogen
species (RNS)21 to kill the pathogen; and synthesizes a variety of chemokines
and cytokines, including prostaglandins (PGs)22 leukotrienes23, interleukin-1 beta
(IL-1β)24, interferon gamma (IFNγ)25, interleukin-6 (IL-6)24, interleukin-12 (IL-12)26,
and tumor necrosis factor alpha (TNFα)27. These chemokines and cytokines
activate and recruit neighboring leukocytes by signaling that a pathogen has
been detected, exacerbating the immune response (Figure 1)15, 28, 29.

Figure 1. Reactive species generated by leukocyte activation. Leukocyte activation by PAMPs
as well as pro-inflammatory cytokines and chemokines results in the production of reactive
oxygen species and reactive nitrogen species. These highly reactive molecules can damage
both host and pathogen cellular macromolecules including carbohydrates, proteins, and
nucleic acids. Reprinted by permission from Macmillan Publishers Ltd: Taghizadeh, K, et al.
1
Nature Protocols (2008), 3; 1287. Copyright 2008 .
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Even though largely considered a pro-inflammatory cell, macrophages
also play a role in resolving inflammation and repairing tissue damage30,

31

.

Macrophages have another set of PRRs that recognize and respond to damageassociated molecular patterns (DAMPs), molecules associated with host tissue
damage. Unlike PAMPs, DAMPs initiate a noninfectious inflammatory signal (M2polarization), meaning it is not designed to kill an invading pathogen, but to repair
damaged tissue by engulfing and recycling damaged cells32,

33

. M2-polarized

macrophages also emit a host of cytokines and small molecules including
interleukin-430, interleukin-10 (IL-10)26, 34, interleukin-1330, interleukin-1 receptor
antagonist35, transforming growth factor beta36, and PGs37.

Inflammation and disease
Due to their prominent role in inflammatory responses, many macrophage
studies have been focused on inflammatory signaling pathways. Inflammation is
a complex process involving a variety of cells types38. The process of
inflammation starts with some initiating factor, which can range from cellular
injury to invasion by a pathogen, discussed in depth above. In addition, many
environmental factors can induce inflammatory signaling including cigarette
smoke39,

40

and non-nutrient transition metals41,

42

. The cardinal signs of

inflammation were first described by Celsus nearly two millennia ago. Calor
(heat), rubor (redness), tumor (swelling), and dolor (pain), are relatively
simplistic, but the molecular processes underlying these signs are anything but
simple43. Inflammation involves signaling cascades with multiple redundancies as
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well as feed back and feed forward mechanisms. Both proteins and small
molecules are generated that play prominent roles in cellular signaling and
cellular consequences both intended and unintended44.
One of the major inflammatory signaling pathways is the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, named after
the ultimate transcriptional regulator of the pathway45. When a PRR recognizes a
molecule associated with a pathogen, a series of phosphorylation events is
induced, resulting in the phosphorylation of the inhibitor of NF-κB (IκB) kinase
(IKK) complex46-48. The IKK complex consists of two catalytic subunits, IKK-α and
IKK-β, and one regulatory subunit, IKK-γ49. IκB binds the two subunits of NF-κB,
preventing them from translocating to the nucleus and initiating transcription50, 51.
IKK phosphorylates IκB, targeting it for proteasomal degradation, releasing NFκB to the nucleus to induce transcription52, 53. NF-κB regulates the synthesis of
many

pro-inflammatory

enzymes

that

generate

chemokines

including

cyclooxygenase-2 (COX-2)54 and inducible nitric oxide synthase (iNOS)55 as well
as the pro-inflammatory cytokines TNFα56 and IL-657. NF-κB signaling also
results in the up regulation of many of the anti-apoptotic, pro-survival proteins
including B-cell lymphoma-extra large58, B-cell lymphoma-2 related protein59,
cellular inhibitors of apoptosis60, and superoxide dismutase 2 (Sod2)61, 62.
Inflammatory signaling has many feed back loops that help to regulate
signaling, preventing a transition to chronic inflammation. One of the major antiinflammatory signaling pathways is the Kelch-like ECH-associated protein 1
(Keap1) and nuclear factor erythroid 2-related factor 2 (Nrf2) pathway63, 64. Under
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normal cellular conditions, Keap1 binds to the transcription factor Nrf2, facilitating
its ubiquitination by Cullin-3, leading to its turnover and preventing translocation
to the nucleus65,

66

. Keap1 is cysteine rich, and ROS generated during

inflammatory signaling can bind to cysteines67. Cysteine modification results in
Keap1 conformational changes that prevent ubiquitination of Nrf2, allowing its
release and translocation to the nucleus. Nrf2 binds to the antioxidant response
elements of its target genes, inducing transcription of genes that facilitate survival
of oxidative stress68-70. Target genes of Nrf2 include heme oxygenase-1 (Hmox1)
to generate the anti-inflammatory CO71, glutamate-cysteine ligase to synthesize
the cellular antioxidant glutathione (GSH)72, and glutathione S-transferase to
catalyze the conjugation of GSH to reactive electrophiles resulting in
detoxification73.
Many diseases can be linked to inflammation playing a role in etiology or
progression including cancer, neurodegenerative diseases, and cardiovascular
disease. Virchow first noted the linkage between cancer and leukocyte infiltration,
years before the discovery of the macrophage74. Studies have confirmed a link
between inflammation and cancer through the presence of macrophages in the
tumor microenvironment, and the dependence on macrophages for tumor
survival75-77.

Human breast cancer and ovarian cancer cells become more

invasive when co-incubated with macrophages. Invasiveness is reduced to
control levels when TNFα signaling is reduced by treatment with TNFα
antibodies78. A mouse model for hepatocellular carcinoma shows that inhibition
of NF-κB signaling or TNFα signaling increases tumor cell apoptosis79. Human
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mammary tumor cells are four-fold more motile when they are within 20 µm of a
macrophage80. IKK-β knockout mice showed a 75% reduction in tumors over
wild-type mice when treated with azoxymethane, a known pro-carcinogen for
colorectal cancer81. All of these studies strongly indicate a correlation between
macrophage infiltration, inflammation, and various forms of cancer.
Many neurodegenerative diseases have been linked to inflammation as
well, including Alzheimer’s disease (AD)82, Amyotrophic Lateral Sclerosis (ALS)
or Lou Gehrig’s Disease83, and Parkinson’s Disease (PD)84. Accumulation of
amyloid-beta peptide, a hallmark of AD, has been shown to induce ROS in
microglia leading to increased inflammation in the brain85. Superoxide dismutase
1 (Sod1) transcript expression increases, but protein expression is reduced in
sporadic ALS (90% of patients)86. Sod1 is an important ROS defense protein,
converting superoxide anion, a molecule generated in high amounts and a
precursor to most ROS, to the much less reactive H2O2. A contributing factor to
familial ALS (10% of patients) is mutations in the Sod1 gene. Identified mutations
linked to ALS include A4V87, H46R88, and G93A89. PD results from neuronal
death in the substantia nigra (SN)90. Significantly higher levels of resting
microglia are present in the SN of the mature brain compared to other regions.
The increased numbers of microglia make the SN particularly susceptible to ROS
and RNS generation91. Nitric oxide generation, a direct result of inflammatory
signaling has been implicated in the SN neuronal death of PD92. These studies
show that inflammation mediated ROS production is a major contributor to
neurodegenerative diseases.
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Atherosclerosis has long been associated with chronic inflammation and
leukocytes38, 93. It was first discovered that macrophages are a major component
of atherosclerotic plaques in porcine aorta94. Accumulation of lipoprotein causes
monocytes, progenitors of macrophages, to infiltrate the intima of blood vessels.
They begin to ingest large amounts of lipid and protein and differentiate to a
special class of macrophages called foam cells. Foam cell formation is visualized
as fatty streaks in early atherosclerotic lesions, and foam cells make up most of
the mass of a mature atherosclerotic lesion95. As the lesion grows, other
leukocytes are recruited96. If M1-polarized macrophages are recruited, then the
lesion will grow, as will the risk of rupture, resulting in myocardial infarction or
stroke97, 98. This recruitment is through C-C chemokine receptor 2, which when
knocked out make mice resistant to atherosclerosis99. Both cyclooxygenases
(COXs)100 and lipoxygenases (LOXs)101, enzymes that generate lipid mediators
of inflammation, are over expressed in atherosclerotic lesions. However, M2polarized macrophage recruitment will result in the repair of the lesion102.
The study of inflammatory signaling has led to an appreciation of the many
potent small molecule signals generated by cells involved. One major class of
molecules generated during inflammation is oxidized polyunsaturated fatty acids
(PUFAs). A diverse class of these species are generated during inflammation
with a larger ranges of cellular consequences reported.
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Oxidation of Polyunsaturated Fatty Acids

Polyunsaturated fatty acids
Fatty acids, named because they are composed of a carboxylic acid and a
hydrophobic tail, can be saturated, monounsatured, and polyunsaturated. These
terms refer to the number of double bonds in the fatty acids, with saturated
having zero, monounsaturated having one, and polyunsaturated having two or
more. Fatty acids are named generically X:Y (ω-Z) where X is the number of
carbons in the fatty acid, Y is the number of double bonds, and Z is the number
of carbons between the last double bond and the end of the hydrophobic tail
(Figure 2). Most of double bonds in fatty acids are in the cis conformation, with a
single methylene group separating multiple double bonds in PUFAs. The number
and orientation of these double bonds have a tremendous influence on signaling
action as well as the chemistry of oxidation.

O

O

HO

HO

Palmitic Acid 16:0

alpha Linolenic Acid 18:3(ω-3)

O

O

HO

HO

Oleic Acid 18:1(ω-9)

Arachidonic Acid 20:4(ω-6)
O

O
HO

HO

Linoleic Acid 18:2(ω-6)

Docosahexanoic Acid 22:6(ω-3)

Figure 2. Common fatty acids. Common unsaturated: palmitic acid; monounsatured: oleic
acid; and polyunsaturated fatty acids: linoleic acid, alpha linolenic acid, arachidonic acid and
docosahexanoic acid.
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Radical mechanism of lipid oxidation

Initiation

In! + LH "
L! +

O2 "

L! + InH
LOO!

Propagation
LOO! + LH "

L! + LOOH

LOO! " nonradical
products

Termination

Figure 3. Radical mechanism of lipid oxidation. General scheme for the radical mechanism of
lipid (LH) oxidation. First the reaction is initiated by some initiating species (In) generating a
lipid radical (L). Reaction of the lipid radical with molecular oxygen to form a lipid peroxyl
radical (LOO). The peroxyl radical can function as the initiator for another lipid molecule,
propagating the reaction. Finally, termination of the peroxyl radical to nonradical products.

PUFA oxidation follows the common radical mechanism of initiation,
propagation, and termination (Figure 3). As mentioned above, most PUFAs have
at least one bis-allylic position (Figure 4). The hydrogen atoms at the bis-allylic
position are easily abstractable and the resulting pentadienyl radical is
delocalized across five carbons. This hydrogen abstraction results from the
action of a cellular oxidant as is the case for autoxidation, or in a more controlled
fashion by enzymes such as the COXs and LOXs. The resulting radical reacts
with molecular oxygen forming a peroxyl radical that can propagate the chain
reaction,

and/or

terminate

to

nonradical

microenvironment conditions103-105.
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products

depending

on

Autoxidation
Non-enzymatic

abstraction

of

the

bis-allylic

hydrogen

is

called

autoxidation, which is uncontrolled lipid peroxidation. As expected with an
uncontrolled reaction, a much more diverse array of lipid peroxidation products
will be formed. While autoxidation can occur with both mono and polyunsaturated
fatty acids, I will focus on linoleic acid (LA) and arachidonic acid (AA) here.

H H

Oxidant

O2

H H
+

O O

O OH
Figure 4. General mechanism of PUFA oxidation. First an oxidant abstracts a bis-allylic
hydrogen resulting in a pentadienyl radical (initiation). The pentadienyl radical can react with
molecular oxygen forming the peroxyl radical. The peroxyl radical can then abstract a bisallylic hydrogen from an adjacent PUFA, generating a new pentadienyl radical (propagation),
but also terminating itself to the hydroperoxide (termination).
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The autoxidation of LA is one of the simpler PUFA oxidation profiles to
study due to its structure. With only two double bonds, LA only has one set of
abstractable hydrogen atoms. Oxygen can add to the 9-, 11-, or 13- carbons
generating a conjugated diene peroxyl radical for 9- and 13- positional isomers or
a bis-allylic peroxyl radical for the 11- positional isomer106. Oxygen addition is a
reversible process, and the peroxyl radical can be regenerated107. The rate
constant for the reverse reaction of the 11-peroxyl radical is orders of magnitude
greater than the rate constant for the formation of both the Z,E-9-peroxyl radical
and Z,E-13-peroxyl radical. These rate constants indicate that unless trapped
immediately, the 11-peroxyl radical will decompose quickly, giving all 9- or 13peroxyl radicals108. 11-Hydroperoxy octadecadienoic acid (11-HPODE) is rarely
seen except in cases where a good hydrogen donor is present. This was
demonstrated in the presence of α-tocopherol, a good hydrogen donor, where a
mixture of 1:1:1, 9-:11-:13-HPODE was generated by autoxidation109.
Isomerization of the double bond allylic to the peroxyl radical also occurs
in the 9- and 13- positional isomers. In the presence of a good hydrogen donor,
the peroxyl radical will be trapped generating the Z,E-9-HPODE or Z,E-13HPODE in equal amounts. As mentioned above, oxygen addition is reversible.
After regeneration of the peroxyl radical, oxygen can add at either position
potentially resulting in a second allylic bond isomerization, generating E,E-9HPODE and E,E-13-HPODE. When no good hydrogen donor is present, the
E,E:Z,E-HPODE ratio will be 4:1, designating Z,E-HPODE as the kinetic product,
and E,E-HPODE as the thermodynamic product (Figure 5)110, 111.
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Z,E-9-HPODE

O2
H H
9

R2

R1

R2

O2

O

O

O

R1

R2

OH
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O
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Figure 5. Autoxidation products of LA. After bis-allylic hydrogen abstraction, the pentadienyl
radical of LA can react at three different positions, generating three distinct peroxyl radicals.
The peroxyl radicals can be quenched generating HPODE, or they can revert to the
pentadienyl radical. The pentadienyl radical can then react with molecular oxygen at any of
the three original positions, reforming a peroxyl radical. With each reversal of the peroxyl
radical, double bond isomerization from cis to trans will occur. If allowed to reverse a sufficient
amount of times, trans double bonds will form preferentially as they are a lower energy state.

In addition to the various positional and geometric isomers generated,
HPODE is also a chiral molecule. During autoxidation, oxygen can add from
either side of the molecule generating both the R and S enantiomers. Analysis of
R/S ratios is one of the most accurate methods to determine in vivo if lipid
peroxidation is occurring by an enzymatic or non-enzymatic process because
microenvironment factors like hydrogen donor ability do not play a role in the
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stereochemistry observed. Therefore an R/S ratio of 1 indicates an autoxidation
process, whereas a ratio greatly skewed to one enantiomer over the other
suggests an enzymatic process112-114.
AA oxidation generates a much more complex autoxidation profile than LA
due to it having 3 bis-allylic positions at the 7-, 10-, and 13-carbons. A single
oxygen addition generates six positional isomers: E,Z,Z,Z-5-hydroperoxy
eicosatetraenoic acid (E,Z,Z,Z-5-HPETE), Z,E,Z,Z-8-HPETE, Z,E,Z,Z-9-HPETE,
Z,Z,E,Z-11-HPETE, Z,Z,E,Z-12-HPETE, and Z,Z,Z,E-15-HPETE103. As with LA,
bis-allylic peroxides are rarely observed and a mixture of R and S enantiomers
are formed from autoxidation115. Additionally, little HPETE is observed with more
than one trans double bond because the rate of cyclization is estimated to be
greater than the rate of reversal of the peroxyl radical116. The additional reactive
positions of AA also allow for endoperoxide formation by cyclization, resulting in
F2α-isoprostanes (F2α-isoP), products structurally similar to prostaglandin
F2α (PGF2α), and a host of other cyclized products117-119. F2α-isoPs have been
used as an in vivo biomarker for the identification of increased oxidative stress
and lipid peroxidation120, 121. The mixture of isoprostanes generated is extremely
complex, with four hydroxyl positional isomers possible: 5-, 8-, 12-, and 15-F2αisoP, with the 5- and 15-positional isomers the most abundant (Figure 6)119. Each
series of isoprostane has five chiral centers, resulting in eight unique
enantiomers for each120.
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HO
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COOH
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COOH
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HO

HO
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COOH
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OH
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OH
12-series F2α-isoprostane

Figure 6. Autoxidation of AA generates F2α-isoprostanes. The F2α-isoprostanes are a series
of autoxidation AA metabolites that are structurally similar to prostaglandins. The mechanism
of formation of isoprostanes is similar to that of prostaglandins, but because they are formed
non-enzymatically, they have a mixture of positional isomers and enantiomers.

Cyclooxygenases
PUFAs can also be oxygenated in a much more controlled fashion by
enzymes that direct hydrogen abstraction as well as oxygen addition to get a
specific product profile with defined isomers and stereochemistry. One such set
of enzymes are the COXs, which use a heme-bound iron to catalyze hydrogen
abstraction122. Two enzymes comprise this class: COX-1123, which is the
constitutively expressed species, and COX-2124, which is the species induced in
response to an inflammatory stimulus. Both enzymes are capable of oxygenating
LA125, AA125, as well as other PUFAs of both the ω-6 and ω-3 families126. COX-2
also exclusively oxygenates neutral ester and amide derivatives of AA, including
2-arachidonoylglycerol and arachidonylethanolamine127. The result of these
oxygenation events are potent and diverse signaling molecules involved in a host
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of cellular functions including vascular dilation and constriction, platelet
aggregation, and mucosal regeneration128.
Due to the potent signaling capabilities of COX metabolites, the enzymes
were the focus of pharmacology long before their existence and products were
known. Historically, extract of willow bark was given to patients to treat pain and
inflammation. The active ingredient in willow bark is salicylic acid, which when
acetylated by Felix Hoffman in 1897, created aspirin, a pharmaceutical agent still
used today129. Inhibition of the COX enzymes is the basis of a multibillion-dollar
set of drugs including the nonsteroidal anti-inflammatory drugs (NSAIDs)
ibuprofen, naproxen, celecoxib, and indomethacin130-132. With the prominent role
of COXs in generating cell signaling molecules, it is no wonder that COX
expression has been linked to a host of disease including cancer133,
cardiovascular

disease134,

rheumatoid

diseases136.
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Figure 7. COX metabolism of AA. The COX enzymes consist of two active sites that act on
free AA released from the lipid bilayer by cPLA2. The cyclooxygenase active site bisdioxygenates and cyclizes AA to form PGG 2. PGG2 is then reduced at the peroxidase active
site to PGH2. PGH 2 is the precursor to other eicosanoids including PGD2, PGE2, PGI2, PGF2α,
and TXA2, which are generated by their respective synthases.

The COX enzymes are structural homodimers that act as functional
heterodimers to bis-dioxygenate and cyclize AA, released from the lipid bilayer
by cytosolic phospholipase A2 (cPLA2)137, 138. Oxygenation and cyclization occur
in the cyclooxygenase active site forming PGG2 (Figure 7). The peroxide of
PGG2 is then reduced in the peroxidase active site to give PGH2. PGH2 is the
precursor to the signaling molecules PGE2, PGD2, PGF2α, PGI2, and
thromboxane A2 (TXA2), which are generated by their respective synthases122.
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The prostaglandins have a panoply of signaling roles, including both vasodilation
and constriction, muscle contraction, as well as the pain and fever associated
with inflammation128. Additionally, COXs can generate several monooxygenated
arachidonic acid species including 11(R)-HETE and 15(S)-HETE139. Aspirin, a
COX inhibitor that acetylates Ser530, does not abolish the activity of COXs, but
shifts the product profile from one generating PGH2 to one generating 15(R)HETE140. Many studies have used COX variants to determine the residues
responsible for the cyclooxygenase and peroxidase activity as well as inhibitor
binding to the COX enzymes139,

141-143

. LA is also a substrate for the COX

enzymes. Since LA only has one bis-allylic carbon, cyclized LA products are not
generated. The major products generated by COX metabolism of LA are the
monooxygenated products at the 9- and 13-carbons, 9-HPODE and 13-HPODE
respectively125.

Lipoxygenases
Like the COXs, LOXs represent a controlled mechanism of lipid oxidation,
with both LA and AA being potential substrates. LOXs can act on both free144 and
esterified145 fatty acids. Despite having an active role in inflammatory signaling,
LOXs have not been successful drug targets like the COXs. In fact there is only
one approved drug targeting 5-LOX, Zileuton146, which has a limited patient
population because of its generation of a cytotoxic compound, 5-oxo
eicosatetraenoic

	
  

acid

(5-KETE)147.
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though

they

have

not

been

pharmacological targets, 5-LOX148, 12-LOX149, and 15-LOX150 inhibitors as well
as pan-LOX inhibitors151 have been generated for research purposes.
There are many LOX enzymes that are named differently depending on
the organism and the oxygenation position of the fatty acid substrate, but all of
them use a non-heme iron for their chemistry. LOXs first discovered to oxygenate
LA were named 9-LOX and 13-LOX indicating that they add oxygen to the 9- or
13-carbon generating 9-HPODE or 13-HPODE respectively152. Conversely, LOXs
first discovered to oxygenate AA are named 5-LOX, 8-LOX, 12-LOX, or 15-LOX
indicating oxygenation of AA at the 5-, 8-, 12-, or 15-carbon, generating 5HPETE, 8-HPETE, 12-HPETE, or 15-HPETE respectively153. Much substrate
overlap can be seen between these groups of LOX enzymes. For example
soybean 15-LOX-1 functions as a 15-LOX when AA is the substrate, but a 13LOX when LA is the substrate154, 155. Another example is potato 5-LOX, which
functions as a 5-LOX when AA is the substrate, but a 9-LOX when LA is the
substrate156.
While not quite as vast as COX metabolism, LOXs generate a host of
biologically active metabolites. 15-HPETE and 15-hydroxy eicosatetraenoic acid
(15-HETE) generated by 15-LOX, have been shown to be angiostatic and
angiogenic

respectively157.

Increased

levels

of

LOX-derived

13-hydroxy

octadecadienoic acid (13-HODE) results in increased growth in hepatocellular
carcinoma158. However, the most studied class of metabolites resulting from LOX
metabolism are the leukotrienes159 (Figure 8), which result from 5-LOX
metabolism of AA160. The first step in leukotriene biosynthesis is the release of
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AA from the lipid bilayer by cPLA2161. 5-LOX is an interesting PUFA metabolizing
enzyme because it requires a second protein, 5-LOX activating protein (FLAP),
to metabolize AA162. The mechanism by which FLAP confers activity to 5-LOX is
not fully understood, but it is know that FLAP does not have enzymatic activity of
its own, and it is hypothesized that FLAP delivers AA to 5-LOX163.

During

leukotriene biosynthesis, AA is oxygenated by 5-LOX to 15(S)-HPETE, reduced
in the cell medium to 15(S)-HETE, then oxidized again by 5-LOX to leukotriene
A4 (LTA4)164, 165. LTA4 is then further oxidized by LTA4 hydrolase to leukotriene B4
(LTB4)166 or conjugated to GSH by LTC4 synthase (LTC4S) generating
leukotriene C4 (LTC4)167. The GSH of LTC4 can be further degraded sequentially
losing glutamate to form leukotriene D4 (LTD4), and then glycine to form
leukotriene E4 (LTE4)168. Leukotrienes are pro-inflammatory in their signaling, and
have been implicated in many diseases associated with inflammation169 including
rheumatoid arthritis170, irritable bowel syndrome171, and asthma172. The only drug
targeting LOXs, Zileuton, inhibits 5-LOX and thus leukotriene biosynthesis, and
has been implemented as a treatment for many of the diseases associated with
leukotriene biosynthesis171, 173.
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Figure 8. 5-LOX metabolism of AA. 5-LOX catalyzes the addition of molecular oxygen to AA
released from the lipid bilayer by cPLA2 to generate 15(S)-HPETE. 15(S)-HPETE is quickly
reduced to 15(S)-HETE in the cellular milieu. 5-LOX also oxidizes 15(S)-HETE to LTA4. LTA4
can be converted to LTB4 by LTA4 hydrolase or conjugated to GSH to form LTC4 by LTC 4
synthase. The GSH of LTC4 can be degraded to LTD4 then LTE4 by losing glutamate and
glycine sequentially.

Lipid Electrophiles

Generation of lipid electrophiles
Further oxidation and degradation of the oxidized lipid species mentioned
above results in the generation of various chain length α,β-unsaturated carbonyls
and free aldehydes. These lipid species are electrophilic, reacting with

	
  

21	
  

nucleophilic groups of cellular macromolecules forming adducts, and potentially
altering function. I will focus on adducts formed on nucleophilic amino acid
residues in proteins. By no means has the entire electrophile pool been
discovered, and thus we don’t know exactly how they are formed. However, the
chemistry of formation has been identified for several of the more highly studied
lipid electrophiles.
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levuglandin E2
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Figure 9. Structures of some commonly studied lipid electrophiles.

Several mechanisms have been proposed to explain the formation of
these reactive lipid species. Both 4-hydroxy-2-nonenal (HNE) and 4-oxo-2nonenal (ONE) can be generated from both LA and AA metabolism174. LOX175, 176
and COX-2177 derived 15-HPETE can be converted to ONE. Additionally, COX-2
metabolism of 5-HETE generated by 5-LOX can result in HNE formation178. LA
can be converted to both HNE179,
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and ONE180,
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181

by autoxidation in vitro.

Fe2+182 and vitamin C183 have been shown to cause the degradation of lipid
hydroperoxides to electrophiles. HNE and ONE formation has also been
proposed to occur in cardiolipin pools, where PUFAs are in close proximity to
each other allowing for intermolecular peroxidation184. This mechanism was
further supported with bis-allylically deuterated linoleic acid. These experiments
use the kinetic isotope effect of linoleic acid to stop radical propagation through
phospholipid pools resulting in less lipid oxidation, and presumably less lipid
electrophile generation185, 186. Cardiolipin can also be enzymatically oxidized by
cytochrome c, which is inhibited with acetaminophen187.
Oxo fatty acids comprise a large class of lipid electrophiles. They are all
generated from single molecule addition of oxygen to a fatty acid, followed by
oxidation

to

a

conjugated

ketone.

The

enzymatic

and

non-enzymatic

mechanisms discussed above are responsible for the initial lipid oxidation
product. After that, there are several dehydrogenases that have been reported to
oxidize

the

lipid

to

the

ketone

including

15-hydroxyprostaglandin

dehydrogenase188 and 13-HODE dehydrogenase189. Oxo fatty acids have also
been measured esterified in the lipid bilayer, indicating that they can be formed
from esterified fatty acids, or reinserted into the lipid bilayer after generation190.
Oxo PUFAs are formed in the mitochondrion by cytochrome c peroxidation of
PUFAs in cardiolipin pools. This study also showed that these oxidized fatty
acids are enzymatically released from cardiolipin, diffusing out of the
mitochondrion to exert signaling effects191.
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Prostanoid-derived lipid electrophiles have structural similarities to
prostaglandins, but can be formed by both COX oxidation and autoxidation
mechanisms. The final product of COX metabolism is PGH2, which has a defined
stereochemistry at the five chiral carbons generated122. An isobaric and
structurally similar family of metabolites, H2-isoprostanes, are generated by
autoxidation, and have multiple stereochemistries192. Both of these metabolites
can rearrange to highly reactive γ-ketoaldehydes, with PGH2 rearrangement
resulting in levuglandins193,

194

, and H2-isoprostane rearrangement resulting in

isoketals195.
Additionally, PGH2 can be converted to PGE2 and PGD2 by their
respective synthases or hydrolysis in solution. These prostaglandins can
dehydrate to form PGA2 and PGJ2 respectively, both a part of the
cyclopentenone series of lipid electrophiles. PGJ2 readily undergoes further
dehydrations to form the electrophile, 15-deoxy-Δ12,14-prostaglandin J2 (15dPGJ2)196,

197

. A similar set of electrophiles without defined stereochemistry is

generated by autoxidation from H2-isoprostanes198. These cyclopentenone lipid
electrophiles have been extensively studied, and even detected in vivo197.

Reactivity of lipid electrophiles
Lipid electrophiles react with nucleophilic amino acids of proteins to form a
variety of protein adducts. Generally, cysteine199 is the most reactive amino acid
followed by lysine200, histidine201, and arginine202, but there are some caveats to
this rule200. Hard-soft acid base theory, which states that soft electrophiles will
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react with soft nucleophiles and vice versa, has been employed to better explain
the reactivity between nucleophilic amino acids and lipid electrophiles. Cysteine,
a soft nucleophile, is extremely reactive with α,β-unsaturated carbonyls, soft
electrophiles, forming Michael adducts, which can also be formed on lysine and
histidine, harder nucleophiles (Figure 10A)203. Michael adducts are reversible to
varying degrees, however, reduction of the carbonyl to hydroxyl prevents the
retro-Michael reaction, and thus facilitates the study of proteins with Michael
adducts without worry of adduct loss204.
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Nu

O

O

Nu = Cys, Lys, His
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Nu = Lys, His
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COOH

Nu

Nu

O

O

Nu = Lys

OH

Nu = Lys

Figure 10. Adducts formed on amino acids by lipid electrophiles. A) ONE Michael adduct
formed with cysteine, lysine and histidine. B) ONE Schiff base adduct formed with lysine and
histidine. C) ONE ketoamide adduct formed with lysine. D) Levuglandin lactam adduct formed
with lysine.

Several electrophiles contain aldehydes as reactive groups, which are
considered hard electrophiles. These electrophiles do not generate stable
products when reacted with cysteine, but do with the harder nucleophiles, lysine
and histidine to form a Schiff base (Figure 10B)205. Schiff bases are generally
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reversible, but some adducts, such as HNE can cyclize to form a much more
stable pyrrole adduct205. γ-ketoaldehydes also form Schiff base adducts then
cyclize to pyrroles. The pyrrole is not easily isolated because it is heavily
alkylated, and thus oxidizes further to a highly stable lactam (Figure 10D) or
hydroxylactam195,

206

. The γ-ketoaldehydes are much more reactive than the

commonly studied HNE,195 which has allowed for the development of γketoaldehyde-preferential scavengers207. Another interesting adduct formed by
Schiff base chemistry is the ketoamide (Figure 10C). The first step in ketoamide
adduction is hemiaminal formation, but not dehydration to the Schiff base. Then,
three tautomerizations generate a stable amide adduct that is irreversible208.
Many of the bis-electrophiles can also result in protein-protein crosslinks205, 209.

Cellular consequences of lipid electrophile adduction
The impact of lipid electrophile adduction on cellular signaling is vast.
Many transcriptional changes occur just from treatment with a single electrophile
at sub lethal doses210, 211. As already discussed electrophiles can react with the
Keap1/Nrf2 complex to induce transcription of antioxidant genes associated with
the transcription factor Nrf267. HNE induces Hmox1 expression at sub lethal
doses through Nrf2 signaling211. Additionally, several reports have shown that
lipid electrophiles have anti-inflammatory signaling capabilities212. One report
shows that HNE reduces the production of proinflammatory cytokines IL-1β, IL-6,
and TNFα in lipopolysaccharide-activated macrophages. The authors propose
that the reduction in proinflammatory cytokines is the results of altered NF-κB
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signaling24. Electrophiles have been shown to react with many proteins in the NFκB family. Both HNE213, 214 and 15d-PGJ2215 adduct IKK-α, and 15d-PGJ2216 and
neuroprostane A4217 adduct IKK-β, all preventing NF-κB translocation to the
nucleus and reducing pro-inflammatory signaling of the pathway. NF-κB signaling
is also inhibited by 15d-PGJ2 binding to NF-κB itself preventing DNA binding218.
Lipid electrophiles have also been reported to participate in a host of
negative cellular consequences. γ-ketoaldehydes induce apoptosis by modifying
cytochrome c219. Additionally, both HNE and ONE induce apoptosis in a p53
dependent mechanism211,

220, 221

. 15d-PGJ2 also can induce apoptosis, in

neuronal cells, by adducting p53 responsive genes. This adduct is measured in
high amounts by antibodies in spinal cord motor neurons of ALS patients222.
Protein adduction by lipid electrophiles, and the resulting apoptosis is thought to
be a contributing factor to neuronal death associated with ALS.
In addition to initiating apoptotic signaling, 15d-PGJ2223 and HNE224 inhibit
proteasomal turnover by binding proteins of the 26S proteasome. Exogenous
addition of 15d-PGJ2 to purified 26S proteasomes identifies S6 ATPase as a
target of adduction in vitro225. Lupus patients show an increase in HNE-modified
proteins. These adducted proteins induce the generation of anti-DNA antibodies,
which may be a contributing factor to the etiology of lupus226. Pyrroles formed
from γ-ketoaldehydes have also been shown to generate an autoimmune
response227, and γ-ketoaldehydes bind and inhibit the 20S proteasome228.
Inhibition of proteasomal degradation results in an accumulation of non-functional
proteins. Attempted clearance of these excess non-functional proteins results in
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the generation of autoimmune antibodies, providing a mechanistic link between
autoimmunity and oxidative stress. This accumulation of non-functional proteins
is also associated with AD, PD, and HD disease progression, further linking
oxidative stress and neurological disorders.
Lipid electrophiles can also induce pro-inflammatory signaling. The
ketoamide adduct has been detected at high levels in atherosclerotic lesions.
LDL proteins modified by ketoamides have similar signaling effects as acetylated
LDLs, inducing inflammatory responses in macrophages229. HNE adducts have
also been detected in atherosclerotic lesions, in close proximity to COX-2. From
this, it was found that HNE also induces COX-2 protein expression independent
of NF-κB, presumably by stabilization of COX-2 mRNA230, 231.
Due to the negative impact that increased lipid electrophile generation can
have, cells have evolved several detoxification methods to relieve lipid
electrophile stress. All of these methods take advantage of the chemical
reactivity of lipid electrophiles. GSH is a ubiquitous tripeptide that plays a major
role in scavenging reactive cellular metabolites, including lipid electrophiles. The
lipid electrophiles 15d-PGJ2232, 15-KETE177, HNE204, and ONE176 are all
detoxified by GSH conjugation. Additionally, HNE is an order of magnitude more
reactive with Cys34 on human serum albumin (HSA), an extremely abundant
plasma protein, than GSH indicating a protective role of HSA against diffusible
lipid electrophile damage233.
Lipid electrophiles have been chemically targeted to the mitochondrion.
Mitochondrially targeted electrophiles do not induce Nrf2 signaling indicating that
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they are in fact targeted to the mitochondrion, and spend little time in the cytosol
making them unable to adduct Keap1 efficiently. These targeted electrophiles
reduce oxygen consumption rates more effectively than untargeted electrophiles,
showing that the proteins of the electron transport chain are highly sensitive to
lipid electrophiles. However, exogenously added electrophiles do not normally
target electron transport chain proteins, presumably because the detoxification
methods mentioned above do not allow electrophiles to reach the mitochondrion
under normal cellular conditions234.

Studying lipid electrophiles in disease models
With the diverse array of adduct species that can be formed, identifying
proteins that are susceptible to adduction as well as its cellular consequences is
a daunting task. Several methods have been undertaken in attempts to solve this
problem. Many of these techniques can be used in both a qualitative and
quantitative way to identify changes in lipid electrophile adduction of proteins.
These methods include reactive probe pull downs, antibody pull downs, targeted
analyses for anticipated electrophiles, electrophiles prepared for future affinity
purification, and in vitro treatment of purified protein with electrophiles. Two
distinct methods of lipid electrophile generation are used to study the cellular
targets of lipid electrophile adduction. Exogenously generated lipid electrophiles
are those generated outside of the system under investigation. These species
are already electrophilic when added to the model system under investigation.
On the contrary, endogenously generated lipid electrophiles are generated from
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a non-electrophilic precursor, in our case PUFAs, in situ by the existing biological
machinery of cell or animal under investigation.

Exogenously generated lipid electrophiles
Most lipid electrophile studies have been performed with exogenously
added electrophiles added to purified proteins, and sites of adduction as well as
activity changes monitored. This is the most reductionist way to study lipid
electrophile adduction of proteins. HNE reacted with purified human serum
albumin (HSA) in vitro revealed ten sites of modification identified as His and Lys
Michael adducts235. HNE incubated with purified glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) resulted in adduction (His, Cys, and Lys) and
inactivation236. Inactivation of GAPDH was previously reported in kidney cells
treated with exogenous HNE237. HNE was added to purified heat shock protein
90 (HSP90), and several histidine residues were identified as adducted238.
Cytochrome C was adducted by HNE, and based on modeling, the residues
adducted may affect tertiary structure and thus its electron transport function239.
HNE and ONE binding to purified myoglobin84 and myoglobin in human plasma in
vitro83 resulted in adducts on both histidine and lysine residues, which induced
structural instability, facilitating oxidation of normally unexposed amino acids. 78
kDa glucose regulated protein (GRP78) was treated with ONE and HNE, and
sites of modification were identified in its ATP binding region. This modification
inhibited ATPase activity, dose dependently240. HNE added to SIRT3 in vitro
dose dependently increased adduction and decreased activity241. The catalytic
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cysteine in peptidyl-prolyl cis/trans isomerase A1 (PIN1) was identified as
adducted by HNE exogenously added to both cells and purified protein. Activity
changes were implied by the fact that knockdown of PIN1 reduced growth
changes induced by HNE treatment242.
Electrophiles attached to affinity tags or dyes have been added to cells for
visualization of adduction and affinity purification of adducted proteins. 15d-PGJ2
covalently linked to a boron-dipyrromethene (BODIPY) dye, was added to cells,
and immunocytochemistry analysis showed the cellular localization of adduction,
which was confirmed by subcellular fractionation and SDS-PAGE243. Biotinylated
15d-PGJ2 adducts thioredoxin in cells and in vitro targeting one redox active
cysteine, and one structural cysteine. Over expression of thioredoxin reduces the
proinflammatory activity of 15d-PGJ2244.
An alternative approach to this is to use reactive biotin probes that will
react with lipid electrophile protein adducts245. Exogenous addition of 15d-PGJ2,
then biotin hydrazide capture and 2-dimensional gel electrophoresis identifies
26S proteasomal proteins, specifically S6 ATPase as adducted. This was
confirmed on purified 26S proteasomes in vitro225. HNE was added to cells, and
then biotin conjugated geldanamycin probe was used to purify HSP90 to identify
sites of modification. Modification of multiple histidines were identified and
correlated to decreased client protein binding238. Targets of exogenously added
HNE across multiple concentrations were analyzed. Proteins were isolated by
biotin-hydrazide capture. Adducted protein levels will change with HNE
concentration, while proteins nonspecific bound to the affinity purification beads
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will be constant across all HNE concentrations, allowing for the bioinformatic
removal of these nonadducted proteins224.
One study has used activity-based protein profiling, comparing the
reactivity of HNE with an iodoacetylated probe. The rank-order of reactivities of
cysteines were determined by this method. They identified proteins that
assemble iron-sulfur cluster complexes as particularly susceptible to adduction of
cysteines by HNE246. It should be noted that these experiments were done on
cellular lysates, and are thus only able to suggest rank-order of reactivity based
on cysteine alone. Cellular localization, microenvironment factors, and cellular
defenses against exogenous electrophile attack will most likely change the order
of reactivities seen in a physiological setting.
The generation of azido and alkynyl electrophiles has greatly simplified
and expedited the global profiling of lipid electrophile protein targets by allowing
for a more selective isolation of adducted proteins by using click chemistry247 to
attach affinity tags, in this case biotin. This technique has been used to profile
protein targets of adduction by aHNE248. The selectivity of the release of
adducted proteins was much improved with the invention of a UV-cleavable biotin
linker249 (Figure 11). This made it possible to globally profile targets of adduction
by lipid electrophiles without worry of releasing nonspecifically bound proteins, as
is the case with harsh mechanisms of release like boiling or pH extremes. These
tools were used to profile and compare the targets of aHNE and aONE adduction
in two distinct cell types. This study determined that different classes of proteins
have different reactivities to the electrophiles. We were also able to correlate
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protein adduction levels to the electrophile defense levels [GSH] of the cells.
Additionally, we were able to compile a list of the least reactive or most protected
proteins, which were identified as never being adducted across cell types,
electrophile identity, and electrophile concentration204.

Figure 11. Analysis of lipid electrophile adducted proteins using click chemistry, affinity
purification, and UV-cleavable biotin. Workflow for attachment of UV-cleavable biotin by click
chemistry, affinity purification of lipid electrophile adducted proteins, and selective release by
UV-irradiation for proteomic identification of adducted proteins. Reprinted from Biochimica et
Biophysica Acta, 1818, Ullery, J.C. and Marnett, L.J., Protein modification by oxidized
phospholipids and hydrolytically released lipid electrophiles: Investigating cellular responses,
3
2424-2435, Copyright (2012) , with permission from Elsevier.
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Endogenously generated lipid electrophiles
Analysis

of

proteins

adducted

by

endogenously

generated

lipid

electrophiles gives the most physiologically relevant identification of what
electrophiles are generated and what proteins are important targets for lipid
electrophile adduction. The possible pool of lipid electrophiles generated is
massive, making identification and analysis a technological challenge. So, many
techniques were developed to help enrich for adducted proteins, simplifying the
analysis. Antibodies to lipid electrophile adducts have been generated that are
highly specific, but constrain analyses to looking at anticipated lipid electrophiles.
Reactive tags are currently the most promising method available for the study of
endogenously generated lipid electrophiles. However, the promiscuity of their
chemistry makes analysis of large data sets difficult because most tags rely on
hydrazide groups, which react nonspecifically with carbonyls, a common
biological functional group. From a bioinformatics angle, labs have developed
software algorithms to better search proteomic data sets to identify both
adducted proteins and lipid electrophile adducting species250. Finally, bioorthogonal chemistry has the potential to be the future of protein tagging,
allowing for truly global profiling seen with reactive affinity tags, but using reactive
groups not present in biology to avoid promiscuity of the reactive affinity tags.
Several labs have attempted a semi-endogeneous approach to lipid
electrophile generation. This analysis has endogenous characteristics because a
PUFA covalently modified with a dye or affinity tag is metabolized by cellular
machinery to lipid electrophiles, and protein adduction is studied. However, this
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method also has exogenous characteristics in that the covalent modifier prevents
incorporation into and distribution throughout native phospholipid pools, and thus
does not truly mimic PUFA incorporation by cells. BODIPY modified AA was
added to cells, and PUFA oxidation was initiated with H2O2. The BODIPY allowed
for the qualitative assessment of increased adduction with H2O2 treatment across
the proteome by SDS-PAGE separation and visualization251. A biotinylated-LA
containing phospholipid-like molecule was added to human plasma, and lipid
oxidation was induced. Adducted proteins were recovered by streptavidin
capture, and apolipoprotein A1 was identified as the major adducted species252.
Antibodies have been raised to many of the common electrophiles as well
as some of their unique adduct structures. While antibodies have been used in
pull-down experiments, much of the work has been focused on qualitative
changes in adduction between different disease states. It was determined that
HNE adducted proteins are higher in perinatal brains of patients with
pontosubicular

neuronal

necrosis

resulting

in

cellular

developmental

differences253. 13-HODE associated with oxidized LDLs in vivo indicates that
oxidative stress is higher in atherosclerotic lesions254. Additionally, 15d-PGJ2
protein adducts have been measured at higher levels in atherosclerotic lesions
versus in healthy vasculature197. Increased levels of both HNE and ONE were
measured in liver samples taken from mice with alcoholic liver disease255.
Endogenously generated isoketal adducts are increased in dendritic cells of
angiotensin II treated mice over untreated mice and those treated with isoketal
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scavengers256, as determined by a single chain antibody to the isoketal
adduct257.
Reactive probes can also be used for endogenously generated
electrophiles, most notable biotin hydrazide245, to tag adducted proteins.
Streptavidin affinity purification is used to isolate adducted proteins for
identification by targeted western blotting or untargeted proteomic analysis. This
technique was use to identify GRP78240, HSP90258, and SIRT3241 as adduced by
HNE in alcoholic liver disease. These studies were also able to measure
decreased ATP binding to adducted GRP78240, decreased client protein binding
to adducted HSP90258, and increased protein acetylation in SIRT3 adducted
samples241, indicating that endogenous lipid electrophile modification is
modulating protein activity in these samples. This technique has also been used
to assess endogenous HNE modification of proteins in adipose tissue259.
Lipid electrophile adduction of charged amino acid residues on proteins
will result in pI changes for that protein and differential mobility in 2-dimensional
gel electrophoresis. Once a gel spot is identified as differentially adducted, it can
be excised and identified by proteomic methods. This phenomenon has been
exploited to identify proteins adducted by lipid electrophiles in mouse brain260 and
liver255. This method has also been used to identify mitochondrial proteins as
heavily adducted by HNE during doxorubicin induced oxidative stress. Changes
in mitochondrial function were measured that directly correlate with the proteins
identified as adducted losing function261. Additionally, mitochondrial proteins were
identified as adducted by HNE in a C. elegans model for PD262, the brains of
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human down-syndrome patients263, and the brains of human patients with mild
cognitive impairment, a precursor to AD264. These studies all appear to correlate
mitochondrial dysfunction, endogenous oxidative protein modification, and
neurodegeneration.
Oxidized PUFAs play an important role in both physiological and
pathophysiological cellular processes. These roles are through both non-covalent
and covalent signaling actions. Covalent signaling actions have the potential to
be longer lived as they have been shown to affect protein turnover. Therefore, it
is important to further investigate how lipid electrophiles are generated, what
proteins are the cellular targets of endogenously generated lipid electrophiles,
and what are the cellular consequences of lipid electrophile adduction.

Dissertation Aims
The major aim at the outset of this dissertation was to develop and apply
methodology that would allow for the global analysis of protein adduction by
endogenously generated lipid electrophiles. Much work has been done
previously to understand the targets of both endogenously generated or
exogenously added lipid electrophiles. However, all of these studies failed to
address one or more of the following aspects: 1.) Lipid electrophiles are not
generated at a discrete time point. 2.) Lipid electrophiles are not generated at a
discrete concentration. 3.) Lipid electrophiles are generated inside of the cell and
in distinct cellular components, not outside of it. 4.) A diverse array of
electrophiles are generated. We designed a series of ω-alkynyl fatty acids to use
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as surrogates for native fatty acids, which would allow us to generate lipid
electrophiles endogenously based on all of the criteria mentioned above, use
click chemistry and affinity purification to retrieve lipids, lipid electrophiles
generated, as well as electrophile adducted proteins for further analysis.
In Chapter II we evaluated the chemistry of oxidation of ω-alkynyl linoleic
acid (aLA) and ω-alkynyl arachidonic acid (aAA). We were able to determine that
the chemistries of autoxidation were indistinguishable, that there were slight
differences in LOX mediated oxidation, and large differences in COX mediated
oxidation. In Chapter III, we perform further validation of the model by showing
that aLA is incorporated into phospholipids, and is biosynthesized to aAA as
would be expected with LA-incorporation. Additionally, we incorporated aLA into
macrophages and used click chemistry and affinity purification to isolate lipid
electrophile adducted proteins generated during RAW264.7 macrophage
activation. Stable isotope labeling of amino acids in cell culture was used to
quantify expression and adduction differences before and after activation. We
were able to identify membrane and mitochondrial proteins as heavily induced
and heavily adducted, and show that mitochondrial superoxide is necessary for
the formation of lipid electrophiles. The pathways most affected are those
responsible for ATP synthesis and oxidant defense, and we were able to
measure activity changes of proteins in these pathways that correlate to lipid
electrophile adduction. Chapter IV investigates the origin and mechanism by
which PUFAs are oxidized and electrophiles are formed. In Chapter III we
learned that adduction was occurring primarily in the mitochondrion and
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dependent upon mitochondrial superoxide, which led us hypothesize that the lipid
electrophiles measured are being formed by an autoxidation mechanism. We
were able to show that much of the PUFA oxidation in activated RAW264.7
macrophages is generated by autoxidation, and that various inhibitors are able to
reduce PUFA oxidation and protein adduction by lipid electrophiles correlating
the two. These data resulted in the observation that both mitochondrial
superoxide and COX-2 activity are necessary for the formation of lipid
electrophiles during macrophage activation. Finally, Chapter V has a brief
discussion of the implications of our findings. Additionally, some ideas for future
experiments will be discussed including new disease models where aPUFAs can
be applied, and incorporating aLA into mouse models of disease.
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Chapter II

ω-ALKYNYL LIPID SURROGATES FOR POLYUNSATURATED FATTY
ACIDS: FREE RADICAL AND ENZYMATIC OXIDATIONS

Introduction
The lipidome is a complex mixture of fatty acid and sterol molecular
species,

which

include

the

fatty

acid

esters

of

sterols,

triglycerides,

glycerophospholipids, such as the ethanolamines, cholines and inositols, and
many more species265. Polyunsaturated fatty acids (PUFAs) such as linoleic acid
(LA) (18:2) and arachidonic acid (AA) (20:4) and their esters are particularly
important components of the lipidome. These essential fatty acids are involved in
a number of consequential metabolic transformations via their oxidation by
lipoxygenase (LOX) and cyclooxygenase (COX) enzymes122,

266-268

. Oxidized

lipids play a significant role in a number of physiological and pathophysiological
events, including cardiovascular disease, cancer, and neurodegenerative
diseases44. As discussed in Chapter I, the nonenzymatic peroxidation of both LA
and AA by molecular oxygen generates intermediate peroxyl free radicals105, 110,
269-271

. Products that result from this lipid peroxidation include peroxides and

hydroperoxides, as well as secondary electrophilic products capable of covalently
modifying biomolecules, potentially altering their function248, 272-274.
Tracking lipids, lipid metabolites, and lipid decomposition products in cells
is a formidable task as the complexity of the mixture challenges the most
powerful analytical tools275-278. Stable isotope derivatives of lipids have been
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used with some success to track the distribution of molecular species into
different lipid classes in organelles, but detecting a minor metabolic byproduct
from thousands of different lipid species is particularly difficult since stable
isotope labeled compounds are often isobaric with endogenous species279.
Radiolabels have also been used successfully in many applications, but
associating a particular radioactive chromatography fraction with the structure of
a molecular species in a complex mixture is a challenge. Recently, an affinity
labeling technique that makes use of terminal alkynyl lipid analogs was
reported280. In this approach, stable, but reversible alkyne-cobalt complexes are
formed on a phosphine-modified silica to isolate alkynyl lipids. This strategy has
been used to monitor the distribution of alkynyl fatty acids into various cellular
phospholipid classes along with the subsequent lipase-catalyzed metabolism of
those lipids281. In recent studies, terminal alkynyl analogs of 4-hydroxy-2-nonenal
(HNE) and 4-oxo-2-nonenal (ONE), lipid-derived electrophiles known to modify
proteins and nucleic acids, were used to globally profile electrophile adduction of
proteins. UV-cleavable biotin azide was used to isolate, identify, and quantify
cellular protein-electrophile adducts204,

248, 249

. This affinity chemistry allows

protein-lipid adducts to be concentrated and identified by standard proteomic
protocols. One shortcoming of adding electrophiles exogenously to cells is that it
does not mimic endogenous lipid electrophile diversity, concentration, time
course of generation, and location of formation. To address these issues, we
have developed a series of ω-alkynyl PUFAs to investigate endogenous lipid
oxidation and its cellular consequences.
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Tracking lipid incorporation and metabolism in cellular systems has long
been a goal for chemists, biochemists, and biologists alike. Alkynyl analogs of
lipid and cholesterol species have been utilized to facilitate the tracking and
retrieval of these species in cells248, 280, 282. During these studies, it is assumed
that the ω-alkyne confers only a minimal structural change to its lipid analog,
resulting in nearly identical chemical, biochemical and biological properties. Here,
we report the oxidation chemistry for the alkynyl lipid analogs, ω-alkynyl
arachidonic acid (aAA) and ω-alkynyl linoleic acid (aLA), revealing that alkyne
substitution has no effect on fatty acid free radical autoxidation, and minimal
effect on enzymatic oxidation. This establishes that alkynyl PUFAs provide a
method to selectively study lipid distribution, chemistry, and lipid metabolite
interactions with cellular macromolecules.

Materials and Methods
Materials. All reagents are from Sigma, St. Louis, MO unless otherwise
noted. All native fatty acids and deuterated lipid metabolites are from Cayman
Chemical, Ann Arbor, MI unless otherwise noted. The alkynyl fatty acids, aLA
and

aAA,

were

synthesized

as

previously

described280,

282

.

N-methyl

benzohydroxamic acid (NMBHA) has been prepared as previously described283.
Benzene (HPLC grade) was passed through a column of neutral alumina and
stored over molecular sieves (benzene is a carcinogen and mutagen, and should
be used with extreme care). Commercial α-tocopherol was chromatographed
before

	
  

use.

Diazomethane

was

prepared
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by

portion-wise

addition

of

nitrosomethylurea into heterogeneous mixture of 40% aqueous KOH and ethanol
at 0 ºC. The deep yellow organic layer was decanted and dried over NaOH. The
dried ethereal MeN2 was used immediately.
Formation and analysis of alkynyl hydroxy octadecadienoic acid (aHODE)
by autoxidation. To a solution of aLA in benzene was added 2,2’-azobis(4methoxy-2,4-dimethylvaleronitrile) (MeOAMVN) in benzene, and the mixture was
incubated at 37 ºC. After 45 min, a solution of butylated hydroxytoluene (BHT)
and triphenyl phosphine (PPh3) in benzene was added, and the mixture was
vortexed for 1 min. Benzene was evaporated under a stream of argon, and the
residual material was reconstituted in of 1.2% isopropanol in hexanes with 0.1%
acetic acid for HPLC-UV analysis. For direct infusion MS studies of aHODE,
eluted peaks from HPLC-UV analysis were collected, and solvents were
evaporated under a stream of argon, then the residues were reconstituted in
methanol. For NMR studies of aHODE, corresponding peaks collected from
HPLC-UV analysis were combined, solvents were evaporated and the residues
were dried under high vacuum for 2 h. These dried materials were reconstituted
in benzene-d6 and placed into 1.7 mm outside diameter sample tubes for NMR
analysis.
Formation and analysis of alkynyl hydroxy eicosatetraenoic acid (aHETE)
by autoxidation. To a mixture of aAA and NMBHA in acetonitrile was added
MeOAMVN in acetonitrile. After 35 h of incubation at 37 ºC, BHT/PPh3 in
acetonitrile was added, and the mixture was vortexed for 2 min. Acetonitrile was
removed under a stream of argon and the remaining material was reconstituted
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in of 1.2% isopropanol in hexanes with 0.1% acetic acid for HPLC-UV analysis.
MS studies of aHETE, and NMR studies of aHETE were performed as described
above for aHODE.
HPLC-UV/MS analysis of (a)HODEs and (a)HETEs. All HPLC Analyses of
(a)HETE and (a)HODE were carried out on a single Beckman 5 µm ultrasphere
silica column (250 x 4.6 mm) using isocratic normal phase conditions (1.2% 2propanol in hexanes containing 0.1% acetic acid)284. Chiral HPLC analyses of
HETE and HODE methyl esters were performed on a Chiralpak AD column (250
x 4.6 mm) produced by Chiral Technologies Inc., Exton, PA. aHETE products
have been eluted with 2% ethanol in hexanes, whereas aHODE were eluted with
5% methanol in hexanes. Direct infusion MS experiments were performed on
ThermoFinnigan TSQ Quantum triple quadrupole mass spectrometer, whereas
all HPLC-MS analyses were conducted on the same instrument coupled with a
Surveyor MS Pump and Surveyor Autosampler (for RP-HPLC) or with Waters
Alliance 2690 Separation Module (NP-HPLC). Detailed information about solvent
gradients and MS settings applied during these analyses is given in the
appropriate protocols presented below. Unless stated otherwise, all the HPLC
separations were conducted with a solvent flow rate of 1 mL/min.
Formation and analysis of alkynyl F2α-Isoprostane (aF2α-IsoP). MeOAMVN
was added to a 165 mM solution of aAA in benzene and the mixture was
incubated at 37 ºC for 24 h. Solvent was then evaporated, and the residue was
treated with mixture of 1mmol BHT and 10 mmol P(OMe)3 in 3:1,
acetonitrile:water and vortexed for 5 min. The following solvent gradient was
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applied: 10% (95:5, acetonitrile:methanol) in 2 mM ammonium acetate was held
for 10 min, then ramped to 25% (95:5, acetonitrile:methanol) in 2 mM ammonium
acetate over 45 min. LC-MS/MS with negative ion mode electrospray ionization
(ESI) was used, and the important mass spectrometer parameters were
optimized for commercially available PGF2α. The m/z transitions monitored were
for a5-F2α-IsoP (349 > 115), a8-F2α-IsoP (349 > 127), a12-F2α-IsoP (349 > 151),
and a15-F2α-IsoP (349 > 193). Control oxidations of AA were performed using
analogous reaction conditions, however slightly different analytical conditions
were applied to analyze the AA oxidation products. The following solvent gradient
was applied for AA oxidation products: 20% (95:5, acetonitrile:methanol) in 2 mM
ammonium acetate was held for 10 min, then ramped to 40% (95:5,
acetonitrile:methanol) in 2 mM ammonium acetate over 40 min. The m/z
transitions monitored were for 5-F2α-IsoP (353 > 115), 8-F2α-IsoP (353 > 127),
12-F2α-IsoP (353 > 151), and 15-F2α-IsoP (353 > 193).
Cyclooxygenase O2 Uptake Kinetics. Quantification of cyclooxygenase
activity was performed in a thermostatted cuvette at 37 ºC with stirring and
monitored using a polarographic electrode with an Instech System 203 oxygen
monitor (Instech Laboratories Inc., Plymouth Meeting, PA). Substrates were
solubilized in dimethyl sulfoxide (DMSO). Activity assays were performed in 100
mM Tris buffer containing 500 µM phenol, with hematin-reconstituted
cyclooxygenase protein. Substrate concentration was varied (1-50 µM), and
maximal reaction velocity data were obtained from the linear portion of the
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oxygen uptake curves. The data were analyzed by nonlinear regression with
GraphPad Prism (GraphPad, San Diego, CA).
Crude lipoxygenase kinetic parameters. LOX activity was detected by
monitoring the absorbance of the conjugated diene product, HPETE, at 235 nm.
UV assays were monitored using a Hewlett Packard 8453 diode array
spectrophotometer equipped with a thermostatted cuvette at 25 ºC, with stirring
at 180 rpm. The enzyme reactions included reaction buffer 50 mM Tris pH 7.4
with 0.03% Tween-20 and substrate, and were initiated by the addition of
enzyme. Compounds were dissolved in acetonitrile containing 10% acetic acid
before addition to the reaction buffer; acetonitrile was kept below 1% of the total
reaction volume. Substrate concentration was varied (1-50 µM), and maximal
reaction velocity data were obtained from the linear portion of the absorbance
curves. Rates were converted from absorbance units/s to µM aHPETE/s using
the molar absorptivity constant of 0.027 µM-1cm-1. The data were analyzed by
nonlinear regression with GraphPad Prism.
Kinetic Measurements of aLA, LA, aAA, and AA by s15-LOX-1. Soybean
15-Lipoxygenase-1 (s15-LOX-1) (Cayman Chemical, Ann Arbor, MI), LA, AA,
aLA, and aAA were all diluted to 2X final concentration in 100 mM borate pH 9 at
25 °C. 1 mL fatty acid was added to a 1 cm cuvette in a Beckman-Coulter DU800 spectrophotometer as a blank control. 1 mL enzyme was added, and the
reaction was monitored at 235 nm sampling every 1.5 s in triplicate. The slope
was averaged over ten points in the linear portion of the curve to get the
Δabsorbance per second, which was converted to Vo using the molar extinction
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coefficients of 0.023 µM-1cm-1 for HPODE and 0.027 µM-1cm-1 for HPETE. Kinetic
parameters were determined in GraphPad Prism using Michaelis-Menten fitting.
Enzymatic oxidation of aLA and LA for LC-MS/MS analysis. s15-LOX-1
was diluted to have a final concentration ratio of 100:1, fatty acid:enzyme in 100
mM borate pH 9. Potato 5 lipoxygenase (5-LOX) (Cayman Chemical) was diluted
to have a final concentration ratio of 100:1, fatty acid:enzyme in 100 mM
phosphate pH 6.3. LA and aLA were added from 100X stocks in DMSO, and
incubated 15 min at 25 °C. The reactions were quenched, and fatty acid
metabolites extracted with ethyl acetate containing 0.5% acetic acid, PPh3, +/- 9HODE-d4, and +/- 13-HODE-d4. Organic layer was dried under inert gas and
dissolved in methanol for LC-MS/MS analysis. Metabolites were analyzed on a
Thermo Finnigan TSQ Quantum with ESI source interfaced to Surveyor MS
Pumps and Surveyor Autosampler in both full scan and SRM modes. Metabolites
were separated by reverse-phase gradient HPLC on a C18 (50 x 2.1 mm, 3 µm)
column (Supelco, St. Louis, MO) using 0.1% formic acid in water and 0.1%
formic acid in acetonitrile as the A and B mobile phases respectively. Full scan
samples were separated by holding 20% B for 2 min, then ramping to 98% B
over 6 min, holding 98% B for 3 min, then equilibrating to 20% B for 3 min. Q1
was scanned in negative ion mode from 250 m/z to 380 m/z in 1 sec. SRM
samples were separated by holding 40% B for 0.5 min, then ramping to 98% B
over 2 min, holding at 98% B for 2 min, then equilibrating to 40%B for 2.5 min.
Metabolites were detected by SRM in negative ion mode observing the m/z
transitions for a9-HODE (291.2 > 171.2), a13-HODE (291.2 > 195.2), 9-HODE
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(295.2 > 171.2), 13-HODE (295.2 > 195.2), 9-HODE-d4 (299.2 > 172.2), and 13HODE-d4 (299.2 > 198.2) for 100 msec each.
Mouse COX2 (COX-2) was diluted to have a final concentration ratio of
100:1, fatty acid:enzyme in 100 mM Tris, 500 µM phenol, 2X [COX-2] Hematin
pH 8. The COX-2 was incubated 5 min at 37 °C. LA and aLA were added from
100X stocks in DMSO, and incubated 15 min at 37 °C. The reactions were
quenched, and fatty acid metabolites extracted and analyzed as detailed for the
lipoxygenase enzymes.
Enzymatic oxidation of aAA and AA for LC-MS/MS analysis. s15-LOX-1
was diluted to a final concentration ratio of 100:1, fatty acid:enzyme in 100 mM
borate pH 9. AA and aAA were diluted to 100X stocks in DMSO. Fatty acids were
separately added to enzyme solutions, and incubated 15 min at 25 °C. The
reactions were quenched, and fatty acid metabolites extracted with ethyl acetate
containing 0.5% acetic acid, PPh3, and +/- 15-HETE-d8. The organic layer was
dried under inert gas and dissolved in methanol for LC-MS/MS analysis.
Metabolites were analyzed on a Thermo Finnigan TSQ Quantum with ESI source
interfaced to Surveyor MS Pumps and Surveyor Autosampler in both full scan
and SRM modes. Metabolites were separated by gradient HPLC on a C18 (50 x
2.1 mm, 3 µm) column using 0.1% formic acid in water and 0.1% formic acid in
acetonitrile as the A and B mobile phases respectively. Full scan samples were
separated by holding 20% B for 2 min, then ramping to 98% B over 6 min,
holding 98% B for 3 min, then equilibrating to 20% B for 3 min. Q1 was scanned
in negative ion mode from 250 m/z to 380 m/z in 1 sec. SRM samples were
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separated by holding 40% B for 0.5 min, then ramping to 98% B over 2 min,
holding at 98% B for 2 min, then equilibrating to 40%B for 2.5 min. Metabolites
were detected by SRM in negative ion mode observing the m/z transitions for
a15-HETE (315.2 > 253.2), 15-HETE (319.2 > 257.2), and 15-HETE-d8 (327.2 >
264.2) for 100 msec each.
COX-2 was diluted to a final concentration ratio of 100:1, fatty
acid:enzyme in 100 mM Tris, 500 µM phenol, 2X [COX-2] Hematin pH 8. The
COX-2 was incubated 5 min at 37 °C. AA and aAA were added from 100X stocks
in DMSO, and incubated 15 min at 37 °C. The reactions were quenched, and
fatty acid metabolites extracted and analyzed as detailed for the lipoxygenase
enzyme full scan mode experiment.
Monitoring the oxidation of LA, AA, aLA, and aAA to completion. s15-LOX1, LA, AA, aLA, and aAA were diluted to 2X final concentration in 100 mM borate
pH 9 at 25 °C. 1 mL fatty acid was added to a 1 cm cuvette in a Beckman-Coulter
DU-800 spectrophotometer and blanked. 1 mL enzyme was added, and the
reaction was monitored at 235 nm sampling every 1.5 s, until the Δabsorbance
reached 0. The data was fit to a one-phase exponential association in GraphPad
Prism to get R2 values and maximum absorbances.
NMR of aAA metabolites. COX-2 was incubated 5 min in 100 mM Tris,
500 µM phenol, and 2X [COX-2] hematin pH 8 at 37 °C. aAA was added, and the
reaction was allowed to proceed for 15 h at 37 °C. The reaction was extracted
with two volumes ethyl acetate, organic layer removed, and evaporated under
inert gas. The residue was dissolved in ethanol and separated by reverse-phase
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HPLC on a SUPELCOSIL C18 (150 x 3.0 mm, 5 µm) column, eluted with a linear
gradient with A and B buffers consisting of 0.1% acetic acid in water and 0.1%
acetic acid in acetonitrile. The gradient was held at 10% B for 10 min, then
ramped to 100% B over the next 20 min, then held at 100% B for 5 min, all at the
flow rate of 1.0 mL/min. The elution profile was monitored by absorbance at 235
nm. Peaks were collected, dried under inert gas and dissolved in CDCl3 for NMR
analysis. 1H and 1H-1H COSY spectra were recorded on Bruker AV-II 600 MHz
spectrometer equipped with a cryoprobe. Chemical shifts are reported in parts
per million relative to the signal of residual nondeuterated solvent.
LC-MS/MS based kinetics for COX-2. Metabolites of COX-2 do not have
an absorbance that can be used to perform kinetic measurements. Therefore,
LC-MS/MS was used to measure kinetic parameters based on specific
metabolites. COX-2 was diluted to 25 nM in 100 mM Tris, 500 µM phenol, 50 nM
Hematin pH 8, and incubated at 37 °C. AA and aAA were added from 100X
stocks in DMSO, and incubated at 37 °C. The length of incubation was optimized
to give less than 20% substrate turnover. The reactions were quenched, and fatty
acid metabolites extracted with ethyl acetate containing 0.5% acetic acid, PGE2d4, and 13-HODE-d4. Metabolites were separated by reverse-phase gradient
HPLC on a C18 (50 x 2.1 mm, 3 µm) column using 0.1% formic acid in water and
0.1% formic acid in acetonitrile as the A and B mobile phases respectively.
Metabolites were separated by holding 25% B for 0.5 min, then ramping to 99%
B over 2.5 min, holding at 99% B for 3 min, then equilibrating to 25% B for 3 min.
Metabolites were analyzed in negative ion mode by SRM, monitoring the
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transitions for a11-HETE (315.2 > 167.2), aPG (347.2 > 267.2), PG (351.2 >
271.2), 13-HODE-d4 (299.2 > 198.2), PGE2-d4 (355.2 > 275.2) on an ABI/Sciex
3200 QTrap interfaced to a Shimadzu LC system. No deuterated standard exists
for 11-HETE. The signal intensity ratio between a11-HETE and 13-HODE-d4 was
observed to be similar in both full scan MS and SRM modes, indicating that 13HODE-d4 can be used to quantify a11-HETE. The amount of each product
formed was converted into a concentration, and then into initial reaction rates
(Vo) using the incubation time. Kinetic parameters were determined in GraphPad
Prism using Michaelis-Menten fitting.
RAW264.7 macrophage enrichment, activation, and measurement of aAA
metabolites. RAW264.7 macrophages (ATCC, Manassas, VA) were plated at
10% confluence in Dulbecco’s Modified Eagle Medium + Glutamax (DMEM) (Life
Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum
(Atlas Biologicals, Fort Collins, CO). 6:1 fatty acid free BSA:aAA was prepared as
previously described285. After 24 h, media was replaced with serum free
DMEM+Glutamax containing aAA/BSA added to 15 µM final concentration of
aAA. After 24 h, the cells were washed with one volume DMEM to remove any
unincorporated aAA, and treated with DMEM +/- 100 ng/mL Kdo2-lipid A (KLA)
(Avanti Polar Lipids, Alabaster, AL), prepared as previously described286. After 24
h, cells were scraped into media, and extracted with two volumes ethyl acetate
containing 0.5% acetic acid, PGE2-d4, and 13-HODE-d4. The organic layer was
dried under inert gas stream and dissolved in methanol for LC-MS/MS analysis.
Metabolites were separated by reverse-phase gradient HPLC on a C18 (50 x 2.1
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mm, 3 µm) column using 0.1% formic acid in water and 0.1% formic acid in
acetonitrile as the A and B mobile phases respectively. Metabolites were
separated by holding 25% B for 0.5 min, then ramping to 99% B over 2.5 min,
holding at 99% B for 3 min, then equilibrating to 25%B for 3 min. Metabolites
were analyzed in negative ion mode by SRM, monitoring the transitions for a11HETE (315.2 > 167.2), a11-8,9-HEET (331.2 > 165.2), aPG (347.2 > 267.2), PG
(351.2 > 271.2), 13-HODE-d4 (299.2 > 198.2), and PGE2-d4 (355.2 > 275.2) on
an ABI/Sciex 3200 QTrap interfaced to a Shimadzu controller, autosampler, and
HPLC pumps.
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Results
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Figure 1. Autoxidation products of LA A), aLA B), AA C), aAA D). LA/aLA peaks are labeled
with the hydroxyl position on either the 9 or 13 carbon, and the double bond configuration
which resulted in either cis/trans (c,t) or trans/trans (t,t). AA/aAA peaks are labeled with the
position of the oxygen on either the 5-, 8-, 9-, 11-, 12-, or 15-carbon. Both fatty acid pairs
oxidize to similar product profiles with similar elution orders. Reprinted with permission from
Beavers, W. N., Serwa, R., Shimozu, Y., Tallman, K. A., Vaught, M., Dalvie, E. D., Marnett, L.
J., and Porter, N. A. (2014) omega-Alkynyl Lipid Surrogates for Polyunsaturated Fatty Acids:
Free Radical and Enzymatic Oxidations. J Am Chem Soc, 136, 11529-11539.

LA and aLA were oxidized under conditions that would allow us to
compare autoxidation rates and products. As shown in Figure 1, four ω-alkynyl
conjugated diene hydroperoxides (ω-alkynyl hydroperoxyoctadecadienoic acids,
aHPODEs) were produced as primary products from aLA autoxidation, a result
directly analogous to the chemistry observed with LA270. Reduction of the
hydroperoxides to the corresponding alcohols, aHODEs, was carried out
immediately after peroxidation since the HODEs are more stable and better
suited for HPLC analysis than HPODEs. HPLC-UV analysis revealed that
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oxidation of an equimolar amounts of aLA and LA in parallel generated
equivalent amounts of aHODEs and HODEs, with identical elution orders to that
of the natural compounds.270 The isolated products were then analyzed by ESI1
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MS andA NMR to confirm hydroxyl position and conjugated diene geometry.
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Figure 2. Chiral analysis of alkynyl 13-c,t-HODE. The methyl ester of 13-c,t-HODE produced
enzymatically by the reaction with s15-LOX-1 giving an optically pure product A), and non0.08
enzymatically
giving mixture of optical enantiomers B). Reprinted with permission from
Beavers, W. N., Serwa, R., Shimozu, Y., Tallman, K. A., Vaught, M., Dalvie, E. D., Marnett, L.
J.,0.06and Porter, N. A. (2014) omega-Alkynyl Lipid Surrogates for Polyunsaturated Fatty Acids:
Free Radical and Enzymatic Oxidations. J Am Chem Soc, 136, 11529-11539.
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to acyclic hydroxy and hydroperoxy products (HETEs and HPETEs) analogous to
HODEs and HPODEs, a mixture of diastereomeric isoprostanes (IsoPs) was
produced from AA peroxidation287-290. Oxidation of aAA under conditions that
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gave HPETEs as major products was promoted by NMBHA283. As shown in
Figure 1, characterization of peroxidation products was performed on the
aHETEs after reduction of the corresponding hydroperoxides. The HPLC-UV
elution profile for aHETEs was similar to the profile obtained for their natural
analogs. MS analyses established the position of oxygen substitution on the
carbon chain, and NMR analysis provided information about stereoisomeric
geometry. The major HETE stereoisomers have Z,E-conjugated diene geometry,
analogous to the structure of AA-derived HETEs. These experiments show that
the elution order of aHETEs is identical to the elution order observed for HETEs.
Additionally, oxidation of equimolar mixtures of AA and aAA generated nearly
equimolar mixtures of HETE and aHETE.
HETEs are not the only autoxidation products formed from AA, so aAA
was exposed to the radical initiator MeOAMVN in the absence of NMBHA under
conditions of oxidation and workup that were expected to yield significant
quantities of the aF2α-IsoPs. LC-MS/MS analysis of the major (a)F2α-IsoPs
formed in this sequence determined that 5- and 15- series (a)F2α-IsoPs are
formed in a large excess compared to the 8- and 12- regioisomers. The
preference for formation of the 5- and 15- regioisomers and the elution profiles
observed for both the natural and ω-alkynyl analogues are consistent with a
previous report291.
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Table 1. Kinetic values comparing aAA and AA with COX and LOX enzymes. Kinetic values
were determined for the enzymes ovine cyclooxygenase 1 (oCOX-1), human cyclooxygenase
2 (hCOX-2), human platelet-type 12-lipoxygenase (plt12-LOX), porcine leukocyte-type 12lipoxgygenase (lk12-LOX), rabbit reticulocyte 15-lipoxygenase 1 (r15-LOX-1), and soybean
15-lipoxygenase 1 (s15-LOX-1). All COX enzymes except were assayed using oxygen
electrode. LOX enzymes were assayed using absorbance at 235 nm. AA kinetic values taken
2
from the literature are in parentheses . Vmax/Km values are reported for crude enzyme
preparations, while kcat/Km values are reported for purified enzymes. Reprinted with
permission from Beavers, W. N., Serwa, R., Shimozu, Y., Tallman, K. A., Vaught, M., Dalvie,
E. D., Marnett, L. J., and Porter, N. A. (2014) omega-Alkynyl Lipid Surrogates for
Polyunsaturated Fatty Acids: Free Radical and Enzymatic Oxidations. J Am Chem Soc, 136,
11529-11539.

Enzyme
oCOX-1
hCOX-2
plt12-LOX
lk12-LOX
r15-LOX-1
s15-LOX-1

Substrate Product
aAA
AA
aAA
AA
aAA
AA
aAA
AA
aAA
AA
aAA
AA

O2 cons.
O2 cons.
Abs
235nm
Abs
235nm
Abs
235nm

Km
(µM)
6.2±0.8
(3.4±0.6)
4.5±0.7
(6.1±0.6)
7.0±0.3
(9.5±0.7)
4±1
(7.8±1.3)
7±2
(20±3)

Vmax
(µMs-1)
n/a
n/a
4.53±0.08
(13.3±0.3)
1.37±0.09
(13.1±0.7)
0.61±0.05
(8.6±0.4)

kcat
kcat/Km Vmax/Km
(s-1)
(µM-1s-1)
(s-1)
57±6
9±6
n/a
(51±3)
(15±3)
11±1
2±1
n/a
(14.7±0.5) (2.4)
0.6±0.3
n/a
n/a
(1.4±0.7)
0.3±1
n/a
n/a
(2±1)
0.09±2
n/a
n/a
(0.4±3)

3.1±0.9 0.025±0.002 2.5±0.2 0.8±0.2
Abs
235nm
6±1
0.12±0.01
24±2 4.3±0.2

n/a

Using alkynyl fatty acids to further probe the biochemistry of cellular
systems requires detailed knowledge of the chemistry of enzymatic oxidation.
Kinetic parameters were determined for the transformations of aAA in the
presence of several LOX and COX enzymes by measuring alkene formation or
O2 consumption respectively. Data presented in Table 1 demonstrate small
differences in kcat/KM for the alkynyl and natural fatty acids, suggesting that aAA
is an efficient substrate for both COX-1 and COX-2. The catalytic efficiency of
human platelet-type 12-LOX in the presence of aAA was also found to be similar
to the efficiency observed for AA as a substrate. On the other hand, porcine
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leukocyte-type 12-LOX, rabbit reticulocyte 15-LOX1, and s15-LOX-1 did not
oxidize aAA as efficiently as AA, illustrated by the relatively large differences in
Vmax/Km and kcat/Km values between these substrates. Despite these differences
in kinetic parameters, aAA is completely reacted when incubates with s15-LOX-1
for long enough times (Figure 3).
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Figure 3. s15-LOX-1 metabolism of LA, aLA, AA, and aAA. LA, aLA, AA, and aAA were all
incubated with s15-LOX-1 and observed at 235nm until ΔAbs = 0. Despite having different
kinetic parameters, fatty acid pairs aLA/LA A) and aAA/AA B), are eventually oxidized
completely. Reprinted with permission from Beavers, W. N., Serwa, R., Shimozu, Y., Tallman,
K. A., Vaught, M., Dalvie, E. D., Marnett, L. J., and Porter, N. A. (2014) omega-Alkynyl Lipid
Surrogates for Polyunsaturated Fatty Acids: Free Radical and Enzymatic Oxidations. J Am
Chem Soc, 136, 11529-11539.
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The kinetic parameters for the transformations of aLA and LA by s15-LOX1 were also measured, and kcat/Km values were determined to be 0.51±0.07 µM1 -1

s and 5.2±0.6 µM-1s-1, respectively. These values are similar to those observed

for aAA and AA (Table 1), and like aAA, aLA is also eventually completely
reacted (Figure 3). aLA and LA give a similar product profile of primarily (a)9HODE or (a)13-HODE for the enzymatic transformation by 5-LOXor s15-LOX-1
respectively (Figure 4 and 5). a13-HODE produced from s15-LOX-1 was
assessed for optical purity, and determined to be entirely the S isomer, as
anticipated from the stereochemistry of LA oxidation (Figure 2). Ovine COX-1
generated a similar product profile to COX-2 when reacted with LA, and neither
enzyme oxygenated aLA (Figure 5).
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Figure 4. Comparison of the metabolite profiles of aLA A) and LA C) with s15-LOX-1. The
metabolism of aLA by s15-LOX-1 shows a single product showing the addition of oxygen. The
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Reprinted with permission from Beavers, W. N., Serwa, R., Shimozu, Y., Tallman, K. A.,
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Surrogates for Polyunsaturated Fatty Acids: Free Radical and Enzymatic Oxidations. J Am
Chem Soc, 136, 11529-11539.
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Figure 6. COX-2 in vitro metabolite profiles of aAA and AA. XIC analysis of the metabolite
profiles of aAA A) and AA G) catalyzed by COX-2 show very different products. The
metabolism of aAA by COX-2 shows some aAA remaining B) and four products corresponding
to the addition of one C), two D), three E), and four F) atoms of oxygen. The profiles in B-F are
all to the same scale. The metabolism of AA by COX-2 shows a single major product showing
the addition of three atoms of oxygen and having the same m/z as PGE2/PGD2 K). In addition
to the major metabolite and remaining AA H), metabolism of AA by COX-2 shows three other
products corresponding to the addition of one I), two J), and four L) oxygen. These AA
products correspond to the non-alkynylated versions of the products seen when aAA is
metabolized by COX-2. The profiles in H-L are to the same scale. Reprinted with permission
from Beavers, W. N., Serwa, R., Shimozu, Y., Tallman, K. A., Vaught, M., Dalvie, E. D.,
Marnett, L. J., and Porter, N. A. (2014) omega-Alkynyl Lipid Surrogates for Polyunsaturated
Fatty Acids: Free Radical and Enzymatic Oxidations. J Am Chem Soc, 136, 11529-11539.

We compared the kinetics of COX-2 oxidation of aAA determined by O2
uptake (Table 1) to values determined by LC-MS/MS and noticed that the
product profile from aAA was different from that of AA. As demonstrated in Figure
6, four aAA-derived oxygenation products were identified by MS, which
correspond to the addition of one (m/z = 315.2), two (m/z = 331.2), three (m/z =
347.2), and four atoms of oxygen (m/z = 365.2). The product at m/z = 315.2
corresponds to a11-HETE and the product at m/z = 347.2 corresponds to
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aPGE2/PGD2. One possibility for the identity of the product at m/z = 331.2 is
aHPETE; however, attempted reduction of the hydroperoxide with either TCEP or
PPh3 did not alter the peak elution time (data not shown), indicating a chemically
distinct species from the hydroperoxide. Although the metabolite profile of AA by
COX-2 resulted in peaks with m/z values corresponding to the addition of one,
two, three, and four atoms of oxygen, similar to what was seen with aAA, the
intensity of the peaks displayed major differences. AA oxygenation by COX-2
results in a major peak at m/z = 351.2, corresponding to PGE2/PGD2, and a
minor peak at m/z = 319.2, corresponding to a single oxygen atom incorporation.
The remaining oxygen addition peaks were very minor by comparison, but have
similar retention time and molecular weight shifts relative to PG as was seen with
aAA. Ovine COX-1 generated a similar product profile to COX-2 for aAA and AA
(data not shown).
To identify the metabolites depicted in Figure 6, product peaks at m/z =
315.2 and 331.2 were isolated and analyzed via 1D and 2D NMR. The
compound present at m/z = 365.2 was not stable through the isolation process
and thus was not analyzed. Figure 7 shows the structure and 1H-1H COSY for the
peak at m/z = 315.2. It was determined that the identity of this peak is (5Z, 8Z,
12E, 14Z)-11-Hydroxyicosa-5,8,12,14-tetraen-19-ynoic acid or ω-alkynyl 11hydroxy eicosatetraenoic acid (a11-HETE). Table 2 shows the chemical shifts
and coupling constants as determined from the 1H-NMR. The coupling constants
for the alkene between C12 and C13, J12,13 = 15.2 Hz and 15.1 Hz respectively,
identify the bond as trans. Figure 8 shows the structure and 1H-1H COSY for the
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peak at m/z = 331.2. It was determined that the identity of this peak is (Z)-7-(3((3E, 5Z)-2-Hydroxyundeca-3,5-dien-10-yn-1-yl)oxiran-2-yl)hept-5-enoic acid or
ω-alkynyl 11-hydroxy-8,9-epoxy-eicosatrienoic acid (a11-8,9-HEET). Table 3
shows the chemical shifts and coupling constants as determined from the 1HNMR. The coupling constants J12,13 = 15.2 Hz and 15.1 Hz, assign the alkene
between C12 and C13 as trans. The coupling constants for the epoxide were
measured as J8,9 = 4.2 Hz and 4.3 Hz, identifying the epoxide as cis.

1

Table 2. H-NMR chemical shifts and
coupling constants of the COX-2 aAA
metabolite with m/z = 315.2. The metabolite
was identified to be a11-HETE. Reprinted
with permission from Beavers, W. N.,
Serwa, R., Shimozu, Y., Tallman, K. A.,
Vaught, M., Dalvie, E. D., Marnett, L. J., and
Porter, N. A. (2014) omega-Alkynyl Lipid
Surrogates for Polyunsaturated Fatty Acids:
Free Radical and Enzymatic Oxidations. J
Am Chem Soc, 136, 11529-11539.
Chemical
Multiplicity
shift
ppm
6.54
dd
6.01
t
5.70
dd
5.51
m
5.39
m
4.23
q
2.78
m
2.34
m
2.19
m
2.12
quint
1.70
m
1.61
quint

	
  

Proton(s)
carbon no.
H13
H14
H12
H6
H5, 8, 9, 15
H11
H7
H2a, 10, 16
H18
H4
H3
H17

Coupling
Constant
Hz
J12,13 = 15.1
J14,15 = 11.0
J12,13 = 15.2

1

Table 3. H-NMR chemical shifts and
coupling constants of the COX-2 aAA
metabolite with m/z = 331.2, The metabolite
was identified to be a11-8,9-HEET.
Reprinted with permission from Beavers, W.
N., Serwa, R., Shimozu, Y., Tallman, K. A.,
Vaught, M., Dalvie, E. D., Marnett, L. J., and
Porter, N. A. (2014) omega-Alkynyl Lipid
Surrogates for Polyunsaturated Fatty Acids:
Free Radical and Enzymatic Oxidations. J
Am Chem Soc, 136, 11529-11539.
Chemical
Multiplicity
shift
ppm
6.59
dd
6.02
t
5.72
dd
5.51
m
5.45
dt
4.48
q
3.08
quint
2.95
dt
2.24
m
1.90
m
1.72
m
1.61
quint
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Proton(s)
carbon no.
H13
H14
H12
H5,6
H15
H11
H9
H8
H2,4,7,16,18
H10a
H10b
H17

Coupling
Constant
Hz
J12,13 = 15.1
J14,15 = 11.0
J12,13 = 15.2
J14,15 = 10.6
J8,9 = 4.2
J8,9 = 4.3
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Figure 7. H- H COSY spectrum of the COX-2 aAA metabolite with m/z = 315.2. The
metabolite was identified to be a11-HETE. Reprinted with permission from Beavers, W. N.,
Serwa, R., Shimozu, Y., Tallman, K. A., Vaught, M., Dalvie, E. D., Marnett, L. J., and Porter,
N. A. (2014) omega-Alkynyl Lipid Surrogates for Polyunsaturated Fatty Acids: Free Radical
and Enzymatic Oxidations. J Am Chem Soc, 136, 11529-11539.
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Figure 8. H- H COSY spectrum of the COX-2 aAA metabolite with m/z = 331.2. The
metabolite was identified to be a11-8,9-HEET. Reprinted with permission from Beavers, W. N.,
Serwa, R., Shimozu, Y., Tallman, K. A., Vaught, M., Dalvie, E. D., Marnett, L. J., and Porter,
N. A. (2014) omega-Alkynyl Lipid Surrogates for Polyunsaturated Fatty Acids: Free Radical
and Enzymatic Oxidations. J Am Chem Soc, 136, 11529-11539.
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Due to the distinct product profile of aAA metabolism, the kinetic
parameters for aAA were reevaluated by LC-MS/MS. AA kinetic parameters were
determined using the product PGE2, whereas the kinetic parameters for aAA
were determined using aPGE2 and a11-HETE. Michaelis-Menten plots for these
three kinetic experiments are found in Figure 9. The catalytic efficiency for the
formation of PGE2 by COX-2, 1.6±0.2 µM-1s-1, was similar to the oxygen uptake
value for hCOX2 seen in Table 1. The small difference between the two can be
explained by the formation of the nonenzymatic PG degradation product, 12hydroxy heptadecatrienoic acid (HHT), which accounts for approximately 20% of
the total PG signal (data not shown). The catalytic efficiencies for aAA products
were very different, however, at 0.019±0.005 µM-1s-1 for aPG formation and
0.4±0.1 µM-1s-1 for a11-HETE formation. When these values are compared to the
hCOX2 oxygen uptake during aAA metabolism value, 2±1 µM-1s-1, it can be seen
that most of the oxygen consumption is due to the formation of a11-HETE.
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Figure 9. Michaelis-Menten plots and relevant kinetic parameters for COX-2 metabolism of
AA and aAA. Kinetics were determined by measuring the formation of PG A), aPG B), and
a11-HETE C). Reprinted with permission from Beavers, W. N., Serwa, R., Shimozu, Y.,
Tallman, K. A., Vaught, M., Dalvie, E. D., Marnett, L. J., and Porter, N. A. (2014) omegaAlkynyl Lipid Surrogates for Polyunsaturated Fatty Acids: Free Radical and Enzymatic
Oxidations. J Am Chem Soc, 136, 11529-11539.
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Figure 10. Activated macrophages generate aAA metabolites. RAW264.7 macrophages were
incorporated +/-aAA, then activated with +/-100 ng/mL KLA for 24 h. Metabolite levels were
measured by LC-MS/MS for the media and cells combined. Reprinted with permission from
Beavers, W. N., Serwa, R., Shimozu, Y., Tallman, K. A., Vaught, M., Dalvie, E. D., Marnett, L.
J., and Porter, N. A. (2014) omega-Alkynyl Lipid Surrogates for Polyunsaturated Fatty Acids:
Free Radical and Enzymatic Oxidations. J Am Chem Soc, 136, 11529-11539.

To evaluate the potential of aAA as a tool in cellular settings, its
incorporation, release, and metabolism was tested in RAW264.7 macrophages.
BSA/aAA complexes were formed as previously described, and then added to
serum-free DMEM for 24 h285. Macrophages were then washed with serum-free
DMEM to remove any unincorporated aAA, and activated with 100 ng/mL KLA for
24 h. Fatty acid metabolites were extracted from the combined media and cells.
Figure 10 shows the quantification of a11-HETE, a11-8,9-HEET, aPG, and PG in
macrophages incorporated with aAA and activated with KLA. The alkynylated
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products were only seen at high levels in the aAA-enriched and KLA-activated
macrophages, which corresponds to the conditions where levels of fatty acid
release and COX-2 expression are highest. Further correlating to the kinetic and
in vitro experiments, a11-HETE was more abundant than aPG and a11-8,9HEET in activated macrophages. The ratio of a11-HETE to aPG and a11-8,9HEET is increased from the purified protein analyses indicating that cellular and
purified enzyme metabolite profiles may have slight differences.

Discussion
Understanding both the enzymatic and non-enzymatic metabolism of
alkynyl fatty acids is important because lipid oxygenation products and lipid
electrophile formation has been reported to result from both enzymatic and nonenzymatic mechanisms126,

184, 292

. Our data indicate that aLA and LA are

kinetically equivalent substrates for free radical chain oxidation; (a)HODEs are
formed as two positional isomers with oxidation at the 9- and 13-carbons.
Additionally, the conjugated dienes are in two different conformations, the Z,E
kinetic product, and the E,E thermodynamic product. Analyzing the Z,E/E,E
product ratios can be used as a “peroxyl radical clock” to measure peroxidation
propagation rate constants293, further confirming that these two substrates are
equivalently oxidized.
Similarly, aAA and AA are also equivalent substrates for autoxidation. The
mechanism of HPETE and IsoP formation has been studied in great detail and it
has been established that six major Z,E-HPETE products form with
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hydroperoxide substitution at carbons 5-, 8-, 9-, 11-, 12- and 15- of the twenty
carbon eicosanoate chain294. The IsoPs are formed as a mixture of
stereoisomers, the four sets of regioisomers identified by the position of the allylic
alcohol in the chain, 5-, 8-, 12-, and 15-295. Each regioisomeric set of IsoPs
contains eight diasteromers. Quantification of the IsoP isomeric mixture has been
used in recent years as a measure of oxidative stress in vivo118, 119, 269. Both aAA
and AA form the respective HPETEs and IsoPs at similar levels. This is an
important finding for setting up future lipid oxidation studies since many disease
states, including models for cardiovascular disease and neurodegenerative
diseases, are characterized by a high level of oxidative stress44.
The kinetic values measured here indicate that with some notable
exceptions, aAA is a reasonable enzymatic substrate for both COX and LOX
classes of enzymes. Enzymatically, both alkynyl PUFAs are metabolized by
various LOX enzymes to similar product profiles as the native PUFAs. Despite
the observed differences in catalytic efficiency, aAA, AA, aLA, and LA are
completely oxygenated by s15-LOX-1 when allowed to react to completion
(Figure 3). We hypothesize that the reduced efficiency observed is the result of
the alkyne altering the conformation of the lipid within the LOX active site. Model
systems designed to study cellular processes all have limitations, and the
reduced enzymatic efficiency seen here may restrict the use of this model to
understand short-term enzymatic lipid metabolism. However, in many biological
settings, this reduced enzymatic efficiency remains negligible in understanding
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and tracking lipid metabolism because many studies will be looking at changes
over long time periods.
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Figure 11. Proposed mechanism of COX-2 oxygenation of aAA. All products result from the
same first steps, abstraction of the 13-(S)-hydrogen and addition of molecular oxygen to the
11-carbon. Pathway A shows the formation of a11-HETE when the reaction is terminated
before 9,11-endoperoxide is formation. After endoperoxide formation, closure of the 5membered prostaglandin ring results in pathway B and the formation of aPGG2, the precursor
for all aPGs. However, if ring closure does not occur (pathway C), the endoperoxde can
cleave resulting in an epoxide and an 11-alkoxyl radical. The alkoxyl radical can be terminated
to form a11-8,9-HEET. Reprinted with permission from Beavers, W. N., Serwa, R., Shimozu,
Y., Tallman, K. A., Vaught, M., Dalvie, E. D., Marnett, L. J., and Porter, N. A. (2014) omegaAlkynyl Lipid Surrogates for Polyunsaturated Fatty Acids: Free Radical and Enzymatic
Oxidations. J Am Chem Soc, 136, 11529-11539.

These data demonstrate the potential usefulness of aPUFAs for the study
of lipids in a biological setting; however, one major finding is the differential
metabolism of AA and aAA by COX-2 and oCOX1. All of the products in our
proposed mechanism (Figure 11) result from the same first two steps, 13-(S)hydrogen abstraction and oxygen addition to C11 forming the alkynyl 11-
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hydroperoxyl radical. The remaining reactions proceed through two critical
junctions, endoperoxide formation and prostaglandin ring closure. The a11hydroperoxyl radical can be reduced by H-atom transfer to form a11-HETE
(Figure 11A), which was identified as one of the major products by LC-MS/MS
and 2D-NMR (Figure 7). When endoperoxide formation is followed by
prostaglandin ring closure, and a final oxygenation at C15, aPGG2, the precursor
to all prostaglandins is formed (Figure 11B). However, when endoperoxide
formation is not followed by prostaglandin ring closure, endoperoxide homolytic
cleavage results in 8,9-epoxide and 11-alkoxyl radical formation. The alkoxyl
radical can then be terminated to give a11-8,9-HEET (Figure 11C), which was
identified by 2D-NMR (Figure 8). The epoxide was identified as cis due to the
coupling constants for H8 and H9, which were measured at 4.2 Hz and 4.3 Hz
respectively. This is an interesting observation indicating that the epoxide is
formed in the enzyme active site, before the bond between C7 and C8 can
rotate. Non-enzymatic epoxidation from endoperoxide scission would be
expected to give a 3:1 trans:cis geometry due to the free rotation of the C7-C8
bond296. 11-8,9-HEET was first identified when 8,9 epoxy-eicosatrienoic acid was
incubated with cyclooxygenase enzymes, adding oxygen to C11297,

298

. The

major COX-2 products of aAA oxygenation we have identified are structurally
similar to previously reported COX-2 variant AA metabolites139. Schneider et al.
demonstrated that mutations at Gly526 and Leu384 to larger amino acids restrict
endoperoxide formation and prostaglandin ring closure, resulting in the
generation of multiple products including 11-HPETE and PGs. Their proposed
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mechanism proceeds through several intermediates that when terminated will
give the AA-derived products similar to those we have identified.
While we have been unable to solve a crystal structure of aAA in a
productive conformation in the COX-2 active site, we can look at other substrates
to corroborate the idea that aAA may not be binding properly in the active site,
resulting in an altered product profile. One substrate that can be investigated is
the endocannabinoid 2-arachidonoylglycerol (2-AG). The crystal structure of its
isomer, 1-AG, has been solved for COX-2, and it was revealed that it sits in the
active site in two different conformations. The structural difference in these
confirmations is a slight change in the position of the ω-tail in the active site.
Oxygenation may occur in both conformations because abstractable hydrogen
atoms on C13 are in line with the catalytic Tyr385, but different distances in each
conformation299. 2-AG has two major products, PG-glycerol and 11-HETEglycerol,300 which further corroborates that there are multiple modes of binding.
These data are potentially relevant to aAA binding in the COX-2 active site,
because they indicate that small changes in the binding of the ω-tail has an
impact on the oxygenation and cyclization events at the center of the fatty acid.
Additionally, Km has been used as an estimate of KD for COX-2. When we
compare these numbers, 1.8±0.2 µM for AA and 12±3 µM for aAA, we see that
there is a distinct difference in binding between AA and aAA. Therefore, we
hypothesize that the alkynyl tail changes the way aAA sits in the COX-2 active
site, resulting in similar O2 consumption despite its altered product profile, as
defined in these studies.
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Based on all of the in vitro oxidation, we investigated the viability of alkynyl
probes for the analysis of lipid metabolite detection and tracking in a biological
setting. RAW264.7 macrophages are the prototypical cell line used to study lipid
metabolism because their lipid chemistry has been extensively cataloged by the
Lipid MAPS Consortium (www.lipidmaps.org). Therefore we investigated if the in
vitro COX-2 metabolites of aAA could be measured in cultured cells, and
observed a11-HETE as the major aAA metabolite in cells, with aPG and a11-8,9HEET also detected, but at a much lower level. This product ratio matches the
kinetic efficiencies measured in vitro for a11-HETE and aPG formation. Many
molecules have been reported to potentiate COX-2 activity in vitro, including free
fatty acids137. It is not unreasonable to think that many of these species are
present in cells, and could potentiate the formation of a11-HETE as was seen in
our data. 11-HETE has been reported in many animal and cell models as a COX2 derived metabolite301-304. Additionally, it has been reported that hydroxy fatty
acid metabolites of COX-2, including 11-HETE305, 306, can be further oxidized by
cellular dehydrogenases to oxo fatty acids126. These oxo fatty acids are
electrophilic, reacting with nucleophilic amino acids of proteins potentially
changing cellular functions. Prostaglandins are not readily converted to
electrophilic species; so hydroxy fatty acids are the most viable method to study
this chemistry in cells. 11-Oxoeicosatetraenoic acid, the oxidized product of 11HETE, has been detected in cells, and shown to be antiproliferative305, 306. This
avenue of exploration is potentially viable using aAA as a part of a COX-2
mediated metabolite study, in the appropriate context.
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Collectively, these studies demonstrate that aPUFAs are metabolized
similarly to native PUFAs and represent a viable tool for studying lipid
distribution, metabolism, and reactions between lipid metabolites and cellular
macromolecules in many physiological and pathophysiological models. While
there are some caveats regarding the enzymatic metabolism of aAA, specifically
the metabolism of these surrogates by the cyclooxygenase enzymes, the nonenzymatic metabolism is indistinguishable from the native lipid species.
Therefore, aPUFAs can be used as analogs for PUFAs, especially in cellular
disease models involving high amounts of oxidative stress resulting in high levels
of lipid oxidation.
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Chapter III

ENDOGENOUSLY GENERATED LIPID ELECTROPHILES TARGET
MITOCHONDRIAL PROTEINS IN ACTIVATED
RAW264.7 MACROPHAGES

Introduction
Oxidative stress is associated with numerous pathologies, including
cardiovascular disease, neurodegenerative diseases, and cancer44. Reactive
oxygen species (ROS) generated during oxidative stress can result from either
an acute stimulus such as traumatic injury20 or through low-level, prolonged
stimulation (e.g. atherosclerosis)38, 93. ROS formation induces in the oxidation of
polyunsaturated fatty acids (PUFAs), leading to the increased generation of
electrophilic lipid species. These lipid electrophiles can form adducts on
nucleophilic groups of cellular macromolecules, including proteins307. Increased
levels of lipid electrophile-adducted proteins have been observed in many
disease states222,

226, 229

cellular signaling210,

, and adduction can impact protein function, altering

211, 238

. However, the role of lipid electrophiles in disease

initiation and progression is not fully understood partially due to the inability to
globally identify and quantify protein targets of adduction.
Lipid electrophiles are in a constant state of flux during both normal
cellular function and episodes of oxidative stress. Currently there are three
general approaches to study protein adduction. Antibodies253 and probes224
targeting known lipid electrophiles have been used to identify gross changes in
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adduction. These techniques have also been used to enrich for proteins
adducted by a specific lipid electrophile to identify individual targets of
adduction255. Protein targets of known electrophiles have been identified and
quantified using targeted proteomic approaches in vivo255 and in cells308. In this
approach, a mass shift associated with a known electrophile adduct can be
bioinformatically searched as an amino acid posttranslational modification. While
these studies measure lipid electrophiles formed in physiologically relevant
settings, the methods are constrained to studying anticipated electrophile
adducts or using nonspecific chemistries that label unintended biological
molecules. Other analyses have relied on bolus-dosing of exogenously formed
electrophiles to cell culture systems204,

238, 242, 309

. This method enables the

accurate identification of proteins that are susceptible to adduction by exogenous
electrophiles, and the assignment of relative reactivities to nucleophilic amino
acid

residues.

However,

electrophiles

are

not

generated

at

discrete

concentrations, at distinct time points, or extracellularly, so these experiments
miss potential cellular microenvironment factors that modulate electrophile
formation and reactivity. Collectively, each method currently used to study lipid
electrophile adduction of proteins fails to address at least one aspect of
electrophile formation, including physiologically relevant time scales of formation,
concentrations of electrophiles, cellular locations of formation, or the diverse
array of electrophiles generated.
Recently we expanded the study of lipid electrophile adduction of proteins
by introducing alkynyl electrophiles. The alkynyl group of these electrophiles

	
  

77	
  

allows for the selective recovery of adducted proteins by attaching an affinity tag
via click chemistry204,

248, 310

. This method gives a distinct advantage over

previous methods of affinity tagging electrophiles because the functional groups
used in click chemistry do not exist in biological systems, making the reaction
bioorthogonal, and alleviating concerns of side reactions. However, an
exogenously formed electrophile was still added at a set concentration and time
point, and thus the previously mentioned criticisms of this method still apply. To
study lipid electrophiles in a physiological setting, we have developed a series of
ω-alkynyl PUFAs that can be incorporated into cells for the endogenous
generation of lipid electrophiles and the resulting protein adducts.
In Chapter II, we report that the susceptibility to and products of in vitro
autoxidation of ω–alkynyl linoleic acid (aLA) and ω–alkynyl arachidonic acid
(aAA) are similar to those of native linoleic acid (LA) and arachidonic acid (AA)
oxidation, respectively. Based on this precedent, we expect equivalent
electrophilic products of native and alkynyl fatty acids to be generated when the
latter are oxidized in physiological settings311. In the present study, we
demonstrate that aLA is incorporated into the phospholipids of RAW264.7
macrophages and transformed into aAA. Oxidation of incorporated alkynyl fatty
acid upon activation of the cells with Kdo2-lipid A (KLA)286 leads to increased
electrophile formation and protein adduction.
A challenge in assessing endogenous lipid electrophile adduction of
proteins is quantifying differences in adduction between cell phenotypes.
Therefore, we chose to apply stable isotope labeling of amino acids in cell culture
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(SILAC), which uses metabolically labeled heavy ([13C6,
arginine) and light ([12C6,

14

N2]-lysine, [12C6,

14

15

N2]-lysine, [13C6,

15

N4]-

N4]-arginine) proteomes to globally

quantify protein level changes in physiologically relevant settings312-317. Affinity
purification of posttranslationally modified proteins has previously been used in a
SILAC proteome to quantify differences in protein modification318. We combined
SILAC,

click

chemistry,

and

previously

described

affinity

enrichment

techniques204, 248, 310 to quantify both protein expression changes and targets of
adduction from endogenously generated lipid electrophiles during macrophage
activation. These studies identify over 1,000 protein adduction targets, including
important enzymes involved in energy generation and oxidant defense,
representing a comprehensive and biologically relevant assessment of lipid
electrophile-mediated protein damage.

Materials and Methods
Materials. All chemicals were purchased from Sigma-Aldrich, St. Louis,
MO, unless otherwise stated. aLA was synthesized as previously described282.
KLA Preparation. KLA (Avanti Polar Lipids, Alabaster, AL) was stored at 20 °C in aliquots dissolved in sterile Dulbecco’s Phosphate Buffered Saline
(DPBS) at 1 mg/mL. Aliquots were diluted 1:10 in sterile DPBS and sonicated 15
min before being diluted to 100 ng/mL in culture medium286.
Cell Culture. RAW264.7 macrophages (ATCC, Manassas, VA) were
passaged in Dulbecco’s Modified Eagle Medium + Glutamax (DMEM) (Invitrogen,
Grand Island, NY) containing 10% FBS (Atlas Biologicals, Fort Collins, CO).
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Cells were plated in the passaging medium to keep them near 50% confluence at
the time of harvesting. After 24 h at 37 °C, the medium was replaced with serumfree DMEM with or without 15 µM aLA. After 24 h at 37 °C, the cells were
washed with serum-free DMEM to remove any aLA not incorporated into the cell
membranes. The cells were then treated with serum-free DMEM with or without
100 ng/mL KLA for 24 h at 37 °C.
aLA

Incorporation

Analysis

of

Phospholipid

Pools.

RAW264.7

macrophages were enriched with aLA and activated with KLA as described
above. Phospholipids were isolated and quantified as previously described279.
aLA Elongation to aAA. RAW264.7 macrophages were incorporated with
aLA as described above. Cells were scraped into DPBS containing 1 mM
butylated hydroxytoluene (BHT) and 1 mM tris(2-carboxyethyl)phosphine
(TCEP), and counted on BioRad TC10 automated cell counter. Heptadecanoic
acid was added to each cell pellet as an internal standard, and the pellets were
taken up in 5% HCl. A 2:1 mixture of chloroform:methanol containing 50 mg/L
BHT was added to each sample. Samples were vortexed, then centrifuged for 10
min at 15,000 rpm. The organic layer was removed and blown dry under stream
of N2, and dissolved in MeOH with 1.0 M KOH. Samples were vortexed, then
incubated for 1 h at 37 °C. After incubation, samples were immediately placed on
ice and acidified with 1.0 M HCl.

BHT/PPh3 in ethanol was added to each

sample, then extracted with 4:1 chloroform:ethyl acetate mixture. Organic layer
was dried under a stream of N2, dissolved in methanol, and stored at -80 °C until
analysis.
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Reverse-phase

high-performance

liquid

chromatography

mass

spectrometry analysis was performed on a Supelco Analytical Discovery C18
column (150 x 2.1 mm, 5 µm), which was eluted at 0.2 mL/min with methanol and
0.1% acetic acid. The effluent of the column was introduced by atmosphericpressure chemical ionization (APCI) into a triple quadrupole mass spectrometer
(TSQ, Thermo). The transfer capillary was heated to 300 °C, discharge current
was set to 22.0 V, and the ion isolation width was set to 1. The collision energy
was set at 10 V.

Scans were recorded at 0.25 s intervals and utilized the

Gaussian algorithm for peak smoothing (Xcalibur software).
Generation of Samples for Click-blots. RAW264.7 macrophages were
incorporated with aLA and activated with KLA as described above. TEMPOL or
MitoTEMPO were both added to 10 µM, when present, at the same time as KLA.
Cells were scraped, pelleted, and lysed in 1% IGEPAL (MP Biomedicals), 150
mM NaCl, 50 mM HEPES, and 0.5% mammalian protease inhibitor cocktail.
Electrophile adducts were stabilized to the proteome with 5 mM NaBH4 for 1 h,
and the reduction was quenched with acetone. Samples were diluted to 2 mg/mL
total protein and precleared overnight at 4 °C with streptavidin sepharose beads
(GE Healthcare). After preclearing, samples were diluted to 1 mg/mL, click
reagents were added to the concentrations, 1 mM CuSO4, 1 mM TCEP, 0.1 mM
tris[(1-benzyl-1H-1,2,3-triazole-4-yl)methyl]amine (TBTA), and 0.2 mM N3-biotin,
and the samples were turned end over end for 2 h204. Proteomes were separated
by SDS-PAGE (Bio-Rad), transferred to 0.45 µm nitrocellulose (Bio-Rad), and
probed with Actin anti-goat (Santa Cruz) primary and Streptavidin IRDye 800CW
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(LI-COR) overnight at 4 °C. Secondary anti-goat IGG IRDye 680LT antibody was
from LI-COR and incubated with the blots for 1 h at 25 °C. Blots were visualized
on a LI-COR Odyssey system scanning at 800 nm emission for streptavidin and
700 nm emission for actin.
SILAC RAW264.7 Macrophages Line. All SILAC reagents were from
Pierce, Rockford, IL. RAW264.7 macrophages were passaged in SILAC DMEM
containing 10% SILAC FBS. Heavy medium contained 0.1 mg/mL 13C615N2-lysine
and

13

C615N4-arginine, while the light medium contained 0.1 mg/mL

lysine and

12

12

C614N2-

C614N4-arginine. After four passages, the cell lines were harvested,

lysed, proteins separated by SDS-PAGE, and stained with SimplyBlue
(Invitrogen). Similar molecular weight areas of the stained gel were excised for
both the light and heavy lines, digested with trypsin, and analyzed by LC-MS/MS.
The resulting comparison of heavy/light peptide ratios for each sample
individually confirmed that the heavy and light samples have greater than 99%
incorporation of the respectively labeled lysine and arginine.319
SILAC Sample Preparation. Incorporation of SILAC samples with aLA was
performed as above on both the heavy and light lines individually. Light cells
were treated with vehicle, and represent the unactivated state, while heavy cells
were treated with KLA, and represent the activated state. After harvesting, the
cells were lysed, and proteins quantified by BCA assay (Pierce). The heavy and
light lines were combined in equal weights of protein, and adducts were
stabilized with NaBH4 and attached to 0.2 mM UV-biotin249 via click chemistry
instead of N3-biotin as described above.
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Streptavidin Affinity Purification. After attaching UV-biotin, the sample was
dialyzed against PBS to remove any excess click reagents using 2,000 Da
molecular weight cutoff dialysis cassettes (Pierce). After dialysis, the sample was
added to streptavidin beads (GE Healthcare), and turned end over end overnight
at 4 °C in the dark. The beads were washed twice each with 1% SDS, 4 M urea,
1 M NaCl in PBS, PBS, and water. Adducted proteins were eluted into water by
stirring the beads under 365 nm light for 2 h.204
SILAC Proteomic Analysis. Proteome (input) and adductome (eluate)
samples were precipitated with 25% trichloroacetic acid on ice for 1 h. Following
incubation, samples were centrifuged at 18,000 x g at 4 °C, and precipitates were
washed with cold acetone, dried, and reconstituted in 50 mM Tris, pH 8.0,
containing 50% 2,2,2-trifluoroethanol (TFE). Samples were reduced with TCEP,
carbamidomethylated with iodoacetamide, diluted 5-fold with 100 mM Tris, pH 8,
(to obtain a final solution containing 10% TFE), and digested with sequencinggrade trypsin overnight (Promega).
Digests were acidified to 0.1% formic acid, and peptides were loaded onto
a self-packed biphasic C18/strong cation exchange (SCX) MudPIT column using
a helium-pressurized cell (pressure bomb). The MudPIT column consisted of 360
x 150 µm fused silica, which was fritted with a filter-end fitting (IDEX Health &
Science) and packed with 6 cm of Luna SCX material (5 µm, 100 Å) followed by
4 cm of Jupiter C18 material (5 µm, 300 Å, Phenomenex). Once the sample was
loaded, the MudPIT column was connected using an M-520 microfilter union
(IDEX Health & Science) to an analytical column (360 x 100 µm), equipped with a
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laser-pulled emitter tip and packed with 20 cm of C18 reverse phase material
(Jupiter, 3 µm beads, 300 Å, Phenomenex). Using an Eksigent NanoLC Ultra
HPLC and Autosampler, MudPIT analysis was performed with an 11-step salt
pulse gradient (25, 50, 75, 100, 150, 200, 250, 300, 500, 750, and 1000 mM
ammonium acetate). Following each salt pulse, peptides were gradient-eluted
from the reverse analytical column at a flow rate of 500 nL/min, and the mobile
phase solvents consisted of 0.1% formic acid, 99.9% water (solvent A) and 0.1%
formic acid, 99.9% acetonitrile (solvent B). For the peptides from the first 10 SCX
fractions, the reverse phase gradient consisted of 2–40% B in 90 min, followed
by a 15 min equilibration at 2% B. For the last SCX-eluted peptide fraction, the
peptides were eluted from the reverse phase analytical column using a gradient
of 2-98% B in 100 min, followed by a 10 min equilibration at 2% B. Peptides were
introduced via nano-electrospray into an LTQ-Orbitrap Velos mass spectrometer
(Thermo Scientific), and the data were collected using a 17-scan event datadependent method. Full scan (m/z 350-2000) spectra were acquired with the
Orbitrap as the mass analyzer (resolution 60,000), and the sixteen most
abundant ions in each MS scan were selected for collision-induced dissociation
in the LTQ. An isolation width of 2 m/z, activation time of 10 ms, and 35%
normalized collision energy were used to generate MS/MS spectra. The MSn
automatic gain control target value was set to 1 x 104, and the maximum injection
time was set to 100 ms. Dynamic exclusion was enabled, using a repeat count of
1 within 10 s and exclusion duration of 15 s.
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For peptide and protein identification, data were analyzed using the
MaxQuant software package, version 1.3.0.5.320,

321

MS/MS spectra were

searched against a mouse subset database created from the UniprotKB protein
database (2012_05). Precursor mass tolerance was set to 20 ppm for the first
search, and for the main search, an 8 ppm precursor mass tolerance was used.
The maximum precursor charge state was set to 6. Variable modifications
included carbamidomethylation of cysteines (+57.0214), oxidation of methionines
(+15.9949), and acetylation of N-termini (+42.0106). Enzyme specificity was set
to Trypsin/P, and a maximum of 3 missed cleavages was allowed. The targetdecoy false discovery rate (FDR) for peptide and protein identification was set to
1% for peptides and proteins. A multiplicity of 2 was used, and Arg10 and Lys8
heavy labels were selected. For SILAC protein ratios, a minimum of 1 unique
peptide and a minimum ratio count of 2 were required, and the requantify option
was enabled. Protein groups identified as reverse hits, or contaminants were
removed from the datasets. All reported protein groups were identified with two
or more distinct peptides and were quantified with two or more ratio counts.
Normal distribution and selection of common proteins. All MaxQuant
normalized activated:unactivated were converted to log2(activated/unactivated)
and put into a frequency distribution with a bin size of 0.1 using GraphPad Prism.
Using Gaussian fitting, the normal distribution parameters, mean, standard
deviation, and R2 were determined for each proteome and adductome sample.
Pairwise Spearman correlations were calculated comparing each proteome and
adductome to every other proteome and adductome. Only proteins that were
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common across all six samples were included in this analysis. We applied limma
to estimate the significance of the heavy/light ratio across three replicates of both
the proteome and adductome. This method is similar to single-sample t-test
except it uses empirical Bayes method to adjust for variable dependence.
WebGestalt pathway analysis. Analysis of adductome target location and
pathway

enrichment

was

performed

(http://bioinfo.vanderbilt.edu/webgestalt/).322

in

WebGestalt

Adductome protein lists

with

adjusted P < 0.05 and heavy/light > 1.5 were analyzed for cellular compartment
enrichment. Additionally, the adductome and proteome proteins were analyzed
for pathway enrichment using the WikiPathway function in WebGestalt. Uniprot
accession numbers of the three proteome samples were analyzed in VENNY
(http://bioinfogp.cnb.csic.es/tools/venny/index.html),

an

interactive

tool

for

comparing lists with Venn Diagrams, and used as the reference proteome.
Settings in WebGestalt were as follows, Statistical Method: Hypergeometric,
Multiple Test Adjustment: Benjamini Hochberg (BH), Significance Level (adjusted
P value): 0.05, Minimum Number of Genes for a Category: 3.
MitoTEMPO modulation of adduction. RAW264.7 macrophages were
incorporated with aLA and activated with KLA as described above. MitoTEMPO
was added to both vehicle and KLA-activated samples at the same time as KLA,
when present, as describe above. Cells were isolated, lipid electrophile adducts
stabilized, and attached to UV-biotin by click chemistry as described. Adducted
proteins were affinity purified with streptavidin beads and UV-elutes as described
above. Total recovered protein was assessed by SDS-PAGE separation of the
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recovered adductome followed by Simply Blue staining. Levels of individual
adducted proteins were assessed by western blot as described above using antiSod2 (Cayman Chemical) or anti-COX-2 (Cayman Chemical) primary antibodies
both from rabbit hosts. Anti-rabbit IGG IRDye 800CW antibody from LI-COR was
used as the secondary antibody.
Time course of adduction. RAW264.7 macrophages were incorporated
with aLA and activated with KLA as described above. At 0, 3, 6, 9, 12, and 24 h
post activation, adducted proteins were isolated using UV-biotin as described for
the affinity enrichment for the SILAC experiments. Levels of individual adducted
proteins were assessed by western blot as described above using anti-Sod2 or
anti-COX-2 primary antibodies both from rabbit hosts.
Mitochondria and Cytosol Separation. Cells were lysed in 250 mM sucrose
+ 1 mM EDTA + 20 mM HEPES + 0.2% protease inhibitor cocktail on ice, and
passed through a 26 gauge needle ten times. Nuclei and debris were pelleted at
500 x g and 4 °C for 5 min. Supernatant containing mitochondria was transferred,
and mitochondria were pelleted at 10,000 x g and 4 °C for 10 min. Mitochondria
were washed twice more in the sucrose buffer and pelleted. Mitochondria were
lysed in 150 mM sucrose containing 10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl,
1% IGEPAL, and 0.2% mammalian protease inhibitor cocktail on ice.
Superoxide Dismutase Activity. Mitochondrial and cytosolic lysates (2 µg
protein) were assessed for activity as described in the Superoxide Dismutase
Activity Kit (Cayman Chemical). Absorbance was measured at 450 nm after 30
min of incubation at 25 °C to determine activity. Activity was normalized to Sod1
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or Sod2 expression in the cytosol and mitochondria respectively, as determined
by western blot. Statistical significance was determined by an unpaired t-test in
GraphPad Prism. Expression levels were determined by densitometry using
ImageJ323 and normalized to actin expression. Statistical significance of
expression levels were determined by Two-Way ANOVA with Tukey post hoc
analysis in GraphPad Prism.

Results
aLA is incorporated into native phospholipids in RAW264.7 macrophages.
When added to the culture medium, aLA (Figure 1A), was incorporated into the
phospholipid pool (Figure 2). The content of aLA in the phospholipid pool was
determined by quantifying the amount of 36:2 or a36:2, which consists of LA or
aLA, respectively, at the sn-2 position and stearic acid at the sn-1 position,
across the five major phospholipid species (Figure 2A). Figure 3A shows that
during aLA incorporation, the amount of LA decreases, but the total LA + aLA
pool does not change (Figure 3B). These data demonstrate that aLA is
incorporated into the same phospholipid pools as LA and, in fact, that aLA
displaces LA.
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Figure 1. Click chemistry scheme for protein adduction. A) The structure of w-alkynyl linoleic
acid. B) Copper-mediated click chemistry was used to attach a previously reported UVcleavable biotin linker to ω-alkynyl electrophile- (R-) adducted proteins. Streptavidin bead
affinity-captured biotinylated proteins, and UV-irradiation selectively released proteins
adducted by alkynyl electrophiles for identification of the protein targets. Azido-biotin linkers
(N3-biotin) that are not UV-cleavable and streptavidin-based fluorophores can be used in place
of the beads to measure the extent of adduction across the entire proteome qualitatively.
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Figure 2. Extent of aLA incorporation into phospholipid pools. aLA was incorporated into the
lipid bilayer of RAW264.7 macrophages. Lipidomic quantified A) 36:2 and a36:2 in the
phospholipid bilayer in the five major phospholipid classes, PC: phosphatidylcholine, PE:
phosphatidylethanolamine, PG: phosphatidylglycerol, PI: phosphatidylinositol, PS:
phosphatidylserine. B) Incorporation of aLA, which is compared between macrophages
untreated (-) and those treated with aLA (+), where white bars are native LA and black bars
are aLA showed incorporation into all 36:2 phospholipid classes. As expected, aLA was not
measured in the unincorporated cells, but was measured in aLA-incorporated macrophages.
In PC, PG, and PI phospholipid classes, aLA displaces LA, and adds to it in PE and PS. Data
are mean ± standard deviation of triplicate determinations.
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Figure 3. Total amounts of aLA and LA in RAW264.7 macrophages before and after aLA
incorporation. A) The total amount of LA decreases between unincorporated and aLAincorporated macrophages. aLA is not detected in unincorporated macrophages, but is present
in the aLA-incorporated macrophages in quantities approximately equal to the decrease in LA in
those cells. B) This results in no change in the total LA + aLA pool, indicating that aLA is
displacing LA. Data are mean ± standard deviation of triplicate determinations. Statistical
significance determined by an unpaired t-test where * = P < 0.05 and ns = P > 0.05.

aLA is elongated to aAA in RAW264.7 macrophages. Linoleic acid is an
essential fatty acid and serves as the precursor for synthesis of arachidonic acid
(AA) as well as other signaling PUFAs122, 160, 324, 325. Figure 4 demonstrates that
aLA is converted to aAA when incubated with RAW264.7 macrophages.
Expected intermediates along the pathway from aLA to aAA, ω-alkynyl γ-linolenic
acid (aGLA) and ω-alkynyl dihomo-γ-linolenic acid (aDGLA), were also observed.
Approximately 80% of the aLA taken up by the macrophages was converted to
one of the elongation products, with aAA comprising nearly 60% of the detected
alkynyl fatty acids. Unlike aLA, aAA does not displace its native fatty acid, AA,
but instead increases the pool size of arachidonate-containing species (Figure
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5A and 5B). These data are in agreement with previous studies demonstrating
that RAW264.7 macrophages are AA-deficient, and readily able to increase AA
levels in phospholipid pools278. The present experiment shows that when aLA is
the most abundant fatty acid available, it will be converted to aAA, further
confirming the findings in Chapter II that aLA is treated in a similar manner to LA
by cellular enzymes of lipid metabolism. The findings also support the hypothesis
that, under conditions of oxidative stress, alkynyl lipid electrophiles can be
generated from both aLA and aAA.

O

alkynyl linoleic acid (aLA)
97.9 ± 26.3 pmol/106 cells

HO

Δ6-desaturase
O

alkynyl γ-linolenic acid (aGLA)
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alkynyl arachidonic acid (aAA)
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Figure 4. aAA is biosynthesized from aLA. Elongation products of aLA to aAA were measured
in aLA incorporated RAW264.7 macrophages. During aAA biosynthesis, aLA is desaturated to
form ω-alkynyl γ-linolenic acid (aGLA), which is elongated to ω-alkynyl dihomo-γ-linolenic acid
(aDGLA), and then desaturated again to reach the final product of aAA. These findings further
confirm that aLA is recognized similarly as native LA in RAW264.7 macrophages.
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Figure 5. Total amounts of aAA and AA in RAW264.7 macrophages before and after aLA
incorporation. A) The total amount of AA does not change between unincorporated and aLAincorporated macrophages. aAA is not detected in unincorporated macrophages, but is
present in the aLA-incorporated macrophages in quantities approximately equal to the amount
of AA in those cells. B) This results in a significant increase in the total AA + aAA pool,
indicating that aAA is not displacing AA. Data are mean ± standard deviation of triplicate
determinations. Statistical significance determined by an unpaired t-test where ** = P < 0.01
and ns = P > 0.05.

Activation of RAW264.7 macrophages induces lipid electrophile-protein
adducts. To evaluate protein targets susceptible to adduction by lipid-derived
electrophilic species, macrophages were preincubated in the presence or
absence of aLA then treated with or without KLA or a vehicle control. KLA is a
chemically defined lipopolysaccharide known to stimulate the production of
ROS286. Following activation by KLA, the cells were lysed and a protein extract
prepared and treated with NaBH4 to stabilize protein-electrophile conjugates.
Each adducted protein containing an alkyne tag was conjugated to a biotin
derivative using click chemistry. Proteins were separated by SDS-PAGE, and
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biotin-containing bands were visualized using a streptavidin-based fluorophore.
As shown in Figure 6, activation with KLA resulted in a substantial increase in
measurable protein adduction in aLA-incorporated macrophages when compared
to unactivated controls or macrophages with no aLA incorporation. Low levels of
protein adduction can be seen in unactivated, aLA-incorporated macrophages as
lipid oxidation and electrophile generation occurs during normal cellular
functions.
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Figure 6. KLA activation induces lipid electrophile protein adduction. RAW264.7 macrophages
incorporated with aLA then activated with KLA show increased adduction over unactivated
macrophages. Click chemistry was used to attach a biotin linker to alkynyl lipid electrophile
adducted proteins. The extent of proteomic adduction was visualized by probing with a
streptavidin-based fluorophore, which shows differential adduction between activated and
unactivated macrophages. The first and second lanes are unincorporated for aLA, and the
visualized biotin signal is from endogenously biotinylated proteins. The third and fourth lanes
show macrophages incorporated with aLA and unactivated or activated with KLA respectively.
These lanes show that lipid electrophiles are generated during normal physiological processes
of the cell (+aLA/-KLA), and that there is increased adduction across the entire proteome by
endogenously formed lipid electrophiles in activated macrophages (+aLA/+KLA).
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SILAC quantification of lipid electrophile-adducted proteins reveals nearly
half of the detectable proteome is adducted. KLA activation of RAW264.7
macrophages results in marked changes in both protein expression and lipid
electrophile adduction of proteins. To quantify changes in protein adduction, we
employed a well-characterized SILAC model319. As shown in Figure 7A, a heavy
cell line was created by enriching for
a light cell line was enriched with

12

13

C615N2-lysine and

C614N2-lysine and

12

13

C615N4-arginine, while

C614N4-arginine. Both cell

lines were preincubated with aLA, and the heavy cells were activated with KLA,
whereas the light cells were treated as the unactivated control. The cells were
harvested, homogenized, and aliquots of the resultant heavy and light samples
containing equal amounts of total protein were then combined. Three biological
replicates of the input (proteome) samples were analyzed via multidimensional
protein identification technology tandem mass spectrometry (MudPIT-MS/MS). A
total of 2,406 input proteins were identified as common across the three
replicates (Figure 8A), constituting the reference proteome. The reference
proteome is a list of all proteins detectable before affinity enrichment for
electrophile-adducted proteins, and the ratio of heavy peptides/light peptides for
each protein provides a relative quantification of expression changes resulting
from KLA activation of the macrophages.

	
  

95	
  

A

B

HEAVY

LIGHT

[12C6, 14N2]-Lys
[12C6, 14N4]-Arg

B

400

[13C6, 15N2]-Lys
[13C6, 15N4]-Arg

m/z

O

300

Vehicle
(Unactivated)

KLA
(Activated)

Lyse Cells
Quantify Protein

Frequency Count

HO

200

C

m/z

A

m/z

100

Combine in Equal Amounts, Click,
Bind, Elute, Digest, LCMSMS

0
-4

-2
0
2
log2(Activated/Unactivated)

4

Figure 7. A) SILAC workflow. Both heavy and light cell lines were incorporated with aLA. The
light cell line was unactivated (treated with vehicle) while the heavy cell line was activated with
KLA. After activation, the heavy and light cells were harvested and lysed. Protein was
quantified, and the two samples were then combined in equal amounts. Adducts were
stabilized by reduction with NaBH4 and then attached to UV-biotin by click chemistry for
enrichment of adducted proteins (Figure 1B). Adducted proteins were analyzed by proteomic
methods. B) A series of heavy/light (activated/unactivated) ratios was generated from the
adductome data set. After log2 transformation, the frequency count of these ratios was shown
2
to fit a Gaussian distribution with R > 0.94 for all replicates. Three distinct regions can be
observed that are described by different activated/unactivated ratios. Theoretical spectra for
the three potential activated/unactivated ratios are seen for protein A where
activated/unactivated > 1; protein B where activated/unactivated = 1; and protein C where
activated/unactivated < 1.These represent the scenarios where protein A is more adducted in
the activated sample; protein B is equally adducted in the activated and unactivated sample;
and protein C is more adducted in the unactivated sample.	
  

Protein targets of adduction were adsorbed to streptavidin-coated beads
after attachment of a biotin linker by click chemistry, and eluted by UV-irradiation,
which cleaved the photo-activated linker between the biotin moiety and the
protein conjugation site (Figure 1B). Three biological replicates of the eluted
samples (adductome) were also analyzed via MudPIT-MS/MS. A total of 1,043
unique targets common to all three replicates were detected after affinity
enrichment for electrophile-adducted proteins, and their heavy/light ratios were
determined (Figure 8C). These proteins constitute the adductome.
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One hundred ninety-two proteins show the largest increase in expression
during macrophage activation. To identify protein targets with the greatest
change

in

expression,

we

transformed

each

proteome

data

set

to

log2(Activated/Unactivated). These data are represented as a frequency
distribution, with all three of the replicates fitting a Gaussian distribution well (R2
> 0.92) (Figure 9A, 9B, and 9C). We generated a P value for each expression
heavy/light ratio to determine if it significantly changed (heavy/light ≠ 1). In total,
we observed 192 proteins with heavy/light > 1.5. Our data provided an
experimental power of 0.9 to predict a 1.5-fold change, and P < 0.05. We focused
on these proteins because they are likely involved in signaling changes
associated with oxidative stress during inflammation. Many of the expression
changes we observed are for proteins known to show large expression changes
during macrophage activation, including cyclooxygenase 2 (COX-2) (heavy/light
= 18.9)27, tumor necrosis factor-alpha (TNFα) (heavy/light = 5.6)27, and immuneresponsive gene 1 (Irg1) (heavy/light = 16.4)326.
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Figure 8. Analysis of expression and adduction changes during KLA-activation of
macrophages. A) Venn diagram depicting common proteins based on Uniprot accession
numbers across three proteome replicates. In total 3,816 proteins were detected, with 2,406
proteins in common across all three proteome replicates. B) Cellular compartment enrichment
of the 192 most differentially expressed proteins during macrophage activation (P < 0.05,
heavy/light > 1.5). Membrane and mitochondrial proteins are the most heavily enriched
cellular locations as increased for protein expression. C) Venn diagram depicting common
proteins based on Uniprot accession numbers across three adductome replicates. In total,
3,304 proteins were detected as adducted, with 1,043 proteins commonly adducted across all
three adductome replicates. D) Cellular compartment enrichment of the 76 most differentially
adducted proteins by lipid electrophiles in activated macrophages (P < 0.05, heavy/light > 1.5).
Membrane and mitochondrial proteins are the most heavily enriched cellular locations as
proteins targets for lipid electrophiles.
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Seventy-six proteins show the largest increase in adduction during
macrophage activation. Similarly to the proteome data sets above, we
transformed each adductome data set to log2(Activated/Unactivated). These data
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are represented as a frequency distribution (Figure 7B), with all three of the
replicates fitting a Gaussian distribution well (R2 > 0.94) (Figure 9D, 9E, and 9F).
We generated a P value for each adduction heavy/light ratio to determine if the
level of adduction changed significantly (heavy/light ≠ 1) during macrophage
activation. Individual proteins fall into three distinct classes (Figure 7B) based on
their heavy/light ratio. These classes have been defined as A: the protein is more
adducted in the activated sample; B: the protein is equally adducted in the
activated and unactivated samples; and C: the protein is less adducted in the
activated sample. In total, we observed 151 proteins in class A (heavy/light > 1, P
< 0.05), and will focus on these because they appear most potentially involved in
functional changes associated with inflammation. To identify adductome protein
targets with the largest fold-enrichment for adduction in activated macrophages,
a heavy/light > 1.5 was applied, as our data provide an experimental power of 0.9
to predict a 1.5-fold change. These filters resulted in a list of 76 unique proteins,
which represents the most differentially adducted class of proteins during
macrophage activation. The most adducted class of proteins contains many
proteins involved in inflammatory signaling as well as oxidant defense, including
cyclooxygenase 2 (COX-2) (heavy/light = 18.6), tumor necrosis factor-alpha
(TNFα) (heavy/light = 9.5), and superoxide dismutase 2 (Sod2) (heavy/light =
4.6).
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Figure 10. Spearman correlation coefficients relating the proteome and adductome replicates
to each other. The heavy/light ratios were plotted for proteins common across all three
proteome (p1, p2, and p3) and adductome (a1, a2, and a3) replicates. Each replicate is
labeled in the diagonal. The x-axis is the heavy/light ratio for the column replicate, and the yaxis is the heavy/light ratio for the row replicate. Each point represents a protein detected, and
shows the intersection of its column and row heavy/light ratios. The Spearman correlation
coefficients between replicates are given in the red squares. A ratio of 1 indicates a perfect
correlation between the respective column and row. High Spearman coeffecients (> 0.75)
between the each proteome and adductome replicate indicate that adduction and induction
are closely related for many proteins detected. However, this relationship does not indicate
cause and effect for the two.

	
  

Adduction and expression are correlated for many proteins. The reference
proteome and adductome were compared for each replicate individually to better
understand the relationship between protein expression and lipid electrophile
adduction. Figure 10 shows that many proteins in the proteome and adductome
exhibit similar heavy/light ratios, as evidenced by their high Spearman
coefficients. This may indicate that proteins are more adducted because of an

	
  

101	
  

increase in abundance, or that proteins are adducted and then their expression
induced to compensate for a loss of function.
Membrane and mitochondrial proteins show the highest increase in
expression during macrophage activation. We evaluated the cellular location of
the 192 proteins that show the greatest increase in expression using
Webgestalt322, a web-based proteomic enrichment analysis tool (Figure 8B). The
most increased classes were membrane proteins and mitochondrial proteins.
These classes of proteins represented 74.5% and 51.6% of the 192 induced
proteins, respectively. It should be noted that a protein may reside in more than
one cellular component category. The reference proteome reveals that
membrane and mitochondrial proteins represent 42.7% and 19.1% of the
quantifiable proteins, respectively. Therefore, we observe a 1.7-fold enrichment
for membrane protein expression and 2.7-fold enrichment for mitochondrial
protein expression above what would be expected if protein expression changes
were randomly distributed across the detectable proteome.
Membrane and mitochondrial proteins also show the highest increase in
adduction by lipid electrophiles during macrophage activation. The cellular
components affected by protein adduction were also identified using Webgestalt.
Figure 3D shows the cellular localization for all 76 proteins that are significantly
enriched for adduction in activated macrophages. The most enriched classes
were membrane proteins and mitochondrial proteins. These classes of proteins
represented 82.9% and 52.6% of the 76 targets of adduction, respectively. The
reference proteome revealed that membrane and mitochondrial proteins
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represent 42.7% and 19.1% of the measurable proteins, respectively, giving a
1.9-fold enrichment for membrane proteins and a 2.8-fold enrichment for
mitochondrial proteins. Not all cellular locations were identified as enriched for
adduction; nuclear proteins represented 19.7% of the most differentially adducted
proteins, but 38.7% of the reference proteome, indicating that nuclear proteins
are not heavily adducted by the alkynyl lipid electrophiles generated here.

Table 1. Wikipathway enrichment for the 192 proteins in the most differentially expressed
class as determined by Webgestalt. Proteins: number of proteins identified in each pathway,
which was limited to pathways with greater than three proteins; Enrichment: -fold enrichment
as compared to the reference proteome; adjusted P, which was limited to pathways with adjP
< 0.05; and Protein Identification: Entrez gene names for each protein identified.
	
  
Pathway

Proteins

Enrichment

adjP value

Protein Identifications
Atp5a1, Atp5b, Atp5c1, Atp5d, Atp5f1, Atp5h, Atp5j,
Atp5j2, Atp5k, Atp5l, Atp5o, Atp8, Cox17, Uqcrc1,
Uqcrc2, Uqcr10, Uqcrfs1, Uqcrq, Ndufab1,
Ndufb10, Sdha, Sdhb, Sdhc, Slc25a4, Slc25a5

Electron
Transport Chain

25

6.4

1.7x10-14

TCA Cycle

8

4.3

0.0030

Cs, Dld, Dlst, Mdh2, Ogdh, Sdha, Sdhb, Sdhc

Amino Acid
Metabolism

11

2.4

0.032

Arg2, Cs, Dld, Dlst, Glud1, Got2, Hibadh, Mdh2,
Oat, Ogdh, Sdha

Oxidative
Damage

3

7.1

0.032

Cycs, Tnf, Tnfrsf1b

Proteome'Enrichment'
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Figure 11. Complex V of the electron transport chain is the most differentially expressed
pathway in activated macrophages. Electron transport chain proteins in the most differentially
expressed class of protein targets are shaded in green. Expression can be seen in all of the
subunits, with complex II, III, and V being the most heavily expressed. Figure modified from
http://wikipathways.org/index.php/Pathway:WP295.

The electron transport chain is the major mitochondrial pathway both
induced and targeted by lipid electrophiles during macrophage activation. A
pathway enrichment analysis of the 192 most differentially expressed and 76
most differentially adducted proteins during macrophage activation described
above was also performed in Webgestalt using the Wikipathway functionality. As
expected from the cellular component analyses described above, mitochondrial
pathways were heavily represented in the pathway enrichment analyses. Table 1
shows pathways that contained three or more proteins and an adjusted P value
less than 0.05 with increased expression during activation. The electron transport
chain (ETC) is the most significantly increased for expression, exhibiting 6.4-fold
enrichment when compared to the reference proteome. Expression changes of
the ETC occur mainly in complexes II, III, and V (Figure 11). In addition to the
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ETC, the TCA cycle, amino acid metabolism, and oxidative damage pathways all
show increased protein expression during macrophage activation. Table 2 shows
that the ETC is also the most significantly enriched pathway for adduction,
exhibiting a 7.1-fold enrichment in the adductome as compared to the reference
proteome. Adduction in the ETC occurs predominately in complex V (ATP
synthase) as can be seen by the pathway enrichment for oxidative
phosphorylation (Figure 12). Within ATP synthase, a majority of the adduction
occurred in the F1 subunit (4 out of 5 proteins), which is the catalytic subunit of
ATP synthase responsible for the conversion of ADP to ATP. Enzymes involved
in central carbon metabolism were also heavily adducted, with the TCA cycle,
amino acid metabolism, glycolysis, and gluconeogenesis represented in the most
heavily adducted pathways. In addition, many enzymes that play important roles
in ROS detoxification were in the most heavily adducted class, including
superoxide dismutase 2 (Sod2), heme oxygenase 1 (Hmox1), and peroxiredoxin
5 (Prdx5).
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Table 2. Wikipathway enrichment for the 76 proteins in the most differentially adducted class
as determined by Webgestalt. Proteins: number of proteins identified in each pathway, which
was limited to pathways with greater than three proteins; Enrichment: -fold enrichment as
compared to the reference proteome; adjusted P, which was limited to pathways with adjP <
0.05; and Protein Identification: Entrez gene names for each protein identified.
	
  

Pathway

Proteins Enrichment adjP value Protein Identifications

Electron Transport
Chain

11

7.1

2.7x10-6

Atp5a1, Atp5b, Atp5c1, Atp5d,
Atp5h, Atp5j, Atp5j2, Uqcrc1,
Uqcrc2, Ndufab1, Sdha

Amino Acid
Metabolism

6

5.0

5.0x10-4

Cs, Mdh2, Got2, Dlst, Hibadh,
Glud1, Oat, Dld, Sdha

TCA Cycle

5

6.8

2.6x10-3

Cs, Mdh2, Dlst, Dld, Sdha

Glycolysis and
Gluconeogenesis

4

4.8

0.02

Slc2a1, Mdh2, Got2, Dld

Adductome'Enrichment'

Figure 12. Complex V of the electron transport chain is the most differentially adducted
pathway in activated macrophages. Electron transport chain proteins in the most differentially
adducted class of protein targets are shaded in red. Adduction can be seen in all of the
subunits except complex IV, with complex V or ATP synthase being the most heavily
adducted. Figure modified from http://wikipathways.org/index.php/Pathway:WP295.
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MitoTEMPO

modulates

lipid

electrophile

adduction

in

activated

macrophages. Superoxide is generated in the mitochondrion as an oxidative
phosphorylation byproduct. Our adductome SILAC data showed significant
enrichment

for

mitochondrial

proteins,

leading

to

the

hypothesis

that

mitochondrial superoxide is a major source of ROS that leads to electrophile
generation and protein adduction. To test this hypothesis, we employed two
superoxide-scavenging agents to evaluate the effects of quenching mitochondrial
superoxide on protein adduction: MitoTEMPO, which localizes to the
mitochondrion, and TEMPOL, which is ubiquitously dispersed throughout the
cell327. MitoTEMPO or TEMPOL was added at the same time as KLA to
RAW264.7 macrophages that had been incorporated with aLA, and adduction
across the proteome was assessed via click chemistry and streptavidin blotting.
Figure 13 demonstrates that MitoTEMPO reduced measurable lipid electrophile
adduction to nearly basal levels in KLA-activated samples. Additionally,
MitoTEMPO

reduced

the

basal

electrophile

adduction

in

unactivated

macrophages. TEMPOL did not modulate protein adduction in either activated or
unactivated macrophages. The differential effects of MitoTEMPO and TEMPOL
indicate that mitochondrial superoxide plays a major role in both physiological
and pathophysiological lipid electrophile generation. These data are in
agreement with our SILAC adductome, which shows that mitochondrial proteins
are adducted during activation.
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Figure 13. MitoTEMPO modulates KLA-induced protein adduction, while TEMPOL does not.
MitoTEMPO, a mitochondrially targeted superoxide scavenger was able to reduce both
physiological (second lane) and pathophysiological (fifth lane) protein adduction by lipid
electrophiles, identifying mitochondrial superoxide as a precursor to lipid electrophile
formation. TEMPOL, a ubiquitously dispersed superoxide scavenger, did not modulate
electrophile formation, further implicating mitochondrial superoxide in the formation of lipid
electrophiles.
	
  

We used click chemistry, affinity purification, and western blotting to test
the effect of MitoTEMPO on the extent of protein adduction on specific targets of
adduction. Figure 14A shows an increase in recovered protein in the KLAactivated samples indicating increased adduction during macrophage activation,
which is consistent with what we have seen using a streptavidin based
fluorophore to assess the extent of lipid electrophile adduction. Also consistent
with what we have seen above, MitoTEMPO reduces the amount of adducted
protein in both the vehicle and KLA-activated sample, further demonstrating a
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role for mitochondrial superoxide in lipid electrophile generation. Figure 14B
shows that MitoTEMPO does not affect the KLA-induced expression of Sod2, but
drastically reduces the amount of lipid electrophile adducted Sod2. Figure 14C
shows that MitoTEMPO has similar effects on COX-2; it does not affect COX-2
induction, but decreases COX-2 adduction. These data indicate that the
expression changes observed during macrophage activation are dependent upon
signaling during activation, and that lipid electrophile adduction is related to
mitochondrial superoxide.
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Figure 14. MitoTEMPO modulates the amount of adducted protein affinity purified in aLAincorporated macrophages. A) Consistent with previous results, affinity-purified adducted
protein is greatest in the KLA-activated macrophages (third lane). MitoTEMPO reduces total
adducted protein in both the vehicle treated (second lane) and KLA-activated (fourth lane)
macrophages. B) MitoTEMPO does not change the KLA-induced expression (Proteome) of
Sod2, but does decrease the amount of Sod2 adduction (Adductome). C) MitoTEMPO also
does not change the expression (Proteome) of COX-2 induced during activation, and also
decreases the amount of COX-2 adduction (Adductome). These data indicate that both
mitochondrial and non-mitochondrial targets of adduction are adducted by lipid electrophiles
generated through a process that involves mitochondrial superoxide.
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Immunoblotting confirms targets of adduction. Adducted proteins enriched
by adsorption to streptavidin beads were probed with antibodies against
individual adducted proteins at 0, 3, 6, 9, 12, and 24 h post-activation to validate
their status as targets of adduction. Figure 15A reveals that there is minimal
adduction of Sod2 at 0, 3, and 6 h post KLA activation. Adduction of Sod2
appears first at the 9 h time point, with the majority occurring between the 9 and
12 h time points and then further increasing between the 12 and 24 h time points.
COX-2 adduction was also confirmed by immunoblotting, with adduction first
appearing at the 9 h time point and the majority occurring between the 12, and
24 h time points (Figure 15B). Both Sod2 and COX-2 show changes in
expression levels, with Sod2 having a basal expression level, but COX-2 being
nearly undetectable at the 0 h time point. Additionally, the adduction levels tend
to follow the expression levels for both proteins.
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Figure 15. Western blot confirmation of protein targets of lipid electrophile adduction. A)
Affinity purification and western blotting were used to confirm Sod2 as adducted by lipid
electrophiles during macrophage activation. Adduction can been seen to first appear between
the 6 h and 9 h time points, and further increases out to the 24 h time point. An input blot
shows expression increases for Sod2 that mimic increases in adduction. B) COX-2 is
increasingly adducted by lipid electrophiles during macrophage activation. Adduction first
appears between the 6 h and 9 h time points, and increases most dramatically by the 24 h
time point. An input blot shows COX-2 expression is first detected at the 6 h time point, and
increases until the 24 h time point.

Sod2 adduction inversely correlates to Sod2 activity, and is rescued by
MitoTEMPO. Sod activity was determined in both cytosolic and mitochondrial
fractions, representing Sod1 and Sod2 activity, respectively. The activities
presented in Figure 16 are normalized to protein expression levels of Sod1 in the
cytosol or Sod2 in the mitochondrion as determined in Figure 17. Sod1 has a
heavy/light average adduction ratio of 1.1 in the SILAC adductome experiments,
indicating no change in adduction following activation. Sod1 activity exhibited an
increase in the KLA-activated macrophages (Figure 16A). This increase could be
explained by contamination with Sod2 in the KLA-activated cytosolic isolates
(Figure 17A). In contrast, a significant decrease in Sod activity normalized to
Sod2 expression was observed in the mitochondrial fractions, even though the
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absolute activity of Sod2 was increased in the KLA-activated mitochondria
(Figure 18). Sod2 showed a heavy/light adduction ratio of 4.6, indicating that it is
heavily adducted post-activation. This increase in adduction is inversely
correlated to Sod2 activity in the mitochondrial fraction (Figure 16B). The
mitochondrial fractions showed no contamination with Sod1 (Figure 17B). When
macrophages were co-treated with KLA and MitoTEMPO (Figure 16C), Sod2
activity normalized to expression was restored to levels observed in unactivated
macrophages. MitoTEMPO did not prevent the induction of Sod2 during KLA
activation (Figure 17C) indicating that Sod2 induction is a result of KLA signaling.
These data suggest a potential deleterious impact of lipid electrophile adduction
on Sod2 activity, which is rescued by quenching mitochondrial superoxide.
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Figure 16. Activity changes associated with lipid electrophile adduction of superoxide
dismutase 2. A) KLA induces no decrease in Sod1 activity, but B) causes a reduction in Sod2
activity, which is consistent with no adduction changes measured for Sod1, but increased
adduction for Sod2 after KLA activation. C) MitoTEMPO, rescues the activity of Sod2 by
reducing lipid electrophile adduction of Sod2. Each data point is the average of three technical
replicates. Data are normalized to Sod1 or Sod2 expression for the cytosolic and
mitochondrial fractions respectively, and are mean ± standard deviation of a triplicate
experiment. Statistical significance determined by an unpaired t-test where * = P < 0.05, ** = P
< 0.01, and ns = P > 0.05.
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Figure 17. Superoxide dismutase 1 and 2 (Sod1 and Sod2) expression in mitochondrial and
cytosolic isolates. A) Cytosolic (C) isolates show some contamination for Sod2, with much
more contamination present in the KLA activated macrophages. B) Mitochondrial (M) isolates
show very little Sod1 contamination. C) The densitometry plot for B) shows that MitoTEMPO
does not induce Sod2 expression in Vehicle MitoTEMPO relative to Vehicle. MitoTEMPO also
does significantly reduce Sod2 expression in KLA-activated macrophages indicating that Sod2
expression is a function of macrophage activation. Data are mean ± standard deviation of a
triplicate experiment. Statistical significance compared to Vehicle (*), KLA (#), or Vehicle
MitoTEMPO ($) was determined by Two-Way ANOVA with Tukey post hoc analysis, where **
= P < 0.01. Absence of a symbol indicates P > 0.05.
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Figure 18. Absolute Sod2 activity in unactivated and activated RAW264.7 macrophage
mitochondria. Total Sod2 activity is increased in KLA-activated RAW264.7 macrophages. We
hypothesize that this increase in activity is related to the increases in expression seen in KLAactivated macrophages and represents a mechanism to defend the macrophages from
increased oxidative stress during activation. Each data point is the average of three technical
replicates. Data represented are mean ± standard deviation of a triplicate experiment.
Statistical significance determined by an unpaired t-test where *** = P < 0.001.

Discussion
The global identification and quantification of proteins adducted by
endogenous lipid electrophiles has previously been hindered by the inability to
comprehensively enrich for electrophile-adducted proteins, mainly due to the
complexity of the electrophile pool generated. Here we use aLA incorporation
and KLA activation of RAW264.7 macrophages to generate alkynyl lipid
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electrophiles in a physiologically relevant setting. We have previously shown that
alkynyl fatty acids have similar autoxidation chemistry as their native
counterparts311. Here we determined that aLA is incorporated into the
phospholipid bilayer, and metabolized by the desaturases and elongases
involved in AA biosynthesis. We detected all of the alkynyl intermediates in the
biosynthesis of aAA from aLA. These data support our assertions in Chapter II
that aLA is a viable surrogate to use in place of LA to study cellular lipid
chemistry. In addition to further validating our model system, the biosynthesis of
aAA from aLA increases the number of aPUFA precursors from which alkynyl
electrophiles can be generated. This increase in lipid precursor complexity more
closely mimics what is observed in physiological conditions where there are
multiple PUFA sources for electrophiles. This discovery gives us the ability to
more

comprehensively

profile

the

lipid

electrophile

adductome

during

macrophage activation by increasing the diversity of electrophile species
generated.
Click chemistry makes possible the selective qualitative assessment of
protein adduction as well as the selective recovery of proteins adducted by
alkynyl electrophiles for quantitative measurements. SILAC paired with affinity
purification and MudPIT-MS/MS proteomic analysis allows for the global
identification and relative quantification of adducted proteins without knowing the
identity of the electrophile species generated, accounting for the complex
diversity of the electrophile pool. Basal lipid oxidation and electrophile formation
is a physiological process yielding electrophiles that serve as signaling molecules
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in normal cellular functions328. Thus, lipid electrophile generation is expected to
occur under normal growth conditions as well as during episodes of increased
oxidative stress. Consistent with this notion, we show qualitatively that protein
adduction by lipid electrophiles can be measured in both activated and
unactivated aLA-incorporated macrophages, and that activation results in an
increase in protein adduction by lipid electrophiles.
In addition to profiling proteins that are adducted by lipid electrophiles,
MudPIT-MS/MS proteomic analysis of our SILAC samples before affinity
purification yields an inventory of protein expression changes that occur during
KLA activation. KLA activation induces ROS production as well as expression of
many proteins associated with the inflammatory response including COX-227,
TNFα27, and Irg1326, as well as the anti-inflammatory response including Sod2329
and Hmox1330. We also show that mitochondrial proteins are heavily induced
during the first 24 h of macrophage activation. ROS production and lipid
electrophile generation have been associated with mitochondrial dysfunction331
and changes in protein expression210,

211

. COX-2 can be induced by lipid

electrophiles independent of the COX-2 induction during initial inflammatory
signaling230. Hmox1 is induced by lipid electrophiles through Keap1/Nrf2
signaling, producing CO, which has been shown to be both anti-inflammatory and
to stimulate mitochondrial biogenesis330. Hmox1 induction of mitochondrial
biogenesis is hypothesized to be a mechanism by which macrophages restore
degraded mitochondrial function, helping the cells recover from the deleterious
effects of inflammatory signaling332. The established link between Hmox1
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expression and mitochondrial biogenesis further supports the increase in
mitochondrial proteins we see during macrophage activation.
Here we also identify the mitochondrion as the cellular compartment that
is most highly targeted for endogenous electrophile-mediated protein adduction.
We see proteins associated with ATP generation, central carbon metabolism, as
well as oxidant defense heavily adducted. Adduction of these proteins important
for cellular function corroborates a previous study showing mitochondrial
dysfunction during macrophage activation331. One of the major functions of the
mitochondrion is to consume glucose and oxygen, generating the ATP used for
cellular energy327. A byproduct of this process, superoxide anion, is produced
when an electron leaks out of the electron transport chain and reacts with
molecular oxygen. Superoxide is a precursor to many oxidants generated during
inflammatory signaling333, and superoxide dismutases exist to convert superoxide
to hydrogen peroxide, the first step in superoxide detoxification334, 335. Superoxide
also reacts rapidly with nitric oxide to generate peroxynitrite, a potent oxidant that
degrades to various other cellular oxidants336. Therefore, we hypothesized that
mitochondrial superoxide is potentially a precursor to the cellular oxidant(s)
responsible for lipid peroxidation. We used the superoxide scavengers
MitoTEMPO and TEMPOL to test this hypothesis. MitoTEMPO, which has been
reported to concentrate 1,000-fold in the mitochondrion relative to other cellular
components327, reduces measurable protein adduction in both unactivated and
activated macrophages. TEMPOL, which is evenly dispersed throughout the cell,
was unable to modulate adduction in either activated or unactivated
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macrophages at the concentrations tested. These data indicate that physiological
and pathophysiological lipid electrophiles share a common mechanism of
formation involving mitochondrial superoxide, further implicating mitochondrial
superoxide as a precursor to lipid electrophiles.
With the highest expression and adduction changes measured in similar
cellular locations, similar signaling pathways, and involving similar proteins in
those pathways, we wanted to see how the induction and adduction ratios
compared. We determined that there is a high correlation between increased
protein expression and increased protein adduction. Three possible explanations
exist for this correlation, and all may exist concurrently in a cell depending on the
protein being investigated: 1) protein expression increases, and thus adduction
increases because there is more protein to be adducted; 2) proteins are
adducted, lose function, and that activity loss is compensated for by increased
expression; or 3) the macrophages have evolved to induce proteins upon KLAactivation that assist in oxidant defense in anticipation of increased levels of
oxidative stress.
MitoTEMPO

qualitatively

reduces

proteome-wide

lipid

electrophile

adduction when detected with a streptavidin fluorophore, but we also wanted to
see if MitoTEMPO reduces adduction levels of individual proteins. We generated
alkynyl lipid electrophile-adducted proteomes, attached UV-biotin, streptavidin
affinity purified, and UV-eluted as in the SILAC experiments. The total amount of
protein eluted was greatest in the KLA activated samples, which is consistent
with
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lipid

electrophiles.

Additionally,

MitoTEMPO reduced both physiological and pathophysiological total protein
adduction amounts. We probed for a mitochondrial protein, Sod2, and a nonmitochondrial, but membrane-associated protein, COX-2, to determine the
effects of MitoTEMPO on protein adduction. MitoTEMPO reduced adduction of
both proteins investigated, but did not change expression increases associated
with macrophage activation. This further indicates that mitochondrial superoxide
is a precursor to lipid electrophiles generated during macrophage activation.
These data also show that expression increases, at least for these two proteins,
are not driven by a compensatory mechanism initiated by lipid electrophile
adduction.
Previous studies validated adduction targets by changing the electrophile
concentration to demonstrate dose-dependence204. Our model system does not
allow for direct alteration of electrophile dose because the electrophiles are
generated endogenously. However, a detailed knowledge of inflammatory
signaling in response to KLA activation can predict when electrophile generation
and protein adduction is expected. Based on prostaglandin synthesis and TNFα
expression, two well-studied markers of inflammatory response, inflammatory
signaling in activated RAW264.7 macrophages reaches a maximum during 3-6 h
post activation27. We expect that much of the superoxide generation occurs
during this time period, and that lipid oxidation, electrophile generation, and
protein adduction will follow. We determined by western blot that two targets of
adduction, Sod2 and COX-2, begin to be adducted between 6 and 9 h postactivation, and adduction increases dramatically between the 9 and 12 h time
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points. These data indicate that protein adduction follows inflammatory signaling,
but not closely enough to be explained exclusively by superoxide generated
during the initial inflammatory response. Other studies have shown that lipid
electrophile adduction of electron transport chain proteins, which we observed as
well, disrupts oxidative phosphorylation234, 261. We hypothesize that the damage
incurred during the inflammatory response to mitochondrial proteins results in
increased electron leakage and superoxide formation, leading to the larger
increases in adduction seen later in the time course.
RAW264.7 macrophages have two superoxide dismutase enzymes, Sod1
and Sod2, which are localized in the cytosol and mitochondrion, respectively.
The heavy/light adduction ratios measured for Sod1 and Sod2 were 1.1 and 4.6,
respectively, indicating that adduction of Sod2 is increased during activation and
that Sod1 adduction does not change. These data match well with our other
observations that much of the adduction occurs in the mitochondrion. There was
no decrease in cytosolic superoxide dismutase activity in activated macrophages
compared to unactivated macrophages, which correlates with the heavy/light
ratio for Sod1 of 1.1. Conversely, an increase in adduction of Sod2 in the
activated sample correlates to a decrease in activity normalized to Sod2
expression. MitoTEMPO, which we have shown decreases Sod2 adduction by
lipid electrophiles, restores Sod2 activity in KLA-activated macrophages to that of
unactivated macrophages. These data further suggest that lipid electrophile
adduction of Sod2 plays a role in modulating Sod2 activity. It has been previously
shown that acetylation of Sod2 results in altered electrostatics in the channel that
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draws superoxide into the Sod2 active site, decreasing activity337-339. These
studies indicate that alkylation of certain nucleophilic amino acids of Sod2
decreases activity.
Increased expression of Sod2 (expression heavy/light = 4.3) in the
activated cells is observed, and is consistent with what has been previously
reported in activated macrophages329. This increase in expression gives an
absolute Sod2 activity higher than what is seen in the unactivated mitochondria.
MitoTEMPO treatment does not change Sod2 expression levels, therefore, we
hypothesize that induction of Sod2 is a mechanism to compensate for increased
ROS, lipid electrophile generation, and Sod2 inactivation that occurs during
macrophage activation. This hypothesis is in agreement with previous studies
noting that Sod2 is the only superoxide dismutase necessary for organism
survival340, 341. Neither expression (heavy/light = 1.0) nor adduction (heavy/light =
1.1) of Sod1 changes upon macrophage activation, which further implicates
protein damage playing a role in Sod2 induction. The expression changes we
observed are consistent with a previous study looking at LPS-treated pulmonary
cells. This study noted a large increase in Sod2 expression, but no changes in
Sod1 expression 24 h after LPS treatment342.
This model system allows us to identify and quantify any protein adducted
by an electrophile that retains the alkyne. We show that aLA is elongated to aAA,
which indicates that our surrogate PUFAs are recognized as physiological fatty
acids, but also complicates identifying electrophilic species by expanding the
diversity of the electrophile pool generated. Potential electrophilic species include
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4-oxo-2-nonenal, derived from both LA and AA oxidation, which we have
previously shown to adduct histones in these macrophages using the same
activation conditions308. The electrophilic species could also be one of many
cyclopentenone197 or isoketal/levuglandin195,

343

species generated exclusively

from AA. Additionally, the incorporation of a single oxygen atom at multiple
potential positions of the PUFA can create a,b-unsaturated carbonyls of both LA
and AA, oxo-octadecadienoic acid or oxo-eicosatetraenoic acid respectively203.
These oxo-fatty acids have been observed esterified in the phospholipid bilayer,
further diversifying the pool electrophiles by introducing multiple combinations of
phospholipid head groups and sn-1 esterified fatty acids190. Nitration of LA and
AA also produce a class of lipid electrophiles that have protein-adducting
capabilities344. The plethora of possible electrophiles makes it extremely
challenging to comprehensively search for and identify endogenously generated
adducting species in an unbiased manner.
Global

profiling

of

proteins

adducted

during

KLA

activation

by

endogenously formed lipid electrophiles is an important step in understanding the
potential pathological mechanisms of inflammatory signaling. Here we present a
model system for the identification of protein targets of endogenously generated
lipid electrophiles. Using aLA as a surrogate fatty acid, we have identified the
targets of adduction resulting from alkynyl fatty acid peroxidation to be
mitochondrial proteins important for cellular metabolism and the removal of ROS.
These same proteins are also the most induced during macrophage activation.
Adduction levels of Sod2, an important enzyme involved in oxidant defense, are
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inversely correlated with Sod2 activity. This activity loss is restored when
electrophile generation is inhibited, thereby connecting cellular ROS defenses
and lipid electrophile adduction. Increased protein adduction has been measured
in patients with inflammation-related diseases, including the brains of patients
with Alzheimer’s disease345, the spinal cord motor neurons of patients with
amyotrophic

lateral

sclerosis222,

and

the

arteries

of

patients

with

atherosclerosis230. Our current study combined with these previous observations
suggest that uncontrolled ROS generation and the resulting mitochondrial protein
damage by lipid electrophiles may be an initiating and propagating factor in
disease pathogenesis.
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Chapter IV

PATHWAYS OF PEROXIDATION: STUDIES TO DETERMINE ROUTES OF
LIPID OXIDATION AND ELECTROPHILE FORMATION

Introduction
In Chapter III, we globally profiled protein targets of endogenously
generated lipid electrophiles in macrophages activated with Kdo2-lipid A (KLA)286,
a chemically defined lipopolysaccharide. Our method allowed us to quantify
differences

in

adducted

proteins

between

unactivated

and

activated

macrophages without knowing the identity of the adducting species. We showed
that KLA-induced adduction is heavily enriched for membrane-associated and
mitochondrial proteins. Therefore, we used MitoTEMPO327, a mitochondrially
targeted superoxide scavenger, to parse the role of mitochondrial reactive
oxygen species (ROS) in lipid electrophile formation. The results of these
experiments showed that mitochondrial superoxide is necessary for lipid
electrophile protein adduction. Due to the fact that the major polyunsaturated
fatty acid (PUFA) oxidizing enzymes are not located in the mitochondrion and
that the process is dependent upon mitochondrial superoxide, we hypothesized
that lipid electrophile generation during macrophage activation is primarily the
result of non-enzymatic PUFA oxidation.
PUFAs are easily oxidized lipids because of the presence of bis-allylic
hydrogens that are abstracted to form highly stabilized pentadienyl radicals. The
pentadienyl radicals then readily react with molecular oxygen to form peroxyl
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radicals that, in turn, generate a plethora of products with different positional
isomers, geometric isomers, and enantiomers. Enzyme-catalyzed oxidation
yields products with defined regiochemistry and stereochemistry, whereas
autoxidation generates a mixture of regioisomers and stereoisomers (Figure 1).
Thus, determination of the regiochemistry and stereochemistry of fatty acid
oxidation can provide insight into the identity of the pathway (enzymatic or nonenzymatic) responsible for oxidation103, 104, 346.
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Figure 1. Enzymatic and autoxidation products of LA. Enzymatic oxidation of linoleic acid
results in a much smaller pool of oxidized products than autoxidation because enzymatic
oxidation gives a defined stereochemistry and regiochemistry, while autoxidation will give a
mixture of all possible isomers. Soybean 15-LOX generates exclusively Z,E-13(S)-HODE.
Autoxidation generates a mixture of 9- and 13-positional isomers, R and S enantiomers, and
Z,E and Z,Z geometric isomers.
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As discussed in Chapter I, Linoleic acid (LA) has one of the simplest
profiles of oxidation, as it possesses only one pair of abstractable hydrogen
atoms between its two cis double bonds. Two positional isomers are observed in
biological settings, representing oxygen addition at the 9- or 13-carbon106. The
initial oxygenation results in isomerization of the adjacent double bond, shifting
the geometry from Z,Z to Z,E108. Addition of a hydrogen atom at this point yields
the kinetically favored Z,E product. Alternatively, reversal of oxygenation107
reforms the pentadienyl radical, which can then react with molecular oxygen at
the

opposite

position

with

a

second

isomerization

resulting

in

the

thermodynamically favored E,E product110, 111. The presence of a hydrogen donor
favors rapid trapping of the Z,E product, leading to an equal mixture of E,E/Z,E;
in the absence of a donor, E,E is four-fold more abundant than Z,E (Figure 2)109.
Oxygen addition also creates a chiral center that can be either the R or S
enantiomer. Autoxidation of LA results in an equal mixture of 9- and 13-positional
isomers as well as R and S enantiomers (Figure 1)112. Enzymatic oxidation,
however, yields a defined positional and geometric isomer as well as a single
enantiomer. For example, soybean 15-lipoxygenase-1 oxidizes LA exclusively to
Z,E-13(S)-hydroperoxy

octadecadienoic

physiological pH (Figure 1)154,

155

acid

(Z,E-13(S)-HPODE)

at

. In biological settings HPODEs, are quickly

reduced to the corresponding hydroxy octadecadienoic acids (HODEs), which
are the products typically measured to assess LA oxidation levels.
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Figure 2. Kinetic and thermodynamic autoxidation products of LA. After bis-allylic hydrogen
abstraction, the pentadienyl radical of LA can react at three different positions, generating
three distinct peroxyl radicals. The peroxyl radicals can be quenched generating HPODE, or
they can revert to the pentadienyl radical. The pentadienyl radical can then react with
molecular oxygen at any of the three original positions, reforming a peroxyl radical. With each
reversal of the peroxyl radical, double bond isomerization from cis to trans will occur. If
allowed to reverse a sufficient amount of times, trans double bonds will form preferentially as
they are a lower energy state.

	
  

Arachidonic acid (AA), with three bis-allylic positions between four cis
double bonds, yields a much more complex oxidation profile. This includes the
hydroperoxy eicosatetraenoic acids (HPETEs), which are structurally similar to
HPODEs, as well as many cyclized products, such as the isoprostanes104, which
are structurally similar to prostaglandins (PGs). As with all PUFAs, hydrogen
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abstraction is the initial oxidation event, with oxygen addition possible at the 5-,
8-, 9-, 11-, 12-, and 15-positions103. Similar to LA, the addition of oxygen results
in geometric isomerization to give one trans double bond. However, the rate of
cyclization is faster than the rate of reversal, so three cis and one trans double
bond is the abundant geometry of HPETEs116. Autoxidation produces a mixture
of both positional isomers and enantiomers, while enzymatic oxidation of AA
results in a defined product. For example, soybean 15-lipoxygenase-1 oxidizes
AA exclusively to Z,Z,Z,E-15(S)-HPETE154. Similar to HPODEs, HPETEs are
quickly reduced to the single oxygen product, HETEs, in biological settings.
Further oxidation and/or degradation of PUFA oxidation products can
result in a series of electrophilic α,β-unsaturated carbonyls and aldehydes174, 181,
182

. As discussed in greater detail in Chapter I, these lipid electrophiles can react

with nucleophilic groups on biological macromolecules, including DNA347 and
proteins204. Many of the adducts formed on DNA have been shown to be highly
mutagenic348. Protein adducts result in functional alterations that lead to cellular
consequences238,

306

. The exact source and mechanism of lipid electrophile

generation is not fully understood. However, it has been shown that lipid
electrophiles can be produced non-enzymatically by autoxidation184 and
enzymatically by the cyclooxygenases (COXs)177 and the lipoxygenases
(LOXs)178. Inhibition of COX126 or quenching of mitochondrial superoxide
(Chapter III) reduces lipid electrophile formation, providing further evidence that
lipid electrophiles are generated by both enzymatic and non-enzymatic
processes.
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Here we seek to determine the chemistry of LA and AA oxidation during
macrophage activation. We characterize the distribution of positional isomers,
enantiomers, and geometric isomers for many of the common oxidized products
and determine that autoxidation is the major mechanism for esterified PUFA
oxidation. Additionally, we use aLA and inhibition of COX-1 and COX-2 (via
indomethacin and celecoxib), cytosolic phospholipase A2 (cPLA2) (via giripladib),
and mitochondrial superoxide (via MitoTEMPO) to determine that both COX-2
activity and mitochondrial superoxide are necessary for lipid electrophile
generation.

Materials and Methods
Materials. All reagents are from Sigma, St. Louis, MO unless otherwise
noted. All native fatty acids and deuterated lipid metabolites are from Cayman
Chemical, Ann Arbor, MI unless otherwise noted. Alkynyl linoleic acid (aLA) was
synthesized as previously described280.
Cell culture conditions. RAW264.7 macrophages (ATCC, Manassas, VA)
were maintained in Dulbecco’s Modified Eagle Medium + Glutamax (DMEM) (Life
Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum
(Atlas Biologicals, Fort Collins, CO) at 37 °C and 5% CO2. Macrophages were
plated at a density so as to be 50% confluent at the time of harvesting and
incubated 24 h at 37 °C. Alkynyl fatty acid incorporation was achieved by adding
15 µM aLA to the medium and incubating for 24 h at 37 °C. After incorporation,
the medium was aspirated, and the macrophages were washed with serum-free
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DMEM to remove any unincorporated aLA. To activate the macrophages, serumfree DMEM with 100 ng/mL KLA (Avanti Polar Lipids, Alabaster, AL) was added
to the cells, and the cultures were incubated 24 h at 37 °C. Dulbecco’s
phosphate buffered saline (DPBS) was added to the vehicle samples. When
used, inhibitors (or dimethylsulfoxide vehicle) were added at the same time as
KLA. Final inhibitor concentrations were 10 µM MitoTEMPO, 1 µM or 100 nM
indomethacin, 5 µM or 500 nM celecoxib , and 10 nM giripladib.
Base hydrolysis of fatty acids from phospholipids. Macrophages were
plated, aLA-incorporated, and activated as described above. After activation, the
medium

was

removed,

cells

scraped

into

DPBS

with

1

mM

tris(2-

carboxyethyl)phosphine (TCEP) and 1 mM butylated hydroxytoluene (BHT), and
counted on a BioRad TC10 automated cell counter. Heptadecanoic acid and
13(S)-HODE-d4 were added as internal standards. Samples were taken up in 5%
HCl and added to a 2:1 mixture of chloroform:methanol containing 50 mg/L BHT.
Vials were vortexed, then centrifuged for 10 min at 15,000 rpm. The organic layer
was blown dry under a stream of N2 and dissolved in methanol and 1.0 M KOH.
Samples were vortexed and incubated for 1 h at 37 °C. After incubation, samples
were immediately cooled on ice. Following acidification with 1.0 M HCl, 50 µL of
a mixture of BHT/PPh3 in ethanol (10 mg/25 mg in 10 mL) was added to each
sample. The samples were then extracted with 4:1 chloroform:ethyl acetate. The
organic layer was evaporated to dryness under a stream of N2 and stored at -80
°C until analysis.
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Measurement

of

esterified,

oxidized

lipids.

Normal-phase

high

performance liquid chromatography tandem mass spectrometry (NP-HPLCMS/MS) analysis was performed using a Waters 2695 autosampler and HPLC
pump in conjunction with a Phenomenex Luna Silica column (150 x 4.6 mm, 3
µm) eluted at 1.0 mL/min with 98.5:1.4:0.1 hexanes:isopropanol:acetic acid. The
effluent of the column was introduced by atmospheric-pressure chemical
ionization into a triple quadrupole mass spectrometer (TSQ Quantum, Thermo
Finnigan). Metabolites were analyzed in negative ion mode by selected reaction
monitoring (SRM) for the following transitions: 13-HODE (295.2 > 195.1), 13(S)HODE-d4 (299.2 > 198.1), 9-HODE (295.2 > 171.1), 15-HETE (319.2 > 219.1),
11-HETE (319.2 > 167.1), and 5-HETE (319.2 > 115.1). 13(S)-HODE-d4 was
used as an internal standard for all HODEs and HETEs as previously described
(Chapter II)311. The transfer capillary was heated to 300 °C, discharge current
was set to 22.0 V, and the ion isolation width was set to 1. The collision energy
was set at 21 V. Scans were recorded at 0.25 s intervals.
Chiral analysis of esterified, oxidized lipids. Macrophages were plated,
aLA-incorporated, activated, harvested, and hydrolyzed as described above.
Chiral LC-MS/MS was performed by using a Waters 2695 autosampler and
HPLC pump in conjunction with a Daicel Chemical Industries Chiralpak AD-H
column

(250

x

4.6

mm)

eluted

at

1.0

mL/min

with

97:3:0.1

hexanes:ethanol:acetic acid. Source and mass spectrum settings, along with
metabolite fragments, were identical to those described above. Standard chiral
metabolites were obtained and injected independently to authenticate the cell
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sample analysis. These metabolites include: 15(S)-HETE-d8 (327.2 > 226.1),
11(S)-HETE (319.2 > 167.1), and 5(S)-HETE-d8 (327.2 > 116.1). Furthermore,
the order of elution for R and S enantiomers of all metabolites was determined by
analysis of racemic mixtures of the particular compound. These mixtures were
obtained by HPLC purification of solution autoxidations of LA, aLA, AA, and ωalkynyl-AA (aAA) as previously described (Chapter II)311.
PG analysis of the medium. Macrophages were plated, aLA-incorporated,
and activated as described above. After activation, medium was extracted with
two volumes of ethyl acetate containing 0.5% acetic acid and the deuterated
internal standard, PGE2-d4. The organic layer was dried to completion under inert
gas and dissolved in methanol for LC-MS/MS analysis. PGs were separated by
reversed-phase gradient HPLC on a C18 (50 x 2.1 mm, 3 µm) column using 0.1%
formic acid in water and 0.1% formic acid in acetonitrile as the A and B mobile
phases respectively. Metabolites were separated by holding 25% B for 0.5 min,
then ramping to 99% B over 2.5 min, holding at 99% B for 3 min, then
equilibrating to 25% B for 3 min. PGs were analyzed in negative ion mode by
SRM, for the following m/z transitions, PGE2 and PGD2 (351.2 > 271.2) and
PGE2-d4 (355.2 > 275.2) on an ABI/Sciex 3200 QTrap interfaced to a Shimadzu
controller, autosampler, and HPLC pumps. PGs were quantified by comparing
the analyte area under the curve (AUC) to the deuterated standard AUC, and
multiplying by the amount of deuterated internal standard.
Analysis of protein adduction by alkynyl electrophiles. After the medium
was removed for PG analysis, the cells were scraped and pelleted. Cells were
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lysed in 1% IGEPAL (MP Biomedicals), 150 mM NaCl, 50 mM HEPES, and 0.5%
mammalian protease inhibitor cocktail. Electrophile adducts were stabilized with
5 mM NaBH4 for 1 h, and the reduction was quenched with acetone. Samples
were diluted to 2 mg/mL total protein and precleared overnight at 4 °C with
streptavidin sepharose beads (GE Healthcare) to remove endogenously
biotinylated proteins. After preclearing, samples were diluted to 1 mg/mL, and
click reagents were added to the following concentrations, 1 mM CuSO4, 1 mM
TCEP, 0.1 mM tris[(1-benzyl-1H-1,2,3-triazole-4-yl)methyl]amine (TBTA), and 0.2
mM N3-biotin. The samples were then turned end over end for 2 h. Proteomes
were separated by SDS-PAGE (Bio-Rad), transferred to 0.45 mm nitrocellulose
(Bio-Rad), and probed with a goat anti-actin (Santa Cruz) primary antibody and
Streptavidin IRDye 800CW (LI-COR) overnight at 4°C. Secondary anti-goat IgG
IRDye 680LT antibodies was from LI-COR and incubated with the blots for 1 h at
25 °C. Blots were visualized on a LI-COR Odyssey system scanning at 800 nm
emission for streptavidin and 700 nm emission for actin.
Exogenous PG addition. RAW264.7 macrophages were plated, aLAincorporated, and activated with KLA with and without celecoxib or indomethacin
as described above. PGs were added 6 h post KLA activation at a 5:1
PGD2:PGE2 ratio, to provide a total of 200 pmol/106 macrophages plated,
concentrations

reflecting

those

produced

by

KLA-activated

RAW264.7

macrophages27. After PG addition, the cells were incubated 18 h longer at 37°C
to expose them to KLA-containing medium for 24 h total. PGs in the medium
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were analyzed as described above. Protein adduction by alkynyl lipid
electrophiles was also analyzed as described above.
Measurement of esterified, oxidized lipids after inhibitor treatment.
Macrophages were plated, aLA-incorporated, KLA-activated with and without
indomethacin or giripladib, harvested, and phospholipids were base-hydrolyzed
as described above. Free fatty acids were separated by reversed-phase gradient
HPLC on a C18 (50 x 2.1 mm, 3 µm) column using 0.1% formic acid in water and
0.1% formic acid in acetonitrile as the A and B mobile phases respectively at a
flow rate of 400 µL/min. Metabolites were separated by holding 40% B for 0.5
min, then ramping to 80% B over 9.5 min, then immediately ramping to 99% B,
which was held for 5 min. The column was equilibrated to 40% B for 5 min.
Metabolites were analyzed in negative ion mode by SRM, for the following m/z
transitions, 9-HODE (295.2 > 171.1), 9-HODE-d4 (299.2 > 172.1), 13-HODE
(295.2 > 195.1), 13-HODE-d4 (299.2 > 198.1), 5-HETE (319.2 > 115.1), 5-HETEd8 (327.2 > 116.1), 11-HETE (319.2 > 167.1), 15-HETE (319.2 > 219.1), and 15HETE-d8 (327.2 > 226.1) on an ABI/Sciex 3200 QTrap interfaced to a Shimadzu
controller, autosampler, and HPLC pump. Metabolites were quantified by
comparing the analyte AUC to the deuterated standard AUC and multiplying by
the amount of deuterated standard. Due to the lack of available deuterated
standard, 11-HETE was quantified using 13-HODE-d4 as previously described
(Chapter II)311. Metabolite amounts were normalized to the number of cells
counted at the time of harvesting.
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Results
Esterified oxidized products of LA, aLA, AA, and aAA are generated in
KLA-activated RAW264.7 macrophages. Oxidative stress was induced in aLAincorporated RAW264.7 macrophages by activation with KLA. Lipids were
extracted and treated with base to hydrolyze phospholipid-bound fatty acids, and
oxidation products were quantified by LC-MS/MS. Figure 3A reveals that both LA
and aLA oxidized products were present in the lipid extracts. Oxidation of aLA
yielded equal amounts of Z,E-a13-HODE, E,E-a13-HODE, Z,E-a9-HODE, and
E,E-a9-HODE. Similarly LA oxidation produced an equal mixture of Z,E-13HODE, E,E-13-HODE, Z,E-9-HODE, and E,E-9-HODE. LA oxidized products
were approximately 20-fold more abundant, which can be partially, but not
completely, explained by a greater abundance of LA relative to aLA in the
macrophages (Chapter III).
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Figure 3. Quantification of positional and geometric isomers of esterified hydroxy
polyunsaturated fatty acids. A) Alkynyl and native HODEs were quantified after base
hydrolysis in aLA-incorporated and KLA-activated RAW264.7 macrophages, separating the 9and 13-positional isomers as well as the Z,E and E,E geometric isomers for each species. B)
Alkynyl and native HETEs were quantified after base hydrolysis in aLA-incorporated and KLAactivated RAW264.7 macrophages, separating the 5-, 11-, and 15-positional isomers.
Experiment was performed in triplicate, and data represented are mean ± standard deviation.

	
  

We have previously shown that aAA is biosynthesized from aLA through
desaturation and elongation (Chapter III). Consequently, we also quantified the
levels of oxidized aAA and AA products in aLA-incorporated RAW264.7
macrophages. Unlike with LA and aLA, the AA and aAA oxidized products were
of a similar quantity (Figure 3B), which correlates with a similar level of
incorporation between AA and aAA (Chapter III). The most abundant products
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were 11-HETE and a11-HETE, respectively. Additionally, 15-HETE, a15-HETE,
5-HETE, and a5-HETE were detected.

Table 1. R/S ratios for esterified hydroxy polyunsaturated fatty acids. Chiral chromatography
was used to determine the R/S ratio for each hydroxy fatty acid that was abundant enough
to be detected. It was determined that 9-HODE, 13-HODE, 15-HETE, a5-HETE, and 5HETE are all formed by autoxidation because they have R/S ratios approaching 1. 11-HETE
and a11-HETE were both formed by an enzymatic process because they are exclusively the
R enantiomer, which is the COX-2 metabolism product.

	
  

Analyte

R/S

9-HODE

1.7

13-HODE

0.9

15-HETE

0.3

11-HETE

R only

a11-HETE

R only

a5-HETE

0.8

5-HETE

1.4

11-HETE and a11-HETE are the sole enzymatically generated esterified
oxidized lipid products. The enantiomeric composition of the oxidized lipid
products was determined to evaluate if they were formed from an enzymatic or
non-enzymatic process. The aHODEs and a15-HETE were not abundant enough
to determine enantiomeric purity. Table 1 shows the R/S ratios for the products
measured. The LA-derived products 9-HODE and 13-HODE both had R/S ratios
near 1, indicating their origin as autoxidation products. Representative profiles of
9-HODE and 13-HODE enantiomeric standards as well as cell extracts can be
seen in Figure 4. Similarly, the AA-derived products 15-HETE and 5-HETE, as
well as the aAA-derived product a5-HETE exhibited R/S ratios near 1, indicating
an autoxidation-dependent origin. Figures 5 and 6 show representative profiles of
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chiral standards and cell extracts of AA and aAA oxidized products. The only
products that appear to be enzymatically formed are 11-HETE and a11-HETE,
both present exclusively as the R enantiomer. Notably, 11(R)-HETE is a known
product of the COX-2-dependent oxidation of AA (Chapter II)311.
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Figure 4. Chiral standards and cell extracts of LA oxidation products. Both 9-HODE and 13HODE were determined to have R/S ratios near 1, indicating an autoxidation mechanism of
formation.
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Figure 5. Chiral standards and cell extracts of AA oxidation products. Both 15-HETE and 5HETE were determined to have R/S ratios near 1, indicating an autoxidation mechanism of
formation. 11-HETE was exclusively detected as the R enantiomer, the COX-2 product,
indicating an enzymatic mechanism of formation.
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Figure 6. Chiral analysis of abundant w-alkynyl fatty acid metabolites. Only a11-HETE and
a5-HETE were abundant enough to determine optical purity. a11-HETE was exclusively of the
R enantiomer, while a5-HETE was a mixture of R and S enantiomers, indicating enzymatic
and autoxidation mechanisms of formation.
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MitoTEMPO modulates lipid electrophile protein adduction, but not PG
biosynthesis. Previous reports have implicated COX-2-mediated AA metabolism
in the formation of lipid electrophiles126, 177, 178. Data presented in Chapter III and
Figure 7A show that MitoTEMPO, a scavenger of mitochondrial superoxide,
reduces lipid electrophile adduction of proteins in both unactivated and activated
RAW264.7 macrophages. However, as shown in in Figure 7B, MitoTEMPO does
not modulate PG synthesis in KLA-activated macrophages. These results
suggest that the MitoTEMPO-inhibitable lipid electrophile protein adduction is not
COX-2-dependent.
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Figure 7. Click blot and PG analysis for MitoTEMPO treated macrophages. RAW264.7
macrophages were preincubated in the presence of KLA and/or MitoTEMPO as indicated and
described in Materials and Methods. Following the treatment, macrophages were harvested
and A) analyzed for protein adduction by click blot and B) the medium was analyzed for PGs
by LC-MS/MS. MitoTEMPO treatment reduces protein adduction in activated macrophages,
but does not affect PG levels. PG experiment was performed in triplicate, and data
represented are mean ± standard deviation.

	
  

	
  

141	
  

Indomethacin inhibits PG formation and lipid electrophile protein
adduction. To further explore the role of COX-2 in lipid electrophile generation,
we examined protein adduction levels in KLA-activated macrophages treated
with or without the COX-1 and COX-2 inhibitor, indomethacin. Figure 8A shows
that indomethacin inhibits lipid electrophile adduction to basal levels at a
concentration that also completely inhibits PG production (Figure 8B). These
data are consistent with a previous report that indomethacin-mediated inhibition
of COX-2 eliminated lipid electrophile generation126 and suggest that COX-2dependent oxygenation of AA is a direct source of lipid electrophiles that form
protein adducts in KLA-activated RAW264.7 macrophages.
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Figure 8. Click blot and PG analysis for indomethacin treated macrophages. RAW264.7
macrophages were preincubated in the presence of KLA and/or indomethacin as indicated
and described in Materials and Methods. Following the treatment, macrophages were
harvested and A) analyzed for protein adduction by click blot and B) the medium was
analyzed for PGs by LC-MS/MS. Indomethacin treatment reduces both protein adduction and
PG levels in activated macrophages. PG experiment was performed in triplicate, and data
represented are mean ± standard deviation.
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Celecoxib inhibits PG and lipid electrophile adduction similarly to
indomethacin. An alternative explanation of the effects of indomethacin on
protein adduction is that indomethacin inhibits lipid electrophile formation
secondarily by reducing inflammatory signaling or through off-target effects such
as the modulation of peroxisome proliferator-activated receptor gamma
signaling349. To test this hypothesis, protein adduction was determined in the
presence of a lower concentration of indomethacin, and also in the presence of
two concentrations of celecoxib, a COX-2 inhibitor that is structurally distinct from
indomethacin. Figure 9 shows that both indomethacin and celecoxib inhibited PG
formation (Figure 9B) at all concentrations tested, and both of the inhibitors
completely suppressed lipid electrophile adduction of proteins (Figure 9A). These
data, in combination with the MitoTEMPO data, suggest that although COX-2dependent metabolism of AA is not the direct source of lipid electrophiles,
inflammatory signaling molecules generated by COX-2 play a role in stimulating
mitochondrial ROS production and thus, lipid electrophile generation.
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Figure 9. Click blot and PG analysis for COX-inhibited macrophages with and without PG
supplementation. RAW264.7 macrophages were preincubated in the presence of KLA and/or
two concentrations of indomethacin or celecoxib as indicated and described in Materials and
Methods. PGs were and were not supplemented into the medium. Following the treatment,
macrophages were harvested and A) analyzed for protein adduction by click blot and B) the
medium was analyzed for PGs by LC-MS/MS. Both COX inhibitors at both concentrations
inhibited protein adduction by lipid electrophiles. PG supplementation had not effect on protein
adduction by lipid electrophiles. Both COX inhibitors at both concentrations inhibited PG
formation. PG supplementation was measured as increased PG levels in the medium. PG
experiment was performed in triplicate, and data represented are mean ± standard deviation.

	
  

Exogenously added PGs do not induce lipid electrophile adduction of
proteins. PGs are known to be potent signaling molecules, able to contribute to
proinflammatory processes350,

351

. To test if PG signaling is required for the

generation of lipid electrophiles, we treated indomethacin- and celecoxibinhibited, KLA-activated macrophages with exogenous PGE2/PGD2 at ratios and
amounts similar to what is generated in activated macrophages27. The presence
of the exogenously added PGs was confirmed by LC-MS/MS analysis of the
culture medium of the treated cells (Figure 9B); however, exogenous PG addition
did not return lipid electrophile-mediated protein adduction in indomethacin- or
celecoxib-treated cells to levels observed in cells not treated with indomethacin
or celecoxib (Figure 9A), indicating that prostaglandin signaling is not triggering
mitochondrial ROS formation.
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Giripladib inhibits PG formation, but not lipid electrophile protein
adduction. To further parse the role of COX-2-dependent metabolism in lipid
electrophile generation, we used a cPLA2 inhibitor, giripladib. Giripladib inhibits
the release of AA from membrane phospholipids and subsequent PG formation,
but does not directly inhibit COX-2 activity (Mitchener manuscript in review).
Figure 10A shows that giripladib does not inhibit lipid electrophile protein
adduction in KLA-activated RAW264.7 macrophages. However, giripladib does
inhibit PG production (Figure 10B). These data further support the conclusion
that COX-2-dependent metabolism of AA is not the source for lipid electrophile
Not"for"supplemental"generation in activated macrophages.
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Figure 10. Click blot and PG analysis for giripladib treated macrophages. RAW264.7
macrophages were preincubated in the presence of KLA and/or giripladib as indicated and
described in Materials and Methods. Following the treatment, cells were harvested and A)
analyzed for protein adduction by click blot and B) the medium was analyzed for PGs by LCMS/MS. Giripladib does not affect protein adduction levels in activated macrophages, but
reduces PG levels. PG experiment was performed in triplicate, and data represented are
mean ± standard deviation.
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Indomethacin inhibits formation of esterified oxidized fatty acid products.
Since the data did not support a relationship between free PG levels and lipid
electrophile adduction of proteins, we investigated the effects of the inhibitors of
enzymatic AA metabolism on the levels of esterified oxidized lipids. Indomethacin
completely inhibited KLA-induced formation of 9-HODE and 13-HODE from LA
(Figure 11A and 11B) as well as 15-HETE and 11-HETE from AA (Figure 12A
and 12B), but it had no effect on 5-HETE formation (Figure 12C). This inhibition
of esterified lipid oxidation correlates with the decreases in lipid electrophile
adduction seen with indomethacin treatment. These data indicate that COX-2
inhibition results in a more general reduction of lipid oxidation, leading to a
reduction in formation of products, such as the HODEs, that are not direct
products of COX-2. Therefore, the reduction of lipid electrophile adduction that
results from COX-2 inhibition appears to result from a general suppression of
inflammatory signaling rather than a direct effect on COX-2-mediated PUFA
oxidation.
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Figure 11. Quantification of esterified HODEs in indomethacin and giripladib treated
macrophages. Esterified A) 9-HODE and B) 13-HODE was quantified after base hydrolysis by
LC-MS/MS in activated and unactivated RAW264.7 macrophages treated with or without
indomethacin or giripladib. Indomethacin treatment reduced both HODEs to basal levels, while
giripladib saw a small reduction, but not a return to basal levels. Experiment was performed in
triplicate, and data represented are mean ± standard deviation. Statistical significance
compared to Vehicle (*), compared to KLA (#), or compared to KLA Indo ($) was determined
by Two-way ANOVA with Tukey post hoc analysis where * = P < 0.05, ** = P < 0.01, *** = P <
0.001, and **** = P < 0.0001. Absence of a symbol indicates P > 0.05.
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Figure 12. Quantification of esterified HETEs in indomethacin and giripladib treated
macrophages. Esterified (A) 15-HETE, (B) 11-HETE, and (C) 5-HETE was quantified after
base hydrolysis in activated and unactivated RAW264.7 macrophages treated with and
without indomethacin or giripladib. Indomethacin treatment reduced both 15-HETE and 11HETE to basal levels, but did not change 5-HETE levels. Giripladib reduced 15-HETE levels,
reduced 11-HETE, but not to basal levels, and did not change 5-HETE levels. Experiment was
performed in triplicate, and data represented are mean ± standard deviation. Statistical
significance compared to Vehicle (*), compared to KLA (#), or compared to KLA Indo ($) was
determined by Two-way ANOVA with Tukey post hoc analysis where * = P < 0.05, ** = P <
0.01, *** = P < 0.001, and **** = P < 0.0001. Absence of a symbol indicates P > 0.05.

	
  

Giripladib does not inhibit esterified oxidized fatty acid products formation.
Exposure to giripladib reduced oxidized LA products in the lipid bilayer of KLAactivated RAW264.7 macrophages (Figures 11A and 11B), but the levels were
significantly higher than those measured in cells not exposed to KLA or cells
exposed to KLA in the presence of indomethacin. The effects of giripladib on 11HETE and 15-HETE formation were similar to its effects on HODE formation
(Figure 12A and 12B), although in the case of 15-HETE, the data did not reach
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statistical significance. Alternatively, as in the case of indomethacin, giripladib
had no effect on 5-HETE generation (Figure 12C).

Discussion
PUFA oxidation results in a plethora of oxidized lipid products. This
mixture, while complex, can also tell much about the chemistry of oxidation.
Therefore, we set out to define the chemistry of oxidation of esterified LA and AA
during KLA-mediated activation of macrophages and to relate this chemistry to
protein adduction by lipid electrophiles. We measured equal amounts of the LA
oxidation products Z,E-13-HODE, E,E-13-HODE, Z,E-9-HODE, and E,E-9HODE, as well as the aLA oxidation products Z,E-a13-HODE, E,E-a13-HODE,
Z,E-a9-HODE, and E,E-a9-HODE in the phospholipids of KLA-activated
macrophages. Equal formation of these isomers indicates that the HODEs and
aHODEs were generated by autoxidation in a microenvironment with good
hydrogen donating capacity109. Enantiomeric purity assessment for both 9-HODE
and 13-HODE indicated equal mixtures of the R and S enantiomers, further
confirming that they are generated by an autoxidation mechanism. A previous
study has shown that lipid electrophiles can be produced non-enzymatically from
LA by intermolecular peroxidation reactions in phospholipid pools184. Our data
showing autoxidation products of esterified LA implicates this fatty acid as a
potential source of lipid electrophiles.
The major esterified AA products measured were 5-HETE, 11-HETE, and
15-HETE. Since the formation of HETEs is not accompanied by the generation of
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multiple double bond configurations, enantiomeric purity is the only way to
assess if their origin is by enzymatic oxidation or autoxidation. Both 5- and 15HETE were generated by autoxidation, as determined by the presence of equal
amounts of the R and S enantiomers in KLA-activated macrophage
phospholipids. In contrast, 11-HETE was present solely as the R enantiomer,
indicating an enzymatic pathway of generation, and consistent with reports
showing that 11(R)-HETE is a byproduct of COX-2-dependent AA oxygenation
(Chapter II)311. Lipid electrophiles generated from 5-HETE have been detected
esterified in the lipid bilayer190. Additionally, 15-HETE has been shown to be a
source of lipid electrophiles, although these studies have focused on
enzymatically generated 15-HETE175,

177

. 11-HETE has also been extensively

studied as a source of endogenously generated lipid electrophiles305, 306.
The profound effect of MitoTEMPO treatment on lipid electrophile
adduction of proteins seen in Chapter III suggests that the electrophiles are
produced via non-ezymatic lipid peroxidation involving mitochondrial superoxide.
Here we confirmed those earlier results and also showed that MitoTEMPO does
not inhibit COX-2 activity. This was an important finding, as previous studies
have implicated COX-2-dependent AA oxygenation as a major source of lipid
electrophiles in activated macrophages126,

177, 178

. The suppression of lipid

electrophile-mediated protein adduction in the absence of an effect on PG
formation suggests that the relevant lipid electrophiles are not derived from the
COX-2 pathway in KLA-activated RAW264.7 macrophages.
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Having demonstrated MitoTEMPO’s ability to completely suppress lipid
electrophile protein adduction in the presence of normal PG synthesis, the finding
that the COX-2 inhibitors indomethacin and celecoxib eliminated protein
adduction appears contradictory, although as noted above, it is consistent with
previous reports126,

177, 178

. Adding to the complexity of these results was our

finding that the cPLA2 inhibitor giripladib could completely eliminate PG
biosynthesis while having no effect at all on lipid electrophile protein adduction.
Together, the results suggest that COX-2 activity is required for lipid electrophile
generation, but the PG products of the COX-2 pathway are not. This hypothesis
was further tested in KLA-activated macrophages that had been treated with
either indomethacin or celecoxib, and then supplemented with exogenous PGs to
induce signaling. The presence of the exogenously added PGs was confirmed by
LC-MS/MS, but PG supplementation was unable to reverse the suppressive
effects of COX-2 inhibition on lipid electrophile adduction of proteins, thereby
confirming that PG-dependent signaling is not required to stimulate mitochondrial
superoxide production or lipid electrophile generation.
The suppression of lipid electrophile protein adduction by COX-2 inhibition
led to the hypothesis that COX-2 activity is required for non-enzymatic lipid
peroxidation to occur. We tested this hypothesis by exploring the effects of COX2 and cPLA2 inhibitors on the levels of oxidized lipids in the membrane
phospholipids of KLA-activated macrophages. Indomethacin treatment eliminated
the formation of esterified HODEs, 11-HETE, and 15-HETE, which is consistent
with its complete elimination of protein adduction by lipid electrophiles. In
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contrast, giripladib treatment only partially suppressed the generation, of these
products, in agreement with its inability to block protein adduction by lipid
electrophiles. Based on these findings, we hypothesize that COX-2 inhibition
reduces lipid electrophile formation by reducing inflammatory signaling and thus
reducing autoxidation products. Additionally, these findings indicate that
esterified HODEs, 11-HETE, and 15-HETE are potential sources of lipid
electrophiles because their generation levels correlate with the trends seen for
protein adduction by lipid electrophiles (Table 2). In contrast, esterified 5-HETE
levels were not affected by any of the inhibitors tested. This would suggest that
5-HETE is likely not a precursor of the relevant lipid electrophiles because its
esterified levels do not correlate to the measured adduction levels (Table 2). An
alternative explanation is that reactive intermediates to lipid electrophile
generation may not be present in sufficient quantity to be measured 24 h post
KLA-activation as we have previously seen that the majority of protein adduction
by lipid electrophiles is occurring by 12 h post KLA-activation (Chapter III).
Therefore, these oxidized lipid species that persist to 24 h post KLA-activation
may be stable and not sources of lipid electrophiles. If this proves to be the case,
quantifying esterified oxidized lipids is still a useful diagnostic indicator of whether
autoxidation or enzymatic oxidation is the dominant mechanism of lipid oxidation.
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Table 2. Comparison of protein adduction and esterified HODEs and HETEs in macrophages
with indomethacin and giripladib treatment. Indomethacin inhibited protein adduction, 9HODE, 13-HODE, 11-HETE, and 15-HETE formation, but not 5-HETE formation. Giripladib
did not inhibit the formation of any oxidized PUFAs.	
  

Protein
Adduction

9-HODE

13-HODE

5-HETE

11-HETE

15-HETE

✗
✓

✗
✓

✗
✓

✓
✓

✗
✓

✗
✓

Indomethacin
Giripladib

The effects of indomethacin and giripladib on phospholipid-bound 11HETE and 15-HETE generation are similar to their effects on the phospholipidbound HODEs. This is particularly interesting in the case of 11-HETE, because
unlike 15-HETE or the HODEs, our data indicate that 11-HETE is enzymatically
derived. The origin of the phospholipid-bound 11(R)-HETE is of some interest.
The generation of 11(R)-HETE by COX-2 from free AA is known, but if this is the
relevant pathway, one must assume that AA is first released by cPLA2, then
metabolized

by

COX-2

to

11(R)-HETE,

which

must

subsequently

be

reincorporated into the membrane phospholipid. Consistent with this proposed
pathway, indomethacin treatment completely inhibited 11(R)-HETE formation, but
inconsistently, giripladib treatment did not. Our laboratory has previously reported
that AA release is reduced by 94% with giripladib treatment of KLA-activated
RAW264.7 macrophages (Mitchener manuscript under review). Here, we see
that PG levels are reduced to a similar extent (90%), but that esterified 11-HETE
is only reduced by 50%. These data suggest an alternative mechanism by which
11-HETE is generated since the amount of 11-HETE formed as a byproduct of
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PG synthesis from free AA should change to a similar degree as AA release and
PG synthesis. It has been shown that COX-1 does not metabolize phospholipidbound AA352, but similar data have not been reported for COX-2. Our laboratory
has demonstrated that COX-1 and COX-2 have very different affinities for
esterified AA as a substrate353. Therefore, it is not impossible that COX-2 is
generating 11(R)-HETE by metabolizing phospholipid-bound AA, which would
circumvent the effects of giripladib on AA release. If COX-2-dependent
oxygenation of phospholipid-bound AA occurs, we hypothesize that the efficiency
of the cyclization events required for PG formation would be reduced due to the
bulky group esterified to AA. This change in efficiency has been seen to skew the
metabolite profile toward 11-HETE generation in the case of other bulky AA
analogs (Chapter II)300,

311,

bound11(R)-HETE,

through

is

353

. An alternative pathway to phospholipidCOX-2-dependent

metabolism

of

2-

arachidonoylglycerol (2-AG), which generates an equal mixture of PG glyceryl
ester and 11(R)-HETE glyceryl ester (11(R)-HETE-G)353 and is increased in
giripladib-treated RAW264.7 macrophages (Mitchener manuscript under review).
Subsequent hydrolysis of the 11(R)-HETE-G by lysophospholipase A2354 followed
by esterification into phospholipid or direct incorporation of 11(R)-HETE-G into
phospholipid would complete the pathway.
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Figure 13. Inhibitor effects on PG synthesis and protein adduction by lipid electrophiles in
macrophages. A) Arachidonic acid is released from the lipid bilayer by cPLA 2, and then
converted to PGs by COX-2. Giripladib, indomethacin, and celecoxib all inhibited PG synthesis
by inhibiting a step in this pathway. Giripladib inhibits cPLA2, depriving COX-2 of its preferred
substrate; AA, while indomethacin and celecoxib both inhibit COX-2 directly. MitoTEMPO did not
inhibit PG synthesis. B) Mitochondrial superoxide is necessary for the generation of protein
adducts by lipid electrophiles. MitoTEMPO, indomethacin, and celecoxib all inhibited the
formation of lipid electrophiles. MitoTEMPO scavenges mitochondrial superoxide, while the
mechanism of lipid electrophile inhibition by indomethacin and celecoxib is currently unknown.
Giripladib did not affect protein adduction by lipid electrophiles. These findings lead to the
conclusion that both COX-2 activity, but not PG synthesis, and mitochondrial superoxide are
necessary to generate lipid electrophiles.	
  

The data in these inhibitor studies have inspired some interesting
conclusions, which are illustrated in Figure 13. First, scavenging of mitochondrial
superoxide

greatly

reduces

lipid

electrophile

formation,

indicating

that

mitochondrial superoxide is necessary for the generation of lipid electrophiles in
KLA-activated RAW264.7 macrophages. The phospholipid bilayer of KLA	
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activated RAW264.7 macrophages contains many oxidized PUFAs, which are
generated both non-enzymatically by autoxidation and enzymatically, based on
the identity and enantiomeric purity of the products. Second, inhibition of COX-2
activity abolishes generation of most of these oxidized lipid species as well as
protein adduction. However, the PG products of the COX-2 pathway do not
appear to be directly or indirectly involved in lipid electrophile generation.
Although AA is its major substrate, COX-2, is also capable of metabolizing many
other fatty acid analogs. For example, the COX-2-dependent oxygenation of the
endocannabinoids 2-AG and arachidonylethanolamine yields PG-like molecules
with as yet undiscovered roles in cell signaling127. Further work will be required to
determine if products such as these play a role in the induction of mitochondrial
superoxide that leads to lipid electrophile generation and ultimately, protein
adduction.

Future Directions
This project is not complete, and a few experiments are still necessary.
First, the effect of MitoTEMPO on esterified HETE and HODE levels must be
determined. We also plan to look for esterified electrophiles, specifically, the
products of additional oxidation of HODEs and HETEs to ketones, since it has
been reported that these oxo fatty acids can be esterified. After that we will try a
few more targeted add back experiments. The target substances that we would
be most likely to try are PG-glyceryl esters, 11-HETE, and 11-HETE-G.
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Chapter V

SUMMARY/FUTURE VISIONS

Summary
As discussed in detail in Chapter I, inflammatory signaling generates
many potent signaling molecules. One particularly abundant class of molecules
generated during inflammation are oxidized polyunsaturated fatty acids
(PUFAs)104. PUFA oxidation can occur through both autoxidation104 and
enzymatic oxidation mechanisms, for example by the cyclooxygenases (COX)122
and lipoxygenases (LOX)160. The products formed are very diverse and can
range from single oxygen insertions to multiple molecules of oxygen inserted.
Cyclization events can also occur through both endoperoxide formation as well
as carbon-carbon bond formation. These reactions create multiple chiral centers
generating numerous enantiomers. These isobaric species, while virtually
indistinguishable by most analytical techniques, can have vastly different
signaling capabilities104.
Further oxidation and degradation of these oxidized PUFAs has been
shown to generate a series of α,β-unsaturated carbonyls and aldehydes203.
These lipid metabolites are electrophilic, and react with nucleophilic groups on
biological macromolecules. Of particular interest to us are the reactions between
these lipid electrophiles and the nucleophilic amino acid side chains in cellular
proteins, cysteine, histidine, lysine, and arginine205. Much work has been done to
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study the generation of lipid electrophiles, the protein targets of lipid
electrophiles, and the cellular consequences resulting from protein adduction by
lipid electrophiles. Most of the studies profiling proteins adducted by lipid
electrophiles have not been able to account for all key aspects of lipid
electrophile generation: 1.) Lipid electrophiles are not generated at a discrete
time points or 2.) at a single concentration because lipid electrophiles are in a
constant state of flux during cellular metabolism and signaling. 3.) Lipid
electrophiles are generated inside of the cell, not outside of it, and in distinct
cellular locations as a result of organelle microenvironment factors. 4.) A diverse
array of electrophiles are generated.
To address many of these shortcomings, we generated a series of ωalkynyl PUFAs, including ω-alkynyl linoleic acid (aLA) and ω-alkynyl arachidonic
acid (aAA). We tested the chemistry of oxidation of both aLA and aAA, and
determined that their chemistry of oxidation is indistinguishable from the native
counterparts when autoxidation is the method of oxidation (Chapter II)311. The
similarity in autoxidation chemistry is important for future studies with aPUFAs
because we have evidence that lipid electrophile generation is generated by an
autoxidation mechanism.
Enzymatic metabolism displayed some differences between the aPUFAs
and native PUFAs. When LOXs are the oxidizing enzyme, the aPUFAs have
slightly decreased kinetic parameters of oxidation when compared to the native
PUFAs, but result in the same metabolic profile, and are oxidized to completion.
COXs did not oxidize aLA, and oxidized aAA to a metabolic profile different from
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AA. We identified the major COX-2 aAA metabolites and proposed a mechanism
that they result from incomplete prostaglandin synthesis, a pathway previously
discovered by COX-2 mutagenesis139. Interestingly this resulted in a large
decrease discrepancy in kinetic values when prostaglandins (PG) were
compared to aPG. However, when kinetic parameters were determined by O2
consumption, aAA and AA appeared to be metabolized with similar efficiencies.
We hypothesized that the alkyne is introducing just enough structural instability to
reduce the kinetic parameters for LOXs and change the metabolite profile for
COXs. Showing that aPUFA metabolism is not an in vitro phenomenon, we were
able to detect and quantify aAA COX-2 metabolites in activated macrophages
incorporated with aAA (Chapter II)311.
We further tested these aPUFAs as replacements for their native fatty
acids by showing that aLA is incorporated into phospholipid pools. Additionally,
we saw that aLA is biosynthesized to aAA in cells. We believe that this is through
the same pathway that biosynthesizes AA from LA because we were able to
measure all of the aPUFA intermediates. These experiments further validated
that PUFA processing machinery of cells recognizes and metabolizes aPUFAs
as well.
Using previously established techniques to attach biotin to ω-alkynyl
electrophiles by click chemistry, we were able to qualitatively visualize protein
adduction changes resulting from the inflammatory signaling generated during
macrophage activation. We further used affinity purification and selective UVelution to isolate proteins adducted by endogenously generated ω-alkynyl lipid
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electrophiles. A set of stabile isotope-labeled amino acid in cell culture (SILAC)
cell lines were used to quantify relative changes in both protein expression and
lipid electrophile adduction between activated and unactivated macrophages.
These experiments allowed us to quantify protein adduction between these two
states from lipid electrophiles generated in physiologically relevant settings.
Additionally, we can quantify adducted proteins without knowledge of the
adducting species, allowing us to sample a diverse array of known and unknown
physiologically generated electrophiles.
These data show that mitochondrial proteins are both heavily induced and
heavily adducted during macrophage activation. Many of the proteins induced,
which are important for inflammatory signaling: COX-2, energy generation:
complex V of the electron transport chain, and oxidant defense: superoxide
dismutase 2 (Sod2), are also heavily adducted. We are unable to determine if
there is a cause and effect relationship between induction and adduction. Further
confirming the mitochondrion as the location of lipid electrophile generation,
MitoTEMPO, a mitochondrially targeted superoxide scavenger327 reduces protein
adduction by lipid electrophiles in both activated and unactivated macrophages.
TEMPOL, which is a ubiquitously dispersed superoxide scavenger327, did not
reduce lipid electrophile formation. These data indicate that lipid electrophiles are
generated during both physiological and pathophysiological cellular metabolism,
and that electrophile formation is dependent on mitochondrial superoxide levels.
Increased adduction was measured in the catalytic subunit of complex V
of the electron transport chain; so cellular adenosine triphosphate (ATP) levels
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were measured in activated macrophages and correlated back to adduction.
Activation reduces ATP levels in macrophages compared to vehicle controls, but
MitoTEMPO does not show any rescue of ATP levels. This data appears to
indicate that lipid electrophiles are not playing a role in modulating ATP levels in
macrophages, however, several alternative explanations are possible. Cellular
ATP levels are not solely a measure of ATP production, so the decrease in ATP
that persists through MitoTEMPO treatment may reflect an increase in ATP
consumption in that state that is unchanged with MitoTEMPO treatment. Also, we
have qualitatively shown that MitoTEMPO reduces protein adduction by lipid
electrophiles, but have not identified the targets of adduction during MitoTEMPO
treatment. Therefore, MitoTEMPO may reduce electrophile adduction overall, but
also shift the adduction profile, leaving complex V as still adducted during
activation with MitoTEMPO treatment.
Another potentially interesting protein target of adduction tested for activity
is Sod2. These macrophages have two superoxide dismutases: Sod1 located in
the cytosol and Sod2 located in the mitochondrion. Consistent with our SILAC
data that mitochondrial proteins are more adducted, Sod1 did not show any
changes in adduction during activation, and Sod2 adduction increased nearly 5fold. This increase in adduction resulted in a decrease in activity, which was
rescued with MitoTEMPO treatment. These data indicate that lipid electrophile
adduction of Sod2 modulates the activity of Sod2, which was supported by
previous studies showing alkylation of nucleophilic amino acid residues played a
role in modulating Sod2 activity337, 338.
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MitoTEMPO modulation of lipid electrophiles indicates that electrophiles
are generated by an autoxidation mechanism. We wanted to further test this by
measuring esterified oxidized lipids as well as changes in both adduction and
lipid oxidation with various inhibitors. We measured many of the expected
esterified oxidized lipid products including 9-E,E-HODE, 9-E,Z-HODE, 13-E,EHODE, 13-E,Z-HODE, 5-HETE, 11-HETE, and 15-HETE. Chiral chromatography
allowed us to generate an R/S enantiomeric ratio determining if oxidation was the
result of enzymatic oxidation or autoxidation. The only measured species that
was produced by an enzymatic process was 11-HETE, exclusively the R
enatiomer, which is the COX-2 product. All of the other esterified oxidized lipids
had R/S ratios near one, indicating an autoxidation mechanism of formation.
As described before, MitoTEMPO reduces lipid electrophile adduction of
proteins in activated macrophages, but we also were able to determine that
MitoTEMPO does not inhibit COX-2 activity. Indomethacin and celecoxib,
structurally distinct COX-2 inhibitors, were both shown to inhibit COX-2 activity
and protein adduction by lipid electrophiles. These experiments led us to
hypothesize that prostaglandin signaling increases mitochondrial superoxide and
thus increase lipid electrophile generation. To test this hypothesis, we inhibited
prostaglandin

production

with

both

indomethacin

and

celecoxib,

and

supplemented back prostaglandins. This supplementation did not result in
increased lipid electrophile formation. Further evaluating the role of COX-2
signaling in lipid electrophile generation, we inhibited the release of AA with
giripladib. As expected, depriving COX-2 of its preferred substrate reduced
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prostaglandins to near basal levels. However, it did not result in any changes in
protein adduction by lipid electrophiles. These studies led us to conclude that
both COX-2 activity and mitochondrial superoxide are necessary for lipid
electrophile generation.
Esterified oxidized lipid levels were quantified again using indomethacin
and giripladib as inhibitors to see if the trends of oxidized lipids correlate to the
trends of protein adduction by lipid electrophiles. The trends correlate for LA
oxidation products with both 9- and 13-HODE being eliminated by indomethacin
treatment, but not by giripladib treatment. A similar trend was seen with 11HETE. Both inhibitors eliminated 15-HETE, and neither inhibited 5-HETE. These
data indicate that the source of the electrophiles is potentially 9-HODE, 13HODE, or 11-HETE, but not likely to be 5-HETE or 15-HETE. Further
experiments will be performed to test this hypothesis.
We present here a novel method to study endogenous lipid electrophile
generation and the resulting protein adduction. Using aPUFAs, we are able to
generate lipid electrophiles under physiologically relevant conditions. This
method allows us to globally profile lipid electrophile protein adduction without
needing to know the identities of the lipid electrophile species. The method of
lipid electrophile generation appears to be an autoxidation mechanism, taking
place in the mitochondrion, and involving mitochondrial superoxide. Finally, we
were able to correlate changes in Sod2 activity to adduction by lipid electrophiles.
In total, this work, will allow for the unbiased profiling of protein targets of lipid
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electrophiles in any model system that can be incorporated with ω-alkynyl
polyunsaturated fatty acids.

Future Visions

Rotenone generation of lipid electrophile protein adducts
The optimization of these methods allows us to expand to other model
systems to study lipid electrophile adduction of proteins. We first wanted to try a
system that would allow us to see if generation of lipid electrophiles and the
resulting

protein

adduction

were

exclusively

an

activated

macrophage

phenomenon. A recent study showed that rotenone, an electron transport chain
complex I inhibitor, increases mitochondrial superoxide generation355. Rotenone
has also been linked to Parkinson’s-like symptoms in mice356-358, and
mitochondrial dysfunction has long been linked to Parkinson’s disease359, 360.
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Figure 1. Rotenone induced protein adduction in RAW264.7 macrophages. Rotenone dose
dependently generates lipid electrophile protein adducts in aLA-incorporated RAW264.7
macrophages.

We treated aLA-incorporated RAW264.7 macrophages with a range of
rotenone concentrations. Click chemistry was utilized to attach biotin, the
proteome was separated by SDS-PAGE, and adducted proteins visualized with a
streptavidin fluorophore as described in Chapter III248. Rotenone dose
dependently generates protein adduction (Figure 1). Rotenone also generates
lipid electrophiles independent of macrophage activation as determined by
measuring COX-2 expression (Figure 2). Kdo2-lipid A (KLA)286 treatment showed
an increase in COX-2 expression, indicating that the macrophages were
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activated. Rotenone did not induce COX-2 expression at any of the
concentrations tested. These data indicate that lipid electrophile adduction of
proteins is not specific to macrophage activation by endotoxins, but that other
processes also induce lipid electrophile generation.
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Figure 2. Rotenone does not activate RAW264.7 macrophages. COX-2 expression was used
as a marker for macrophage activation. Macrophages treated with KLA showed a large
increase in COX-2 expression indicating that they are activated. None of the concentrations of
rotenone activated the macrophages.

We also wanted to test if rotenone is inducing lipid electrophile generation
through the increase in mitochondrial superoxide as was previously reported355.
We

treated

aLA-incorporated

macrophages

with

rotenone

and

either

MitoTEMPO, a mitochondrially enriched superoxide scavenger, or TEMPOL, a
ubiquitously dispersed superoxide scavenger as described in Chapter III327, 361.
Figure 3 shows that both 10 µM and 1 µM MitoTEMPO reduces rotenone
induced protein adduction by lipid electrophiles. This reduction in adduction is
dose dependent as 10 µM MitoTEMPO reduces adduction to a greater extent
than 1 µM MitoTEMPO. TEMPOL does not reduce adduction by lipid
electrophiles at either concentration tested. These results indicate that
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mitochondrial superoxide is a precursor to lipid electrophile generation as was
seen in KLA-activated macrophages (Chapter III).
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Figure 3. MitoTEMPO reduces lipid electrophile adduction induced by rotenone. MitoTEMPO,
a mitochondrially targeted superoxide scavenger showed reduction of lipid electrophile
adduction at both concentrations testes. TEMPOL, a ubiquitously dispersed superoxide
scavenger did not. These data indicate that rotenone induces lipid electrophile generation in a
process that involves mitochondrial superoxide, similarly to lipid electrophile generation during
KLA activation.

These initial rotenone experiments gave us several important insights into
the generation of lipid electrophiles and the resulting protein adduction. First, lipid
electrophile generation in our system is not activation specific. Without activating
the macrophages, rotenone is able to induce lipid electrophile generation.
Second, rotenone generates lipid electrophiles through a mechanism that
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involves mitochondrial superoxide. Finally, rotenone toxicity is known to induce
mitochondrial dysfunction359,

360

. The data generated here indicate that lipid

electrophile adduction of proteins may be a mechanism of rotenone induced
mitochondrial dysfunction, and thus is a good model system in which to study
lipid electrophile generation and protein adduction.

Identification of the site of modification of Sod2
Human Embryonic Kidney 293 cells (HEK-293) were chosen for further
testing of rotenone induced protein adduction by lipid electrophiles because
despite being kidney in origin have been reported to be more neuronal-like than
kidney-like362. The cells were incorporated with and without aLA, and then
treated with various concentrations of rotenone. Protein adduction was measured
by SDS-PAGE separation, and click chemistry methods discussed in Chapter
III248. Figure 4 shows that rotenone induces measurable lipid electrophile protein
adduction at higher concentrations, and only in aLA-incorporated cells.
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Figure 4. Rotenone induces lipid electrophile protein adducts in HEK-293 cells. Rotenone
dose dependently generates lipid electrophile protein adducts in aLA-incorporated HEK-293
cells.

HEK-293 cells were also chosen because they are much more easily
transfectable than RAW264.7 macrophages. We plan to use them for the
targeted analysis of proteins that are adducted by lipid electrophiles to determine
sites of modification. Sod2 is the first target protein we have chosen. As
discussed in Chapter III, Sod2 is heavily adducted by lipid electrophiles, and also
shows a decrease in activity that correlates with electrophile adduction. To see if
Sod2 is adducted in the HEK-293 and rotenone system, aLA-incorporated and
unincorporated HEK-293 cells were treated with rotenone. Click chemistry was
utilized to attach UV-cleavable biotin249 for affinity purification and selective
release by UV-irradiation204. After UV-elution, adducted proteins were separated
by SDS-PAGE, and targeted analysis of adduction was performed by western
blotting as described in Chapter III. Figure 5 shows that Sod2 is more adducted
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184_BC
in the aLA-incorporated HEK-293 cells, indicating that Sod2 is a target for lipid
electrophile adduction in this system.
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+
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Figure 5. Sod2 is adducted by lipid electrophiles in rotenone treated HEK-293 cells. HEK-293
cells were incorporated with and without aLA then treated with rotenone. Proteins were
isolated using previously described (Chapter III) affinity purification methods. Western blotting
shows a stronger Sod2 signal in the aLA incorporated versus unincorporated sample
indicating greater adduction of Sod2 in that sample.

We will transfect a C-terminal 6X histidine tagged Sod2 (Sod2-His6) into
HEK-293 cells, and then induce lipid electrophile formation with rotenone. The
His6 tag will allow us to retrieve Sod2-His6 for identification of the sites of
modification as well as well as identification of the adducting species. Figure 6
shows that we are able to successfully transfect in, and purify Sod2-His6 as
determined by western blotting. The His6 tag was placed C-terminally to leave
the N-terminal mitochondrial targeting sequence intact. Figure 7 shows that
Sod2-His6 is successfully shuttled into the mitochondrion, similarly to the native
Sod2 protein, when previously described subcellular fractionation and western
blotting techniques are applied (Chapter III). Currently we are attempting to
identify the sites of adduction as well as the adducting species on Sod2-His6.
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Figure 6. Expression and purification of Sod2-His 6. Sod2-His6 was successfully expressed in
HEK-293 cells and purified by metal affinity chromatography.
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Figure 7. Subcellular fractionation of Sod2-His6. Organelles were separated into nucleus
(Nuc), mitochondrion (Mito), and cytosol (Cyto). Sod2-His6, similarly to native Sod2 is
mitochondrially localized.

aLA in vivo
The ultimate goal of this project was to eventually be able to move out of
cultured cells, and study lipid electrophile generation and protein adduction in
animal models for disease using aPUFAs. One factor that has hindered our move
in vivo studies has been the amount of material necessary to incorporate a whole
animal with aPUFA. Most studies looking at fatty acid incorporation into whole
animals supplement the fatty acid into the chow in large quantities363-365. Limited
quantities and difficult synthetic schemes have made generating aPUFAincorporated chow prohibitive. However, fatty acids have been injected into mice
previously, and incorporation measured in the lipid bilayer366.
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David Harrison’s group at Vanderbilt has a mouse model for hypertension
in which angiotensin II (AngII) is infused into mice367. They have discovered that
this infusion leads to activation of dendritic cells of the spleen and increased
oxidative stress resulting in hypertension. The increased oxidative stress results
in increased protein adduction by lipid electrophiles, specifically isoketals, in the
aorta, heart, and dendritic cells of the spleen256. We injected mice with aLA, and
then infused AngII to see if we could measure ω-alkynyl lipid electrophiles in
these animals. The animals were sacrificed and the spleen (S), lung (Lu), brain
(B), heart (H), liver (Li), and kidney (K) were harvested. Proteins were isolated,
clicked to biotin, separated, and visualized as described above248. Figure 8
shows that there were different adduction patterns for each of the organs
isolated. Additionally, the differences between AngII treated and untreated mice
were most distinct in the liver and heart. The adduction differences in the heart
are consistent with the study previously mentioned256.
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Figure 8. Lipid electrophile protein adduction in aLA-incorporated mice treated with AngII.
Lipid electrophile adduction of the proteome was measured in spleen (S), lung (Lu), brain (B),
heart (H), liver (Li), and kidney (K).

Here we present some future visions for this project. We show that lipid
electrophile adduction of proteins is not a macrophage-activation specific
phenomenon. We have also developed a system where we can perform targeted
studies of mitochondrial proteins adducted by lipid electrophiles to identify the
sites of adduction as well as the adducting species. Finally, we performed some
promising pilot experiments to move aPUFAs in vivo. These preliminary studies
show that the future of using aPUFAs to study endogenously generated lipid
electrophiles and the resulting protein adduction is limitless, with many
opportunities and model systems to explore.
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