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Abstract
2-Chlorohexadecanal (2-ClHDA), a 16-carbon chain chlorinated fatty aldehyde that is produced by
reactive chlorinating species attack of plasmalogens, is elevated in atherosclerotic plaques, infarcted
myocardium, and activated leukocytes. We tested the hypothesis that 2-ClHDA and its metabolites,
2-chlorohexadecanoic acid (2-ClHA) and 2-chlorohexadecanol (2-ClHOH), induce COX-2
expression in human coronary artery endothelial cells (HCAEC). COX-2 protein expression
increased in response to 2-ClHDA treatments at 8 and 20 h. 2-ClHA also increased COX-2 expression
following an 8 h treatment. Quantitative PCR showed that 2-ClHDA treatment increased COX-2
mRNA over 8 h, while 2-ClHA treatment led to a modest increase by 1 h and those levels remained
constant over 8 h. 2-ClHDA led to a significant increase in 6-keto-PGF1α release (a measure of
PGI2 release) by HCAEC. These data suggest that 2-ClHDA and its metabolite 2-ClHA, which are
produced during leukocyte activation, may alter vascular endothelial cell function by upregulation
of COX-2 expression.
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Introduction
The inducible form of cyclooxygenase (COX-2) is highly expressed in atherosclerotic lesions
and nearly absent in normal arterial tissue [1]. Both COX-1, which is constitutively active, and
COX-2 catalyze the production of prostaglandin H2 (PGH2) from phospholipid-derived
arachidonic acid [2,3]. PGH2 is subsequently converted by cell-specific isomerases into several
structurally different eicosanoids. Activation of the coronary endothelium, leads to the
production and release of PGI2 [4,5], which has vasodilatory and anti-atherogenic properties
[6–8] that is partially mediated by upregulation of COX-2 [9].

Myeloperoxidase (MPO), highly expressed in atherosclerotic lesions [10], catalyzes the
production of potent oxidants collectively termed reactive chlorinating species (RCS) [11].
The collateral damage caused by MPO-derived RCS to host tissue includes the formation of
chlorinated tyrosine [12], cholesterol [12], and lipids [13–15]. Plasmalogens, a subclass of
choline glycerophospholipids that contains a vinyl ether linkage between the sn-1 aliphatic
chain and the glycerol backbone, are particularly abundant in the heart vasculature [16–18].
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We have shown that RCS attack the vinyl ether bond of plasmenylcholine, resulting in the
release of 2-ClHDA (2-chlorohexadecanal) [19], which accumulates in activated neutrophils
[14], monocytes [20,21], ischemic/reperfused myocardium [22] and atherosclerotic aorta
[21]. Thus far, 2-ClHDA has been shown to reduce eNOS (endothelial nitric oxide synthase)
expression in endothelial cells [23] and elicit neutrophil chemoattraction [14].

2-ClHDA is oxidized and reduced to 2-chlorohexadecanoic acid (2-ClHA) and 2-
chlorohexadecanol (2-ClHOH), respectively [24]. Little is known about the signaling
properties of this unique class of chlorinated lipids resulting from MPO-mediated RCS attack
of plasmalogens. In this study, we examined the effect of 2-ClHDA, 2-ClHA, and 2-ClHOH
to induce COX-2 expression in HCAEC. The results suggest that 2-ClHDA and 2-ClHA, but
not 2-ClHOH, induce COX-2 protein expression and PGI2 release by increasing COX-2 gene
expression.

Experimental Procedures
Lipid Preparation

2-ClHDA was prepared by treating 1-O-hexadec-1’-enyl-glycero-3-phosphocholine (100 mg)
with freshly prepared hypochlorous acid (final concentration 1.5 mM) in phosphate buffer (pH
4) for 5 min at 37 °C [24]. Reactions were terminated by lipid extraction and the chloroform
layer was collected [25]. 2-ClHDA was purified by HPLC utilizing a Dynamax Si column
(21.4 mm × 250 mm; 8 µm), and gradient elution over 3 h with hexane as the initial mobile
phase and chloroform as the final mobile phase at a flow rate of 8 ml/min. Purity of synthetic
2-ClHDA was confirmed by GC-MS, and quantified by acid methanolysis and GC-FID (HP
5890A) using arachidic acid as an internal standard. 2-ClHA was synthesized and purified as
previously described [24]. To synthesize 2-ClHOH, 2-ClHDA was resuspended in 2 ml radical
free ethyl ether and 0.5 ml benzene and treated with Red Al™ reagent for 30 min at 37 °C
[24]. 2-ClHOH was purified by TLC (petroleum ether/ethyl ether/acetic acid (70/30/1, v/v/v)
(RF = 0.41).

Cell Culture
HCAEC (Cell Applications, San Diego, CA) were seeded onto 60-mm2 or 35-mm2 6-well
polystyrene dishes and cultured in EGM-2-MV growth medium (Lonza, Walkersville, MD) at
37 °C in a 5 % CO2 and 95 % air atmosphere. Experiments were performed on confluent
monolayers (~1×106 cells/60-mm2 dish) between passages 5 and 9. HCAEC growth medium
was replaced with growth medium containing 2 % FBS for 4–6 h prior to experiments. Lipids
were dried under a stream of nitrogen and reconstituted in ethanol to inject into culture medium
at a final ethanol concentration of 0.1 %. Lipids were mixed with basal medium and added to
each dish by pipette for a final concentration of 50 µM. TNF-α was mixed with basal medium
containing 0.1% ethanol and added to dishes for a final concentration of 50 ng/mL. Control
conditions included incubations with basal medium containing a final ethanol concentration
of 0.1 %.

Western Blotting
Following each experimental condition, the medium was aspirated from the dishes and HCAEC
monolayers were rinsed with PBS. Cells were scraped in SDS sample buffer, boiled, and protein
was subjected to SDS-PAGE utilizing 10–12.5% polyacrylamide gels followed by transfer of
proteins to polyvinylidene difluoride (PVDF)-plus membranes (GE Osmonics Inc., Trevose,
PA) for Western blot analysis. Blots were probed with a monoclonal anti-COX-2 (1:1000)
(Zymed, San Francisco, CA) and an HRP-conjugated secondary antibody (1:7000) (BioRad,
Hercules, CA). Blots were stripped using 0.1 M glycine (pH 2.5) and, reprobed with a
monoclonal anti-IκB (1:2500) (BD Transduction Laboratories, San Jose, CA). Blots were
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stripped again and probed with a polyclonal β-Actin (1:5000) (Abcam, Cambridge, MA) and
probed with an HRP-conjugated goat-anti-rabbit (1:7000) (Sigma, St. Louis, MO).
Immunoreactive bands were visualized by exposure to autoradiographic film following
incubation with enhanced chemiluminescence reagent (GE Healthcare, Piscataway, NJ).
Densitometric analyses of immunoreactive bands were performed using ImageQuant software.

RNA Extraction, Reverse Transcription, and Quantitative PCR
RNA was extracted and purified using an RNeasy Mini Kit (Qiagen, Valencia, CA) by
following the manufacturer’s instructions. Less than half of the mRNA elute was incubated
with 0.5 µg Oligo (dT)12–18 primer (Invitrogen, Carlsbad, CA) at 70 °C for 10 min to yield
cDNA. RNA and reaction mixture (200 units M-MLV H- reverse transcriptase (Promega,
Madison, WI), buffer, dNTPs (Invitrogen, Carlsbad, CA), and 0.1 M DTT) were incubated at
42 °C for 50 min and terminated at 70 °C for 15 min. Reaction mix was incubated with 1U
RNase H (Invitrogen, Carlsbad, CA) at 37 °C for 20 min. Real-time PCR of the cDNA library
was performed by mixing 1 µl cDNA, primers for COX-2 or GAPDH-1, dNTPs, TAQ
polymerase, buffer, and SYBR Green fluorescence probe followed by quantitative RT-PCR
(BioRad OpticonII) using the following parameters: 40 cycles of 95 °C for 1 min, 56 °C for
0.5 min, 72 °C for 0.5 min, 87 °C for 3 sec. A melt curve from 80–96 °C was performed. The
COX-2 primer pairs (SuperArray, Frederick, MD) and the primer sequences (5’ to 3’) for
GAPDH-1 are GCATCTTC-TTTTGCGTCGCC (forward), and
GTCATTGATGGCAACAATATCC (reverse) were used. Data were analyzed using BioRad
Opticon II software and COX-2 levels were normalized to GAPDH-1 levels for each sample.
Fidelity of the PCR reaction was determined by melting temperature analysis and visualization
of products on a 2 % agarose gel.

6-keto-PGF1α Quantification
Following experimental conditions, the medium from each 60-mm2 HCAEC monolayer dish
was removed and centrifuged. The internal standard d4-6-keto-PGF1α at 10 pg was added to
each sample followed by acidification with HCl to 2.5 pH for 30 min. C-18 SPE columns
(Supelco, Bellefonte, PA) were washed with acetonitrile and equilibrated with water prior to
addition of samples. Following sample loading, columns were sequentially washed with acidic
water (2.5 pH) and water/ethanol (85:15 v/v) prior to elution of prostaglandins with ethyl
acetate. Samples were dried under a stream of nitrogen and derivatized by treatment with O-
methoxamine and PFB-Br followed by BSTFA as described previously [26]. Samples were
reconstituted in ethyl acetate for GC-MS analysis. PGI2 was measured as its stable hydrolytic
product 6-keto-PGF1α. Samples were analyzed by selected ion monitoring on a Hewlett
Packard 6890 GC coupled to a Hewlett Packard 5973 MS as described previously [27].

Cell Death
Following experimental conditions, cell medium was removed from 60-mm2 dishes,
centrifuged, and assayed for general cell death using a lactate dehydrogenase release assay
(Sigma, St. Louis, MO) following the manufacturer’s instructions.

Data Analysis
Statistical analyses of data were performed by one-way ANOVA followed by a Dunnett post
hoc test, as appropriate. P ≤ 0.05 was considered statistically significant.
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Results
Effects of TNF-α, 2-ClHDA and 2-ClHA on COX-2 protein expression

COX-2 expression in vascular endothelial cells is induced in response to several cytokines such
as TNF-α and IL-1β [9,28,29] suggesting that COX-2 may be involved in the pathophysiology
of inflammation [30]. Induction of COX-2 in the endothelium leads to the production and
release of PGI2 [31], which has vasodilatory and anti-atherogenic properties. A time course
analysis of TNF-α-treated HCAEC monolayers shows an increase in COX-2 protein expression
by 8 h, reaching maximal expression at 20 h (Fig 1 and Fig 2A). In comparison to TNF-α at
20 h, 50 µM 2-ClHDA induced COX-2 expression to a lesser degree (Fig 1 and Fig 2A). 2-
ClHA increased COX-2 expression within 8 h, and returned to baseline by 20 h. 2-ClHDA,
however, induced COX-2 expression above control at both 8 and 20 h (Fig 1 and Fig 2A).
Neither 2-ClHOH nor hexadecanal (HDA), the non-chlorinated aldehyde, induced COX-2
protein expression. Parallel experiments were performed showing that these chlorinated lipids
did not cause significant cell death as determined by a lack of LDH release (Fig 2B). Normal
LDH concentrations fall between 100–350 U/mL, while elevated LDH concentrations occur
above 500 U/mL. Treatment of 100 µM 4-hydroxy-2-nonenal (HNE), known to induce cell
death, was used as a positive control.

Effects of TNF-α, 2-ClHDA and 2-ClHA on COX-2 gene expression
Quantitative PCR was performed to explore the effects of HCAEC monolayers treated with
TNF-α, 2-ClHDA, 2-ClHA, or vehicle on COX-2 gene expression. Treatment with TNF-α led
to a rapid 2.5-fold increase in mRNA expression by 1 h and levels returned to control levels
by 2 h (Fig 3). COX-2 mRNA expression following 2-ClHDA treatment increased by ~ 3 fold
by 8 h. HCAEC treatment with 2-ClHA induced a 2-fold increase in COX-2 mRNA by 2 h
and remained elevated by 8 h. In all treatment conditions, COX-2 mRNA levels returned to
near control levels by 18 h (Fig 3).

2-ClHDA and 2-ClHA elicit PGI2 release
The predominant COX-derived arachidonic acid product in coronary endothelial cells is
PGI2 [4,5,7]. 6-keto-PGF1α, the stable hydrolytic product of PGI2, was measured in cultured
medium following solid phase extraction, derivatization, and GC-MS analysis [26,27]. TNF-
α treatment led to nearly a 2-fold increase in 6-keto-PGF1α, while 2-ClHDA, but not 2-ClHA
at 20 h, led to lower but significant increases in 6-keto-PGF1α, (Fig 4), analogous to the pattern
seen in protein expression (Fig 2A).

NF-κB signaling pathways by TNF-α, 2-ClHDA
NF-κB is normally sequestered in the cytosol by IκB under non-inflammatory conditions. Upon
stimulation of the NF-κB pathway, IκB is targeted for degradation and NF-κB is free to
translocate to the nucleus where it binds to NF-κB DNA sites in the promoter of various genes.
It has been shown in several cell types that treatment with TNF-α leads to NF-κB binding to
the COX-2 promoter and reporter gene expression [31–33]. In HCAEC, TNF-α and 2-ClHDA
led to significant IκB protein disappearance at 20 h, while 2-ClHA or other tested lipids did
not to lead to a significant decrease in IκB protein levels (Fig 5A & 5B).

Discussion
Oxidative attack of plasmalogens by RCS leads to the production of reactive lipid aldehydes,
such as 2-ClHDA [19]. Little is know about the possible signaling roles these naturally
occurring halogenated lipids play. Marsche et al. (2004) discovered that HDL treated with
hypochlorous acid, a component of RCS, led to a reduction in eNOS expression in endothelial
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cells and, upon further investigation, found that 2-ClHDA was responsible for the reduction
in eNOS. An abundant non-chlorinated lipid aldehyde, HNE, has been shown to induce COX-2
expression in RAW264.7 macrophages [34,35] and in human osteoarthritic chondrocytes
[35]. In the present study, we show that TNF-α, 2-ClHDA, and 2-ClHA, but not 2-ClHOH,
induce an increase in COX-2 protein expression in human coronary artery endothelial cells. 2-
ClHDA is produced by the production of RCS from phagocyte-derived myeloperoxidase
[19]. 2-ClHDA concentrations range from 25–100 µM in human neutrophils [14]. The
concentration of 2-ClHDA used in these studies is within the range that is physiologically
produced from activated leukocytes. Although 2-ClHDA has been shown to have
proatherogenic properties by decreasing eNOS [23] and increasing neutrophil chemotaxis
[14], we show that 2-ClHDA increases COX-2 and PGI2 levels (as determined by increases in
6-keto-PGF1α levels). Interestingly comparisons of the time course of 2-ClHDA and 2-ClHA
elicited COX-2 expression show that 2-ClHDA has a sustained impact on COX-2 expression.
This may reflect disparate half-lives of these chlorinated lipids. In fact, 2-ClHDA is the
precursor of 2-ClHA [24]. Thus, over time while 2-ClHDA levels decrease, the sustained
COX-2 expression may be elicited by the product of 2-ClHDA metabolism, 2-ClHA.

The increase in COX-2 protein expression from TNF-α, 2-ClHDA, and 2-ClHA appears to
occur by increased transcription of the COX-2 gene demonstrated by the results from
quantitative PCR. The COX-2 gene contains 17 copies of the AUUUA motif in its 3’-UTR
and can be regulated post-transcriptionally by elements that bind the AU-rich regions in its
messenger RNA [36,37]. Previous studies have indicated that shear stress stabilizes COX-2
mRNA levels in HUVECs [37]. In this study, although we have shown that 2-ClHDA and 2-
ClHA induce gene expression, we cannot rule out that 2-ClHDA and/or 2-ClHA also lead to
a stabilization of COX-2 mRNA.

The human COX-2 promoter includes the NF-κB, cyclic AMP response element (CRE),
activator protein–2 (AP2), signal transducers and activators of transcription (STAT3), SP1 and
CCAAT/enhancer-binding protein (C/EBPb) [38–44]. The NF-κB pathway is considered to
be a general inflammatory response pathway that can lead to gene transcription of various
chemokines, adhesion molecules, and other pro-inflammatory molecules. In the present study
we have shown that 2-chlorohexadecanal decreases IκB protein levels in HCAEC, suggesting
that 2-ClHDA is signaling in part through the NF-κB pathway. Additionally it should be
appreciated that COX-2 mRNA is elevated prior to IκB degradation in response to 2-
chlorohexadecanal suggesting that additional pathways may play an important role in COX-2
expression in response to 2-chlorohexadecanal.

The release of 2-chloro fatty aldehydes from plasmalogens followed by its metabolism to 2-
chloro fatty acids and 2-chloro fatty alcohols collectively suggest that a chlorinated lipidome
is produced as a result of RCS attack of plasmalogens. It is now essential to determine the
physiological role of these novel chlorinated lipids and their potential role in inflammation.
The results herein demonstrate that 2-ClHA induces COX-2 expression and prostacyclin
production in human coronary artery endothelial cells. Furthermore, the precursor of 2-ClHA,
2-ClHDA, also elicits COX-2 expression and prostacyclin production. It can be envisioned
that the effect of these same chlorinated lipids on cells such as monocytes and neutrophils,
which contain COX-2 associated isomerases that lead to pro-inflammatory eicosanoids, may
have important roles in inflammation.

Abbreviations
RCS, reactive chlorinating species; 2-ClHDA, 2-chlorohexadecanal; 2-ClHA, 2-
chlorohexadecanoic acid; 2-ClHOH, 2-chlorohexadecanol; HDA, hexadecanal; COX-2,
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cyclooxygenase-2; NF-κB, nuclear factor kappa B; TNF-α, tumor necrosis factor-alpha;
HCAEC, human coronary artery endothelial cells; MPO, myeloperoxidase.
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Figure 1. 2-chlorohexadecanal and 2-chlorohexadecanoic acid induce COX-2 protein expression
in HCAEC
Cell lysates were prepared from HCAEC treated with ethanol vehicle, 50 ng/mL TNF-α, or
50µM of hexadecanal (HDA), 2-chlorohexadecanal (2-ClHDA), 2-chlorohexadecanoic acid
(2-ClHA), or 2-chlorohexadecanol (2-ClHOH) for 8 or 20 h as indicated. Samples were
subjected to SDS-PAGE and western blotting for COX-2 expression.

Messner et al. Page 9

Lipids. Author manuscript; available in PMC 2009 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Time course of 2-chlorohexadecanal and 2-chlorohexadecanoic acid elicited COX-2
protein expression in HCAEC
Cell lysates were prepared from HCAEC treated with ethanol vehicle, 50 ng/mL TNF-α, or
50µM of hexadecanal (HDA), 2-chlorohexadecanal (2-ClHDA), 2-chlorohexadecanoic acid
(2-ClHA), or 2-chlorohexadecanol (2-ClHOH) for 2 h (light grey bars, ), 8 h (black bars,

), and 20 h (striped bars, ). Samples were subjected to SDS-PAGE and western blotting
for COX-2 expression and analyzed by densitometry of immunoreactive bands (A). Following
COX-2 analysis, blots were subsequently stripped and then subjected to western blotting for
β-actin, which was used to normalize each experimental analysis of COX-2 expression. Cell
medium was assayed for general cell death using a lactate dehydrogenase release assay (B).

Messner et al. Page 10

Lipids. Author manuscript; available in PMC 2009 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Values (mean ± SEM) are expressed as fold increase over control-treated cells for three
independent determinations, (**) represents p<0.01.
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Figure 3. 2-Chlorohexadecanal and 2-chlorohexadecanoic acid induce COX-2 mRNA expression
HCAEC were treated with either ethanol vehicle, 50 ng/mL TNF-α (light gray bars, ), or 50
µM 2-chlorohexadecanal (2-ClHDA) (striped bars, ) or 50 µM 2-chlorohexadecanoic acid
(2-ClHA) (black bars, ) for the times indicated. Cells were scraped in lysis buffer, cDNA
was prepared from purified mRNA, and samples were analyzed by quantitative PCR using
primers for COX-2. Values (mean ± SEM) were normalized to GAPDH and expressed as fold
increase over control-treated cells at each time point for three independent determinations.
SEM of control values was less than 5% of the mean at all time points and there was no
significant increase in control values over time, (* and **) represent p< 0.05 and p<0.01,
respectively
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Figure 4. 2-Chlorohexadecanal and 2-chlorohexadecanoic acid lead to PGI2 release at 20 h
HCAEC were treated with ethanol vehicle, 50 ng/mL TNFα, 50 µM 2-chlorohexadecanal (2-
ClHDA), or 50 µM 2-chlorohexadecanoic acid (2-ClHA) for 20 h (n = 4 for each condition).
Culture medium was removed and eicosanoids were purified by reverse SPE columns,
converted to PFB esters, silylated using BSTFA, and analyzed by GC-MS, (**) represents
p<0.01.
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Figure 5. 2-Chlorohexadecanal decreases IκB protein expression
Cell lysates were prepared from HCAEC treated with ethanol vehicle, 50 ng/mL TNF-α, or 50
µM hexadecanal (HDA), 2-chlorohexadecanal (2-ClHDA), 2-chlorohexadecanoic acid (2-
ClHA), 2-chlorohexadecanol (2-ClHOH) for 20 h. Samples were subjected to SDS-PAGE and
western blotting for IκB expression (A) and analyzed by densitometry of immunoreactive
bands (B). Values (mean ± SEM) are expressed as fold increase over control treated cell at
each time point, (**) is p < 0.01.
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