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Abstract
Liver insufficiency and damage are major causes of death and disease worldwide and may result from exposure to environmental toxicants, specific
combinations or dosages of pharmaceuticals, and microbial metabolites. The generation of reactive intermediates, in particular 4-hydroxynonenal
(4-HNE), is a common event in liver damage caused by a variety of hepatotoxic drugs and solvents. The peroxisome proliferator-activated receptors
(PPARs) are nuclear receptors that are involved in the transcriptional regulation of lipid metabolism as well as other biological functions. Importantly, we
have observed that the PPARβ/δ−/− mouse is more susceptible to chemically induced hepatotoxicity than its wild-type counterpart, and our objective in
this study was to elucidate the mechanism(s) by which PPARβ/δ confers protection to hepatocytes. We hypothesized that PPARβ/δ plays a protective
role by responding to toxic lipids and altering gene expression accordingly. In support, oxidized-VLDL and constituents including 13-Shydroxyoctadecadienoic acid (13-S-HODE) and 4-HNE are PPARβ/δ ligands. A structure–activity relationship was established where 4-HNE and
4-hydroperoxynonenal (4-HpNE) enhanced the activity of the PPARβ/δ subtype while 4-hyroxyhexenal (4-HHE), 4-oxo-2-Nonenal (4-ONE), and
trans-4,5-epoxy-2(E)-decenal did not activate this receptor. Increasing PPARβ/δ activity with a synthetic agonist decreased sensitivity of hepatocytes
to 4-HNE and other toxic agents, whereas inhibition of this receptor had the opposite result. Gene expression microarray analysis identified several
important PPARβ/δ-regulated detoxification enzymes involved in 4-HNE metabolism that are regulated at the transcript level. This research established
4-HNE as an endogenous modulator of PPARβ/δ activity and raises the possibility that agonists of this nuclear receptor may be utilized to prevent or treat
liver disease associated with oxidative damage.
© 2007 Elsevier Inc. All rights reserved.

Introduction
Greater than 2.2 million hospitalized Americans suffer
adverse drug reactions each year, with liver toxicity presenting
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as the most common adverse effect, and approximately 100,000
individuals die unintentionally from administration of medications [1,2]. Many additional cases of liver failure occur due to
acute, chronic, and degenerative disease processes, including
those related to acetaminophen overdose, alcohol consumption,
and solvent exposures. Reactive oxygen intermediates (ROI)
elicit oxidative decomposition of polyunsaturated fatty acids
(i.e., lipid peroxidation), leading to the formation of a complex
mixture of aldehydic end products, including malondialdehyde
(MDA), 4-HNE, and other alkenals [3]. These aldehydic
molecules have been considered the ultimate mediators of
toxic effects elicited by oxidative stress but may also affect
cellular function at nontoxic levels via signal transduction, gene
expression, and cell proliferation. Although the overt toxicity
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caused by aldehydic end products is due primarily to covalent
binding to cellular macromolecules, the effects on signal
transduction are not well characterized. Since millions of
individuals suffer adverse drug reactions each year it is
important to understand how the cell responds to intracellular
insults such as production of ROI and 4-HNE.
The peroxisome proliferator-activated receptors (PPARs)
are nuclear receptors that exist as three subtypes (α, β/δ,
and γ), which exhibit tissue-specific expression, preferential
ligand recognition, and distinct biological functions [4–9].
Although important as targets of pharmaceutical intervention,
there is increasing evidence that the biological niche occupied
by the PPARs is that of a receptor for fatty acid and their
metabolites. Of the three PPAR genes (α, β/δ, and γ), the
PPARβ/δ isoform is the least well studied in terms of its
biological functions and endogenous ligands. PPARβ/δ plays
an important role in differentiation of epithelial tissues, fatty
acid catabolism in skeletal muscle, improvement of insulin
sensitivity, attenuated weight gain, and elevated HDL levels
[10]. Emerging evidence suggests that the presence of this
receptor is important in ameliorating the effects of hepatotoxicants. For example, histological examination of liver and
analysis of markers of overt damage to this organ (serum
GPT) after treatment with the xenobiotics azoxymethane
(AOM), arsenic, or carbon tetrachloride demonstrated that the
extent of liver toxicity in PPARβ/δ-null mice was more
severe than in wild-type mice.2 While it is remotely possible
that the metabolic fate of these hepatotoxicants could be
influenced by PPARβ/δ, it is more likely that regulation of
oxidative stress underlies the protective role of this receptor in
liver. These chemicals share a common mechanism of overt
toxicity via production of ROI and oxidized lipid intermediates. For example, CCl4 affects eicosanoid pathways
[11,12] and increases circulating prostaglandin E2 (PGE2)
levels [13] and 4-HNE and 4-HNE-protein adducts [3,14,15].
The purpose of this study was to determine the extent to
which oxidized lipids and their metabolites interact with
PPARβ/δ and influence gene regulation. We hypothesized
that PPARβ/δ acts as an oxidative stress sensor in hepatocytes
and, upon interaction with products of lipid peroxidation,
regulates detoxification genes accordingly to ameliorate the
toxic insult.
One possible explanation for the increased susceptibility of
PPARβ/δ−/− mice to hepatotoxicity is that oxidative damage
increases the production of an endogenous ligand for PPARβ/δ.
This putative agonist would in turn stimulate lipid metabolism
and degradation of lipid peroxidation intermediates. PPARs are
well recognized as transcriptional regulators of lipid metabolism, transport, storage, and other activities [16]. In the absence
of PPARβ/δ the signaling cascade would be disrupted and
accumulation of toxic lipids such as 4-HNE would result. If our
hypothesis were correct, endogenous ligands of PPARβ/δ
should include oxidized lipids, in particular those derived from
fatty acids. In support, we discovered that oxidized-VLDL and
constituents including 13-S-HODE and 4-HNE are PPARβ/δ
2
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agonists. In addition, modulating PPARβ/δ activity, either by
activation with synthetic PPARβ/δ-selective agonist tetradecylthioacetic acid (TTA) or inhibition with PPAR panantagonist GW9662 [17], affects the sensitivity of hepatocytes
to 4-HNE and other toxic agents. This research raises the
possibility that PPARβ/δ agonists may be utilized to prevent or
treat liver disease associated with the generation of ROIs.
Materials and methods
Reagents
VLDL (human plasma) was purchased from Calbiochem (La
Jolla, CA), LPL was purchased from Sigma (lyophilized
powder) and reconstituted in PBS (10 mg/mL), and 13-SHODE, 13-S-HpODE, 4-HHE, 4-ONE, trans-4,5-epoxy-2Edecenal, 4-HpNE, and 4-HNE were purchased from Cayman
Chemical (Ann Arbor, MI) and used without further purification. The semienzymatic synthesis and purification of some of
the linoleic and arachidonic acid oxidation products such as 9HODE, 12-HpODE, 5-HETE, 9-HETE, 12-HETE, 15-HETE,
5-HpETE, 15-HpETE, 5,15-diHpETE, and 5,6-diHETE were
performed as described [18]. The authenticity of each of the
lipid mediators was confirmed using cochromatography as well
as gas chromatography-mass spectrometric experiments. UVvisible spectroscopy was used to determine their respective
concentrations, and the compounds were reconstituted in
anhydrous ethanol to the desired concentration. The compounds
were used within 30 min of reconstitution in ethanol.
Plasmids
Plasmids used in reporter assays including pM/mPPAR-α,
-β, and -γ, pBK/mPPAR-α, -β, and -γ (murine), ACO
Luciferase, and pFR-luciferase (Promega) have been described
elsewhere [19].
Cell culture
3T3-L1 preadipocyte cells were grown in standard highglucose Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) at 37°C and 5% CO2. MuSH
cells were grown in standard α-MEM containing 10% FBS.
Cells were treated as described in the figure legends.
Transient transfection and treatment
Cells were counted using a hemocytometer following
staining with trypan blue solution (0.4%) (Sigma) and plated
onto 10-cm dishes at densities between 600,000 and 800,000
cells/dish for transfection. Transfections were performed at
37°C for 6 h using 12 μg of the appropriate Gal4-PPAR ligand
binding domain (LBD) plasmid (pM/mPPAR-α, -β, or -γ)
containing a Luciferase reporter, and 24 μg Lipofectamine
(Invitrogen). Transfection media were then replaced with fresh
high-glucose DMEM after washing the dishes with PBS and the
cells were allowed to recover overnight.
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Cells were reseeded into 96-well plates (Costar, Corning,
NY) 24 h following transfection and allowed to sit undisturbed
at 37°C for 2–3 h to adhere to the well bottom. The media
were removed and 100 μL of fresh media containing the compound of interest at the desired concentration was added to
the cells. Treatments were performed for 12 h at 37°C and 5%
CO2.
VLDL experiments
VLDL control experiments used DMSO (the vehicle for
positive controls ciprofibrate, tetradecylthioacetic acid, and
rosiglitazone for PPARα, -β/δ. and –γ, respectively) only in a
volume equal to the highest volume used for positive controls,
as well as a CuSO4 control at 10 μM. All solutions were
prepared in a sterile environment using high-glucose DMEM
and were allowed to incubate at 37°C for 1 h prior to treatment.
Cells received VLDL and oxVLDL at 10 μg/mL. VLDL and
oxVLDL were treated with 1 μL each of Lipoprotein lipase
(LpL, 715 units/μL) and allowed to incubate at 37°C without
shaking for 1 h prior to treatment.
13-S-HODE and 4-HNE experiments
Fatty acid treatment experiments used ethanol (EtOH; the
vehicle for 13-S-HODE and other fatty acids and their
metabolites) only in a volume equal to the highest volume
used for 13-S-HODE or 4-HNE. Cells received 13-S-HODE
and other fatty acids at 50 μM and 4-HNE at 25 μM, except
where indicated.
Oxidation of VLDL and 13-S-HODE with Cu2+
Copper solutions (10 μM) were prepared fresh for every
experiment from a stock solution of aqueous CuSO4 at 20 mM.
VLDL and 13-S-HODE solutions were treated with an equal
volume of aqueous CuSO4 and allowed to incubate at 37°C in
an incubator/shaker for a period of 72 h, unless otherwise
indicated.
Temperature-sensitive SV40 virus preparation
CV-1 cells were grown to confluence in T-75 flasks at 37°C
in α-MEM-4% FBS. Cells were incubated with stock temperature-sensitive SV40 virus [20] at 37°C and agitated every
15 min for 2 h. Media were changed to α-MEM-8% FBS,and
the cells were incubated at 34°C for 7 days. Virus-containing
media were removed upon gross cell pathology (nuclear inclusion, cytoplasmic vacuolation, and lysis) and stored in liquid
nitrogen. Quantification of virus titer was not performed.
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isolated from two male wild-type mice (10 days old) and two
male PPARβ-null mice (5 days old). Mice were euthanized by
overexposure to carbon dioxide and whole liver was removed
and incubated at 37°C with 1% collagenase in Hanks buffered
saline solution (HBSS) for 5 min. Hepatocytes were isolated by
centrifugation in 10% Percoll (Amersham, Piscataway, NJ) in
HBSS at 1000 rpm for 20 min at 4°C. The cells were washed
with 10% FBS in α-MEM, centrifuged, and resuspended in αMEM-10% FBS. Each liver was separated into three populations to be infected separately; individual clones were not
selected. Cells were cultured with α-MEM, 4% FBS, dexamethasone (dex), and 1% penicillin/streptomycin and allowed
to grow to approximately 75% confluency at 34°C. The cells
were then washed with α-MEM-10% FBS, overlayed with
1 mL of α-MEM-10% FBS, and infected with 200 μL of stock
virus per well. Cells were incubated at 34°C for 2–3 h and
gently agitated by hand. Virus-containing media were then
aspirated, and the cells were given α-MEM-4% FBS-0.1 μM
dex. Media were changed twice weekly for approximately
6 weeks. Resultant colonies were isolated as mixed populations
(murine SV40-immortalized hepatocytes (MuSH)) or as
individual clones and are designated MuSH WT (wild-type)
or MuSHβ/δ−/− (PPARβ/δ null).
Messenger RNA examination
MuSH WT and MuSH β/δ−/− cells were grown in α-MEM
containing 10% FBS, 100 units/mL penicillin, and 100 μg/mL
streptomycin. MuSH cells were grown to 75% confluency and
treated overnight with the compound of interest. Total RNA was
isolated using Tri-Reagent. Quantitative reverse transcriptase
polymerase chain reaction (RT-PCR) was performed to measure
β-actin, and adipose differentiation related protein (ADRP)
mRNA levels. The following ADRP gene-specific primers were
synthesized and used: 5′-AGTGGAAGAGAAGCATCGGCT3′ (forward) and 5′-TCGATGTGCTCAACACAGTGG-3′
(reverse); β-actin primers have been described elsewhere [19].
Mouse oligonucleotide arrays
The Mouse Genome Oligo Set Version 1 was purchased from
Operon (Alameda, CA) and contains 6800 optimized 70-mer
plus 24 controls, melting temperature normalized to 78°C.
Sequences were optimized by the manufacturer using BLAST
against all known mouse genes to minimize cross-hybridization.
Oligonucleotides were printed onto glass slides using GeneMachines Omnigrid (San Carlos, CA) with additional controls
obtained from Stratagene (SpotReport system, La Jolla, CA) at
the Penn State University microarray core facility.
Microarray analysis

Isolation, maintenance, and infection of primary hepatocytes
The isolation and infection of hepatocytes were adapted from
a previously described method [21]. Purebred wild-type and
PPARβ-null mice on a SV/129 background were used and have
been previously described [22,23]. Primary hepatocytes were

Total RNA was isolated by TriReagent (Sigma) and further
purified with RNAEasy (Qiagen) according the manufacturer's
instructions. Labeling and hybridization were performed as
discussed previously [19,21] In the present experiments,
cohybridization was performed with cDNA from three separate
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experiments (all listed as Cy5/Cy3-labeled): MuSHWT/
MuSHβ/δ−/−; MuSH WT cells treated with TTA (50 μM)
compared to DMSO 6 h after treatment (TTA/DMSO), and
MuSH WT cells treated with 4-HNE (25 μM) compared to
DMSO 6 h after treatment (4-HNE/DMSO). Statistical analysis
was performed using a Student t test with a P value of 0.05
with the additional criteria of being either 2-fold increased or
decreased by PPARβ/δ activation. Results are given as mean
and P value and was performed in GeneSpring (7.3, Agilent
Technologies).
13-S-HODE enzyme-linked immunosorbent assay
One hundred fifty microliters of VLDL was oxidized as
described previously and incubated with 2 μL LpL at 37°C for
1 h. Detection of 13-S-HODE was achieved by using a 13-SHODE Correlate enzyme immunoassay kit (Assay Designs).
Expression of mPPARβ/δ LBD and 4-HNE-Capture Western
immunoblot analysis
Mouse PPARβ/δ ligand binding domain (LBD) was
expressed as a His-tagged fusion in bacteria using standard
approaches. The mPPARβ/δLBD-His protein, thus purified,
was determined to be of > 60% purity. To test the nature of
interaction of 4-HNE with PPARβ/δ, we incubated the
PPARβ/δ (containing domains D,E/F) with 100 μM 4-HNE
for 24 h in the dark. The mixture was resolved by PAGE,
transferred to a polyvinyl pyrrolidone (PVDF) membrane,
and probed with a goat polyclonal antibody raised against 4HNE mixed protein adducts (Northwest Life Sciences,

Vancouver, WA) or PPARβ/δ (Santa Cruz). Appropriate secondary antibodies conjugated with HRP were used followed
by autoradiography.
Molecular modeling
Molecular modeling employed Macromodel v. 8.6 and the
coordinates of PPARβ/δ bound to eicosapentaenoic acid (PDB
ID: 3GWX). The carbonyl of the bound fatty acid was
superimposed with the carbonyl of 4-(S)-hydroxynonenal.
Ligand and protein residues within 6 Å were minimized to
convergence using the OPLS 2003 force field.
Results
We hypothesized that endogenous ligands for PPARβ/δ
would include oxidized lipids, such as those derived from
VLDL. The VLDL particle is a mixture of free and esterified
cholesterols, triglycerides (formed from various fatty acids), and
apolipoproteins. As seen in Fig. 1A, the oxidation of VLDL
with CuSO4 (oxVLDL) and subsequent incubation with LpL
greatly increased PPARβ/δ activity in a dose-dependent manner
(Fig. 1B). To determine which potential products released by
oxVLDL are playing a role in the enhancement of PPARβ/δ
activity, we conducted a screen of fatty acids and their CuSO4
oxidation products. In Fig. 1C we show that, while 13-S-HODE
alone activates PPARβ/δ, its oxidation product increases
activity roughly twofold higher; 15-HETE was also a PPARβ/
δ agonist. Both 13-S-HODE and its hydroperoxy derivative, 13S-HpODE, were equally potent in their ability to activate
PPARβ/δ (data not shown). Furthermore, we hypothesized that

Fig. 1. (A) Oxidation of VLDL leads to increased activation of PPARβ/δ. VLDL (10 μg/ml) was oxidized with CuSO4 (10 μM) for 72 h and then pretreated with
lipoprotein lipase (LpL) for 1 h at 37°C, and the mixture was added to 3T3-L1 cells transfected with GAL4-PPARβ/δ-LBD and the UAS-luciferase constructs.
Following treatment the cells were lysed and relative luciferase activity was determined. Results were standardized to the average DMSO-treated samples (n = 8,
representative of two independent experiments). (B) Dose-dependent activation of PPARβ/δ by LPL-treated oxVLDL. 3T3-L1 preadipocytes were transfected with
Gal4-LBD-mPPARβ and treated overnight with oxidized VLDL incubated for 1 h with LpL. The cells were lysed and relative luciferase activity was determined. (n =
8, representative of at least three independent experiments.) (C). Oxidized 13-S-HODE is a strong PPARβ/δ agonist. Chemicals were obtained as described under
Materials and methods. UV-visible spectroscopy was used to determine their respective concentrations, and the original solvent was evaporated under a stream of N2
and the chemical reconstituted in ethanol to 50 μM. Oxidation products were obtained via incubation with CuSO4 (10 μM) for 72 h. 3T3-L1 preadipocytes were
transfected with Gal4-LBD-mPPARβ/δ and UAS-luciferase constructs before being treated with compound overnight. The cells were lysed and relative luciferase
activity was determined. Results were normalized to EtOH/H2O. n = 3. *P<0.05 Significantly different than the EtOH control and + is significantly different from the
unoxidized counterpart. (Inset) Oxidation of VLDL releases 13-S-HODE. VLDL was oxidized using 10 μM CuSO4 for 72 h. Oxidized VLDL was then incubated with
LpL for 1 h. An ELISA specific for 13-S-HODE (Assay Designs) was performed to quantify the amount hydrolyzed from oxVLDL. Samples were prepared by diluting
1 and 10 μg of oxVLDL with standard diluent to a final volume of 100 μL (n = 2).
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13-S-HODE is a component of the oxVLDL particle which is
hydrolyzed upon incubation with LpL and ultimately induces
PPARβ/δ activity. Our results show that the release of 13-SHODE increased correspondingly with the amount of oxVLDL
used (Fig. 1C, inset).
Based on the increased activity observed following CuSO4
treatment of lipids, we suspected that 4-HNE or other aldehydic
oxidation products formed via a Hock Cleavage mechanism
from 13-S-HODE or 13-S-HpODE were PPARβ/δ ligands. A
structure–activity relationship was established using a representative compound from each family of lipid peroxidation
products, 2-alkenals, 4-hydroxy-2-alkenals, and ketoaldehydes
(Fig. 2A). Reporter assays clearly showed that 4-HNE enhanced
the activity of the PPARβ/δ subtype while 4-HHE, 4-ONE, and
trans-4,5-epoxy-2(E)-decenal did not activate this receptor (Fig.
2B). Periods of oxidative stress initiate free radical-mediated
oxidative damage of lipids, such as 13-S-HODE. 4-ONE results
in lipid peroxidation and damage, but did not activate this
receptor, showing that an indirect oxidative stress response is
not responsible for activating PPARβ/δ. The breakdown
pathway from lipid to 4-HNE includes a hydroperoxy derivative, 4-hydroperoxynonenal (4-HpNE), which is rapidly reduced to 4-HNE by cellular peroxidases. In fact, 4-HNE
activated PPARβ/δ to a greater extent than its precursor (Fig.
2C) and did so in a dose-dependent manner (Fig. 2D,
EC5016 μM), while cellular toxicity was observed at concentrations higher than 30 μM.
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In order to analyze if 4-HNE affected gene expression or
toxicity in a PPARβ/δ-dependent manner, studies were performed using murine SV40-immortalized hepatocytes prepared from wild-type (MuSH WT) and PPARβ/δ−/− (MuSHβ/
δ−/−) mice [21]. The expression of a PPARβ/δ-regulated
gene, adipose differentiation-related protein (ADRP [16]), was
up-regulated in a PPARβ/δ-dependent manner in cells treated
with 13-S-HODE and 4-HNE (Fig. 3A). Importantly, the cells
lacking PPARβ/δ were more susceptible to 4-HNE cytotoxicity than the wild-type cells (Fig. 3B). The EC50 value for
MuSH WT cells (68 μM) was approximately 10-times higher
than that observed for the MuSHβ/δ−/− cells (5 μM). Also,
the MuSHβ/δ−/− cells showed overt toxicity at lower concentrations of sodium arsenite than their wild-type counterpart
(Fig. 3C), thus confirming the increased hepatotoxicity observed in vivo in the PPARβ/δ−/− mouse model (data not
shown). To further examine the role of PPARβ/δ activity
on conferring resistance to 4-HNE cytotoxicity, immortalized
hepatocytes (MuSH WT) were pretreated with either a
PPARβ/δ agonist tetradecylthioacetic acid or PPAR antagonist
GW9662 (at concentrations known to inhibit PPARβ/δ [17])
prior to 4-HNE administration. Pretreating hepatocytes with
TTA resulted in a significant protection from 4-HNE-dependent toxicity (Fig. 3D). Conversely, treating MuSH WT cells
with GW9662 increased sensitivity to this toxic lipid (Fig.
3E). These data clearly show a role for PPARβ/δ in cytoprotection against at least one aldehydic toxic lipid (4-HNE)

Fig. 2. (A) Structures of 4-HNE and other test molecules examined. (B) PPARβ/δ is activated by 4-HNE. 3T3-L1 preadipocytes were transfected with Gal4-LBDmPPARβ/δ and UAS-luciferase constructs followed by treatment with each of the lipid peroxidation products or vehicle control for 12 h. Following the treatment, cells
were lysed and luciferase activity was determined and normalized to EtOH. Treatment was with 25 μM 4-HHE, 4-HNE, 4-ONE, and trans-4,5-epoxy-2E-decenal
(Decenal; Cayman) overnight. *P<0.05 compared to vehicle control. (C) HpNE activates PPARβ/δ. Cells were treated with 25 μM 4-HpNE or 4-HNE for 12 h as
described above. *P<0.05 compared to vehicle control. (D) Dose–response of PPARβ/δ activation by 4-HNE. PPARβ/δ activity is increased with the addition of
25 μM 4-HNE, while cellular toxicity is observed at higher concentrations. n = 8. *P<0.05 compared to vehicle control.
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Fig. 3. (A) 4-HNE regulates gene expression in a PPARβ/δ-dependent manner. MuSH WT and MuSHβ/δ −/− cells were treated with 13-S-HODE and 4-HNE overnight
and the cells were lysed. Total RNA was extracted using Tri-Reagent and RT-PCR performed for ADRP and corrected for β-actin expression. n = 3. ANOVA with
Fishers multiple comparisons test was performed in Minitab (State College, PA). Bars with different letters are significantly different (P<0.05). (B) PPARβ/δ is crucial
in ameliorating the toxic effects of 4-HNE. MuSHWT and MuSHβ/δ−/− hepatocytes were treated with 0, 0.1, 0.3, 1, 3, 10, or 25 μM 4-HNE for 24 h. Hepatocytes
treated with concentrations of 50 μM or higher 4-HNE do not survive, regardless of genotype. The data are normalized for percentage viable cells, shown on the y-axis.
n = 8. Representative of six independent experiments. (C). PPARβ/δ−/− cells are more sensitive to arsenic-induced toxicity. MuSHWT and MuSHβ/δ−/− hepatocytes
were treated to graded concentrations of sodium arsenite for 24 h. The data are normalized for percentage viable cells, shown on the y-axis. n = 5. Representative of
two independent experiments. *P<0.05 compared with MuSH PPARβ/δ−/− hepatocytes. (D). Activation of PPARβ/δ leads to protection from oxidative damage.
MuSHWT cells were pretreated with vehicle or TTA (25 μM) for 6 h prior to treatment with 4-HNE. n = 5. *P<0.05 compared to vehicle-treated counterpart. (E).
Inhibition of PPARβ/δ leads to increased susceptibility to oxidative damage. MuSHWT cells were pretreated with vehicle or GW9662 (10 μM) for 6 h prior to
treatment with 4-HNE. n = 5. *P<0.05 compared to vehicle-treated counterpart.

and a xenobiotic which mediates its toxicity at least in part
via oxidative mediators (As). Also, this raises the possibility
that one can augment PPARβ/δ activity in order to protect
cells from the damaging affects of 4-HNE.
Gene expression affected by PPARβ/δ activation was
examined by gene expression microarray. Of the 6800 unique
genes on the arrays, 1001 gave a reliable signal in all three
slides. The determination of statistically significant regulated
genes was examined as we have previously reported [19,21].
Using this conservative measure of significance (P<0.05 and
a twofold change in gene expression), 41 genes were regulated in a PPARβ/δ manner in MuSH WT cells, and in this
case all were increased in levels relative to controls (Table 1).
The biotransformation of 4-HNE to less toxic intermediates
can be accomplished by oxidative (aldehyde dehydrogenase;
ALDH), reductive (alcohol dehydrogenase; ADH), and conjugative (glutathione S-transferase; GST) pathways [24]. Following gene expression microarray experiments (see Table 1),
we found activation of PPARβ/δ increased mRNA for
Aldh3a1 (22-fold increase), Gstm3 (2.3-fold increase), and
Gsto1 (2.0-fold increase). This suggests that PPARβ/δ acti-

vation is capable of increasing the detoxification of 4-HNE,
although this will require formal confirmation.
An interaction with a nuclear receptor and 4-HNE has not
been described previously and was examined in more detail
using molecular modeling and the coordinates of PPARβ/δ
bound to eicosapentaenoic acid (Fig. 4A [25]). PPARβ/δ bound
to (S)-4-HNE (CPK model) in a conformation similar to the
natural ligand (Fig. 4B). However, a putative hydrogen-bonding
interaction between His413 (stick model) and the 4-hydroxyl
group of the 4-HNE ligand (CPK model) occurs (Fig. 4C). As
described above, PPARβ/δ was activated by 4-HpNE and
4-HNE but not 4-ONE, 4-HHE, or decanol. Thus, the
association between the hydroxyl group of 4-HNE and
His413 is necessary for optimal receptor activation by this
class of compounds. In data not shown, the fatty acids nonenol
and EPA activated PPARβ/δ to a similar extent as 4-HNE. This
suggests that the interaction of carboxylic acids with PPARβ/δ
proceeds by a different mechanism, one that would not require
His413, but is still capable of activating the receptor. Several
attempts were made at mutating His413 to either alanine or
phenylalanine for a formal testing of the molecular modeling.
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Table 1
Microarray analysis of gene expression: Genes statistically regulated by PPARβ/δ in MuSH hepatocytes
Systematic

GenBank

Common

Description

Ratio

P value

M001480_01
M001508_01
M001584_01
M002685_01
M001176_01
M001458_01
M003715_01
M004670_01
M001078_01
M006400_01

U57368
U12785
Z49916
L09737
L29468
U10094
K02108
AF144628
L43326
AF233333

DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 26
Aldehyde dehydrogenase family 3, subfamily A1
Chloride channel 4-2
GTP cyclohydrolase 1
Cofilin 2, muscle
Killer cell lectin-like receptor, subfamily A, member 7
Keratin complex 2, basic, gene 6a
Slit homolog 2 (Drosophila)
Kinectin 1
OTOR; Mus musculus otoraplin mRNA, complete cds.

24.60
22.00
7.95
7.61
5.10
4.95
4.92
4.39
4.37
3.98

0.03
0.04
0.04
0.04
0.03
0.04
0.03
0.03
0.03
0.02

M006224_01
M000902_01
M003862_01
M006356_01
M005257_01
M006846_01
M002404_01
M001253_01
M005466_01
M001767_01
M003686_01
M001250_01
M004771_01
M001752_01
M001676_01
M004895_01
M001746_01
M000365_01
M002136_01
M000886_01
M002704_01
M001065_01
M000012_01
M003072_01
M003454_01
M006504_01

AF155045
AB016424
AF142672
AJ243502
AL078630
U83174
L11065
NM_010921
AF071180
Y00769
X17459
U96701
J03953
X14194
M27073
AB032602
L08266
J03168
M19911
L31783
U97327
X97042
M75953
X59379
AF111172
AF096288

Ddx26
Aldh3a1
Clcn4-2
Gch
Cfl2
Klra7
Krt2-6a
Slit2
Ktn1
Otor; Fdp; MIA;
MIAL; CDRAP
Htr3b
Rbm3
B4galt4
Facl4

3.77
3.50
3.24
2.82
2.81
2.74
2.72
2.56
2.47
2.33
2.32
2.32
2.31
2.25
2.25
2.23
2.23
2.22
2.18
2.17
2.17
2.15
2.13
2.11
2.10
2.10

0.02
0.01
0.04
0.02
0.03
0.04
0.04
0.04
0.04
0.01
0.04
0.01
0.00
0.05
0.01
0.02
0.02
0.00
0.05
0.02
0.03
0.02
0.02
0.02
0.01
0.02

M006374_01
M003956_01
M000086_01
M006838_01
M004779_01

AF257520
U47008
U80819
L11316
AB030279

2.10
2.07
2.05
2.02
2.02

0.01
0.05
0.02
0.04
0.03

5-Hydroxytryptamine (serotonin) receptor 3B
RNA binding motif protein 3
UDP-Gal:betaGlcNAc beta 1,4-galactosyltransferase, polypeptide 4
Fatty acid-coenzyme A ligase, long chain 4
Mouse DNA sequence from clone CT7-BM573K1 on chromosome 17, complete sequence.
Gt(ROSA)26Sor Gene trap ROSA 26, Philippe Soriano
Oprk1
Opioid receptor, kappa 1
Nkx3-1
NK-3 transcription factor, locus 1 (Drosophila)
Fpr-rs2
FPRL2; Mus musculus N-formylpeptide receptor-like 2 gene, complete cds.
Itgb1
Integrin beta 1 (fibronectin receptor beta)
Rbpsuh
Recombining binding protein suppressor of hairless (Drosophila)
Spi15
Serine protease inhibitor 15
Gstm3
glutathione S-transferase, mu 3
Nid1
Nidogen 1
Ppp1cb
Protein phosphatase 1, catalytic subunit, beta isoform
Cntn6
Contactin 6
Fancc
Fanconi anemia, complementation group C
Irf2
Interferon regulatory factor 2
Gm1067
Precursor; Mouse Ig rearranged kappa-chain mRNA, clone AN08K.
Umpk
Uridine monophosphate kinase
Cacybp
Calcyclin binding protein
Ube2l3
Ubiquitin-conjugating enzyme E2L 3
Tlx2
T-cell leukemia, homeobox 2
App
Amyloid beta (A4) precursor protein
Cln2
Ceroid-lipofuscinosis, neuronal 2
Ucp2
Mus musculus uncoupling protein-2 (Ucp2) gene, nuclear gene encoding mitochondrial protein,
complete cds.
Raet1d
Retinoic acid early transcript delta
Nab1
Ngfi-A binding protein 1
Gsto1
glutathione S-transferase omega 1
Ect2
ect2 oncogene
Pign
Phosphatidylinositol glycan, class N

However, the basal activity or that seen in the presence of
PPARβ/δ ligands by these mutants was very low, suggesting
that the His residue is critical for proper expression or folding.
Although 4-HNE forms covalent adducts with cysteinyl, lysyl,
and histidyl of target proteins, we were unable to show covalent
interactions between 4-HNE and PPARβ/δ (Figs. 4D and E),
strongly suggesting that the association with PPARβ/δ is
reversible.
Discussion
The PPARs are ligand-activated transcription factors that
sense a variety of lipophilic molecules and control gene
expression to maintain cellular homeostasis. Fatty acids and
their metabolites are known endogenous agonists of all PPARs,
with PPARβ/δ exhibiting similar structural and geometric

preference as PPARα, whereas PPARγ tends to prefer longchain polyunsaturated fatty acids [26]. PPARβ/δ agonists
include linoleic acid, oleic acid, arachidonic acid, and EPA,
which has been cocrystallized within the ligand binding domain
of this nuclear receptor [25]. Prostaglandin A1 (PGA1), PGD2,
and PGD1 can activate PPARβ/δ in reporter assays [27]. Similar
to PPARα and γ, incubation of triglyceride-rich lipoproteins
with LPL results in the production of PPARβ ligands [28,29].
We have shown here that several molecules present in oxVLDL
including 15-HETE, 13-S-HODE, and 4-HNE are agonists of
PPARβ/δ (Figs. 1 and 2). Activation of PPARα and PPARγ by
13-S-HODE has been observed previously [30], although this
molecule has been reported to be an inhibitor of PPARβ/δ in
colon epithelial cells [31]. Our data indicating that 13-S-HODE
is a PPARβ/δ agonist in preadipocytes may suggest cell-typespecific phenomena (Fig. 2). We have further examined the
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Fig. 4. (A) X-ray structure of PPARβ/δ bound to eicosapentaenoic acid. Model is based on coordinates from [25]. (B) A molecular model of PPARβ/δ bound to (S)-4hydroxynonenal (CPK model) in a conformation similar to the natural ligand. (C) Visualization of the putative hydrogen-bonding interaction between His413 (stick
model) and the 4-hydroxyl group of the ligand (CPK model). (D) 4-HNE activates PPARβ/δ via a direct and noncovalent interaction. Mouse His-tagged PPARβ/δ
LBD was expressed in bacteria and purified using a nickel column and incubated with 4-HNE. Immunoblot analysis was used to determine 4-HNE-protein adducts.
Lane 1, PPARβ/δ-LBD alone; Lane 2, PPARβ/δ-LBD plus EtOH; Lane 3, PPARβ/δ-LBD plus 4-HNE (100 μM); Lane 4, BSA plus 4-HNE (100 μM). (E) Identical
incubation as performed above with immunoblot analysis of PPARβ/δ.

products of 13-S-HODE, via the Hock Cleavage mechanism,
which forms such alkenals as HpNE and HNE, to activate
PPARβ/δ. We clearly demonstrate that of the several lipid
peroxidation products, only 4-HNE and, to a lesser extent, its
hydroperoxy-derivative are capable of activating the PPARβ/δ
receptor in transient transfection reporter assays. However,
HpNE may be a relatively unstable molecule since it can be
reduced to the corresponding alcohol by cellular peroxidases,
including the selenium-dependent and -independent GSH
peroxidases. Although it has been demonstrated that 4-HNE
modulates up-regulation of PPARγ expression by influencing
upstream kinases and troglitazone-dependent activity [32], this
is the first instance of the lipid peroxidation product, 4-HNE,
being described as a PPARβ/δ agonist. Coupled with the fact
that PPARβ/δ is expressed virtually ubiquitously and is known
to be a regulatory of several important physiological pathways
makes this observation intriguing. Although the concentration of
4-HNE used in this investigation is higher than the “physiological” concentrations in several tissues and cells [33], it is very
likely that high localized concentrations of 4-HNE may be
formed within cells [34,35] that could be sufficient to activate
this nuclear receptor.

Examination of the PPARβ/δ null mice has shown a role
for this receptor in several biological niches [36]. There is
mounting evidence that PPARβ/δ plays a role in ameliorating
the hepatotoxic effects of a wide range of xenobiotics including arsenic and acetaminophen (APAP). Interestingly, a
similar hepatoprotective role has been noted for PPARα
[37–39] and PPARγ [40] agonists, although the mechanism of
this response is not clear. Studies performed with hepatocytes
from wild type and PPARβ/δ−/− mice clearly demonstrate that
PPARβ/δ plays a pivotal role in ameliorating oxidative stress
induced by the hepatoxicant arsenic (Fig. 3C) which originates
through free radical reactions and subsequent initiation of
lipid peroxidation (reviewed in [11,41]). These data support
our hypothesis that activation of PPARβ/δ by endogenous
ligand such as 4-HNE may play a major role in the prevention
of pathogenesis of both acute and chronic liver damage. This
is further illustrated in Figs. 3D and E, where 4-HNE addition
to TTA-activated MuSH wild-type cells are more resistant
to oxidative stress compared to the ones that are treated with
the antagonist. This is particularly relevant since the enzymatic
oxygenation of arachidonic acid by the cyclooxygenase
(COX), an enzyme commonly induced by hepatotoxicants,
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may cause the release of reactive oxygen species (ROS)
during the enzymatic reduction of hydroperoxides. The release
of ROS may initiate a chain of responses that results in lipid
mediators including 4-HNE with subsequent protein and DNA
damage. In addition to formation of ROS and lipid peroxides,
COX- and lipoxygenase (LOX)-mediated fatty acid metabolism leads to the formation of various prostaglandins and other
lipid mediators depending on the various isomerases and reductases present in a tissue-specific manner. These molecules
are potent bioactive compounds in vivo [11] and may
contribute directly or indirectly to liver damage. The amount
of lipid substrate, the activity of phospholipase A2 (PLA2),
COX, LOX, and CYP, and various antioxidant defense
mechanisms are all dynamically regulated and will ultimately
affect the damage caused by a hepatotoxicant.
Thus, there are many means by which PPARβ/δ may be
protecting the cell from oxidative damage, either by inhibiting
the production of ROS and lipid intermediates or by increasing
degradation of these molecules. Based on gene expression data
performed herein and elsewhere [16], it appears that the most
likely candidate would be PPARβ/δ-dependent metabolism
and detoxification of lipid intermediates. The biotransformation
of 4-HNE to less toxic intermediates can be accomplished by
aldehyde and alcohol dehydrogenases, glutathione S-transferases, and perhaps other pathways [24]. Following gene expression microarray experiments, we found that activation of
PPARβ/δ increased mRNA for Aldh3a1, Gstm3, and Gsto1.
Other microarray experiments have identified GSTA1 and
ALDH9A1 as potential PPARβ/δ targets as well [16]. The
induction of Aldh3a1 and GSTo1 is particularly intriguing due
to their known role in protection against lipid peroxidation and
toxicity [24]. Similar to the PPARβ/δ−/− mouse, mice that lack
the transcription factor Nrf2 are more sensitive to the cytotoxic
and genotoxic effects of foreign chemicals due to attenuated
induction of Gsta1, Gstm1, and Gstm3 [42]. Thus, it is possible
that these two transcription factors are sharing a common
protective mechanism of action. However, in addition to being
directly involved in the regulation of expression for these detoxification enzymes, PPARβ/δ is also sensing, or responding
to, the intracellular levels of the toxic intermediate via a feedback control mechanism.
There is a wealth of information on 4-HNE as being a marker
of lipid peroxidation as well as a mediator of hepatotoxicity
and a variety of other pathophysiological conditions including
cancer, Alzheimer's disease, and atherosclerosis [35]. Target
proteins that are inhibited by 4-HNE include the glucose
transporter GLUT3, tau, the proteasome, and IκB kinase [35]
and 4-HNE causes a high frequency of G-to-T mutations in
codon 249 in the p53 gene [43]. Based on the molecular
modeling and Western immunoblot analyses, the covalent
association of 4-HNE with cysteinyl, lysyl, and histidyl residues
in PPARβ/δ appears to be largely reversible (Fig. 4), which is
unique since 4-HNE is known to covalently modify these
residues via Michael addition chemistry. In summary, we have
shown that the lipid peroxidation product 4-HNE, which was
regarded to be a mutagen and toxic end product for all these
years, has now been demonstrated to have a nuclear receptor
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modulatory activity. This receptor, PPARβ/δ, when activated
provides a feedback regulation of gene expression that
ameliorates toxicity to the liver. The discovery of 4-HNE as
an endogenous ligand reveals a crosstalk of PPARβ/δ in cellular
events involved in inflammation and energy homeostasis. Given
the large number of individuals hospitalized due to chemically
induced liver damage, it is attractive to speculate that this
knowledge may be exploited for more effective means of
protecting or treating hepatotoxicity as well as other diseases in
which 4-HNE plays a causative role.
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