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Myeloperoxidase-derivedHOCl targets tissue- and lipopro-
tein-associated plasmalogens to generate �-chlorinated fatty al-
dehydes, including 2-chlorohexadecanal. Under physiological
conditions, 2-chlorohexadecanal is oxidized to 2-chlorohexade-
canoic acid (2-ClHA). This study demonstrates the catabolism of
2-ClHA by �-oxidation and subsequent �-oxidation from the
�-end.Mass spectrometric analyses revealed that 2-ClHA is
�-oxidized in the presence of livermicrosomes with initial �-hy-
droxylation of 2-ClHA. Subsequent oxidation steps were exam-
ined in a human hepatocellular cell line (HepG2). Three different
�-chlorinated dicarboxylic acids, 2-chlorohexadecane-(1,16)-
dioic acid, 2-chlorotetradecane-(1,14)-dioic acid, and 2-chloroa-
dipic acid (2-ClAdA), were identified. Levels of 2-chlorohexade-
cane-(1,16)-dioic acid, 2-chlorotetradecane-(1,14)-dioic acid, and
2-ClAdA produced byHepG2 cells were dependent on the con-
centration of 2-ClHA and the incubation time. Synthetic stable
isotope-labeled 2-ClHAwas used to demonstrate a precursor-
product relationship between 2-ClHA and the �-chlorinated di-
carboxylic acids.We also report the identification of endogenous
2-ClAdA in human and rat urine and elevations in stable isotope-
labeled urinary 2-ClAdA in rats subjected to intraperitoneal ad-
ministration of stable isotope-labeled 2-ClHA. Furthermore,
urinary 2-ClAdA and plasma 2-ClHA levels are increased in LPS-
treated rats. Taken together, these data show that 2-ClHA is
�-oxidized to generate �-chlorinated dicarboxylic acids, which
include �-chloroadipic acid that is excreted in the urine.

Myeloperoxidase (MPO)2 is a heme-containing enzyme
that is present in neutrophils (1), monocytes (2), and macro-

phages (3). During phagocyte activation, MPO catalyzes the
production of the reactive chlorinating species, HOCl, from
hydrogen peroxide and chloride (1, 4). The primary role of
MPO is bactericidal as shown by the decreased capacity in
microbial killing of neutrophils isolated fromMPO-deficient
individuals (5–7). However, the oxidizing agents generated by
MPO can attack a wide variety of molecules, including lipids,
nucleic acids, and proteins in the host tissue. This indiscrimi-
nate attack of the host tissue has led to the hypothesis that
MPO can play a causal role in the pathology of atherosclerosis
and coronary artery disease (8). This is further supported by
the fact that expression of human MPO by macrophages in
mice can promote atherosclerosis (9). Moreover, it has been
shown that human MPO polymorphisms can affect the inci-
dence of coronary artery disease and adverse cardiovascular
events in the disease (10, 11).
The masked aldehyde of the plasmalogen phospholipid

subclass has been shown to be one of the more reactive tar-
gets of HOCl-mediated oxidation. MPO-derived HOCl is a
2-electron oxidant that has been shown to target plasmalo-
gens to generate �-chloro-fatty aldehydes, such as 2-chloro-
hexadecanal (2-ClHDA) (12, 13). Similarly, eosinophil peroxi-
dase- and lactoperoxidase-derived reactive halogenating
species target the vinyl ether bond of plasmalogens liberating
�-bromo-fatty aldehydes and �-iodo-fatty aldehydes, respec-
tively (14, 15). Kinetic studies have demonstrated that HOCl
reacts with the vinyl ether bond of plasmalogens 200–300
times faster than that with aliphatic alkenes (16). 2-ClHDA
accumulates as a result of both neutrophil and monocyte acti-
vation and serves as a neutrophil chemoattractant (17, 18).
Furthermore, �-chlorinated fatty aldehydes are increased in
human atheromas (19) and in infarcted myocardium (20). In
the heart, 2-ClHDA elicits contractile dysfunction (20). One
potential mechanism that 2-ClHDA may mediate contractile
dysfunction is through Schiff-base adduct formation (21). In
summary, �-chlorinated fatty aldehydes are produced under
pro-inflammatory conditions, and they have potential delete-
rious biological roles.
Based on the potential importance of the biological proper-

ties of �-chlorinated fatty aldehydes, several studies have fo-
cused on the metabolism of �-chlorinated fatty aldehydes as a
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potential mechanism, which is either responsible for clear-
ance of these biologically active compounds or for the pro-
duction of mediators of the biological properties. These stud-
ies have revealed that neutrophils and endothelial cells can
oxidize �-chlorinated fatty aldehydes to generate �-chlori-
nated fatty acids (�-ClFA). �-ClFA is released from both acti-
vated neutrophils and 2-ClHDA-treated neutrophils (22, 23),
and rat plasma �-ClFA concentration is �1 nM (22).
Although previous studies have focused on the metabolism

of �-chlorofatty aldehyde, the mechanisms responsible for the
metabolism of �-ClFA have not been determined. Because the
related halogenated fatty acid, 2-bromopalmitate, is not a sub-
strate for mitochondrial �-oxidation (24), we considered the
possibility that �-ClFA is metabolized via �-oxidation. Under
fasting conditions, fatty acid �-oxidation has been shown to
account for �5–10% of liver fatty acid catabolism (25). Under
metabolic states accompanied by an increase in free fatty acid
levels such as obesity or diabetes, an increase in fatty acid
�-oxidation has been noted (26–29). The initial step of fatty
acid �-oxidation is the hydroxylation of the methyl group at
the �-end, which is catalyzed by cytochrome P450 4A family
of enzymes (29–32). This is followed by further oxidation at
the �-end to form the 1,�-dicarboxylic acid in the cytosol (27,
29). Importantly, newly formed dicarboxylic acids can be
shortened via �-oxidation and are excreted in urine (29, 33).
Accordingly, in these studies, we hypothesized that �-oxida-
tion of �-ClFA might lead to the production of novel chlori-
nated metabolites of �-ClFA. Here, we investigate and report
that �-ClFA can indeed undergo �-oxidation to generate
�-chlorinated dicarboxylic acids (�-ClDCA). Furthermore, we
identify for the first time 2-chloroadipic acid (2-ClAdA) in
human and rat urine.

EXPERIMENTAL PROCEDURES

2-Chlorohexadecanoic Acid (2-ClHA) Synthesis—2-ClHA
was synthesized and prepared as described previously using
hexadecanoic acid as precursor (23). A similar procedure us-
ing deuterated hexadecanoic acid, either [d2-4,4]hexadecanoic
acid (C/D/N Isotopes, Quebec, Canada) or [d4-7,7,8,8]hexa-
decanoic acid (Medical Isotopes, Pelham, NH), as the starting
material was utilized for synthesis of 2-chloro-[d2-4,4]hexade-
canoic acid (2-Cl-[d2-4,4]HA) and 2-chloro-[d4-7,7,8,8]hexa-
decanoic acid (2-Cl-[d4-7,8]HA), respectively.
Synthesis of 2-ClAdA—2-ClAdA (systematic name 2-chlo-

rohexane-(1,6)-dioic acid) was synthesized from oxidation of
1,2-cyclohexanedione by hydrogen peroxide in the presence
of copper(II) chloride dihydrate as described by Starostin
et al. (34). It should be noted that 2-ClAdA thus synthesized
was used without further purification. Pure 2-ClAdA was syn-
thesized using trichloroisocyanuric acid as follows. A 250-ml
round bottom flask was fitted with a J-Kem temperature
probe (Teflon-coated) and a magnetic stirring bar, and the
apparatus was placed under a positive pressure argon flow
atmosphere. The flask was charged with monomethyl adipate
(1.00 g; 6.20 mmol) and thionyl chloride (5.0 ml). The reac-
tion mixture was heated to 70 °C for 30 min. At this time, a
small sample was removed and analyzed by 1H NMR. Com-
plete conversion to the acid chloride was observed (triplet for

CH2� to the carboxylic acid shifts from � 2.36 for mono-
methyl adipate to 2.92 for the acid chloride). At this time the
reaction mixture was cooled to 21 °C and treated with tri-
chloroisocyanuric acid (1.45 g; 6.20 mmol) and 2 drops of
concentrated HCl. This mixture was heated to 78 °C for 45
min. NMR analysis at this time showed complete conversion
to the 2-chloro derivative. The mixture was cooled to room
temperature, and the thionyl chloride was evaporated. The
residue was treated with water (100 ml) and ethyl acetate (100
ml), and the resulting biphasic mixture was stirred vigorously
for 1 h to hydrolyze the acid chloride. After this time, the lay-
ers were separated, and the aqueous layer was extracted with
ethyl acetate (two times). The combined ethyl acetate layers
were dried (MgSO4), filtered, and concentrated to afford 899
mg of a white solid. This material was treated with 4 N HCl
(50 ml) and stirred at 45 °C for 6 h for hydrolysis of the methyl
ester. The reaction was cooled, transferred to a separatory
funnel, and extracted with ethyl acetate (three times). The
combined ethyl acetate layers were dried (MgSO4), filtered,
and concentrated to afford 461 mg of a white solid. This ma-
terial was precipitated from ethyl acetate with hexanes to af-
ford 182 mg (16% yield) of 2-chloroadipic acid as a white
solid: 1HNMR (300MHz, CDCl3), � 4.46 (ABq, J � 5.7 and 7.8
Hz, 1 H), 2.24 (t, J � 7.5 Hz, 2 H), 1.73–1.99 (complex m, 2H),
1.42–1.65 (complex m, 2 H); and 13C NMR (75 MHz, CDCl3)
� 174.6 (s), 171.0 (s), 58.6 (d), 34.2 (t), 32.6 (t), 21.9 (t).
Microsomal Incubation with 2-ClHA—Microsome isolation

from rabbit liver and incubation with 2-ClHA was performed
as described by Komen et al. (35) with minor modifications.
Briefly, the reactions were carried out in 0.2 ml of phosphate-
buffered saline (PBS) (pH 7.4) containing 1 mg/ml micro-
somal protein, 200 �M 2-ClHA (added in 1 �l ethanol) either
in the presence or absence of 1 mM �-NADPH. The incuba-
tions were carried out in a shaking water bath at 37 °C for 25
min. At the end of the incubation period, 0.8 ml of PBS and
0.2 ml of 6 N HCl were added to terminate the reaction. The
reaction products were extracted twice with 6 ml of ethyl ace-
tate/diethyl ether (1:1, v/v). The combined organic extracts
were dried down, resuspended in methanol, and analyzed ei-
ther by direct infusion-electrospray ionization-tandem mass
spectrometry (ESI-MS/MS) or by reversed and solid phase
high pressure liquid chromatography coupled to electrospray
ionization-tandem mass spectrometry (LC-MS/MS). These
techniques are described below.
2-ClHA Incubation with HepG2 Cell Line—HepG2 cells

(ATCC) were maintained according to ATCC protocol. The
cells were obtained at passage 77 and were used between pas-
sages 79 and 90 after plating them on 35-mm cell culture
plates. The cells were incubated with 2-ClHA (0, 1, 10, 25, and
50 �M) for 2-, 4-, 8-, and 24-h time points in the presence of
2% fetal bovine serum. At the end of the incubation period,
the medium was collected following centrifugation at 1000
rpm for 5 min to remove any floating cells and stored at
�20 °C. HepG2 cells were scraped twice in 0.5 ml of PBS and
stored at �20 °C. Cells were thawed and sonicated to obtain a
homogenate before extraction.
Analysis of �-ClDCA from Cell Culture Experiments—Vary-

ing concentrations of d4-sebacic acid (0.25–50 ng) in 5–10 �l
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of methanol was added to either 0.8 ml of media or 0.5 ml of
cellular homogenate as internal standard. The final volume of
cellular homogenate was brought to 0.8 ml using water. This
was followed by addition of 0.2 ml of 6 N HCl and 6 ml of
ethyl acetate/diethyl ether (1:1, v/v). The aqueous and the
organic phases were separated by centrifugation at 500 � g.
The organic phase was collected, and extraction was repeated.
The combined organic extracts were dried, and carboxylic
acids were derivatized to their pentafluorobenzyl (PFB) esters
utilizing PFB-Br (Sigma) as described previously (36). Briefly,
extracts were resuspended in 100 �l of PFB-Br (7.5% PFB-Br
in acetone) and 20 �l of di-isopropylethylamine. Reactions
were for 1 h at 45 °C. Reactions were terminated by evaporat-
ing reagent under nitrogen, and the derivatives were subse-
quently resuspended in ethyl acetate. One microliter of the
reaction product (PFB derivatives) was injected onto a DB-1
capillary column (12.0 m, 0.22 mm inner diameter, 0.33-�m
methyl silicone film coating; P. J. Cobert, St. Louis, MO) and
subjected to GC-MS analyses using a Hewlett-Packard 6890
gas chromatograph and Hewlett-Packard 5973 mass spec-
trometer. The derivatives were analyzed in the negative ion
chemical ionization (NICI) mode using methane as the chem-
ical ionization gas. The inlet temperature was at 250 °C. The
GC oven was initially held at 150 °C for 3.5 min, then ramped
at 25 °C/min to 280 °C, followed by 5 °C/min to 310 °C. The
final temperature was held for 1 min. The transfer lines were
kept at 280 °C. Spectra were acquired either in the scan mode
fromm/z 100 to 800 or by selected ion monitoring (SIM) of
the [M � 181]� ion. The ions used for SIM of the PFB deriva-
tives of dicarboxylic acids are given in Table 1. The ion chro-
matograms were integrated using the Chemstation software.
The ratio of the integrated area of different �-ClDCA and the
internal standard was taken. This value was normalized to
cellular protein. Cellular protein was measured using the rea-
gent assay (Bio-Rad) from the cellular homogenate. This value
was further divided by a similar value obtained when cells
were incubated in the absence of 2-ClHA for the same time
points and plotted to depict the fold change in amount of re-
spective �-ClDCA.
Response Curve and Analysis of 2-ClAdA in Urine—Human

urine was collected as authorized by Saint Louis University
Institutional Review Board Protocol 16846. 10 ng of [d4-
3,3,4,4]adipic acid ([d4]AdA) and varying amounts (0–10 ng)
of synthetic 2-ClAdA were added to either 50 or 100 �l of rat

or human urine prior to extraction. In brief, 0.7 ml of water
and 0.2 ml of 6 N HCl were added to 100 �l of urine (or 50 �l
of urine and 50 �l of water). The sample was extracted twice
with 6 ml of 1:1 ethyl acetate/diethyl ether. Samples were
evaporated under nitrogen and resuspended in water contain-
ing 5 mM ammonium acetate and 0.25% acetic acid. 2-ClAdA
was subsequently quantified using LC-MS (see below) by
comparisons of peak area to that of the internal standard,
[d4]AdA, and the use of response curves. The amount of uri-
nary 2-ClAdA was then normalized to urinary creatinine
levels.
In Vivo Metabolism of 2-ClHA—Rats were injected (intrap-

eritoneally) with 0.9 mg of 2-Cl-[d2-4,4]HA per 100 g of body
weight to determine a precursor-product relationship be-
tween 2-ClHA and 2-ClAdA in vivo. Over a 3-day period,
both plasma and urine (in metabolic cages) were collected.
Additionally, plasma and urine were collected from rats that
were treated with lipopolysaccharide (LPS, 0.1–1 mg/kg body
weight, intraperitoneal). Urinary dicarboxylic acids were ex-
tracted as described above, and plasma 2-ClHA was extracted
using a modified Folch extraction following treatments with
and without base hydrolysis to determine esterified and non-
esterified (free) fatty acids, respectively (37). For analysis of
2-ClHA from plasma, 10 �l of plasma was extracted in the
presence of 2-Cl-[d4-7,8]HA, and extracts were subsequently
dried under nitrogen and resuspended in 125 �l of methanol/
water (85:15, v/v) containing 0.1% formic acid. 2-ClHA was
subsequently quantified by LC-MS as described below.
ESI-MS/MS and LC-MS/MS—For LC-MS/MS analysis of

2-ClHA, a Bligh and Dyer (38) extraction of 100 �l of either
cell homogenate or cell culture medium, after addition of
2-Cl-[d4-7,8]HA as the internal standard, was performed. The
organic extracts were resuspended in methanol/water (85:15,
v/v) containing 0.1% formic acid and separated on a reversed
and solid phase HPLC column from Supelco (Discovery HS
C18, 150 � 2.1 mm, 5 �m) utilizing a Thermo Fisher Sur-
veyor micro-LC system with a Thermo Fisher Quantum Ultra
electrospray ionization mass spectrometer used as a detector.
For LC, mobile phase A was 85:15 methanol/water with 5 mM

ammonium acetate and 0.25% acetic acid and mobile phase B
was methanol with 5 mM ammonium acetate and 0.25% acetic
acid. The following gradient was used: 0–3 min 100% A, 3–10
min 100% A to 100% B, 10–20 min 100% B followed by re-
equilibration in 100% A at a flow rate of 200 �l/min. Selected
reaction monitorings (SRM) in the negative ion mode ofm/z
2893 253 andm/z 2913 253 for natural 2-35ClHA and
2-37ClHA, respectively, andm/z 2933 257 andm/z 2953
257 for the stable isotope-labeled internal standard, 2-35Cl-
[d4-7,8]HA and 2-37Cl-[d4-7,8]HA, respectively, were per-
formed as described earlier (23). Additionally,m/z 2913255
andm/z 2933255 for the stable isotope-labeled 2-35Cl-[d2-
4,4]HA and 2-37Cl- [d2-4,4]HA was used. For electrospray
ionization MS, the ionization energy and temperature were
3700 V and 310 °C, respectively. Collision energy was between
13 and 20 V, and 1.5 millitorr argon was used as the collision
gas. The ratio of the integrated area of the internal standard
for the chromatography peak was compared with that of the
natural compound to determine its amount. The chromato-

TABLE 1
Ions utilized for SIM by GC-MS or transitions utilized for SRM by
LC-MS/MS for identification of different compounds

Compound GC-MS (SIM) ESI-MS/MS (SRM)

2-ClHA 2893 253/2913 253
2-Cl-�d4�HA 2933 257/2953 257
2-Cl-�d2�HA 2913 255/2933 255
�-Hydroxy-2-ClHA 3053 269/3073 269
�d4�Sebacic acid 385
�d4�Adipic acid 329
2-ClHDDA 499/501
2-Cl-�d2�HDDA 501/503
2-ClTDDA 471/473
2-Cl-�d2�TDDA 473/475
2-ClAdA 359/361 1793 143/1813 143
2-Cl-�d2�AdA 361/363 1813 145/1833 145
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graphic peaks were integrated using Xcalibur software. The
transitions for the 37Cl isotope of both the natural and the
deuterium-labeled internal standard were monitored but not
used for quantitative determination.
LC-MS/MS of 2-ClAdA was performed using the modified

method described by Kakola and Alen (39). Briefly, LC-
MS/MS was done utilizing a double-bonded column (Supel-
cosil LC-18 DB 150 � 3 mm, 5 �m). The mobile phases were
as follows: A, water containing 5 mM ammonium acetate and
0.25% acetic acid; B, methanol containing 5 mM ammonium
acetate and 0.25% acetic acid. Gradient elution was performed
at 200 �l/min as follows: 0–7.5 min 100% A to 90% A, 7.5–30
min 90% A to 20% A, 30–34 min 20% A to 0% A, 34–37 min
0% A, 37–42 min 0% A to 100% A, and 42–55 min 100% A for
re-equilibration. For indicated analyses, and for urinary
2-ClAdA analyses, an alternative eluting gradient (2-ClAdA
Gradient 2) was applied. 2-ClAdA gradient 2 was performed
at 300 �l/min as follows: 0–4 min 100% A to 90% A, 4–12
min 90% A to 20% A, 12–18 min 20% A to 0% A, 18–23 min
0% A, 23–24 min 0% A to 100% A, and 24–35 min 100% A for
re-equilibration. For both elution gradients, the transitions
fromm/z 1793 143 for 2-35ClAdA andm/z 1813 143 for
2-37ClAdA were monitored in the negative ion mode. For sta-
ble isotope-labeled 2-ClAdA, the following SRMs were used:
m/z 1813 145 for 2-35Cl-[d2-4,4]AdA andm/z 1833145 for
2-37Cl-[d2-4,4]AdA. The transition and the retention times
were obtained by comparing with synthetic 2-ClAdA. The
SRM for the internal standard, d4-AdA, was 1493105. The
ionization voltage was 3500 V, and the ionization temperature
was 310 °C. For MS/MS, the collision energy was 18 V, and
1.5 millitorr argon was used as the collision gas.
For some analyses, as indicated, ESI-MS/MS was also per-

formed on analytes in methanol. Direct infusion was per-
formed at 3–5 �l/min and analyzed in the negative ion mode.
The spectra were averaged over a period of 3–5 min.

RESULTS

�-Oxidation of 2-ClHA—The first step in �-oxidation of
fatty acids is catalyzed by cytochrome P450 4A family of en-
zymes leading to the formation of an �-hydroxylated fatty
acid (30) and requires the presence of reducing equivalents
from �-NADPH (32). We investigated this initial �-hydroxy-
lation step to test whether 2-ClHA can be �-oxidized. Puri-
fied rat liver microsomes were incubated with 2-ClHA in ei-
ther the presence or absence of �-NADPH. The reaction
products were then subjected to direct infusion electrospray
ionization mass spectrometry. A negative ion atm/z 305, ob-
served in the presence of �-NADPH, was putatively identified
as the pseudo molecular ion [M � H]� ion of �-hydroxy-2-
35ClHA. This ion was further examined by tandem mass spec-
trometry, and the spectrum obtained is shown in Fig. 1A. The
spectrum depicts a prominent loss of H35Cl from the [M �
H]� ion. A similar facile loss of HCl has been described previ-
ously for 2-ClHA (23). A further loss of 46 mass units was
observed from the [M � H-HCl]� ion. This neutral loss has
been studied previously and described for saturated �-hy-
droxy fatty acids as the loss of HCOOH (40). The tandem
mass spectra ofm/z 307 (from the [M � H]� ion of �-hy-

droxy-2-37ClHA) also showed the losses of H37Cl and
HCOOH along with other ions generated from isobaric com-
pounds atm/z 307 (supplemental Fig. 1). In subsequent LC-
MS/MS analyses, reaction products were separated by RP-
HPLC and monitored for the loss of HCl from the parent ions
utilizing the SRMm/z 3053 269 andm/z 3073 269 for
�-hydroxy-2-35ClHA and �-hydroxy-2-37ClHA, respectively.
The chromatograms obtained (Fig. 1B) identified �-hydroxy-
2-ClHA at a retention time of 5.6 min, with the presence of
both �-hydroxy-2-35ClHA (Fig. 1B, trace b) and �-hydroxy-2-
37ClHA (Fig. 1B, trace c) in a 3:1 ratio. Furthermore, because
�-NADPH provides the reducing equivalents for the cyto-
chrome P450 4A-mediated oxidation, microsomal incubation
with 2-ClHA in the absence of �-NADPH does not generate
�-hydroxy-2-ClHA (Fig. 1B, trace a).

FIGURE 1. Identification of �-hydroxy-2-ClHA. 2-ClHA was incubated with
liver microsomes for 25 min at 37 °C in the presence or absence of
�-NADPH, and reaction products were prepared for analyses as described
under “Experimental Procedures.” Product ion spectra of [M � H]� ion of
�-hydroxy-2-35ClHA (m/z 305) obtained by ESI-MS/MS is shown in A. A also
shows the prominent neutral losses (marked by arrows) of a putative struc-
ture (inset) that is consistent with the starting material (2-ClHA) and the
mass spectra. The reaction products were also analyzed by LC-MS/MS (B) as
described under “Experimental Procedures.” SRM detection of m/z 3053
269 for reaction products from incubations in the absence of �-NADPH are
shown in trace a. SRM detection of m/z 3053 269 and m/z 3073 269 (for
�-hydroxy 2-37ClHA) in the presence of �-NADPH are shown in trace b and
c, respectively. In each trace in B, 100% relative abundance was set to equal
ion counts.
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Identification of 2-ClHDDA—Having shown that 2-ClHA
can be �-hydroxylated, we tested whether the next step of
�-oxidation, which is a two-step conversion of �-hydroxy-2-

ClHA to 2-chlorohexadecane-(1,16)-dioic acid (2-ClHDDA),
occurs. The human hepatocellular carcinoma cell line,
HepG2, which has a basal level of cytochrome P450 activity
(41), was used for these studies. We incubated HepG2 cells
with 50 �M 2-ClHA for 24 h. This concentration of 2-ClHA is
not toxic for HepG2 cells as determined by lactate dehydro-
genase (LDH) release (supplemental Fig. 2). At the end of the
incubation period, media extracts were derivatized with
PFB-Br and analyzed by GC-MS using NICI. The mass
spectrum of a peak having a retention time of 12 min is
shown in Fig. 2A. The molecular ion of the di-PFB ester of
2-35ClHDDA is seen atm/z 680, whereas that of the di-PFB
ester of 2-37ClHDDA is atm/z 682. The spectrum also shows
a fragment ion, [M � 181]�, atm/z 499 as the base peak. The
base peak is from the loss of a single PFB moiety from either
end of the di-PFB ester derivative (Scheme 1). This ion has
previously been utilized for quantification of di-PFB esters of
dicarboxylic acids in SIM mode (36). A corresponding ion
arising from the 37Cl containing isotopic molecular ion is also

FIGURE 2. Identification of 2-ClHDDA. HepG2 cells were incubated with 50
�M 2-ClHA for 24 h. At the end of the incubation period, media were extracted
and analyzed by either GC-MS in the NICI mode following PFB derivatization
(A–C) or by ESI-MS/MS of the underivatized extract (D). The mass spectrum of a
peak obtained at 12 min, corresponding to the di-PFB ester of 2-ClHDDA, is
depicted (A). The chromatograms obtained using SIM of m/z 499 (B) and m/z
501 (C) within a window of 11–12.2 min are shown. B and C, 100% relative
abundances were set to equal ion counts. D shows the product-ion spectra of
[M � H]� ion of 2-35ClHDDA. The prominent neutral losses (marked by arrows)
of the proposed structure of the [M � H]� ion (inset) that is consistent with the
starting material and the mass spectra are also shown.

FIGURE 3. Identification of 2-ClTDDA. HepG2 cells were incubated with 50
�M 2-ClHA for 24 h. At the end of the incubation period, media were ex-
tracted, derivatized by PFB-Br, and analyzed by GC-MS in the NICI mode.
The mass spectrum of 2-ClTDDA (C) and the chromatograms obtained uti-
lizing SIM of m/z 471 (A) and m/z 473 (B) are shown. A and B, 100% relative
abundances were set to equal ion counts.

SCHEME 1. Proposed fragmentation ions of the di-PFB ester of
2-ClHDDA.
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seen atm/z 501, which is present at approximately one-third
the intensity ofm/z 499 (Fig. 2A). An ion observed atm/z 465
results from the additional loss of chlorine ([M � 181 � H-
Cl]�) from the [M � 181]� ion (Scheme 1). Ions characteris-
tic of the PFB group are also observed atm/z 196, 167, and
148 (Fig. 2A and Scheme 1) (42). Taken together, the mass
spectrum shown in Fig. 2A is consistent with the structure of
the di-PFB ester of 2-ClHDDA. It should be noted that the
peak yielding the spectrum observed in Fig. 2A was not ob-
served in derivatized samples of media from HepG2 cells that
were not treated with 2-ClHA (data not shown). Fig. 2, B and
C, depicts the SIM chromatogram ofm/z 499 andm/z 501,
respectively. The chromatograms show a peak at 12 min and
are at an �3:1 ratio, as would be predicted for a monochlori-
nated compound. To confirm the identity of 2-ClHDDA, the
underivatized organic extracts were analyzed by ESI-MS/MS.
The tandem mass spectrum of a negative ion observed atm/z
319 shows the loss of H35Cl and subsequent losses of CO2 and
H2O (Fig. 2D). An earlier study on the fragmentation of
monoanions of dicarboxylic acids using ESI-MS/MS has de-
scribed similar losses of CO2 and H2O (43). The mass spec-
trum of the corresponding 37Cl containing isotopic ion atm/z

321 shows similar fragmentation (data not shown). Taken
together, these data suggest that 2-ClHA can be �-oxidized by
HepG2 cells to generate 2-ClHDDA.
Identification of Additional �-Chlorodicarboxylic Acids—

Others have previously shown �-oxidation from the �-end of
dicarboxylic acids (29, 33, 44). Accordingly, having confirmed
that 2-ClHA undergoes �-oxidation, we predicted that
2-ClHDDA is further oxidized by sequential �-oxidation from
the �-end. 2-Chlorotetradecane-(1,14)-dioic acid (2-ClTDDA)
was identified in the media from HepG2 cells incubated with
50 �M 2-ClHA for 24 h. Fig. 3, A and B, shows the SIM chro-
matographic peaks at 10.8 min of the [M � 181]� ion atm/z
471 andm/z 473 of the di-PFB ester of 2-ClTDDA. The mass
spectrum of the di-PFB ester of 2-ClTDDA is shown in Fig.
3C. Similar to 2-ClHDDA, the molecular ion peak atm/z 652
and the fragment ions provide evidence for the di-PFB ester of
2-ClTDDA (Fig. 3C, inset). The identification of 2-ClTDDA
indicated that 2-ClAdA may be generated by sequential �-ox-
idation from the �-end. Further analysis of the di-PFB esters
of dicarboxylic acids produced by HepG2 cells incubated with

FIGURE 4. Identification of 2-ClAdA. Media extracts from HepG2 cells incubated with 50 �M 2-ClHA were analyzed for 2-ClAdA by either GC-MS, ESI-MS/
MS, or LC-MS/MS as outlined under “Experimental Procedures.” The mass spectrum (E and F) and SIM chromatograms for m/z 359 (A and C) and m/z 361
(B and D) of the di-PFB ester of 2-ClAdA from media extracts (A, B, and E) and synthetic 2-ClAdA (C, D, and F) is shown. Asterisk is used to show peaks not at-
tributed to 2-ClAdA. A and B, 100% relative abundances were set to equal ion counts. Similarly, in C and D, 100% relative abundances were set to equal ion
counts. The ESI-MS/MS spectrum of synthetic 2-ClAdA (G) depicting the [M � H]� ion (inset) and the prominent neutral losses (marked by arrows) is also
shown. Synthetic 2-ClAdA (H, trace a and b, with each trace with 100% relative abundances set to equal ion counts) and the underivatized media extracts (I,
trace a– d, with each trace with 100% relative abundances set to equal ion counts) of HepG2 cells incubated in the presence (trace a and b) and in the ab-
sence (trace c and d) of 2-ClHA were also analyzed by LC-MS/MS using SRM 1793 143 and 1813 143 as indicated.

FIGURE 5. LC-MS SRM of �-chlorodicarboxylic acid metabolites of
2-ClHA. HepG2 cells were incubated with 10 �M 2-ClHA for 24 h. Media
were extracted and �-ClDCA was subjected to LC-MS using 2-ClAdA gradi-
ent 2 as mobile phase as described under “Experimental Procedures.” Mo-
lecular species were detected by indicated SRM transitions as depicted in
A–C for 2-ClAdA, 2-ClTDDA, and 2-ClHDDA, respectively.

SCHEME 2. Proposed fragmentation pathway of the di-PFB ester of
2-ClAdA.
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50 �M 2-ClHA using GC-MS revealed a peak having a reten-
tion time of �7.75 min that was identified as the di-PFB ester
of 2-ClAdA. The SIM chromatograms utilizing the [M �
181]� fragment ion of the di-PFB ester of 2-35ClAdA and
2-37ClAdA, i.e. m/z 359 (Fig. 4A) andm/z 361 (Fig. 4B), are
shown. The corresponding mass spectrum of the peak at 7.75
min is shown in Fig. 4E. Comparisons of these SIM chromato-
grams and the mass spectra of the peak at 7.75 min acquired
from analyses of HepG2 media treated with ClHA are nearly
identical to those acquired from analyses with authentic syn-
thetic 2-ClAdA (Fig. 4, C, D and F). Scheme 2 depicts the pro-
posed fragmentation pathway of the [M � 181]�, [M � 181 �
H-Cl]�, and [M � 2(181) � Cl]� fragment ions atm/z 359,
m/z 325, andm/z 143, respectively. Taken together, data
shown in Figs. 2–4 from GC-MS experiments indicated that
2-ClHA is metabolized to produce a series of �-ClDCA.

2-ClAdA production by HepG2 cells treated with 2-ClHA
was further verified by an independent LC-MS method. Using
direct infusion electrospray ionization mass spectrometry,
collisionally activated dissociation of the negative ion of au-
thentic, synthetic 2-ClAdA (m/z 179) revealed the facile loss
of HCl resulting in a product ionm/z 143 (Fig. 4G). Based on
the collisionally activated dissociation data, LC-MS was used
with detection of 2-35ClAdA and 2-37ClAdA using SRMm/z
1793 143 andm/z 1813 143, respectively (Fig. 4, H and I).

The media from cells treated with 50 �M 2-ClHA (Fig. 4I,
trace a and b) and the standard (Fig. 4H, trace a and b) were
analyzed by LC-MS utilizing the SRMm/z 1793 143 (Fig. 4,
H, trace a, and I, traces a and c) andm/z 1813 143 (Fig. 4, H,
trace b, and I, traces b and d). The chromatographs depicted
show identical retention times for the standard and the puta-
tive 2-ClAdA in media. Furthermore, 2-ClAdA was only de-
tected in cell media extracts from HepG2 cells that were
treated with 2-ClHA, i.e. 2-ClAdA was not observed in
HepG2 cells that were not exposed to 2-ClHA (Fig. 4I, traces c
and d). Fig. 5 shows the SRM chromatograms for 2-ClAdA,
2-ClTDDA, and 2-ClHDDA from cell culture media of
HepG2 cells treated 24 h with 2-ClHA. For this analysis, a
sharper gradient (i.e. 2-ClAdA gradient 2) was employed in
comparison with that used in the data shown in Fig. 4H. Data
shown in Fig. 5 illustrate the relative amount of the �-ClDCA
produced under these conditions. These data indicate that
under these conditions 2-ClHDDA is the most predominant
�-ClDCA compared with 2-ClTDDA and 2-ClAdA. Taken
together, these two independent methods (GC-MS and LC-
MS) provide strong evidence that HepG2 cells metabolize
2-ClHA to 2-ClAdA.
Incubation with Stable Isotope-labeled 2-ClHA—To further

confirm that the �-ClDCA are catabolites of 2-ClHA, we syn-
thesized and incubated 50 �M 2-Cl-[d2-4,4]HA with HepG2

FIGURE 6. �-Chlorodicarboxylic acid catabolites of 2-chloro-[d2-4,4]hexadecanoic acid. HepG2 cells were incubated with 50 �M 2-Cl-[d2-4,4]HA for 24 h.
At the end of the incubation period, media were extracted, derivatized by PFB-Br, and analyzed by GC-MS. The SIM chromatograms (A–C, E–G, and I–K) and
the mass spectrum (D, H, and L) of the di-PFB esters of 2-ClHDDA (A–D), 2-ClTDDA (E–H), and 2-ClAdA (I–L) are shown. The SIM used for 2-ClHDDA are m/z
499 (A), m/z 501 (B), and m/z 503 (C). The SIM used for 2-ClTDDA are m/z 471 (E), m/z 473 (F), and m/z 475 (G). The SIM used for 2-ClAdA are m/z 359 (I), m/z
361 (J), and m/z 363 (K). A–C, 100% relative abundances were set to equal ion counts. Similarly, in D--F and I–K, 100% relative abundances were set to equal
ion counts.

FIGURE 7. �-Chlorodicarboxylic acid catabolites of 2-chloro-[d4-7,7,8,8]hexadecanoic acid. HepG2 cells were incubated with 50 �M 2-Cl-[d4-7,7,8,8]HA
for 24 h. At the end of the incubation period, media were extracted, derivatized by PFB-Br, and analyzed by GC-MS. The mass spectra of the di-PFB esters of
2-ClHDDA (A), 2-ClTDDA (B), and 2-ClAdA (C) are shown. Asterisk is used to show peaks not attributed to 2-ClAdA (background ions).

2-Chlorofatty Acid �-Oxidation

DECEMBER 31, 2010 • VOLUME 285 • NUMBER 53 JOURNAL OF BIOLOGICAL CHEMISTRY 41263



cells for 24 h and monitored them � 2 mass shift in
�-ClDCA species. The di-PFB ester derivatives of media ex-
tracts were analyzed by GC-MS. Fig. 6 shows the chromato-
grams generated by SIM of the [M � 181]� fragment ion at
m/z 499, 501, and 503 for 2-ClHDDA, 2-35Cl-[d2]HDDA, and
2-37Cl-[d2]HDDA, respectively (Fig. 6, A–C);m/z 471, 473,
and 475 for 2-ClTDDA, 2-35Cl-[d2]TDDA, and 2-37Cl-
[d2]TDDA, respectively (Fig. 6, E–G); andm/z 359, 361, and
363 for 2-ClAdA, 2-35Cl-[d2]AdA, and 2-37Cl-[d2]AdA, re-
spectively (Fig. 6, I–K). For the di-PFB ester of 2-ClHDDA,
the chlorine isotopic peaks, which were originally observed at
m/z 499 andm/z 501 (Fig. 2, A–C), are now shifted by 2 mass
units and visualized atm/z 501 andm/z 503 (Fig. 6, A–C).
Moreover, the retention time is unchanged. Similarly, for the
di-PFB esters of 2-ClTDDA and 2-ClAdA, the chlorine iso-
topic peaks are shifted and observed atm/z 473 andm/z 475
(Fig. 6, E–G) and atm/z 361 andm/z 363 (Fig. 6, I–K), respec-
tively, at a ratio of 3:1. The mass spectrum of di-PFB esters of
2-Cl-HDDA (Fig. 6D), 2-Cl-TDDA (Fig. 6H), and 2-Cl-AdA
(Fig. 6L) also depict corresponding 2 mass unit shifts in the
molecular ion and the [M � 181 � H-Cl]� ion. The appear-

ance of deuterated 2-ClAdA from 2-Cl-[d2-4,4]HA indicates
�-oxidation occurs from the �-end. Further support for
2-ClHA oxidation from the �-end is provided from experi-
ments with HepG2 cells incubated with 2-Cl-[d4-7,8]HA. The
mass spectra of 2-ClHDDA and 2-ClTDDA PFB derivatives
shown in Fig. 7 reveal the predicted shift by 4 mass units re-
flecting the addition of four deuteriums in the precursor
2-ClHA. However, the mass spectrum of 2-ClAdA did not
indicate the presence of deuterium (Fig. 7C). Note that al-
though �-oxidation from the �-end of 2-Cl-[d2-4,4]HA would
still contain deuterium, the same oxidation mechanism of
2-Cl-[d4-7,8]HA should not be enriched with stable isotope.
Taken together, these data confirm the direct precursor-prod-
uct relationship between 2-ClHA and �-ClDCA and suggest
sequential �-oxidation followed by �-oxidation from the
�-end.
Effect of Changes in 2-ClHA Concentrations and Incubation

Periods on �-ClDCA in HepG2 Cells—HepG2 cells were incu-
bated either in the absence or presence of 1, 10, 25, and 50 �M

2-ClHA. Changes in the relative abundances of 2-ClHDDA
(Figs. 8A and 9A), 2-ClTDDA (Figs. 8B and 9B), and 2-ClAdA

FIGURE 8. Temporal- and concentration-dependent accumulation of cellular 2-ClHDDA, 2-ClTDDA, and 2-ClAdA in response to 2-ClHA treatment.
HepG2 cells were incubated either with 0, 1, 10, 25, or 50 �M 2-ClHA. At indicated time points, cellular 2-ClHDDA, 2-ClTDDA, and 2-ClAdA were quantified
using GC-MS of their PFB esters as described under “Experimental Procedures.” The fold change in 2-ClHDDA (A), 2-ClTDDA (B), and 2-ClAdA (C) over the
control (i.e. no 2-ClHA) is depicted (n � 3 for each time point, and the data are shown as mean � S.E.).
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(Figs. 8C and 9C) in the cells (Fig. 8 and Table 2) and the cell
culture medium (Fig. 9 and Table 2) at 2, 4, 8, and 24 h were
determined. The data are presented as fold increase over in-
cubations performed in the absence of 2-ClHA. In separate
experiments, a corresponding decrease in the concentration
of 2-ClHA in cells and media was also measured (supplemen-
tal Fig. 3). The cellular abundance of 2-ClHDDA reaches a
maxima at 4 h and then drops rapidly to a plateau by 8 h (Fig.
8A). The changes in 2-ClTDDA (Fig. 8B) and 2-ClAdA (Fig.
8C) are similar to each other and vary with the initial amount

of 2-ClHA added. At 1 �M 2-ClHA, no increase in either
2-ClTDDA or 2-ClAdA is seen in cells. At 10 and 25 �M

2-ClHA, both 2-ClTDDA and 2-ClAdA increase gradually
over the 24-h duration. However, at 50 �M 2-ClHA, both of
these �-ClDCA reach a maxima and plateau at the 8-h time
point. In media, relative abundances of 2-ClHDDA (Fig. 9A),
2-ClTDDA (Fig. 9B), and 2-ClAdA (Fig. 9C) increase through-
out the period of observation. The relative increase of the dif-
ferent �-ClDCA at 24 h with 1 and 10 �M concentrations of
2-ClHA are also given in Table 2. Taken together, these data
show the concentration and time dependence of the conver-
sion of 2-ClHA to �-ClDCA in HepG2 cells.
Quantification of Rat and Human Urinary 2-ClAdA—Be-

cause dicarboxylic acids are water-soluble and readily ex-
creted in urine, we investigated whether 2-ClAdA is present
in rat and human urine using LC-MS instrumentation with
specific SRM detection. For these studies, deuterated adipic
acid ([d4]adipic acid) was used as an internal standard, and

FIGURE 9. Temporal- and concentration-dependent accumulation of cell culture media 2-ClHDDA, 2-ClTDDA, and 2-ClAdA in response to 2-ClHA
treatment of HepG2 cells. HepG2 cells were incubated either with 0, 1, 10, 25, or 50 �M 2-ClHA. At indicated time points 2-ClHDDA, 2-ClTDDA, and 2-ClAdA
levels present in cell culture media were quantified using GC-MS of their PFB esters as described under “Experimental Procedures.” The fold change in
2-ClHDDA (A), 2-ClTDDA (B), and 2-ClAdA (C) over the control (i.e. no 2-ClHA) is depicted (n � 3 for each time point and the data are shown as mean � S.E.).

TABLE 2
Fold change of different �-ClDCA in cells and media after incubation
with either 1 or 10 �M 2-ClHA at 24 h (average � S.E.)

Compound
Cells Media

1 �M (2-ClHA) 10 �M (2-ClHA) 1 �M (2-ClHA) 10 �M (2-ClHA)

2-ClHDDA 1.3 � 0.2 150.9 � 10.6 201.6 � 17.9 7128.5 � 614.1
2-ClTDDA 0.7 � 0.2 13.9 � 0.7 26.3 � 4 1625.7 � 121.8
2-ClAdA 0.9 � 0.04 10.4 � 0.7 3.6 � 0.1 90.3 � 6
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response curves using known amounts of 2-ClAdA spiked in
the presence and absence of urine were generated (Fig. 10A).
We noted that urine slightly attenuated the ratio of the signal
of 2-ClAdA to [d4]adipic acid in comparison with the ob-
served ratios in the absence of urine. Next, the ratio of urinary
2-ClAdA to creatinine was determined in human and rat sam-
ples (Fig. 10B). Urinary creatinine excretion is �104-fold
greater than that of urinary 2-ClAdA excretion. In compari-
son with human urine, rat urinary 2-ClAdA was about 5-fold
elevated. In these studies with humans and rats, the urine cre-
atinine concentration ranged from 4.1 to 15.2 and 5.4 to 13.4
mM, respectively, and the urine 2-ClAdA concentration
ranged from 0.1 to 0.4 and 0.5 to 1.9 �M, respectively. In rats
that were treated with LPS, both urine levels of 2-ClAdA (Fig.
10B) and plasma levels of 2-ClHA (Fig. 10C) were elevated.
These data suggest that endogenously produced 2-ClHA leads
to increased excretion of 2-ClAdA.
In Vivo Conversion of 2-ClHA to 2-ClAdA—Experiments

were performed using stable isotope-labeled 2-ClHA to fur-
ther determine that �-oxidation and subsequent �-oxidation
of 2-ClHA occur in vivo leading to the excretion of 2-ClAdA.
In these experiments we employed 2-Cl-[d2-4,4]HA because
rats excrete ClAdA (see above). Rats were injected (intraperi-
toneally) with 2-Cl-[d2-4,4]HA, and the appearance of 2-Cl-
[d2-4,4]HA in plasma and 2-Cl-[d2-4,4]AdA in urine was de-
termined. Fig. 11A shows that free 2-Cl-[d2-4,4]HA levels

peaked within the first 2 h following injection, and the peak
appearance of esterified 2-Cl-[d2-4,4]HA (Fig. 11B) in plasma
was still relatively elevated 6 h post-injection. 2-Cl-[d2-
4,4]AdA clearance in the urine was rapid and highest at the
first time point measured (urine collected over the first 2 h
following injection of 2-Cl-[d2-4,4]HA) (Fig. 11C). Examina-
tion of plasma and urine in each rat prior to injections with
2-Cl-[d2-4,4]HA confirmed that both 2-Cl-[d2-4,4]HA and
2-Cl-[d2-4,4]AdA, respectively, are not endogenously present
in rats, and their appearance in plasma and urine following
injections was dependent on 2-Cl-[d2-4,4]HA intraperitoneal
injection. 2-Cl-[d2-4,4]AdA and other �-Cl-[d2-4,4]DCAs
were not detected in plasma of rats treated with 2-Cl-[d2-
4,4]HA. Additionally, 2-Cl-[d2-4,4]AdA was the only �-Cl-
[d2-4,4]DCA that was detected in urine of rats treated with
2-Cl-[d2-4,4]HA. Thus, the in vivometabolism of 2-Cl-[d2-
4,4]HA to 2-Cl-[d2-4,4]AdA appears to be very efficient, and
2-Cl-[d2-4,4]AdA excretion via urine is effective for
elimination.

DISCUSSION

MPO-derived HOCl can target plasmalogens to generate
2-ClHDA (12). 2-ClHDA, a neutrophil chemoattractant (18),
is increased in human atherosclerotic tissue and in infarcted
myocardium (19, 20). 2-ClHDA also inhibits endothelial ni-
tric-oxide synthase (46). Recent investigations have shown

FIGURE 10. LC-MS analyses of rat and human urinary 2-ClAdA. Short-chain dicarboxylic acids, including 2-ClAdA and [d4]AdA, were extracted from hu-
man (100 �l) or rat (50 �l) urine and subjected to LC-MS as described under “Experimental Procedures.” 2-ClAdA and [d4]AdA were detected using SRM
1793 143 and SRM 1493 105, respectively, and the ratios of their intensities were plotted in a response curve against the amounts of each analyte added
to urine or blank sample (no urine response curve) (A). B shows the ratio of the urinary 2-ClAdA normalized to urinary creatinine for human and rat speci-
mens (n � 3 for each specimen). Urine was also analyzed from rats 2 h following intraperitoneal injection with 100 �g of LPS/kg body weight (n � 4 for LPS-
treated rats). C shows the plasma levels of nonesterified 2-ClHA in control rats and rats following LPS treatment (2 h post-treatment). Values represent the
mean � S.E. Asterisk indicates p � 0.05 for comparisons between LPS and control rat analyses.
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that neutrophils and endothelial cells can oxidize 2-ClHDA to
generate 2-ClHA or reduce it to the corresponding alcohol
(23). In this study, we demonstrate that 2-ClHA can be �-oxi-
dized to generate �-ClDCA. Initial studies demonstrated
�-hydroxylation of 2-ClHA using purified microsomes. Next,
we identified 2-ClHDDA and 2-ClTDDA in HepG2 cells us-
ing GC-MS of their derivative di-PFB esters. Structural eluci-
dation of underivatized 2-ClHDDA was also performed by
ESI-MS/MS. Identity of media-derived 2-ClAdA was con-
firmed by comparing its chromatographic and mass spectro-
metric properties with that of synthetic 2-ClAdA by both
GC-MS and LC-MS/MS. The use of stable isotope-labeled
2-ClHA confirmed that these compounds are �-oxidation
catabolites of 2-ClHA. Furthermore, a concentration-depen-
dent increase of �-ClDCA was observed in the media of cul-
tured HepG2 cells. In comparison, the relative cellular con-
centrations for each �-ClDCA measured was low, indicating
that similar to known dicarboxylic acids, such as adipic acid
and suberic acid, these compounds are water-soluble and
were secreted in the media.

�-Oxidation involves a series of enzymatic steps that gen-
erate short-chain dicarboxylic acids from monocarboxylic
fatty acids (27, 29, 44). Scheme 3 depicts similar steps in-
volved in the generation of �-ClDCA from 2-ClHA. In this
study, we were able to identify 2-ClHDDA and 2-ClTDDA as
intermediates in the pathway, which ultimately leads to the
production of 2-ClAdA. It is thought that �-oxidation of
long-chain dicarboxylic acids occurs exclusively in the peroxi-
some, whereas short-chain dicarboxylic acids may also be me-
tabolized in the mitochondria (44). The absence of other de-

FIGURE 11. In vivo conversion of systemic 2-ClHA to 2-ClAdA that is ex-
creted in urine. Rats were injected intraperitoneally with 2-Cl-[d2-4,4]HA, and
plasma 2-Cl-[d2-4,4]HA and urinary 2-Cl-[d2-4,4]AdA were quantified at the indi-
cated times as described under “Experimental Procedures.” 2-Cl-[d2-4,4]HA was

quantified by LC-MS using 2-Cl-[d4-7,8]HA as an internal standard. Plasma
free and esterified 2-Cl-[d2-4,4]HA levels were quantified in plasma at indi-
cated times (A and B, respectively). Urinary 2-Cl-[d2-4,4]AdA and [d4]AdA
(internal standard) were detected using SRM 1813 145 and SRM 1493
105, respectively (C). Values in each panel represent the mean � S.E. from
three independently treated rats.

SCHEME 3. �-Oxidation of �-chlorinated fatty acids.
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tectable intermediates (e.g. 12, 10, and 8 carbon �-ClDCA)
may be due to either subsequent steps of �-oxidation being
rapid or the intermediates being present as CoA or carnitine
metabolites.
The complexity of the system is further suggested by the

variations in relative cellular concentrations of the different
�-ClDCA. 2-ClHDDA is the first product of �-oxidation that
enters the peroxisomal �-oxidation cycle as the di-carboxyl-
CoA (47). Its concentration peaked at 4 h followed by a drop
in its cellular concentration by 8 h. These temporal observa-
tions were best illustrated with 50 �M 2-ClHA treatments.
Using primary rat hepatocytes, it has been shown that 2-hexa-
decane-dioic acid, the product of �-oxidation, causes an in-
duction of peroxisomal �-oxidation (48). While the time
period of incubation was 3 days in the study, earlier
time points were not measured. Along with secretion of
2-ClHDDA in the media, a similar induction or optimal
activation of peroxisomal �-oxidation could explain the
drop in 2-ClHDDA levels. It should also be noted that, with
50 �M 2-ClHA incubation, 2-ClTDDA and 2-ClAdA levels
peak between 4 and 8 h. Dicarboxylic acids are also
thought to contribute to the mitochondrial dysfunction
observed in Reye syndrome (49, 50). Thus, it will be inter-
esting to pursue the effects of �-ClDCA on mitochondrial
and peroxisomal function.
Under basal conditions, �-oxidation is the predominant

pathway of fatty acid metabolism, and �-oxidation is thought
to contribute only up to 10% (25). It has been appreciated that
in diseases associated with high risk of heart disease, such as
obesity and diabetes, �-oxidation plays an increased meta-
bolic role (26–29). It is likely that 2-ClHA, by analogy with
2-bromopalmitic acid (24), might not undergo �-oxidation.
Thus, �-oxidation may serve as the primary metabolic path-
way for �-ClFA. The utilization of this pathway for �-ClFA
catabolism would be analogous to the use of this pathway in
children with in-born errors of �-oxidation of fatty acids,
which leads to elevated urinary AdA levels (45, 51). Thus, ei-
ther deficiencies in normal oxidation of fatty acids through
genetic deficiencies or poor substrate use for �-oxidation may
lead to �-oxidation and subsequent �-dicarboxylic acid pro-
duction. For �-ClFA, this mechanism is supported by the
demonstration, herein, that systemic circulating 2-Cl-[d2-
4,4]HA is cleared in rats, at least in part by metabolism of
2-Cl-[d2-4,4]HA to 2-Cl-[d2-4,4]AdA that is excreted in urine.
Additionally, 2-ClAdA was identified as an endogenously ex-
creted metabolite in both rats and humans. Furthermore,
LPS-mediated inflammation leads to both elevations in
plasma 2-ClHA and urine 2-ClAdA.
The identification of these additional metabolites (e.g.

�-ClDCA) originating from the oxidation of plasmalogens by
HOCl extends the chlorinated lipidome and metabolites of
this lipidome. Additionally, metabolism of 2-ClHA likely has
an important role in regulating levels of biologically active
chlorinated lipids. Alternatively, by analogy to nonhaloge-
nated DCA species, these �-ClDCA species may have inher-
ent unique cell signaling properties.
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