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Abstract
Previously we have shown that intestinal cells efficiently take up oxidized fatty acids (OxFAs) and
that atherosclerosis is increased when animals are fed a high cholesterol diet in the presence of
oxidized linoleic acid. Interestingly, we found that in the absence of dietary cholesterol, the oxidized
fatty acid fed low-density lipoprotein (LDL) receptor negative mice appeared to have lower plasma
triglyceride (TG) levels as compared to animals fed oleic acid. In the present study, we fed C57BL6
mice a normal mice diet supplemented with oleic acid or oxidized linoleic acid (at 18 mg/animal/
day) for 2 weeks. After the mice were sacrificed, we measured the plasma lipids and collected livers
for the isolation of RNA. The results showed that while there were no significant changes in the
levels of total cholesterol and high-density lipoprotein cholesterol (HDLc), there was a significant
decrease (41.14%) in the levels of plasma TG in the mice that were fed oxidized fatty acids.

The decreases in plasma TG levels were accompanied by significant increases (P < 0.001) in the
expressions of APOA5 and acetyl-CoA oxidase genes as well as a significant (P < 0.04) decrease in
APOClll gene expression. Oxidized lipids have been suggested to be ligands for peroxisome
proliferator-activated receptor (PPARα). However, there were no increases in the mRNA or protein
levels of PPARα in the oxidized linoleic acid fed animals. These results suggest that oxidized fatty
acids may act through an APOA5/APOClll mechanism that contributes to lowering of TG levels
other than PPARα induction.
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1. Introduction
Dietary oxidized lipids have been suggested to contribute to atherosclerosis [1]. Increased
peroxide levels in chylomicronsVLDL/LDL and increased atherosclerosis have been observed
in animals fed an atherogenic diet that included oxidized lipids. We have previously shown
that the intestine efficiently absorbs oxidized linoleic acid. We have also shown that
atherosclerosis is increased in animals fed a high cholesterol diet in the presence of oxidized
fatty acids (OxFAs). Animals fed non-atherogenic diet did not develop atherosclerosis even in
the presence of oxidized fatty acids [2]. Oxidized lipids have been shown to be ligands for
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PPARs [3]. Feeding rats oxidized fatty acids have been shown to activate hepatic PPARα and
PPARα-regulated genes [4]. Fenofibrate decreases plasma TG through the modulation of
hepatic expression of PPARα responsive genes, increases PPARα mRNA expression and
lowers apolipoproteins B and C-III [5]. It is now recognized that high TG levels and low HDL-
cholesterol levels are independent risk factors for coronary artery disease (CAD) and that the
metabolic syndrome increases risk at any LDL-cholesterol level [6]. There is also evidence
that low HDL-cholesterol and high TG levels modulate the capacity of statins to decrease
cardiovascular risk in primary and secondary prevention of CHD. The evidence also shows
that by increasing HDL-cholesterol levels in patients with both low HDL-cholesterol and LDL-
cholesterol, it decreases the risk for CHD in secondary prevention [7–9]. APOA5 is identified
as a member of the apolipoprotein gene family, which belongs to the APOA1/APOClll/A4
gene cluster on chromosome 11. It is expressed predominantly in the liver and excreted into
plasma. APOA5 is associated with low TG and increased high-density lipoprotein (HDL)
levels. Contrary to APOClll, transgenic mice expressing the hAPOA5 gene have significantly
decreased triglyceride concentrations. Whereas the APOA5 knockout mouse has increased
plasma TG concentrations compared with wild-type mice [10,11]. In the current study, we have
examined the effect of dietary oxidized fatty acids on plasma lipoproteins and its relation to
genes involved in TG metabolism.

2. Materials and methods
Linoleic acid and soybean lipoxidase (Type V) were purchased from Sigma–Aldrich, St. Louis,
MO. All primers, Trizol reagent and SuperScriptTM III First-Strand Synthesis SuperMix for
qRT-PCR kit (cDNA preparation and mRNA quantification kit) were obtained from
Invitrogen, Carlsbad, CA, USA. The polyclonal antibody to mouse PPARα was purchased
from Cayman Chemical Company, Ann Arbor, MI, USA. Other antibodies were obtained from
General Electric Company, Fairfield, CT, USA. C57 Black mice were obtained from The
Jackson Laboratory, Bar Harbor, ME. Standard mouse chow was provided by Harlan Teklad
(Cat: 8640, 22/5 rodent diet), Harlan Teklad Laboratory, Madison, WI, USA.

2.1. Animals, diet administration, and collection of the samples
Ohio State University Animal Care Committee approved the protocol and animals were treated
in compliance with the University Animal Committee regulations. The research was conducted
in conformity with the PHS policy.

Eighteen male C57BL6 mice weighing 18−21 g were used in the study. The animal diet was
prepared by mixing standard mouse (Table 1) with oleic acid or oxidized linoleic acid (13-
HPODE). Animals were divided into two groups. Control group was fed 18 mg/day of oleic
acid (n = 9) and the experimental group was fed 13-HPODE (n = 9). Both groups were fed the
customized mouse chow for 2 weeks. Animals were housed under controlled light and
temperature conditions (12-h light–dark cycle for 15 days). At the end of the feeding period,
animal chow was removed and mice were fasted over night; blood was collected into tubes
containing heparin, plasma was removed after blood centrifugation, and stored at −80 °C until
processed for lipid analysis. The liver was immediately harvested, placed in Trizol reagent and
kept at −80 °C processed for RNA extraction.

2.2. Preparation of 13-HPODE
13-Hydroperoxyoctadecadienoic acid (13-HPODE) was prepared as we previously described
[2]. Briefly, approximately 10 g of linoleic acid (3.6 mmol/L) were oxidized with 3 million
units of soybean lipoxidase per gram of fatty acid (3 h at 37 °C, pH 11). Oxidation process was
periodically checked and additional lipoxidase was added until a complete oxidation was
attained. An increase in absorption at 234 nm was used for monitoring the reaction progress
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in spectrophotometer (Uvikon XL, Biotech Instuments, CA, USA). The amount of conjugated
diene formed was determined employing the molar extinction coefficient 23 mM−1 C−1 at 234
nm. Lipid peroxide generated was further measured using leuco methylene blue assay. 13-
HPODE was then extracted with diethyl ether and dried under liquid nitrogen.

2.3. Protein extractions, measurement and Western blot
Liver lysates were prepared in 250 mM sucrose, 10 mM Tris–HCl, pH 7.4, 1 mM EDTA as
previously described [12]. Protein concentration in laysates was measured using Bradford
reagent. Twenty micrograms of whole-cell lysate was subjected to 12% SDS-PAGE followed
by transfer to nitrocellulose membranes. Immunoblots were developed using primary
antibodies against PPARα and anti rabbit IgG secondary antibodies conjugated with
horseradish peroxidase.

2.4. Total RNA preparation and analysis
Mouse liver was homogenized in Trizol reagent. The total hepatic RNA was isolated using
Trizol reagent according to manufacturer's directions. RNA extracted from liver was quantified
using The Qubit™ Quantitation Fluorometer and Quant-iT™ Reagents made by Invitrogen.

RNA products were analyzed on a 1% agarose gel electrophoresis and DNA was visualized
by ethidium bromide staining using a UV-light box. The intensities of the bands on the images,
the purity and the integrity of the RNA were determined by UVP BioSpectrum® Imaging
System, Upland, CA, USA.

2.5. Quantitative RT PCR
The sequences of the primers, the protocol and validation of the RT-competitive PCR assays
were performed prior to analysis. cDNA synthesis was performed in a total volume of 20 μL
of 2XRT mix, RT enzyme, DEPC-treated water (Invitrogen kit) containing 1 μL of RNA using
GT-Storm PCR system, Gene Technologies Ltd., Essex, UK. cDNA synthesized after the
mixture containing RNA was incubated in micro-tubes at 25 °C for 10 min for denaturation,
and annealed at 50 °C for 30 min after which the reaction was terminated at 85 °C for 5 min
and later chilled down. Bio-Rad iQ5TM, Hercules, CA, USA RT-PCR system was used for
the quantitative real-time PCR studies. Total volume of 20 μL SYBR, DEPC-treated water
contains 1 μL each of cDNA template. Forward and reverse primers (10 μM) for each gene
was separately pipetted in a 96 well plate. The samples underwent a number of cycles of 2 min
at 50, 95 and 60 °C for total of 40 cycles. The following primers were designed and used in
the study: mouse GAPDH (forward: CCTGCACCACCAACTGCTTA, reverse:
TCATGAGCCCTTCCACAATG. mouse PPARα (forward: AAG AGG GCT GAG CGT AGG
T, reverse: GGC CGG TTA AGA CCA GAC T. mouse APOA5 (forward: GAA CGC TTG
GTGACTGGA AT, reverse: TCG CCT TAC GTG TGA GTTTG. mouse APOClll (forward:
GTG TTG CAG ATG TGC CTG TT, reverse: GGA GGG GTG AAG ACA TGAGA. mouse
hepatic lipase (forward: GAC TGG ATC TCC CTG GCA TA, reverse: AGG TGA ACT TTG
CTC CGA GA. mouse acetyl-CoA oxidase (forward: CCACATATGACCCCAAGACC,
reverse: AGGCATGTAACCCGTAGCAC.

Results for the expression of specific mRNAs were always presented relative to the expression
of the control gene (GAPDH).

2.6. Plasma lipids determination
Plasma total cholesterol, high-density lipoproteins and triglycerides were measured by
enzymatic methods. The total cholesterol and triglycerides were analyzed using ready to use
reagents obtained from the Beckman Coulter Clinical Diagnostics Division, USA. LDL and

Garelnabi et al. Page 3

Atherosclerosis. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HDL were measured using kits purchased from Equal Diagnostics, (Exton PA USA). The
analysis was performed in a Beckman Coulter CX4 auto analyzer.

2.7. Statistical analysis
All data was expressed as mean ± S.D. Statistical analysis was performed using ANOVA for
group comparison and Student's t-test for pairs. P ≤ 0.05 was considered significant.

3. Results and discussion
The animals were divided into two groups. The control group was fed normal chow mixed with
oleic acid (18 mg/day) and the experimental group was fed normal chow mixed with 13-
HPODE (18 mg/day). The standard mouse chow used in this study contains 3.32% linoleic
acid. This amount by itself is sufficient to serve as control for the experimental group which
was in addition supplemented with oxidized linoleic acid in form of 13-HPODE. It is well
understood that fatty acids may be auto oxidized resulting in different oxygenated groups,
mainly hydroxy, keto, and epoxy, as well as short-chain fatty acetyl groups as the main
products. The rates of auto-oxidation of fatty acids are known to increase with the increases in
the number of double bonds. Although the control and experimental diets were prepared and
stored at a condition that is less favorable for auto-oxidation, and due to the fact that linoleic
acid is more rapidly oxidized compared to oleic acid, we designed the study to further
supplement the control group with oleic acid to provide for a less oxidized fatty acid and serve
as control.

After 15 days of feeding, the mice on the 13-HPODE containing diet showed a significant
reduction (41.14%, P < 0.02) of TG levels in their plasma compared to controls (Table 2). The
decrease in TG was accompanied by a decrease in total cholesterol (15.43%) and elevation in
HDL (1.43%). However, changes in total cholesterol and HDL were not significant. Evidently,
the reduction in TG was a result of the administration of oxidized fatty acids and not due to
feeding of polyunsaturated fatty acids, as both diets contains considerable amount of linoleic
acid, however changes in TG levels was only observed in group supplemented with 13-
HPODE. Also repeated studies from our laboratory comparing different strains of mice fed
diet rich in polyunsaturated fatty acid or monounsaturated fatty acids did not show any
difference in the level of TG (unpublished data). The increase in plasma TG-rich lipoproteins
may have resulted from either increased production from the liver and intestine, by means of
upregulated synthetic and secretory pathways, or through decreased peripheral catabolism,
mainly from reduced lipoprotein lipase activity [13,14]. The decreased plasma TG levels of
13-HPODE fed mice in this study is apparent due to an active catabolic process and seems to
be influenced by dietary intake. The diet and body weight of mice on both groups were closely
monitored. The mice in both groups had similar eating patterns and gained similar weight over
the 2 weeks study (data not shown).

PPARα regulates HDL-cholesterol levels via transcriptional induction of the synthesis of
apolipoproteins A (ApoA-I, and ApoA-II). It also mediates action on hepatic APOClll
production and increases lipoprotein lipase through lipolysis. PPARα agonists in turn, stimulate
cellular fatty acid uptake conversion to acyl-CoA derivatives and catabolism by the β-oxidation
pathways. This, combined with a reduction in fatty acid and TG synthesis, results in a decrease
in VLDL production [5,15]. We therefore decided to examine whether the decrease in TG is
mediated through PPARα. Liver protein was extracted and PPARα Western blotting was
performed, and e also quantified PPARα mRNA in liver cells. Our results indicated that there
was no PPARα gene induction and the changes in TG levels did not seem to be mediated
through the activation of PPARα gene expression or protein synthesis (Fig. 1). There was no
significant difference in the Western blot results or gene expression data between control mice
and those on 13-HPODE mixed diet. Interestingly, hepatic lipase was significantly (P < 0.007)
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down regulated among mice fed oxidized fatty acid (Fig. 2). The role of hepatic lipase as a
lipolytic enzyme mediating the hydrolysis of TG and phospholipids is well established [16].
The fact that hepatic lipase is down regulated among experimental mice fed oxidized fatty
acids in this study clearly indicates that the decreases in TG levels among experimental group
is not caused by the action of hepatic lipase. It also indicates that hydrolysis may not be the
mechanism that contributed towards the lowering of TG levels. Although it appears that feeding
oxidized fatty acids decreases hepatic lipase gene expression, the mechanisms of action of
oxidized fatty acids on lipase is not clear.

We further examined whether acetyl-CoA oxidase gene expression is affected by the dietary
supplementation of oxidized fatty acid. To do this, we measured the quantity of mRNA for
acetyl-CoA oxidase (Fig. 3). Acetyl-CoA oxi- dase was significantly (P < 0.02) increased
among mice fed oxidized fatty acids compared to control. The increase of acetyl-CoA oxidase
brings an interesting piece of evidence. It shows that the decreases in triglycerides may have
resulted through involvement of acetyl-CoA oxidase due to a PPARα ligand binding activation.
It has been reported that the addition of 0.5% of trans-10, cis-12 conjugated linoleic acid isomer
to the diet increases liver fatty acid oxidation leading to decreased hepatic and serum
triacylglycerols [17]. Stimulation of acetyl-CoA oxidase by alpha-linolenic acid-rich perilla
oil was reported to lower plasma triacylglycerol level in rats [18]. However, Staels et al. have
shown that fibrates down regulate APOClll expression independent of induction of
peroxisomal acyl coenzyme A oxidase [19]. We further investigate the involvement of APOClll
and APOA5, as seen in Fig. 4, APOA5 gene expression has significantly increased among
mice on OxFA diet and APOClll gene expression has decreased significantly in this group
compared to controls. Several reports from animal and clinical studies have documented the
involvement of APOClll in TG metabolism [7,20–22]. APOClll is a component of TG-rich
lipoproteins synthesized mainly in the liver and to some extent in the intestine. The major
physiological role of APOClll appears to be as an inhibitor of lipoprotein lipase. Therefore,
plasma APOClll concentrations are positively associated with triglyceride levels. Consistent
with this role, over expression of the human APOClll gene in mice resulted in dramatically
increased plasma TG concentrations. Contrary to APOClll, transgenic mice expressing the
hAPOA5 gene have significantly decreased TG concentrations whereas the APOA5 knockout
mouse has significantly increased plasma TG concentrations compared with wild-type mice
[10,11,23]. It is not very clear how APOA5 may modulate the decreases in TG levels. However,
data from in vitro studies have suggested that APOA5 may act by increasing lipoprotein lipase
(LPL) activity in a fashion similar to that of apolipoprotein C-II, the physiological LPL
activator. This hypothesis is supported by some in-vitro studies showing that recombinant
APOA5 stimulated LPL activity in the presence of apolipoprotein C-II [24]. However, to our
knowledge, there is no published data on in vitro studies that describe the mechanism(s) by
which APOA5 is involved in lowering levels of TG. The physicochemical properties of APOA5
protein moiety, has lipid-binding activity as demonstrated by the ability to form lipid–protein
complexes. Also, APOA5 displays high affinity, low elasticity and slow binding kinetics at
hydrophobic interfaces and leads to the postulation that it might retard TG-rich particle
assembly in the liver and inhibit the secretion of VLDL [25]. The other argument is that APOA5
is an activator of intravascular TG hydrolysis by LPL. However, in the current study, LPL does
not seem to be involved in this process. In mice, adenoviral over expression of murine APOA5
resulted in a decreased production rate of VLDL triglycerides. Most importantly, as determined
by APOB kinetic studies using stable isotopes Marcais et al. have shown that the VLDL
production rate was normal but the fractional catabolic rate of VLDL-APOB was decreased
more than 20-fold in patients lacking normal APOA5 [26]. These and previously mentioned
evidence demonstrate that APOA5 and ApoClll may have modulated the OxFA induced TG
decreases.
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The results suggest that oxidized fatty acids might act through activation of a transcriptional
mechanism independent of PPARα gene expression or protein synthesis possibly involving
PPARα ligand binding [3] as demonstrated by the upregulation of acetyl-CoA oxidase. This
mechanism might affect lipoprotein metabolism and contribute towards lowering of
triglycerides levels. APOA5/APOClll seem to modulate the decreases in triglycerides.
However, the mechanism is not clearly understood.

In conclusion, the results presented in the study suggest that dietary oxidized fat might be
beneficial in the absence of cholesterol. Oxidized lipids have been shown to induce catalase
[27], MnSOD [28], heme oxygenase, nitric oxide synthase [29], apo A1 synthesis [30], and
glutathione synthase [28]. However, these conclusions are drawn from in vitro cell culture
studies. Considering that a plethora of studies have also shown toxic, pro-inflammatory and
pathological effects in similar systems, one has to conclude the potential beneficial effects are
mere responses to harmful effects. In fact, at high concentrations, dietary oxidized fatty acids
appear to induce inflammatory changes in the liver (unpublished results). Thus, the current
results may simply mean that these compounds are biologically active and could induce
mechanisms in the system that could be important under controlled conditions.
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Fig. 1.
(A) PPARα gene expression. Mice PPARα gene expression have not shown significant
difference between the control and 13-HPODE fed mice. Values are means ± S.D. (B) Western
blot analysis of PPARα in the liver is shown. Gels were immunoblotted by using anti-
PPARα and anti-β-actin (used as an internal control) antibodies. Control mice on oleic acid
mixed chow (n = 9) were compared to experimental mice on 13-HPODE mixed chow (n = 9),
results did not show significant difference between the two groups; data is represented by three
mice from control group, and four from experimental mice.
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Fig. 2.
Mice hepatic lipase gene expression. The hepatic lipase gene expression was significantly
down regulated among the experimental mice fed 13-HPODE when compared to control (P ≤
0.007). Values are means ± S.D.
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Fig. 3.
Mice acetyl-CoA oxidase gene expressions. Acetyl-CoA oxidase gene expression was
significantly upregulated among mice supplemented with diet mixed with 13-HPODE (P ≤
0.02). Values are means ± S.D.
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Fig. 4.
Mice APOA5 and APOClll gene expression. APOA5 was significantly upregulated (P ≤ 0.001)
among mice supplemented with diet containing 13-HPODE; however APOClll was
significantly (P 0.04) down regulated in this group compared to the control mice fed diet
containing oleic acid. Data expressed as means ± S.D. Open bars represent control group
whereas the black bars represent the experimental mice on 13-HPODE supplemented diet.
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Table 1
Standard rodent chow nutrients composition

Protein 22.58%
Fat 5.23%
Fiber 3.94%
Ash 7.06%
Nitrogen-free extract 51.19%
Gross energy 3.82 kcal/g
Digestible energy 3.38 kcal/g
Metabolizable energy 3.11 kcal/g
Amino acids
    Arginine 1.55%
    Methionine 0.37%
    Cystine 0.37%
    Histidine 0.52%
    Isoleucine + valine 1.34%
    Leucine + tryptophane 1.17%
    Lysine + threonine 0.72%
    Phenylalanine + tyrosine 1.04%
Minerals
    Calcium + phosphorus 1.01%
    Sodium + potassium 1.40%
    Chlorine 0.67%
    Magnesium 0.24%
    Iron 348.75 mg/kg
    Manganese 104.19 mg/kg
    Zinc + cobalt 90.89 mg/kg
    Copper 24.07 mg/kg
    Iodine + selenium 2.95 mg/kg
Vitamins
    Vitamin A + D3 18.93 IU/g
    Vitamin E 109.54 IU/kg
    Choline 2.39 mg/g
    Nicotinic acid 65.61 mg/kg
    Pantothenic acid + B1 55.13 mg/kg
    Vitamin B6 + vitamin B2 23.01 mg/kg
    Menadione (vitamin K3) 5.22 mg/kg
    Folic acid + biotin 3.61 mg/kg
    Vitamin B12 54.60 mcg/kg

Standards rodent diet was provided by Harlan Teklad (Cat: 8640, 22/5 rodent diet), the formula is also enriched with vitamins, amino acids and minerals.
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Table 2
Mice plasma lipids

Group Control n = 9 2 to 13-HPODE n = 9 P value

Cholesterol mg/dl 62.53 ± 9.19 52.88 ± 21.04 NS
HDL (mg/dl) 38.94 ± 14.87 39.5 ± 17.83 NS
TG (mg/dl) 103.74 ± 38.6 61.061 ± 44.5 P < 0.02

Plasma lipids were measured using commercially available kits, the difference in TG between both groups was significant (P ≤ 0.02). The decrease in TC
and the slight increase in HDL was not significant (NS). Values are means ± S.D.
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