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Abstract
Leukocytes, containing myeloperoxidase (MPO), produce the reactive chlorinating species, HOCl,
and they have important roles in the pathophysiology of cardiovascular disease. Leukocyte-
derived HOCl can target primary amines, alkenes and vinyl ethers of lipids, resulting in
chlorinated products. Plasmalogens are vinyl ether-containing phospholipids that are abundant in
tissues of the cardiovascular system. The HOCl oxidation products derived from plasmalogens are
α-chlorofatty aldehyde and unsaturated molecular species of lysophosphatidylcholine. α-
chlorofatty aldehyde is the precursor of both α-chlorofatty alcohol and α-chlorofatty acid. Both α-
chlorofatty aldehyde and α-chlorofatty acid accumulate in activated neutrophils and have disparate
chemotactic properties. In addition, α-chlorofatty aldehyde increases in activated monocytes,
human atherosclerotic lesions and rat infarcted myocardium. This article addresses the pathways
for the synthesis of these lipids and their biological targets.
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This article focuses on the oxidation of plasmalogen phospholipids by hypochlorous acid
(HOCl) produced by the activity of myeloperoxidase (MPO). The immediate oxidation
product of plasmalogens targeted by HOCl is α-chlorofatty aldehyde, which gives rise to a
family of chlorinated lipids. The relevance of plasmalogens in the cardiovascular system, as
well as the rationale for considering plasmalogens as targets of MPO-derived HOCl
produced from leukocytes, are discussed below.
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Plasmalogens are a predominant phospholipid present in the plasma
membrane of tissues in the cardiovascular system

Plasmalogens were originally described as the aldehyde-like lipid of the plasma, which
contain a vinyl ether-linked aliphatic chain attached to the sn-1 position of the glycerol
backbone. Chemically, this vinyl ether-linkage is a masked aldehyde that is acid labile (pH
≤ 2). Figure 1 shows the molecular structure of a plasmalogen that was determined by NMR
studies; the arrow indicates the plasmalogen vinyl ether bond [1]. From a biophysical
perspective, plasmalogens pack tighter in membranes and the orientation of the polar head
group of the plasmalogen is more perpendicular with the plane of the bilayer compared with
diacyl molecular species [1]. This orientation may provide accessibility for phospholipase
A2, which could target plasmalogens that contain arachidonic acid residues esterified at the
sn-2 carbon of its glycerol backbone for hydrolysis [1].

Plasmalogens are the predominant molecular subclass of the ethanolamine and choline
glycerophospholipids in human myocardium [2]. At a subcellular level, plasmalogens have
been shown to be the predominant phospholipid in the sarcolemma of canine cardiac
myocytes [3]. In addition to their enrichment in plasma membranes, plasmalogens are highly
abundant in lipid rafts [3–5]. Tissues associated with the cardiovascular system and various
cell types, including endothelial cells and smooth muscle cells, have highly abundant pools
of plasmalogens [2,3,6–9]. Circulating neutrophils, monocytes, as well as lipoproteins, are
enriched with plasmalogens [10–13].

Considerable interest has been directed toward the role of plasmalogens in the
cardiovascular system, which stem from:

• The enrichment of arachidonic acid residues that are esterified to the sn-2 position
of the glycerol backbone;

• Their potential to generate other cardioactive lipids, such as platelet-activating
factor, diglycerides and lysophospholipids;

• The suggestion that they are antioxidants.

In the vascular wall, arachidonic acid mobilization is regulated by phospholipases which
regulate arachidonic acid for eicosanoid production. Plasmalogens containing arachidonic
acid are an important substrate for the phospholipases that are activated in Ang II-stimulated
aortic smooth muscle [9]. Lysophospholipids are particularly important in both ischemic
myocardium due to their arrhythmogenic properties [14,15] and atherosclerosis due to their
role as proatherogenic molecules [16–18]. Furthermore, lysoplasmenylethanolamine is an
acyl acceptor for transacylation reactions with 1-O-alkyl-2-acyl-sn-glycero-3-
phosphocholine, which is a key mechanism for the production of platelet-activating factor
[19–21]. Plasmalogens also serve as substrates for phospholipase C, which catalyzes the
production of plasmalogenic diglycerides [22–24]. Plasmalogenic diglycerides (e.g., 1-O-
alk-1′-enyl-2-acyl-sn-glycerol) have been suggested to play key roles in the regulation of
several protein kinase C isozymes [25,26].

The masked aldehyde is considered to be relatively enzymatically inert. However, it is
accessible in the hydrophilic plane of membrane bilayers and can be targeted by oxidants
(Figure 1). Zoeller and coworkers have shown that plasmalogens protect cells from free
radical damage through putative anti-oxidant properties [8,27,28]. Plasmalogens have been
proposed to serve as a trap for reactive oxygen species. The intermediates of reactive oxygen
species targeting the plasmalogen vinyl ether include a dioxetane and ene intermediates,
which degrade to generate fatty aldehydes, 1-formyl- and 1-lysophospholipids [28–31].
Vance proposed that plasmalogens, which are synthesized in the liver and secreted as
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complexed with lipoproteins, serve as endogenous plasma antioxidants [13]. The products
from the unmasking of plasmalogens by free radical reactive oxygen species (e.g.,
lysophospholipids, fatty aldehydes and α-hydroxyfatty aldehydes) do not likely accumulate
to sufficient levels to exert cytotoxic effects, and thus this antioxidant role of plasmalogens
is protective to the cell. The targeting of plasmalogens by oxidants led to the hypothesis that
plasmalogens may be important targets for the two-electron oxidant HOCl that is produced
by proinflammatory leukocytes. The targeting of plasmalogens by HOCl, and the generation
of a family of chlorinated lipids, as well as the role of these lipids in cardiovascular disease,
will be the focus of this article.

Role of MPO-containing leukocytes in innate immunity
Myeloperoxidase plays a central role in the generation of leukocyte-derived oxidants that
combat invading pathogens [32,33]. Recently, the biological roles of the oxidation reactions
mediated by MPO have been reviewed [34,35]. MPO amplifies the potential of the oxidants
released by phagocytes by converting hydrogen peroxide to the potent oxidant, HOCl [36].
HOCl and its conjugate base (OCl−), as well as chlorine gas that is in equilibrium with
HOCl, are collectively the major reactive chlorinating species (RCS) produced by MPO
[36,37]. HOCl is in equilibrium with secondary chlorinating intermediates, such as N-
monochloramines [38]. HOCl has potent microbicidal and cytotoxic properties, due to its
chemical reactivity, which, in respect to lipids, predominantly includes chlorination of
amines, alkenes and vinyl ethers [39–43]. There are many targets for HOCl-mediated
oxidation, and the targets that are oxidized will depend on their abundance in the
microenvironment in which HOCl is present, as well as their relative chemical reactivity
with HOCl. Thiols (e.g., glutathione) and thioethers (e.g., methionine) are the most
chemically reactive groups that are oxidized by HOCl [44]. The role of MPO-derived
oxidants in microbial killing has been reviewed recently [34]. Although decreased microbial
killing in the presence of peroxidase inhibitors suggests a role for MPO-derived oxidants in
killing, it should be appreciated that the heme poisons employed as peroxidase inhibitors are
not specific for MPO [45]. Other support for the role of MPO-derived oxidants as
microbicidal agents includes the observation that MPO−/− mice have decreased survival
rates when challenged with microbial burdens [46]. On the other hand, MPO-deficient
humans do not have a significantly increased risk of prolonged microbial infection [47].
HOCl may not be the primary MPO-derived oxidant that targets microbes. It has been
predicted that the majority of phagosomal HOCl reacts with neutrophil granule targets to
yield chloramines, which may be the primary RCS-targeting microorganisms [48,49]. It
should also be appreciated that MPO can use other anions to produce additional hypohalous
acids that may compete with chlorine under some conditions. For example, thiocyanate and
chloride are competing substrates used by MPO, and thus, in smokers, it is feasible that
hypothiocyanous acid is produced at significant levels by neutrophils in the lung [50]. In
addition to RCS and hypothiocyanous acid, other oxidants produced by MPO include, but
are not limited to, reactive nitrating species and reactive brominating species [34,35].

Cells of the innate immune system that contain MPO are involved in wound repair
mechanisms, including lesions present in atherosclerosis, as well as in ischemia-reperfusion
and infarcted myocardium. The targeting of biomolecules by RCS, while potent in killing
many invading organisms and having a role in wound repair, also results in the production
of chlorinated biomolecules that remain in the host until metabolically cleared.

MPO-containing monocytes & macrophages are important cellular mediators of human
atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the vascular wall. Early in the
atherosclerotic process, proinflammatory monocytes are recruited to the subintimal layer of
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the vascular wall, differentiate into macrophages and propagate a local inflammatory
process in the vascular wall. The uptake of modified LDL by macrophages leading to foam
cell formation is an important mechanism during the early stages of atherosclerosis [51–53].
Considerable attention has been given to delineating the oxidants and oxidized products that
mediate atherosclerotic lesion formation and propagation. Multiple independent studies have
supported a role for MPO in human atherosclerosis [54–57]. MPO likely has a role in the
early development of atheromas as well as in the mature plaque [58–61]. Libby and
coworkers demonstrated that MPO accumulates in the shoulder regions of mature human
atherosclerotic plaques [58]. MPO may play a role in plaque rupture and acute coronary
syndromes in the mature plaque since HOCl produced by MPO activates the
metalloproteinase, matrilysin, in vitro [62]. MPO colocalizes with this matrix
metalloproteinase in tissue sections from vulnerable plaques, suggesting a role for MPO in
plaque rupture and acute coronary syndromes [58,62]. Multiple MPO-derived oxidation
products have been found in human atherosclerotic lesions, including 3-chlorotyrosine and
3-nitrotyrosine [55,63,64]. 3-nitrotyrosine in atherosclerotic lesions can be produced from
MPO oxidants, but is also largely attributed to peroxynitrite-mediated oxidation [64]. Hazen
and coworkers demonstrated that reactive nitrogen species produced by MPO oxidize LDL,
leading to the modification of polyunsaturated aliphatic residues associated with choline
glycerophospholipids present in LDL [59–61]. This modified LDL can contribute to foam
cell formation owing to its unregulated uptake compared with unmodified LDL by
macrophages. In addition, Heinecke and others have provided multiple levels of evidence
showing an important HDL modification by MPO-generated oxidants resulting in HDL
dysfunction in reverse cholesterol transport. Both 3-chlorotyrosine and 3-nitrotyrosine are
found in HDL present in both human and murine atherosclerotic lesions [63–65]. Levels of
3-chlorotyrosine and 3-nitrotyrosine in HDL are elevated in humans with coronary artery
disease [63–65]. Proteomic studies have revealed tyrosine and methionine residues that are
chlorinated and oxidized in the major apoprotein of HDL, apoA-1 [63,65–67]. Recent
studies demonstrate that chlorination, and not nitration of apoA-1 by HOCl, impairs a key
mechanism for cholesterol efflux (i.e., apoA-1 interaction with ATP-binding cassette
transporter) [68]. Thus, MPO may have a critical role in both LDL modification leading to
foam cell development, and HDL chlorination leading to reduced removal of cholesterol
through reverse cholesterol transport. With respect to the central theme of this review, it
should be noted that the MPO-derived oxidation product of plasmalogen, α-chlorofatty
aldehyde, accumulates 1400-fold in human atherosclerotic lesions compared with normal
vascular tissue [69].

While strong evidence supports the role of MPO in human atherosclerosis, the involvement
of MPO in mouse models of atherosclerosis is poorly understood since murine macrophages
lack MPO [46]. Furthermore, murine monocyte MPO levels are a tenth of that in humans
[46], and plasmalogen oxidation products of MPO-derived HOCl are not detectable in
phorbol ester-stimulated mouse monocytes in comparison with that in human monocytes
[70]. Studies using MPO−/− mice crossed with apoE−/− mice failed to show a reduction in
mouse atherosclerosis in the absence of MPO [46]. However, careful examination of wild-
type mouse atherosclerotic lesions revealed that macrophages do not possess MPO [46].
Using the LDL receptor (LRLR)−/− mouse subjected to a western-type (proatherogenic) diet,
LeBoeuf and coworkers demonstrated that in a mouse atherosclerosis model, transgenic
mice expressing human MPO in their macrophages have a twofold increase in
atherosclerotic lesion area compared with mice that do not express human MPO in their
macrophages [71]. Furthermore, Reynolds et al. crossed mice overexpressing both the
-463G and -463A alleles of human MPO with LDLR−/− mice, which resulted in increased
aortic atherosclerosis compared with control LDLR−/− mice [72]. Taken together, MPO
likely has a role in human atherosclerosis, and enhancing the MPO content in the monocytes
and macrophages of mice with human MPO results in the appearance of MPO-containing
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cells in atherosclerotic lesions that accelerate the pathophysiological sequelae of murine
atherosclerosis.

Plasma MPO levels have been shown to correlate with the risk of coronary artery disease.
MPO deficiency in humans is associated with increased susceptibility to fungal and yeast
infections, but markedly reduced incidence of cardiovascular disease [73]. Functional
polymorphisms in the promoter region of MPO that result in decreased MPO expression
have also been associated with decreased risk for cardiovascular disease in several
independent studies [73–75]. Plasma levels of 3-chlorotyrosine and 3-nitrotyrosine are
elevated in the plasma and serum proteins of patients with established cardiovascular disease
[63–65]. However, unlike plasma levels of MPO, plasma levels of 3-chlorotyrosine and 3-
nitrotyrosine do not predict mortality in patients following myocardial infarction and they
have not been shown to be a prognostic indicator of future adverse coronary events [76].

MPO-containing neutrophils are important cellular mediators of the pathophysiological
sequelae of myocardial ischemia

Neutrophils may impact postischemic contractile function both through their localized
degranulation at the endothelial surface and through their infiltration of postischemic
myocardium as part of the wound repair process [77–80]. Neutrophil MPO release is
increased in subjects with acute coronary syndromes, and serum MPO levels provide a
prognostic indication of acute coronary syndromes, as well as adverse coronary events [81–
83]. Furthermore, circulating MPO levels from patients with ST-elevation myocardial
infarction are elevated to a greater extent in the coronary circulation than in the systemic
circulation [84]. Interestingly, another recent study demonstrated that atrial and plasma
MPO levels are elevated in patients with atrial fibrillation, and further demonstrated that
MPO−/− mice are protected from electrically stimulated atrial fibrillation [85]. Activated
neutrophils are known to mediate endothelial dysfunction via secretion of proteolytic
enzymes, such as elastase, and oxygen radicals, which can have short-term and long-term
effects on endothelial function [77]. Activation of NADPH oxidase during the respiratory
burst in neutrophils results in the production of superoxide anions that, through the
concerted action of superoxide dismutase, dismutate to produce hydrogen peroxide. Similar
to monocytes and macrophages, MPO activity in neutrophils amplifies the oxidizing
potential of hydrogen peroxide by using it as a substrate to produce HOCl [36], which may
have an important role in the pathophysiology of both myocardial ischemia and atrial
fibrillation.

Neutrophil infiltration into previously ischemic zones is considered to be an important
mechanism that, in part, mediates myocardial reperfusion injury [86–89]. Myocardial
damage in response to ischemia-reperfusion is reduced in the hearts of animals that are
either rendered neutropenic, pretreated with antibodies that block neutrophil–endothelial cell
interactions, or genetically modified to reduce neutrophil infiltration [88,90–92]. It is likely
that some degree of myocardial damage during reperfusion following ischemia is mediated
by neutrophil-derived free radicals [93,94]. For example, in isolated perfused hearts, the
addition of neutrophils during reperfusion following ischemia leads to the production of
oxygen free radicals and attenuated recovery [95,96].

The role of MPO-derived products in ischemic-reperfusion myocardium is partially
understood. For example, MPO−/− mice have an increased risk of ventricular rupture
following left anterior descending coronary artery (LAD) ligation compared with wild-type
mice [97]. The increased propensity of ventricular rupture in the MPO−/− mouse subjected
to LAD ligation may involve decreased inhibition of plasminogen activator inhibitor 1.
Other studies have suggested that MPO-derived products that have been measured to date
(e.g., glycine and threonine oxidation products) do not impact postischemic function, but
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have a role in ventricular remodeling [98]. On the other hand, other MPO-oxidation
products, including the chlorinated lipid, 2-chlorohexadecanal [99], have been shown to
directly impact ventricular function. Studies have also demonstrated that HOCl added to
isolated heart perfusates, elicits contractile dysfunction and arrhythmias, possibly by
targeting adrenergic receptors and sodium–potassium ATPase [100–102].

Identification of chlorinated lipids derived from phospholipids
Phospholipids, fatty acids, sterols and sphingolipids have several targets that are susceptible
to HOCl oxidation. The alkenes in aliphatic residues of esterified and nonesterified fatty
acids, as well as the double bond in cholesterol are oxidized to chlorohydrins [37,39,103–
108]. Another lipidic target of HOCl is the primary amine groups present in ethanolamine
and serine glycerophospholipids. These primary amine-containing phospholipids are
oxidized to chloramines, dichlorinated amines, chorimines and nitriles [109,110]. Several
structures have recently been proposed that include chlorohydrins of the alkene of the
sphingosine backbone in reactions of sphingomyelin with HOCl [111]. In addition, the
amine of sphingosine is susceptible to HOCl oxidation, resulting in the production of a
nitrile and 2-hexadecenal [112]. Although alkenes and primary amines are susceptible to
HOCl oxidation, only the chlorohydrin of lysophosphatidylcholine has been identified in
vivo in human atherosclerotic lesions [108]. Historically, attention has been directed to
chlorohydrins and chloramine products produced from HOCl oxidation of lipids; however,
this article focuses on the HOCl oxidation of the vinyl ether of plasmalogens leading to the
production of a family of chlorinated lipids that have been identified in vivo.

α-chlorofatty aldehyde is an oxidation product of plasmalogen reactions with HOCl
Based on the vulnerable nature of the vinyl ether bond of plasmalogens to oxidation, we
tested the possibility that this bond is a target for HOCl. Initial experiments demonstrated
that the relatively water-soluble plasmalogen, lysoplasmenylcholine, was indeed targeted by
either HOCl or chlorine gas [42]. The product of this reaction was the α-chlorofatty
aldehyde, 2-chlorohexadecanal, which was confirmed by mass spectrometry and NMR. In
additon, the production of this chlorinated aldehyde was dependent on targeting the masked
aldehyde, vinyl ether bond of plasmalogens, since HOCl did not react with hexadecanal to
yield 2-chlorohexadecanal. Subsequent analyses were performed on the HOCl oxidation
products of plasmenylcholine containing a mono-unsaturated fatty acid at the sn-2 position
(e.g., 1-O-hexadec-1′-enyl-2-octadec-9′-enoyl-sn-glycero-3-phosphocholine) [42]. These
analyses demonstrated that the two predominant oxidation products are α-chlorofatty
aldehyde and the lysophosphatidylcholine, 2-octadec-9′-enoyl-sn-glycero-3-phosphocholine.
Further examination has shown that unsaturated lysophosphatidylcholines can also be
targeted by secondary HOCl attack, leading to the production of chlorohydrins of
unsaturated lysophosphatidylcholines [107]. Figure 2 summarizes reactions that occur
between plasmalogens and HOCl, leading to the production of α-chlorofatty aldehyde. The
plasmalogen vinyl ether bond is a preferred target for HOCl oxidation compared with
alkenes, but excess HOCl compared with plasmalogen vinyl ether bond targets leads to the
complete degradation of vinyl ether containing plasmalogens and subsequent targeting of
sn-2 aliphatic alkenes [107]. It should be noted that Leßig and coworkers demonstrated that
excess supraphysiological levels of HOCl (5 mM) leads to complete degradation of
plasmalogens with glycerophosphorylcholine product [113].

The characterization of the product of HOCl targeting of plasmalogens led to several
methods that were developed to both purify and quantify 2-chlorohexadecanal. For example,
thin-layer chromatography with silica gel G as a solid phase and petroleum ether/ethyl ether/
acetic acid (90/10/1) separates α-chlorofatty aldehydes (retention factor [Rf] = 0.46) from
nonhalogenated fatty aldehydes and fatty acids (Rf = 0.57 and 0.19, respectively) [42]. The
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confirmation of the structure of 2-chlorohexadecanal using gas chromatography–mass
spectrometry following derivatization to its pentafluorobenzyl oxime also proved to be an
extremely sensitive analytical tool to detect α-chlorofatty aldehydes [42,69,70,99,114].
Utilizing a deuterated internal standard analog (e.g., 2-chloro-[7,7,8,8-d4]-hexadecanal),
these molecules could be readily quantified in biological samples employing selected ion
monitoring and negative ion-chemical ionization mass spectrometry (e.g., [69,114]).

Studies by other laboratory groups confirmed the production of chlorinated fatty aldehydes
from plasmalogens. Malle and coworkers demonstrated that lipoprotein-associated
plasmalogens are targeted by HOCl, resulting in 2-chlorohexadecanal production [115].
Davies and coworkers [116] demonstrated that the rate constant for HOCl targeting the vinyl
ether bond of plasmalogens is two orders of magnitude faster than the targeting of alkenes.
These studies strongly suggest that plasmalogens are preferred targets of leukocyte-derived
HOCl and supports the notion that these molecules are produced in biological samples.

Do plasmalogen-derived HOCl oxidation products accumulate in biological samples?
Human neutrophils and monocytes are enriched with MPO that converts hydrogen peroxide
to HOCl during activation [38,117]. In addition, neutrophils contain robust plasmalogen
pools that potentially could be oxidized by MPO-derived HOCl. Thus, it was not surprising
that phorbol ester- and fMLP-activated human neutrophils accumulate the α-chlorofatty
aldehyde, 2-chloro-hexadecanal [114]. Following activation, neutrophil 2-chlorohexadecanal
levels increase over the first 30 min and then decrease, which may reflect either metabolism
or Schiff base adduct formation of the aldehyde with primary amines. These studies also
suggested that neutrophil-derived HOCl target endothelial cell plasmalogens, and thus
neutrophil-derived HOCl has the potential to impact neighboring cells and in the case of the
vascular wall they may impact endothelial function. Neutrophil 2-chlorohexadecanal
production is blocked by heme enzyme inhibitors including azide and 3-aminotriazole,
which inhibit MPO activity [118,119]. The dependence of 2-chlorohexadecanal production
on MPO activity has also been supported by the attenuation of 2-chlorohexadecanal
accumulation in peritoneal lavage from MPO-knockout mice compared with wild-type mice
subjected to peritonitis protocols (e.g., thioglycolate recruitment for 1 day followed by
zymosan activation) [69]. It should be appreciated that although mouse neutrophil MPO
content (per neutrophil) is five- to ten-fold less than that in human [120,121], the neutrophil-
enriched peritoneal lavage under these conditions contains 2-chlorohexadecanal [69].
Similarly, phorbol ester stimulated human monocytes produce 2-chloro-hexadecanal [70].
These studies also demonstrated that monocyte-derived HOCl could target lipoprotein-
associated plasmalogens in addition to monocyte-associated plasmalogens, resulting in
increased production of 2-chlorooctadecanal in comparison with 2-chlorohexadecanal [70].
This later finding was of particular importance since both 16 and 18 carbon plasmalogens
are found in human LDL. Unsaturated lysophosphatidylcholine species were also increased
in LDL exposed to activated monocytes. Further comparisons were made between human
monocytes and mouse monocytes, which confirmed that α-chlorofatty aldehydes were
produced in the human but not in the mouse monocyte, which is devoid of MPO activity
[70].

α-chlorofatty aldehyde is a precursor of other chlorinated lipids including α-chlorofatty
acid

With the discovery that the masked aldehyde of plasmalogens is targeted by HOCl, yielding
a halogenated aldehyde, it became important to determine whether this chlorinated aldehyde
was of biological relevance, or whether it is metabolized to functionally relevant molecules.
One potential mechanism is that 2-chlorohexadecanal could elicit functional changes in
targeted cells through Schiff base adduct formation with primary amines of proteins and
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lipids. Schiff base adduct formation could potentially alter membrane dynamics and protein
function. 2-chlorohexadecanal Schiff base adducts have been identified with ethanolamine
glycerophospholipids and lysine [122]. Schiff base stabilization with cyanoborohydride
resulted in an adduct containing an unsaturated carbon–carbon bond from the elimination of
HCl [122]. Overall, these findings suggest that Schiff base adduct formation with 2-
chlorohexadecanal may be an important mechanism by which 2-chlorohexadecanal either
elicits cell injury or mediates signaling pathways.

Other studies have explored the metabolism of 2-chlorohexadecanal. Wildsmith et al. used
radiolabeled, as well as stable isotope-labeled, 2-chlorohexadecanal to demonstrate that
neutrophils and endothelial cells can metabolize 2-chlorohexadecanal to 2-
chlorohexadecanol (an α-chlorofatty alcohol) and 2-chloro-hexadecanoic acid (an α-
chlorofatty acid) [123]. Although 2-chlorohexadecanal could be metabolized within these
cells, it appears that they actively secrete the metabolites of 2-chloro-hexadecanal rather
than accumulate them within the cell. Some radiolabeled 2-chloro-hexadecanal is also
incorporated into complex lipids such as triglycerides and phospholipids, and it is likely that
this represents the esterification of the oxidation product, 2-chloro-hexadecanoic acid, into
these pools. It should be appreciated that fatty aldehyde is an intermediate of the fatty acid–
fatty alcohol cycle, which regulates cellular levels of fatty alcohol and fatty acid that can be
used for lipid biosynthesis (particularly ether-linked lipid biosynthesis that is dependent of
fatty alcohol as a precursor) [124]. Studies using a cell culture model of fatty aldehyde
dehydrogenase (FALDH; one of the enzymes of the fatty acid–fatty alcohol cycle)
deficiency, FAA.K1A, demonstrate that 2-chlorohexadecanal oxidation to 2-
chlorohexadecanoic acid was dependent on FALDH activity [125]. In addition, neutrophils
were shown to oxidize and reduce endogenously produced 2-chlorohexadecanal, leading to
the release of 2-chlorohexadecanoic acid and 2-chlorohexadecanol from activated
neutrophils [125]. Taken together, these cell-based experiments indicate that plasmalogen
targeting by HOCl leads not only to the production of 2-chlorohexadecanal, but a family of
chlorinated lipids produced from the unmasking of plasmalogen vinyl ether aliphatic group.

The family of chlorinated lipids derived from HOCl targeting the plasmalogen vinyl ether
bond is shown in Figure 3. The two immediate products of HOCl-targeting plasmalogens, α-
chlorofatty aldehyde and lysophosphatidylcholine, are the precursors for this family, which
include chlorohydrins of unsaturated molecular species of lysophosphatidylcholine, α-
chlorofatty alcohol, α-chlorofatty acid and complex lipids (e.g., triglycerides and
phosphatidylcholines containing esterified residues of α-chlorofatty acid). Other
nonchlorinated products include the Schiff base adducts of α-chlorofatty aldehyde. Also as
shown in Figure 3, chlorinated lipids may be released from sites of inflammation and enter
the circulatory system. Identifying the mechanisms responsible for the clearance of these
chlorinated lipids will be important to determine in future studies since metabolic clearance
may be critical in reversing biological effects of these lipids.

Although it is not the focus of this review, it should be noted that many of the chlorinated
oxidation products shown in Figure 3, are also present as brominated oxidation products
derived from oxidation of the vinyl ether bond of plasmalogens by hypobromous acid. MPO
can use physiological levels of bromide to produce hypobromous acid, and eosinophil
peroxidase selectively uses bromide to produce hypobromous acid [36,126,127]. Both
phorbol ester-activated neutrophils and eosinophils in the presence of physiological levels of
bromide produce 2-bromohexadecanal [128,129]. Thus, it is seems likely that brominated
lipid products may be produced by analogous pathways as those shown in Figure 3, and
these lipid species potentially may have roles in inflammation.
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Lipoprotein plasmalogen targeting by HOCl & chlorinated lipid
accumulation during atherosclerosis

As previously mentioned, monocyte-derived HOCl can target LDL-associated plasmalogen,
leading to the production of 2-chlorohexadecanal and unsaturated molecular species of
lysophosphatidylcholine [70]. The implication of this finding is that HOCl produced by
MPO present in developing atherosclerotic lesions could lead to the accumulation of 2-
chlorohexadecanal and unsaturated molecular species in the vascular wall. Human
atherosclerotic tissue displays a 1400- and 34-fold increase in 2-chlorohexadecanal and
unsaturated molecular species of lysophosphatidylcholine, respectively, in comparison with
normal human aorta [69]. In addition, recent studies demonstrated that brain plasmalogens
are targeted by HOCl in mice treated with lipopolysaccharide, leading to the transient
accumulation of α-chlorofatty aldehydes in the brain [130]. These HOCl-derived
plasmalogen oxidation products may augment inflammatory mechanisms by the concerted
chemoattraction of phagocytes by 2-chlorohexadecanal [114] and the stimulation of
membrane surface expression of phagocyte-tethering proteins (e.g., P-selectin) on
endothelial cells by unsaturated molecular species of lysophosphatidylcholine [69]. Thus, in
vitro experiments have suggested that through the attack of the vinyl ether bond of
plasmenylcholine, two products are made that concertedly attract phagocytes (2-
chlorohexadecanal) and facilitate the tethering of phagocytes to endothelium (unsaturated
molecular species of lysophosphatidylcholine) (Figure 4). With the discovery that 2-
chlorohexadecanal can be metabolized to 2-chlorohexadecanoic acid and 2-
chlorohexadecanol, it remains to be determined if these metabolites also increase in
atherosclerotic lesions and whether they have proatherosclerotic properties.

Myocardial plasmalogen targeting by HOCl during ischemia: functional
ramifications of myocardial chlorinated lipid accumulation

Neutrophil infiltration into myocardial infarct zones not only contributes to the removal of
cellular debris from necrosed tissue, but possibly also leads to additional damage to viable
tissue. Since activated neutrophils produce HOCl and accumulate 2-chlorohexadecanal, it
seems likely that neutrophil infiltration that occurs in myocardial infarcts could lead to the
accumulation of chlorinated lipids in infarct zones. Studies from our laboratory
demonstrated that 2-chlorohexadecanal accumulates in rat hearts subjected to LAD
occlusion [99]. Heart tissue from rats subjected to surgical infarction had elevated levels of
2-chlorohexadecanal and neutrophil infiltration levels compared with heart tissue from rats
subjected to sham surgery. To further support the role of neutrophils in 2-chlorohexadecanal
accumulation in infarcted hearts, it was shown that infarcted heart tissue from rats rendered
neutropenic had reduced levels of 2-chlorohexadecanal and reduced neutrophil infiltration
compared with infarcted heart tissue from rats that had normal levels of circulating
neutrophils [99]. In addition, perfusing hearts with concentrations of 2-chlorohexadecanal
found in infarcted myocardium elicited cardiac injury and resulted in antichronotropic and
anti-ionotropic effects on the isolated perfused rat heart [99]. These studies were performed
prior to the discovery of the metabolites of 2-chlorohexadecanal, and thus, future
experiments should shed light on the role of 2-chlorohexadecanal metabolites in
postischemic contractile dysfunction.
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Other related oxidation products of plasmalogen targeting by HOCl include
unsaturated molecular species of lysophosphatidylcholine & chlorohydrins
of lysophosphatidylcholine

Chemical reactions of HOCl with plasmenylcholine lead to unsaturated
lysophosphatidylcholine molecular species to be produced, which are susceptible to
secondary HOCl targeting, thus leading toward the production of chlorohydrins of
unsaturated lysophosphatidylcholines [107]. Others have attributed chemical treatment of
tissues with HOCl and subsequent lipid chlorohydrin product to several biological
consequences, including red blood cell and endothelial cell lysis, as well as decreased
contractile tension in isolated cardiac papillary muscle preparations [131,132]. Despite the
properties that have been attributed to lipid chlorohydrins, the demonstration of their
presence in vivo is limited. Using tandem mass spectrometry techniques, we demonstrated
that chlorohydrins of unsaturated lysophosphatidylcholines accumulate in human
atherosclerotic tissue [108]. Furthermore, as shown with other lipid chlorohydrins, the
chlorohydrins of unsaturated lysophosphatidylcholine likely enhance the tethering of
proinflammatory leukocytes to regions of inflammation since they cause P-selectin surface
expression on endothelial cells [108]. In summary, considerable interest has been directed
toward the oxidation of the alkene bond yielding chlorohydrins and the potential that they
have as biological mediators, but these putative mediators need to be thoroughly
characterized and quantified in vivo.

Summary of conditions in which chlorinated lipids are produced
Table 1 summarizes the levels of chlorinated lipids that have been determined in activated
cells as well as under proinflammatory conditions in vivo. Estimates of the concentration of
chlorinated lipids have been calculated under some conditions. For example, the 2-
chlorohexadecanal levels reach concentrations as high as 90 μM in phorbol ester-stimulated
human neutrophils, while the 2-chlorohexadecanal concentration in infarct rat myocardium
is estimated to be approximately 1 μM [99,114]. In human atherosclerotic lesions, 2-
chlorohexadecanal levels of approximately 10 μM have been calculated [69]. The
metabolites of α-chlorofatty aldehyde have only recently been examined under conditions of
leukocyte activation. Plasma and phorbol ester-stimulated neutrophil levels of 2-
chlorohexadecanoic acid are approximately 1 nM and approximately 10 μM, respectively
[125].

Biological targets of chlorinated lipids
Of the chlorinated lipids, 2-chlorohexadecanal is best understood in respect to biological
properties. Functionally, 2-chlorohexadecanal causes myocardial injury and reduces
ventricular performance [99]. Several studies demonstrated biochemical mechanisms that
may have an important role in the functional consequences of increased levels of 2-
chlorohexadecanal. Marsche and coworkers demonstrated that HDL-associated 2-
chlorohexadecanal alters nitric oxide production in endothelial cells through a reduction in
endothelial nitric oxide synthase (eNOS) activity [115] (Figure 4). These investigators have
suggested that 2-chlorohexadecanal reduced eNOS levels in endothelial cells through a
mechanism involving mRNA instability. This action of 2-chlorohexadecanal on endothelial
cell nitric oxide production has been proposed to be important in the proinflammatory
mechanisms occurring in ischemia-reperfusion injury, glomerulosclerosis and
atherosclerosis [115]. Our laboratory’s studies with human coronary artery endothelial cells
revealed that both 2-chlorohexadecanal and 2-chlorohexadecanoic acid increase COX-2
expression and prostacyclin production through a mechanism that is likely mediated by an
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increase in NFκB signaling [133]. It is interesting to consider that 2-chlorohexadecanal
decreases the production of the vasodilator, nitric oxide, while increasing the production of
another vasodilator, prostacyclin. However, since 2-chlorohexadecanal increases NFκB
signaling [133], it is possible that other proinflammatory pathways may be activated that
have not yet been revealed.

2-chlorohexadecanal is a chemoattractant for neutrophils [114] and, interestingly, its
metabolite, 2-chlorohexadecanoic acid, has chemorepellant properties [125]. Thus, it can be
envisaged that 2-chlorohexadecanal may be produced as a result of infiltration and
activation of neutrophils, and participate in the recruitment of additional neutrophils.
However, the accumulation of the 2-chlorohexadecanal metabolite, 2-chlorohexadecanoic
acid, may have an important role in shutting down further neutrophil recruitment. It should
also be re-emphasized that in concert with 2-chlorohexadecanal production, unsaturated
molecular species of lysophosphatidylcholine (and perhaps their chlorohydrins) are
produced, which further enhance neutrophil infiltration by stimulating the surface expression
of P-selectin (Figure 4) [69,133].

The biological roles of the other chlorinated lipids remain to be revealed. As the actions of
these compounds are revealed, the relationship of each compound to their precursors and
metabolites will need to be addressed. It is possible that specific chlorinated metabolites are
the active components of the family of chlorinated lipids that are produced as a result of
HOCl-targeting plasmalogens. For example, both 2-chlorohexadecanal and 2-
chlorohexadecanoic acid increase endothelial COX-2 levels and it is quite possible that 2-
chloro-hexadecanal is not the active compound that elicits COX-2 expression, but rather, its
fatty acid metabolite could stimulate the pathway [125,133]. Furthermore, the physiological
consequences of 2-chlorohexadecanal Schiff base adducts need to be determined. It is
possible that Schiff base adduct formation represents a nonspecific mechanism whereby 2-
chlorohexadecanal could elicit injury and 2-chlorohexadecanal oxidation to 2-chloro-
hexadecanoic acid may be important in reducing injury mediated by the Schiff base adducts.

Conclusion
While the production of RCS by leukocytes is an important mechanism in innate immunity
to fend off invading micro-organisms, the collateral damage of these RCS attacking host
tissues and biomolecules may be important in the early stages and subsequent sequelae of
cardiovascular disease. There are multiple targets that HOCl may attack in host tissues.
While some of these targets are more chemically reactive for HOCl oxidation (e.g.,
glutathione and methionine), the plasmalogen vinyl ether bond is one of the more reactive
lipidic targets and its oxidation by HOCl leads to the production of chlorinated lipids that
have been identified in vivo. Over the past decade, considerable advances have been made
showing that this family of chlorinated lipids are produced as a result of the activation of
leukocytes containing MPO. The initial products of plasmalogen oxidation by HOCl, α-
chlorofatty aldehyde and unsaturated molecular species of lysophosphatidylcholine (LPC),
accumulate in response to leukocyte activation. Collectively, they have biological properties
that enhance the recruitment and infiltration of leukocytes to sites of inflammation. This
may represent one of the more important roles of plasmalogen targeting by HOCl. Recent
studies demonstrated that α-chlorofatty aldehyde is readily oxidized to α-chlorofatty acid,
which can serve as a chemorepellent. It is possible that, as α-chloro-fatty acid levels exceed
α-chlorofatty aldehyde levels, this metabolic pathway may contribute to resolution of the
neutrophil infiltration by limiting further recruitment of neutrophils.

Our understanding of the role of chlorinated lipids in physiological and pathophysiological
conditions is at the early stages, and these molecules may prove to be extremely important in
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the pathophysiological sequelae of diseases, including atherosclerosis and ischemic heart
disease. Recent studies demonstrated that these chlorinated lipids accumulate in these
diseases, yet the family of chlorinated lipid metabolites needs to be elucidated and the role
of these metabolites as mediators of disease remains to be understood.

Future perspective
The discovery that chlorinated lipids are produced in vivo is a rather recent finding.
Metabolites of α-chlorofatty aldehyde have been partially revealed, but delineating the
specific metabolic pathways associated with the metabolites will provide important
information as to whether metabolites are the active compounds that elicit cell responses
(e.g., cell injury and cardiac contractile dysfunction). Pathways associated with the
elimination of toxic chlorinated lipids from the body also remain to be elucidated. Some of
the potential metabolic pathways may include dechlorination of either α-chlorofatty
aldehyde, α-chlorofatty acid or α-chlorofatty alcohol. It seems likely that α-chlorofatty acid
may be the key metabolite that may be further metabolized. Chlorine at the α-position is
expected to prevent mitochondrial β-oxidation, but it is possible that these compounds may
undergo ω-oxidation, which might then be cleared from the body or have important
biological properties. Alternatively, α-chlorofatty acid may be stored in complex lipid pools
as an esterified fatty acid. If α-chlorofatty acid has important biological roles, then this
storage may provide an important means of turning off functional pathways modulated by α-
chlorofatty acid. In addition, the release of α-chlorofatty acid from esterified pools could
potentially be regulated by specific lipases (e.g., triglyceride lipases or phospholipases) that
could be tightly regulated.

A critical area that needs to be addressed in the future is determining the targets of the
different chlorinated lipids that are produced in vivo. Defining the targets will go hand-in-
hand with delineating the critical metabolites of chlorinated lipids. While some signaling
pathways have been identified, it is important to determine if there are specific receptors for
these lipids and what role they might have in physiological responses. Insights into the
receptors, targets and signaling mechanisms impacted by chlorinated lipids could lead to the
development of new therapeutic targets for diseases such as atherosclerosis and
postischemic contractile dysfunction.
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Figure 1. Chemical and molecular structures of phosphatidylcholine and plasmenylcholine
The diacyl choline glycerophospholipid (phosphatidylcholine, left structure) and
plasmalogen choline glycerophospholipid (plasmenylcholine, right structure) are shown,
which are components of the bilayer of biological membranes. Carbon, oxygen,
phosphorous and nitrogen are shown as black filled circle, white filled circle, dark gray
filled circle and light gray filled circle with dashed line, respectively. The numbered carbon
atoms represent the sn carbons of the glycerol backbone. The vinyl ether bond of
plasmalogens, which is targeted by oxidants is indicated by the arrow. R1 and R2 indicate
aliphatic groups.
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Figure 2. Chlorinated lipid products derived from HOCl targeting plasmenylcholine
The vinyl ether bond of plasmalogens is targeted by HOCl resulting in the release of the
masked aldehyde as an α-chlorofatty aldehyde. The other product of this reaction is an
unsaturated molecular species of lysophosphatidylcholine. The alkene bond in the
unsaturated molecular species of lysophosphatidylcholine is targeted by HOCl to yield a
chlorohydrin molecular species. The vinyl ether bond is a preferred target for HOCl
compared with the alkene, but the alkene is targeted following the removal of vinyl ether
residues from the initial attack.
HOCl: Hypochlorous acid.
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Figure 3. Family of chlorinated lipids derived from HOCl targeting plasmenylcholine
Chlorinated lipids are produced from HOCl targeting of plasmalogens. The overall
metabolic fate of these chlorinated lipids remains to be resolved, but it is known that they
are readily released from cells, and plasma levels of α-chlorofatty acid are detected in rodent
models of inflammation.
α-ClFA: α-chlorofatty acid; α-ClFALD: α-chlorofatty aldehyde; α-ClFOH: α-chlorofatty
alcohol; LPC: Lysophosphatidylcholine.
HOCl: Hypochlorous acid.
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Figure 4. Known targets of chlorinated lipids derived from HOCl targeting plasmenylcholine
HOCl and eNOS are reactive chlorinating species and endothelial nitric oxide synthase,
respectively. Flattened and rounded cells represent endothelial cells and leukocytes,
respectively, as indicated.
eNOS: Endothelial nitric oxide synthase; HOCl: Hypochlorous acid.
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Table 1

Summary of chlorinated lipids found in leukocytes and in vivo.

Chlorinated lipid Tissue/cell Chlorinated lipid level-condition Ref.

α-chlorofatty aldehyde Human neutrophils Not detected in unstimulated cells
35 pmol/106 PMA-stimulated cells

[114]

Human monocytes 0.4 pmol/106 cells (unstimulated)
6.9 pmol/106 PMA-stimulated cells

[70]

Human aorta 0.0015 pmol/nmol inorganic phosphate in normal tissue
2.08 pmol/nmol inorganic phosphate in atherosclerotic tissue

[69]

Rat heart 0.3 pmol/μmol inorganic phosphate: no surgical intervention
4.5 pmol/μmol inorganic phosphate: 24 h LAD occlusion
1.3 pmol/μmol inorganic phosphate: 24 h sham surgery (pericarditis)

[99]

α-chlorofatty acid Human neutrophils 1.2 pmol/106 cells (unstimulated)
13 pmol/106 PMA-stimulated cells

[125]

Mouse BALF 11.3 fmol/ml: control
45.3 fmol/ml: Sendai virus-treated mice

[125]

Mouse plasma 0.8 pmol/ml: control
1.4 pmol/ml: sendai virus-treated mice

[125]

α-chlorofatty alcohol Human neutrophils 0.3 pmol/106 cells (unstimulated)
2.3 pmol/106 PMA: stimulated cells

[125]

LPC chlorohydrins Human aorta 0.09 pmol/mg wet weight: normal
7.28 pmol/mg wet weight: atherosclerotic

[108]

LAD: Left anterior descending coronary artery; PMA: Phorbol myristate acetate.
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