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Plasmalogen molecular species are a predominant phos-
pholipid subclass present in the plasma membrane of tis-
sues of the cardiovascular system, including myocardium, 
smooth muscle, endothelium, and leukocytes (5–8). The 
vinyl ether bond of plasmalogens is a preferential target for 
HOCl (9–11). The oxidation of plasmalogen by HOCl 
leads to the production of -chlorofatty aldehyde (-ClFALD) 
as well as its metabolites, -chlorofatty acid (-ClFA), and 
-chlorofatty alcohol (12, 13). These chlorinated lipids exert 
several adverse biological effects. -ClFALD can cause en-
dothelial dysfunction by inhibiting endothelial nitric ox-
ide synthase expression and brain-blood barrier dysfunction 
by inducing apoptosis (14, 15). Both -ClFALD and -ClFA 
induce cyclooxygenase 2 expression in human coronary ar-
tery endothelial cells (16). In addition, -ClFA accumulates 
in activated monocytes and, in turn, induces monocyte 
apoptosis (17). Accordingly, the metabolic clearance of 
chlorinated lipids is important to limit their deleterious im-
pact and potential signaling mediated by chlorinated  
lipids. Indeed, -ClFA can be further catabolized by  
-oxidation and subsequent -oxidation from the -end in 
the liver resulting in the eventual production of 2-chloro-
adipic acid (2-ClAdA), which is excreted in the urine (18).

PPAR- is a ligand-activated transcription factor, which 
belongs to the nuclear hormone receptor superfamily (19, 
20). PPAR- activity can be modulated by a variety of en-
dogenous ligands, such as long-chain polyunsaturated fatty 
acids and leukotriene B4 (21, 22). PPAR- is also regulated 
by synthetic ligands, such as fibrates and pirinixic acid 
(Wy 14643). In the liver, PPAR- regulates fatty acid oxidation 
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Myeloperoxidase (MPO) is an important enzyme medi-
ating inflammatory reactions in leukocytes and neighboring 
cells. Upon activation, neutrophils and monocytes release 
MPO resulting in the formation of the reactive chlorinat-
ing species, HOCl, which can target biomolecules (1–4). 
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of -ClFA. The extracted lipids in chloroform were dried under 
nitrogen and then suspended in 180 l of water for hydrolysis. For 
plasma samples, 10 l of plasma was spiked with 103 fmol 2-Cl[d4]
HA followed by the addition of 155 l of water prior to base-cata-
lyzed hydrolysis. To initiate hydrolysis, 200 l of 1 M NaOH was 
added to the samples and the samples were incubated for 2 h at 
60°C. After incubation, reactions were stopped by the addition of 
120 l of 2 M HCl. After 10 min, lipids were extracted using a 
modified Dole extraction (25, 26). Finally, the lipid extracts were 
resuspended in 150 l of methanol/water (85/15, v/v) contain-
ing 0.1% formic acid for 2-ClHA analysis by LC-MS using ESI and 
selected reaction monitoring following previously described 
methods on a Thermo Fisher Quantum triple quadrupole instru-
ment (25, 26). Liver triglycerides (TAGs) were quantified by 
ESI-MS and liver FFAs were quantified following derivatization 
to pentafluorobenzyl esters by gas chromatography-MS as previ-
ously described (27–30).

Analysis of -chlorodicarboxylic acid
For -chlorodicarboxylic acid (-ClDCA) analysis, [d4-3,3,4,4]

adipic acid ([d4]AdA) was added as the internal standard. Cell 
culture medium (0.8 ml) was added with 0.2 ml of 6 N HCl. Then, 
the  samples  were  extracted  with  6  ml  of  ethyl  acetate/diethyl 
ether (1:1, v/v) twice. After evaporating the organic extract under 
N2, the extract was suspended in 0.2 ml water containing 5 mM 
ammonium acetate and 0.25% acetic acid for -ClDCA analyses 
by LC-MS using selected reaction monitoring (see supplemental 
Table S2). This analysis was based on a modification of the previ-
ously described method for 2-ClAdA analysis (18, 25). Twenty-five 
microliters of sample were injected onto a Supelcosil LC-18 DB 
column (150 × 3 mm, 5 m) that was equilibrated in mobile phase 
A (5 mM ammonium acetate and 0.25% acetic acid in water) at 
300 l/min. The 2-ClDCA molecular  species and  internal  stan-
dard were eluted from the column using discontinuous linear gra-
dients from 100% mobile phase A to 100% mobile phase B (5 mM 
ammonium acetate and 0.25% acetic acid in methanol). This gra-
dient was initiated by a linear gradient from 100% A to 90% A 
from time = 0 min to 4 min, followed by a linear gradient from 
90% A to 20% A over the next 8 min, and then a linear gradient 
from 20% A to 0% A (i.e., 100% B) over the next 6 min. The mo-
bile phase was then held at 100% B for the next 10 min followed 
by equilibration to initial conditions (100% A). Levels of 2-ClAdA 
were determined by isotope dilution (18). Levels of -ClDCA mo-
lecular species were measured as a ratio of peak area of the target 
molecule compared with that of the internal standard, [d4]AdA.

Quantitative RT-PCR
Total RNA was extracted using TRIZOL reagent. CDNAs were 

generated from 1 g of DNase1-treated RNA using Superscript III 
(Invitrogen). Real-time PCR was done with Power SybrGreen re-
agent (Applied Biosystems), using a LightCycler-480 (Roche).

In vivo metabolism of 2-ClHA
All animal experiments were conducted with the approval of 

the Institutional Animal Care and Use Committee at Saint Louis 
University. Wild-type male C57BL/6J mice were administered ve-
hicle or Wy 14643 (10 mg/kg/day ip) for 2 days. Then, the mice 
were injected with 1 mg of 2-chloro-[d2-4,4]HA (2-Cl[d2-4,4]HA) 
per 100 g of body weight (ip), and blood was collected 3 h later for 
-ClFA analysis. A second mouse study compared C57BL/6J and 
PPAR-/ mice injected with 350 g of 2-Cl[d2-4,4]HA per 100 
g of body weight (ip), and blood was collected at 2, 6, and 24 h for 
-ClFA analysis. Additionally, urine was collected over 24 h. At the 
end of the 24 h experimental interval, fat pads, liver, and heart 
were collected and were immediately frozen at the temperature of 

by directly promoting the expression of multiple genes in-
volved in the control of lipid metabolism (23). It modu-
lates the activities of all three fatty acid oxidation systems, 
namely mitochondrial and peroxisomal -oxidation and 
microsomal -oxidation (20). Accordingly, because -ClFA 
catabolism is initiated by -oxidation, it seems likely that 
PPAR- activity might decrease -ClFA levels.

Here, we tested the hypothesis that the PPAR- agonist, 
Wy 14643, accelerates the catabolism of the -ClFA, 2-chloro-
hexadecanoic acid (2-ClHA), in hepatocytes and the clear-
ance of 2-ClHA from the body. We show that Wy 14643 
increases 2-ClAdA production and decreases intracellular 
levels of 2-ClHA in both HepG2 cells and primary mouse 
hepatocytes treated with exogenous 2-ClHA. The effects of 
Wy 14643 are likely mediated by augmenting fatty acid oxi-
dation because Wy 14643, indeed, upregulates the expres-
sion of many genes involved in -oxidation in both HepG2 
cells and primary mouse hepatocytes. Moreover, we show 
that 2-ClHA activates PPAR-, stimulating the mechanism 
responsible for its catabolism. Finally, Wy 14643 treatments 
reduced plasma levels of 2-ClHA in mice.

MATERIALS AND METHODS

Reagents
Synthetic 2-ClHA was prepared as described previously using 

hexadecanoic acid (HA) as precursor (12). Wy14643 and GW6471 
were purchased from Cayman Chemical. The primers for real-
time PCR were synthesized by IDT Inc. Information about prim-
ers is included in supplemental Table S1.

Incubation of 2-ClHA with HepG2 cell line
HepG2 cells were cultured in 10% FBS containing DMEM me-

dium. The cells were pretreated with vehicle (DMSO) or Wy14643 
(10 M) overnight. Then the cells were incubated with 2-ClHA 
(BSA-conjugated, 50 M) for 0, 3, 6, 12, and 24 h time points in 
the presence of 2% FBS. At the end of the incubation period, cell 
culture medium was collected following centrifugation at 200 g 
for 5 min to remove any floating cells and stored at 20°C. The 
cells were washed twice with PBS and then scraped in PBS and 
stored at -20°C.

Incubation of 2-ClHA with primary mouse hepatocytes
Cells were isolated from 10-week-old male wild-type C57BL/6J 

and PPAR-/ mice fed chow, using perfusion and digest buffers 
(Invitrogen) (24). Cells were resuspended in William’s E medium 
(Invitrogen) supplemented with plating supplements (Invitro-
gen), plated in 6-well BioCoat collagen I plates (BD), and incu-
bated at 37°C and 5% CO2 for 6 h. Next, the cells were pretreated 
with vehicle or Wy14643 (10 M) overnight in William’s E me-
dium supplemented with maintenance supplements (Invitrogen) 
and 2-ClHA (BSA-conjugated, 10 and 50 M) was added for an-
other 24 h. The medium and cells were collected as described 
above for HepG2 cells.

Lipid extraction and analysis
For primary mouse hepatocytes, after washing the cells with 

PBS five times, the lipids were first extracted using a modified 
Bligh and Dyer extraction with 20 pmol of 2-chloro-[d4-7,7,8,8]
HA (2-Cl[d4]HA) added as the standard. Mouse tissues were also 
extracted using a modified Bligh and Dyer method prior to analysis  
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the human hepatoma cell line, HepG2, was pretreated with 
the selective PPAR- agonist, Wy 14643, overnight before 
2-ClHA was added to cell culture medium. Initial studies 
showed nearly equal levels of intracellular 2-ClFA in the 
presence and absence of WY 14643 following a 60 min in-
cubation with 50 M -ClFA by HepG2 cells (intracellular 
levels of 2-ClHA under these conditions were 7.68 ± 0.41 
nmol/mg protein and 7.22 ± 0.62 nmol/mg protein for no 
treatment and Wy 14643 treatment, respectively). As shown 
in Fig. 1A, the final product of -ClFA catabolism, 2-ClAdA, 
was produced and detected in the cell culture medium in a 
time-dependent manner, and Wy 14643 pretreatment sig-
nificantly increased its production. In addition to 2-ClAdA, 
other -ClDCAs with intermediate acyl chain lengths were 
evaluated following 24 h incubations with 2-ClHA. Besides 
2-ClAdA, the C14 and C16 -ClDCA were also significantly 
increased in the cell culture medium with Wy 14643 pre-
treatment (Fig. 1B). These -ClDCA species were only de-
tected in cell culture medium, and were not present at 
detectable levels associated with cells.

Effects of Wy 14643 on primary mouse hepatocytes
The effect of PPAR- activation on the catabolism of -

ClFA was next determined in primary mouse hepatocytes. 
Wild-type hepatocytes metabolized both 10 M and 50 M 
2-ClHA resulting in the accumulation of 2-ClAdA in the 
media (Fig. 2A, B). Consistent with our previous study in 

liquid nitrogen. White blood cell differentials were also examined 
in C57BL/6J and PPAR-/ mice, which showed no significant 
differences in total white blood cell counts and neutrophils in 
these cell lines (supplemental Fig. S1). A third mouse study in-
cluded analysis of livers from fed, fasted, or refed C57BL/6J mice 
that were fed chow diet (LabDiet, PicoLab Rodent 20) for 8 weeks 
and then were either euthanized at 9:00 AM (fed group), fasted 
for 24 h (9:00 AM to 9:00 AM the next day, fasted group), or 
fasted for 24 h and subsequently refed for 6 h (9:00 AM to 3:00 
PM on the following day, refed group).

Transient transfection of HEK293 cells
All the transfection experiments were performed in triplicate 

in HEK293 cells. Cells were  transfected  in 10% serum medium 
using lipofectamine, with a mixture of plasmids that contained, in 
addition to the firefly luciferase reporter vector and the PPAR- 
expression vector, a -GAL expression vector as a control for the 
transfection efficiency. Medium was replaced 6 h after transfec-
tion. The next day, cells were incubated for 24 h with the indi-
cated stimuli dissolved in DMSO at the indicated concentrations 
in serum-free medium. After incubation, cells were collected and 
resuspended in the reporter lysis buffer. Part of the sample was 
used to measure -galactosidase activity. Ortho-nitrophenyl--
galactoside (2.5 mg/ml) was added  to  the  solution  in a 96-well 
plate and the activity was measured by monitoring the formation 
of colorimetric substrate. The remaining sample was used to test 
luciferase activity by mixing the cell lysate and luciferase assay re-
agent and measuring the light produced (Promega, E4530). Ex-
pression vectors containing the ligand binding domain of human 
PPAR-, PPAR-, or PPAR- fused to the DNA binding domain of 
GAL4 were provided by Dr. Brian Finck (Washington University) 
(31–33).  Reporter  luciferase  vectors  (UAS-TK-LUC)  contained 
GAL4 binding sequences upstream of the TK promoter (31). For 
the normalization, we used pSV--galactosidase control vector.

Primary murine hepatocyte studies
All the experiments were performed in triplicate in primary 

murine hepatocytes. Cells were isolated and plated in 12-well 
plates. Cells were then incubated with the indicated stimuli and 
the indicated concentrations for 18 h in serum-free medium. 
RNA was then purified and the expression level of PPAR- target 
genes was investigated through real-time PCR, where the GAPDH 
expression level was used for the normalization.

Statistical analysis
All data are presented as mean ± SE. Two-tailed Student’s t-test 

was performed for comparing two groups. For multiple groups, 
two-way ANOVA followed by the post hoc Dunnett test was em-
ployed. Differences were considered statistically significant at the 
P < 0.05 level.

RESULTS

Activation of PPAR- by Wy 14643 increases the 
production of -ClDCAs in HepG2 cells

Because chlorinated lipids are produced under inflam-
matory conditions (13, 18, 34–37) and mediate some pro-
inflammatory processes (14–17), it was of great interest to 
examine mechanisms to accelerate the metabolic removal 
of these lipids. -ClFA is catabolized by -oxidation and 
subsequent -oxidation from the -end in the liver, result-
ing in the eventual production of 2-ClAdA (18). To test 
whether PPAR- activation alters the catabolism of -ClFA, 

Fig. 1. Wy 14643 accelerates the catabolism of 2-ClHA in HepG2 
cells. HepG2 cells were pretreated with or without Wy14643 (10 
M) overnight and then incubated with 50 M 2-ClHA for 0, 3, 6, 
12, and 24 h. -ClDCA present in cell culture medium was analyzed 
as described in the Materials and Methods. The 2-ClAdA levels (A) 
at indicated incubation intervals and -ClDCA (B) at 24 h in the 
culture medium. In (B) C(x) refers to the number of carbons in 
individual -ClDCA molecular species. Values represent mean ± 
SEM for n = 3. *P < 0.05 versus control.
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HepG2 cells (18), more 2-ClAdA was produced in primary 
hepatocytes treated with 50 M 2-ClHA compared with 
10 M. In wild-type mouse hepatocytes, Wy 14643 pretreat-
ment resulted in increased 2-ClAdA production in cells incu-
bated with both 10 M and 50 M 2-ClHA (Fig. 2A, B). In 
contrast, the PPAR- antagonist, GW6471, significantly de-
creased the catabolism of 10 M 2-ClHA (Fig. 2A). To fur-
ther test the specificity of PPAR- activation on this process, 
the catabolism of 2-ClHA was also tested in PPAR-/ he-
patocytes. The production of 2-ClAdA was significantly de-
creased in PPAR-/ hepatocytes compared with wild-type 
hepatocytes regardless of Wy 14643 pretreatment (Fig. 2B). 
In fact, Wy 14643 did not significantly increase 2-ClAdA pro-
duction in PPAR-/ hepatocytes (Fig. 2B). The intracellu-
lar free 2-ClHA was determined by LC-MS in primary mouse 
hepatocytes to investigate whether Wy 14643 decreases the 
intracellular levels of free 2-ClHA, because it dramatically 
increases the catabolism of 2-ClHA in wild-type hepatocytes. 
The enhanced production of 2-ClAdA in Wy 14643-treated 
hepatocytes resulted in a concomitant decrease in intracel-
lular 2-ClHA following the 24 h incubation time (Fig. 2C).

Hepatic -ClFA during fed, fasted, and refed state
We next examined the dynamics of ClFA accumulation 

in the liver in response to fasting and fasting/refeeding. As 
expected, overnight fasting resulted in elevated hepatic 

Fig. 3. Modulation of in vivo liver -ClFA levels. Liver TAG (A), 
FFA (B), and -ClFA (C) levels were determined in 8-week-old male 
C57BL/6J mice that were either fed chow (fed), fed chow and then 
fasted 24 h (fasted), or sequentially fed chow, fasted 24 h, and then 
refed 6 h (refed). *P < 0.05, **P < 0.01, and ***P < 0.001, as indicated. 
In each panel values are the mean ± SEM with n = 4–5 per group.

Fig. 2. Effects of Wy 14643 on 2-ClHA catabolism in primary 
mouse hepatocytes. Mouse hepatocytes were prepared from either 
C57BL/6J or PPAR-/ mice, as indicated. Hepatocytes were pre-
treated with either Wy 14643 (10 M), GW6471 (10 M), or vehicle 
overnight and subsequently incubated with either 10 M (A) or 
50 M (B) 2-ClHA for 24 h. The 2-ClAdA in the medium was analyzed 
as described in the Materials and Methods. Values represent mean ± 
SEM for n = 3. C: Primary hepatocytes from C57BL/6J mice were 
pretreated with or without Wy14643 (10 M) overnight and then 
incubated with 50 M of 2-ClHA for 24 h. Hepatocytes were col-
lected for intracellular 2-ClHA analysis as described in the Materials 
and Methods. Values represent mean ± SEM for n = 3. **P < 0.01 for 
comparisons to control in (A) and (C). **P < 0.01 and ##P < 0.01 as 
indicated in (B).
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2-ClHA increases PPAR activity in HEK293 cells 
transfected with PPAR reporters

Because 1) PPAR- activation can be induced by long-
chain polyunsaturated fatty acids (22) and 2) our data indi-
cated that -ClFA catabolism at higher concentrations of 
-ClFA was accelerated at rates that were higher than an-
ticipated, we tested the possibility that -ClFA alters the ac-
tivity of PPAR-, -, and -. HEK293 cells were transiently 
transfected with a reporter gene system that uses luciferase 
to monitor the activation of the ligand binding domain of 
specific subtypes of PPAR. Cells were treated with different 
concentrations of 2-ClHA, ranging between 0.1 and 50 M 
(Fig. 5A). Compared with HA-stimulated cells, PPAR- ac-
tivity was significantly higher in 2-ClHA-stimulated cells, 
with only minimal PPAR- activity observed at 100 M HA 
(Fig. 5A). Increased PPAR- activity by increasing 2-ClHA 
concentration was biphasic and decreased beyond 10 M. 
This decrease may be due to toxic effects of 2-ClHA in 
transfected HEK293 cells at concentrations above 10 M. 
The EC50 for 2-ClHA activation of PPAR- was 4.5 M. 
PPAR- activity decreased at both 25 and 50 M 2-ClHA. 
Also shown in Fig. 5A is the response to the synthetic 
PPAR- ligand, Wy 14643, which elicits approximately the 
same maximal PPAR- activity compared with 2-ClHA (2-
ClHA maximal activation is 99% of Wy 14643 maximal acti-
vation), but at a much lower concentration compared with 
2-ClHA (EC50 = 0.04 M). Similar to 2-ClHA, increased 
PPAR- activity elicited by increasing concentrations of Wy 
14643 was biphasic with reduced activation at concentra-
tions above 10 M. Parallel studies were performed to test 
whether -ClFA stimulates the activation of PPAR- and 
PPAR-; we used the same reporter gene system to measure 
PPAR- and PPAR- activity in response to 2-ClHA treatment 
in HEK293 cells. Results shown in Fig. 5B, C demonstrate 

TAG and FFA contents (Fig. 3A, B). These changes are 
likely due to a robust lipolysis in adipose tissue followed by 
hepatic re-esterification during fasting. Following a short-
term refeeding, however, hepatic TAG and FFA levels were 
significantly reduced compared with the fasted state. Im-
portantly, our data show that hepatic a-ClFA levels parallel 
the changes noted in total FFA (Fig. 3C).

PPAR--mediated mechanisms accelerate in vivo 2-ClHA 
metabolism

The effect of PPAR- activity on 2-ClHA metabolism 
was evaluated in vivo. Studies compared 2-Cl[d2-4,4]HA 
metabolism  in  C57BL/6J  and  PPAR-/ mice. In this 
study, plasma 2-Cl[d2-4,4]HA was assessed at 2, 6, and 24 
h following intraperitoneal injection of 2-Cl[d2-4,4]HA. 
The 2-Cl[d2-4,4]HA was significantly elevated in plasma 
at the 6 and 24 h time points and 24 h urinary [d2]ClAdA 
output was decreased in PPAR-/ mice compared with 
C57BL/6J mice (Fig. 4A, B). Also, 24 h following intra-
peritoneal injection of 2-Cl[d2-4,4]HA, hepatic levels of 
2-Cl[d2-4,4]HA were elevated in PPAR-/ mice com-
pared with C57BL/6J mice (Fig. 4C). In contrast, tissue 
2-Cl[d2-4,4]HA levels were not increased in heart and 
adipose tissue of PPAR-/ mice compared with 
C57BL/6J mice (Fig. 4C). In additional studies, wild-type 
C57BL/6J male mice were administered either vehicle  
or  Wy  14643  (10  mg/kg/day  ip)  for  2  days  before 
2-Cl[d2-4,4]HA (1 mg/100 g body weight) intraperito-
neal  injection.  Three  hours  later,  blood  was  collected 
from mice for 2-Cl[d2-4,4]HA analysis. As seen in Fig. 4D, 
the plasma levels of total 2-Cl[d2-4,4]HA were lower in 
the Wy 14643-treated group compared with the vehicle 
group, indicating that Wy 14643 reduces 2-ClHA plasma 
levels in wild-type mice.

Fig. 4. Plasma 2-ClHA clearance is reduced in PPAR-


/ mice. Male PPAR-/ mice (open bars) and 
wild-type  C57BL/6J  mice  (closed  bars)  were  treated 
with 2-Cl[d2-4,4]HA  (0.35  mg/100  g  body  weight) 
with plasma collected at indicated times (A) and urine 
collected over 24 h (B) post intraperitoneal treatment 
with subsequent analysis of 2-Cl[d2-4,4]HA (A) and 
[d2]ClAdA (B), as described in the Materials and 
Methods. Similarly, tissue levels of 2-Cl[d2-4,4]HA 
were analyzed (C). Values are the mean ± SEM with 
n = 5 per group. *P < 0.05 for comparisons between 
PPAR-/ mice and wild-type C57BL/6J mice. Male 
wild-type C57BL/6J mice were treated with vehicle or 
Wy  14643  (10  mg/kg/day  ip)  for  2  days  before 
2-Cl[d2-4,4]HA (0.9 mg/100 g body weight) was ad-
ministered (D). Three hours later, blood was collected 
and plasma 2-Cl[d2-4,4]HA was analyzed as described 
in the Materials and Methods. *P < 0.05 for compari-
son between Wy 14643 treatment and vehicle.
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CIDEC, were significantly increased (compared with con-
trols) in hepatocytes treated with 20 M 2-ClHA, but not 
with 20 M HA (Fig. 6). In contrast, carnitine-O-octanoyl 
transferase mRNA levels were not significantly increased in 
response to 2-ClHA treatment.

DISCUSSION

Evidence is evolving that chlorinated lipids generated 
from plasmalogens have significant biological roles. At 
sites of inflammation, chlorinated lipid levels, including 
2-chlorohexadecanal and -ClFA, reach concentrations 
as high as 90 M (17, 35, 37). While concentrations of 
chlorinated lipids reach micromolar levels at sites of in-
flammation, the concentration in the systemic blood is 
lower, ranging from 1 to 100 nM, due to dilution by the 
whole animal blood volume. In endotoxemia models of 
inflammation, systemic plasma levels of -ClFA rise from 
1 nM (naïve rats) to 3 nM (LPS treated) (18). Systemic 
plasma levels of -ClFA were recently shown to reach lev-
els above 100 nM in mice subjected to a sublethal expo-
sure of chlorine gas (38). It is likely that plasma levels of 
-ClFA may be even higher in mice subjected to higher 
exposure levels of chlorine gas. The precursor of 2-ClHA, 
2-chlorohexadecanal, induces the expression of many in-
flammatory mediators, such as cyclooxygenase-2, causes 
blood-brain barrier dysfunction, and is both a neutrophil 
chemoattractant and an inhibitor of endothelial nitric 
oxide synthase (14–17, 35). More recently, we reported 
that 2-ClHA accumulates in activated monocytes and elic-
its apoptosis, which implies that 2-ClHA may contribute 
to inflammatory diseases such as atherosclerosis (17). 
Taken together, it is important to consider mechanisms 
to decrease chlorinated lipids in biological systems. One 
strategy to potentially reduce the effects of 2-ClHA is to 
accelerate the removal and clearance of this lipid from 
the body. Previous studies have shown that 2-ClHA is  
catabolized in the liver through a pathway initiated by 

that 2-ClHA also activates PPAR- and PPAR- to a lesser 
extent compared with synthetic ligands, particularly in 
comparison of these responses to that of PPAR-. Maximal 
2-ClHA activation of PPAR- (Fig. 5B) was 56% that of the 
single concentration of synthetic ligand tested, GW0742. 
The 2-ClHA appears to be a weaker activator of PPAR- 
(Fig. 5C) with a maximal activation that is 23% that of the 
single concentration of synthetic ligand tested, rosiglitazone. 
The EC50s for 2-ClHA activation of PPAR- and - are 5.8 
and 12.8 M.

2-ClHA stimulates PPAR activity in primary mouse 
hepatocytes

To evaluate endogenous PPAR activity, we examined 
mRNA levels of PPAR- target genes in primary mouse he-
patocytes treated with 2-ClHA for 18 h. The mRNA levels of 
the PPAR- target genes, CD36, CPT1a, Cyp4a10, and 

Fig. 5. PPAR ligand analysis for 2-ClHA. In (A), (B), and (C), 
HEK293 cells were transfected with a luciferase reporter gene sys-
tem to evaluate PPAR-, PPAR-, and PPAR- activities, respectively. 
Cells were then treated for 24 h with the indicated concentrations 
of either HA, 2-ClHA, or isozyme-specific ligand (1 M Wy 14643, 
GW0742, or rosiglitazone for PPAR-, PPAR-, and PPAR-, respec-
tively; all in closed circles). Values represent the mean ± SEM with n 
= 3. In some cases the error bars are within the symbol for the mean.

Fig. 6. Increased expression of PPAR- mRNA targets in the pres-
ence of 2-ClHA. The expression level of PPAR- target genes is com-
pared between primary mouse hepatocytes treated with either 20 
M HA or 20 M 2-ClHA. Values represent the mean ± SEM with 
n = 4–5. **P < 0.01 and ***P < 0.001 versus control. For comparison, 
fold-increases for WY 14643 in CD36, carnitine-O-octanoyl transfer-
ase (CROT), Cpt1a, Cyp4a10, and CIDEC were 6.3 ± 1.2, 2.1 ± 0.4, 
3.3 ± 0.9, 5.3 ± 0.5, and 3.5 ± 0.4, respectively (mean ± SEM).
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over the entire 24 h interval from PPAR-/ mice compared 
with  C57Bl/6J  mice.  A  significant  component  of  the  re-
moval of 2-Cl[d2-4,4]HA from the plasma can be attributed 
to distribution of 2-Cl[d2-4,4]HA in organs. For example, 
hepatic 2-Cl[d2-4,4]HA levels are twice as high in PPAR-


/ mice compared with C57Bl/6J mice in this study.
Taken together, our data show, for the first time, that 

activation of PPAR- by a synthetic agonist, Wy 14643, ac-
celerates the catabolism of 2-ClHA both in vitro and in vivo, 
resulting in the increased production of 2-ClAdA and the 
decrease of 2-ClHA in cultured hepatocytes and plasma of 
mice. Furthermore, 2-ClHA levels similar to those that are 
physiologically produced at sites of inflammation are ca-
pable of activating PPAR- and, to a lesser degree, PPAR- 
and PPAR-. Thus, the use of PPAR- agonists, such as fi-
brates, may provide a novel strategy to attenuate the ad-
verse effects of chlorinated lipids.
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