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Abstract: Both pro- and antiatherosclerotic effects have been ascribed to dietary peroxidized lipids.
Confusion on the role of peroxidized lipids in atherosclerotic cardiovascular disease is punctuated by
a lack of understanding regarding the metabolic fate and potential physiological effects of dietary per-
oxidized lipids and their decomposition products. This study sought to determine the metabolic fate
and physiological ramifications of 13-hydroperoxyoctadecadienoic acid (13-HPODE) and 13-HODE
(13-hydroxyoctadecadienoic acid) supplementation in intestinal and hepatic cell lines, as well as any
effects resulting from 13-HPODE or 13-HODE degradation products. In the presence of Caco-2 cells,
13-HPODE was rapidly reduced to 13-HODE. Upon entering the cell, 13-HODE appears to undergo
decomposition, followed by esterification. Moreover, 13-HPODE undergoes autodecomposition to
produce aldehydes such as 9-oxononanoic acid (9-ONA). Results indicate that 9-ONA was oxidized
to azelaic acid (AzA) rapidly in cell culture media, but AzA was poorly absorbed by intestinal cells
and remained detectable in cell culture media for up to 18 h. An increased apolipoprotein A1 (ApoA1)
secretion was observed in Caco-2 cells in the presence of 13-HPODE, 9-ONA, and AzA, whereas
such induction was not observed in HepG2 cells. However, 13-HPODE treatments suppressed
paraoxonase 1 (PON1) activity, suggesting the induction of ApoA1 secretion by 13-HPODE may not
represent functional high-density lipoprotein (HDL) capable of reducing oxidative stress. Alterna-
tively, AzA induced both ApoA1 secretion and PON1 activity while suppressing ApoB secretion
in differentiated Caco-2 cells but not in HepG2. These results suggest oxidation of 9-ONA to AzA
might be an important phenomenon, resulting in the accumulation of potentially beneficial dietary
peroxidized lipid-derived aldehydes.

Keywords: oxidized lipids; linoleic acid; free fatty acid peroxides; oxononanoic acid; azelaic acid;
paraoxonase 1; ApoA1

1. Introduction

Epidemiological evidence has suggested a relationship between high-fat diets, es-
pecially diets high in saturated fat [1], and the incidence of coronary artery disease
(CAD) [2–4]. The Western diet is rich in fats and contains high levels of peroxidized
fats [5–7]. Deep-fried foods, and the culinary oils in which they are cooked, contain high
levels of potentially harmful peroxidized lipids and their decomposition products [6].
Peroxidized lipids have been shown to induce oxidative stress, generate toxic aldehydes,
and perturb biological molecules and membranes [8–15]. The pathophysiological effects of
these lipids have been documented extensively in CAD [12–14,16,17] and cancer [15], in
addition to other contexts [18–20].
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As the most common polyunsaturated fatty acid (PUFA) in plants and a major compo-
nent of the vegetable cooking oils heavily utilized in the Western diet, linoleic acid (LA)
is likely the largest substrate pool for PUFA peroxidation in the daily diet [21]. While
LA cannot be directly synthesized in the mammalian system, humans consume large
quantities of linoleic acid via dietary products, such as red meat, nuts and seeds, eggs,
and the aforementioned vegetable oils [22]. Two major peroxide products of LA are
13-hydroperoxyoctadecadienoic acid (13-HPODE) and 13-hydroxyoctadecadienoic acid
(13-HODE). As peroxides are chemically unstable, 13-HPODE decomposes further to gen-
erate 4-hydroxynonenal (4-HNE) and 9-oxononanoic acid (9-ONA) [23]. As several studies
have demonstrated the utility of 4-HNE as a biomarker for disease, these decomposition
products of 13-HPODE are of specific interest [24,25]. Unlike 4-HNE, the physiological role
of 9-ONA has been poorly studied. In a mouse model of CAD utilizing a cholesterol-rich
diet, pure forms of fatty acid peroxides accelerated the development of atherosclerosis [26].
On the other hand, peroxidized fatty acids have also been shown to increase the expres-
sion of apolipoprotein A1 (ApoA1), a component of the lipoprotein complex generally
believed to provide some level of protection against atherosclerosis, high-density lipopro-
tein (HDL) [27]. A lack of understanding surrounds the apparent opposing roles of fatty
acid peroxides in atherosclerosis.

Mammalian ApoA1, the primary protein component in HDL [28–30], is synthesized
principally in the small intestine and liver [31,32]. Levels of ApoA1 are positively correlated
with HDL-cholesterol (HDL-C) and negatively correlated with atherosclerotic cardiovas-
cular disease [33–36]. The cardioprotective effects of HDL have been largely attributed
to the ability of ApoA1 to initiate cholesterol efflux, thereby facilitating the removal of
excess cholesterol from peripheral tissues and delivering it to the liver for degradation
through reverse cholesterol transport (RCT) pathways [37–40]. In addition to their roles in
reverse cholesterol transport, ApoA1 and HDL are implicated in preventing the oxidative
modification of low-density lipoprotein (LDL) and removing lipid peroxides or oxidatively
modified lipids from modified LDL [41–43]. Importantly, lipid peroxidation products have
been shown to induce ApoA1 synthesis [44].

Apolipoprotein B (ApoB), the predominant structural protein of chylomicrons, very
low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL), and LDL, exists
in the isoforms ApoB48 and ApoB100 [45]. ApoB48 is synthesized exclusively by the
small intestine as a component of chylomicrons [45]. Alternatively, ApoB100 is produced
in the liver during VLDL synthesis. These two lipoproteins, both positively correlated
with atherosclerotic cardiovascular disease [46], are encoded by the same gene and share
the same N-terminal sequence [45]. Peroxidized lipids incorporated into small intestinal
chylomicrons may be repackaged during liver synthesis of VLDL [47], providing a potential
source of dietary peroxidized lipids within the liver.

Our previous study revealed that oxidized free fatty acids (Ox-FFAs), including 13-
HPODE and 13-HODE, are efficiently taken up by differentiated Caco-2 colonocytes with
fully mature and intact brush borders [48]. Due to the potential effects of Ox-FFA on the
induction of ApoA1 synthesis, and more generally, their role in the atherosclerotic process,
the fate of Ox-FFA following interaction with both the intestinal epithelium and liver is of
interest. However, Ox-FFAs are subject to autodegradation [49]; thus, the potential effects
of Ox-FFAs or their subsequent decomposition products on intestinal and hepatic ApoA1
synthesis and secretion are unknown. In addition, whether the effects of 13-HPODE and
13-HODE uptake differ in the small intestine and liver has not been explored. Here, we
determined the metabolic fates of 13-HPODE and 13-HODE, and their decomposition
products, following uptake by both immature and fully differentiated intestinal Caco-2
cells, as well as the hepatic HepG2 cell line. This is the first study to address the metabolic
fate of ONA, the 13-HPODE decomposition product derived from the carboxylic end of the
Ox-FFA, following uptake in the intestine, using a combination of radioactivity, mass spec-
trometry, and traditional gene and protein expression. Understanding the consequences of
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intestinal and hepatic interaction with dietary peroxidized lipids may provide light on the
apparent duality of roles in the context of atherosclerotic cardiovascular disease.

2. Materials and Methods
2.1. Materials

LA, soybean lipoxygenase type V, azelaic acid (AzA), silica G thin-layer chromatogra-
phy (TLC) plates, tetramethylpentamine-2,4-dinitrophenyl hydrazine, bromocresol green,
pyruvic acid, 13% BF3 in methanol, and mouse anti-human-β-actin antibody (A2228) were
purchased from Sigma (St. Louis, MO, USA). Leucomethylene blue (LMB) was obtained
from Alfa Aesar (Ward Hill, MA, USA). TRIzolTM reagent was purchased from Invitrogen
(Carlsbad, CA, USA). The goat anti-human-ApoA1 antibody was obtained from Rockland
Immunochemicals (600-101-109; Gilbertsville, PA, USA). Secondary horseradish peroxidase
(HRP)-conjugated rabbit anti-goat antibody was obtained from R&D Systems (BAF017;
Minneapolis, MN, USA). Secondary HRP-conjugated goat anti-mouse antibody was ob-
tained from Santa Cruz Biotechnology (SC-2039; Dallas, TX, USA). Ethyl ether containing
no preservatives was purchased from Honeywell, Burdick, & Jackson (Muskegon, MI, USA).
Radioactive oleic acid [1-14C] and LA [1-14C] were purchased from American Radiolabeled
Chemicals (St. Louis, MO, USA).

2.2. Thiobarbituric Acid Reactive Substances (TBARS) Assay

The TBARS assay was used to detect malondialdehyde (MDA). TBARS reagent con-
taining 0.67% thiobarbituric acid in 0.05N NaOH was prepared. Samples were mixed with
0.3 mL 6N HCl and 1 mL of TBARS reagent and placed in boiling water for 15 min. Samples
were loaded in a 96-well plate, and absorbance was measured at 532 nm on a Benchmark
Plus Microplate Absorbance Reader (Bio-Rad, Hercules, CA, USA).

2.3. Cell Culture

All cells were maintained at 37 ◦C in a humidified incubator with 5% CO2 and seeded
in 6- and 12-well plates, depending on the experiment. Caco-2 cells, purchased from
American Type Culture Collection (HTB-37; ATCC; Rockville, MD, USA), were cultured in
advanced Dulbecco’s modified Eagle medium (ADMEM), supplemented with 15% fetal
bovine serum (FBS), 2 mM L-glutamine, and 1% penicillin–streptomycin. Once confluent,
cells were maintained in ADMEM containing 7.5% FBS. Experiments were carried out on
days 3–5 (undifferentiated) and 14–21 (fully differentiated) following passaging. HepG2
cells (HB-8065; ATCC) were cultured in ADMEM supplemented with 10% FBS, 2 mM
L-glutamine, and 1% penicillin–streptomycin. All cells were serum-starved 3 h prior to
initiation of experimental treatments.

2.4. Preparation of 13-HPODE and 13-HODE

For this procedure, 13-HPODE (200 µM) and 13-HODE (200 µM) were prepared as
described previously [44]. Lipid peroxides generated during the reaction were quantified
via LMB assay, as previously described [50], and through measurement of conjugated
dienes at 234 nm via spectrophotometer (UVIKON XL, Research Instruments International,
San Diego, CA, USA). Oxidized fatty acids were extracted with BHT-free ether, dried under
a stream of N2, and stored at −20 ◦C until further analysis. Radioactive [14C]-13-HPODE
and [14C]-13-HODE (1000 disintegrations per minute (DPM)/nmol) were prepared in the
same manner.

2.5. Synthesis of 9-ONA

Next, 9-ONA was prepared from oleic acid via erythro-9,10-dihydroxystearic acid
(DHSA) [51,52], as the compound is not easily available commercially. Briefly, oleic acid
was oxidized to DHSA using potassium permanganate and further oxidized by sodium
periodate to 9-ONA. The reaction products were centrifuged at 400× g for 5 min at 4 ◦C to
obtain a clear supernatant. The supernatant was dried under N2 and purified by TLC using
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a chloroform, tetrahydrofuran, and acetic acid solvent system (90:10:0.5, v/v). Product
purity was assessed using gas chromatography–mass spectrometry (Clarus® 560 S GC-
MS, PerkinElmer, Waltham, MA, USA). Prior to cell treatment, 9-ONA was suspended
in chloroform, dried under N2, and reconstituted in ethanol. Radioactive [14C]-9-ONA
(1000 DPM/nmol) was synthesized from [14C]-oleic acid using identical methods.

2.6. Cell Treatment 13-HPODE and Decomposition Products

HepG2 and Caco-2 cells (poorly and fully differentiated) were seeded at an initial
density of 2 × 105. Caco-2 experiments were carried out on days 3–5 and 18–21 post-
passaging for poorly and fully differentiated cells, respectively. Cells were initially treated
with 100 µM 13-HPODE for 4 h in Hanks’ balanced salt solution (HBSS) and monitored for
peroxide formation and decomposition. High-performance liquid chromatography (HPLC)
and liquid chromatography–high resolution mass spectrometry (LC-HRMS) analyses were
utilized to monitor the decomposition of 13-HPODE and determine resulting products, in
both cell media and intracellular samples over a period of 90 min.

Following the LMB assay, HPLC and LC-HRMS confirmed that Caco-2 cells are capable
of decomposing 13-HPODE to its products, and the effects of these decomposition products
on cells were evaluated. Poorly and fully differentiated Caco-2 cells were treated with
13-HPODE, 9-ONA, and azelaic acid (AzA), an end product of 13-HPODE peroxidation [53],
in concentrations ranging from 6.25 µM to 100 µM, for 24 h. Following the 24 h incubation,
cells were harvested in TRIzolTM for RNA isolation, and cell media was collected for
both enzyme-linked immunosorbent assay (ELISA) analysis and paraoxonase 1 (PON1)
activity assays.

2.7. Analyses of 13-HPODE and 13-HODE HPLC

Cell media and lysates from 100 µM 13-HPODE treatment were collected at 15 min in-
tervals over a period of 90 min to assess 13-HPODE decomposition to 13-HODE. Analytical
HPLC standards for 13-HPODE and HODE for HPLC analyses were obtained from Cay-
man Chemicals (10,704 and 38,600, respectively; Ann Arbor, MI, USA). Chromatographic
separation of 13-HPODE and 13-HODE was achieved, as described previously [54]. Briefly,
a Brownlee SPP C18 column (100 mm × 2.1 mm ID, 3 µm PS) (PerkinElmer, Waltham,
MA, USA) and an isocratic mobile phase consisting of 0.3% H3PO4/acetonitrile (40:60,
v/v) for 20 min with a flow rate of 1 mL/min was used to separate 13-HPODE from its
decomposition product, 13-HODE. Ultraviolet (UV) absorbance was monitored at 234 nm,
and peak area under the curve (AUC) was used to quantify both compounds.

2.8. TLC and Radioautography for Cell [14C]-13-HPODE Decomposition Products

At intervals following treatment of cells with [14C]-13-HPODE, cell media, and lysates
were extracted with chloroform to determine levels of [14C]-13-HPODE and decomposition
products, including [14C]-13-HODE, [14C]-9-ONA, and [14C]-AzA. Product extracts were
run on a Silica G TLC plate. A chloroform:tetrahydrofuran:acetic acid (90:10:0.5, v/v)
solvent system was used as the TLC mobile phase. After the separation of compounds,
solvents were allowed to evaporate from the plate for 10 min. The dry TLC plate was
covered with plastic wrap and exposed in the Cyclone® Plus storage phosphor system
(PerkinElmer, Waltham, MA, USA) for up to 48 h, with radioautography performed for
each chemical spot. Each chemical spot fraction was collected and counted via scintil-
lation counter (2450 MicroBeta2, PerkinElmer, Waltham, MA, USA) for the quantitative
determination of [14C]-13-HPODE and decomposition products.

2.9. Extraction and LC-HRMS Analysis of 13-HPODE Decomposition Products

To confirm the formation of 13-HODE, 9-ONA, and AzA in the presence of cells, both
cell media and lysates were characterized by LC-HRMS analysis (n = 3, in triplicates).
Chloroform extraction of 13-HPODE and degradation products was performed for cell
media, and the extracts were completely dried under N2. The resulting residues were
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resuspended in methanol containing 500 pmoles AzA–D14 (deuterium-labeled internal
standard) to quantify AzA and other degradation products. For cell lysate lipid extraction,
cells were washed twice with phosphate-buffered saline (PBS) and gently lysed in 1 mL
ice-cold methanol. Lysates were further homogenized using a PowerGen700 homogenizer
mixer (Fisher Scientific, Hampton, NH, USA). The resulting cell lysate lipids were extracted
using 1 mL chloroform. Samples were vortexed vigorously and centrifuged at 2500 rpm
for 10 min. The supernatant was collected and completely dried under N2. Residues were
resuspended identically to those of cell media.

LC-HRMS analyses were performed on a 6520B Q-TOF (quadrupole time-of-flight)
coupled with 1200 HPLC (Agilent Technologies, Santa Clara, CA, USA). Chromatographic
separation of 13-HPODE and degradation products was achieved using an Agilent ZORBAX
Eclipse Plus C18 (150 mm L × 4.6 mm ID, 5 µm PS) with a binary mobile phase gradient
program to elute components from the column within 23 min: Eluent-A: acetonitrile and
Eluent-B: deionized water, both containing 0.1% formic acid. The gradient program was as
follows: 90% B: 0–3.5 min; 10% B: 3.5–12 min; 10% B, 12–19 min; 90% B: 19.1–23 min. The
column was operated at 45 ◦C with a constant mobile phase flow rate at 0.7 mL/min. Full-
scan electrospray ionization (ESI) in negative ion mode was used to ionize the molecules by
applying −3.5 kV needle voltage. N2 was used as a drying and nebulizer gas for desolvation
of solvent droplets and the values were set at 13 L/min and 55 psig, respectively; the source
was operated at 320 ◦C, TOF fragmentor and skimmer voltages were operated at 100 V
and 65 V, respectively. AzA–D14 (Cayman Chemicals, Ann Arbor, MI, USA), was used as
the LC-HRMS internal standard (IS). Data were analyzed using MassHunter Quantitative
Analysis B.07.00 (Agilent Technologies, Santa Clara, CA, USA).

2.10. Gene Expression

Total RNA from cells was isolated using TRIzolTM. One µg of RNA was reverse-
transcribed into cDNA using the SuperScript® III First-Strand Synthesis System (Invitrogen,
Carlsbad, CA, USA). cDNA (50 ng) sample used to perform real-time polymerase chain
reaction (RT-PCR) on an iQTM5 iCycler Multicolor Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA) using SYBR Green (Invitrogen, Carlsbad, CA, USA). RT-PCR was
performed for ApoA1 and PON1 using specific primers (Table S1), with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as the reference gene. Normalized fold expressions
were calculated using the 2−∆∆Ct method.

2.11. Western Blot Analysis

Total protein from cells was isolated by using radioimmunoprecipitation assay (RIPA)
lysis buffer (Sigma) and stored at −20 ◦C until use. Protein concentration was determined
using DC Protein Assay (Bio-Rad). Then, 8–10 µg of protein was separated on a 12% SDS–
PAGE gel. The gels were transblotted onto a 0.2 µm PVDF membrane using Mini Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad) for 1 h at 100 V at 4 ◦C. Membranes were blocked
with 5% nonfat milk in Tris-buffered saline (pH 7.5) with 0.1% Tween-20 (TBS-T) at room
temperature for 1 h and then incubated with primary antibodies for ApoA1/PON1/ApoB
(1:5000 v/v dilution) overnight at 4 ◦C. The blots were then incubated with secondary
antibodies (1:10,000 v/v dilution) for 1 h. Finally, signals were detected using a Pierce™

ECL Western Blotting Substrate Kit (Thermo Technologies, Waltham, MA, USA).

2.12. ApoA1 and ApoB ELISAs

Cell media was collected after the indicated incubation period and centrifuged at
2000 rpm for 5 min. The supernatant was used to determine ApoA1 and ApoB levels in
samples. A total of 100 µL of supernatant was analyzed for ApoA1 (3710-1HP-2; Mabtech,
Cincinnati, OH, USA) and ApoB (KA1028; Abnova, Walnut, CA, USA) following the manu-
facturer’s protocols. Absorbance was measured at 450 nm (correction absorbance at 540 nm)
using an Benchmark Plus™ Microplate Absorbance Reader (Bio-Rad). The concentration of
ApoA1 and ApoB levels were expressed as secretion relative to control (untreated).
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2.13. PON1 Activity

PON1 arylesterase activity was measured in cell media as in Jaichander et al. [55].
Briefly, 10 µL media per sample was incubated with 1 mM p-nitrophenylacetate (p-NPA)
in 100 µL phosphate buffer with 2 mM CaCl2 and MgCl2 at 37 ◦C for 30 min in a 96-well
plate. Samples were run in triplicate. p-NPA was used as the substrate for PON1 enzyme
activity and the resultant product, paranitrophenol (p-NP), was measured at 410 nm on a
Benchmark Plus™ Microplate Absorbance Reader (Bio-Rad).

2.14. Statistics

Values are presented as mean ± standard error of the mean (SE), and statistical anal-
yses were performed using a two-tailed Student’s t-test or one-way analysis of variance
(ANOVA), as required, at a significance level of p < 0.05. All experiments were completed
≥3 times. Statistics were evaluated using GraphPad Prism v5 (La Jolla, San Diego, CA, USA).

3. Results
3.1. Lipid Peroxides and Decomposition Products Detected in Dietary Cooking Oils

As the most abundant PUFA in the Western diet, LA represents a substantial potential
pool for lipid peroxidation. To investigate how readily lipid peroxides and oxidative
decomposition products are formed following a common deep-frying protocol, we selected
three commonly used culinary oils (sesame, canola, and olive oil), varying in their PUFA
percentage (45%, 20%, and 10%, respectively) to compare with butter, containing mostly
saturated fats [56]. Oil samples (2 mL) were placed on a heating block at 100 ◦C for 8 h, and
peroxide content was measured every 4 h via LMB assay. Peroxide generation increased
significantly over time in both sesame oil and canola oil (Figure S1A), while olive oil and
butter remained relatively consistent over the 8 h period. Sesame oil generated far fewer
peroxides, compared to canola oil, despite higher levels of PUFA found in the former. This
may be due to the higher antioxidant content (e.g., sesamol, vitamin E, etc.) in sesame
oil. A TBARS assay was also performed to measure the presence of MDA (Figure S1B), a
peroxidation product of both arachidonic acid and LA [57]. A significant increase in the
amount of MDA generated over the 8 h period was observed only in canola oil.

As so little is known about the physiological effects and metabolic fate of 9-ONA,
the compound was synthesized, and its properties were characterized by TLC and GC-
MS analyses. The aldehyde of 9-ONA was successfully stained by DNP in a TLC system
(Figure S2A), and the lipid fraction containing 9-ONA, using a solvent system of chloroform,
tetrahydrofuran, and acetic acid (90:10:0.5), travels between 13-HPODE and AzA on
the plate. Investigation of 9-ONA using GC-MS showed a retention time of 15.94 min
(Figure S2B), and signature mass spectral peaks at 74, 87, 111, 143, and 155 (Figure S2C).

To further explore decomposition products of oxidized oils, purified 13-HPODE was
left at room temperature for 48 h, and then gas chromatography was utilized to identify
decomposition products of the lipid hydroperoxide. Using retention times (RTs), both 9-
ONA and AzA peaks were identified in the 48 h sample (Figure S3A,C) and were compared
to a gas chromatogram of freshly prepared 13-HPODE (Figure S3B–C). Peak quantification
through GC-MS demonstrated significant 9-ONA and AzA peaks only in 48 h 13-HPODE
samples but not in freshly prepared 13-HPODE samples (p < 0.01). Altogether, these
results demonstrate that prolonged heating of PUFA-rich cooking oils, as occurs regularly
at restaurants across the world, easily generates lipid peroxides, lipid peroxide-derived
aldehydes (9-ONA), and further oxidative decomposition products (AzA).

3.2. Caco-2 and HepG2 Cells Efficiently Reduce Lipid Hydroperoxides to
Corresponding Hydroxides

In order to establish whether enterocytes alter lipid hydroperoxides, either intra- or
extracellularly, freshly prepared 13-HPODE was incubated with poorly differentiated and
fully differentiated Caco-2 cells, as well as with HepG2 hepatocytes. An LMB assay and
conjugated diene measurements via UV spectrophotometer were performed every 15 min
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for 90–120 min. As shown in Figure 1A, UV spectral data demonstrated a decrease in
absorbance at 234 nm, specific to conjugated dienes, indicating a loss of 13-HPODE dienes
in the presence of fully differentiated Caco-2 cells. An LMB assay indicated the loss of
the peroxide group from 13-HPODE in the presence of cells (Figure 1B). Comparing the
results from UV spectrophotometry and the LMB assay, the peroxide group appeared to
decompose more quickly than the conjugated dienes. A similar loss of peroxides was
also observed in the presence of arachidonic acid 5-hydroperoxide (5-HPETE), cumene
peroxide, and hydrogen peroxide (data not shown). Importantly, while these results were
duplicated with both poorly differentiated Caco-2 cells and HepG2 cells, cell-free media
did not accomplish the reduction of lipid hydroperoxides (Figure S4).
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Figure 1. Lipid peroxides are reduced to hydroxides in the presence of fully differentiated Caco-2 cells: (A) 13-HPODE was
incubated with differentiated Caco-2 cells, resulting in a decrease in cell media 13-HPODE dienes over 120 min; (B) decrease
in Caco-2 cell media peroxides over time, as measured by LMB assay (** p < 0.01); (C–F) HPLC of Caco-2 cell media
components, demonstrating a decrease in 13-HPODE and increase in 13-HODE peak AUC. Data represent 3 separate
experiments, with n = 3/group/experiment.
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HPLC analysis of cell media components indicated a gradual decomposition of
13-HPODE over time. Figure 1C–F illustrates the decomposition of 13-HPODE over a
period of 90 min. A significant reduction in the peak AUC for 13-HPODE was observed
at 90 min (84,085.75 ± 4204 to 183.53 ± 9.2; p < 0.001), whereas a simultaneous increase
in the 13-HODE peak AUC (1127.51 ± 56.4 to 15,721.61 ± 786; p < 0.001)) was detected,
representing a reduction of 13-HPODE to 13-HODE.

3.3. Cellular Uptake of Lipid Peroxide and Corresponding Hydroxide

In order to establish whether lipid hydroperoxide reduction was occurring intracellu-
larly or extracellularly, poorly and fully differentiated Caco-2 cells, along with HepG2, were
treated with 14C-labeled LA, 13-HPODE, and 13-HODE to assess whether the cells were ca-
pable of taking up lipid peroxides and corresponding hydroxides. Cell lysate radioactivity
was measured and standardized to cell protein concentration. Figure S5 indicates LA was
more efficiently taken up by fully differentiated Caco-2 cells and HepG2 cells, compared
with 13-HPODE and 13-HODE. Poorly differentiated Caco-2 cells appeared less capable
of lipid uptake in general but particularly of 13-HPODE and 13-HODE. The inability of
poorly differentiated Caco-2 cells to readily take up lipids is not surprising, as the brush
border is essential for fatty acid absorption in the intestine [44,48].

3.4. TLC Radioautography of [14C]-13-HPODE Decomposition by Cells

To examine what products resulted in intra- and extracellularly following intestinal
and hepatic treatment with 14C-labeled LA, 13-HPODE, and 13-HODE, TLC radioautogra-
phy was conducted on cell lysate and media. Radioautography data indicated differentiated
Caco-2 cells decomposed 14C-13-HPODE into 13-HODE gradually in the media (Figure 2A;
Figure S6). However, 13-HODE was gradually lost in the media and gained in the lysate,
indicated the fully differentiated Caco-2 cells had taken up the compound from the media
(Figure 2B). To further analyze the lipid hydroperoxide decomposition process, intracellu-
lar lipid extracts were saponified in order to hydrolyze triacylglycerols into component
glycerol and fatty acids. Following saponification, fully differentiated Caco-2 cells display
a denser 13-HODE fraction (Figure S7), indicating the intracellular 13-HODE derived from
13-HPODE is typically esterified as triacylglycerols.

3.5. LC-HRMS Analysis of 13-HPODE Decomposition Products by Caco-2 Cells

To further characterize the decomposition products derived from cell treatment with
13-HPODE, LC-HRMS was performed on fully differentiated Caco-2 cell lysate and media
(n = 3). In the presence of Caco-2 cells, the decomposition of 13-HPODE was observed in
both cell medium and cell lysate. Chromatographic peaks were quantified by comparing
to analytic standards and/or with the METLIN accurate mass database. In negative mode,
deprotonated molecular ions ([M-H]−) at mass-to-charge ratios (m/z) of 311.2090, 295.2159,
187.0916, and 171.0982 were observed, corresponding to 13-HPODE, 13-HODE, AzA, and
9-ONA, respectively. Representative LC-HRMS extracted ion chromatograms (EICs) and
ESI mass spectra of 13-HPODE decomposition products in a cell lysate are shown in
Figure 3, with similar EIC and ESI mass spectra were seen for fully differentiated Caco-2
cell media (data not shown).
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In the presence and absence of Caco-2 cells, both poorly (Figure 4A) and fully differ-
entiated (Figure 4B), the distribution of 13-HPODE decomposition products in cell media,
identified and quantified by LC-HRMS, was measured at both 3.5 h and 19 h following
13-HPODE treatment. Undifferentiated cells generated a higher level of AzA that occurred
in cell-free media, at both 3 h and 19 h, while fully differentiated Caco-2 cells mirrored this
pattern to an even greater extent. In addition, the saponified intracellular lipid fraction
of poorly and fully differentiated Caco-2 cells was examined (Figure 4C), with fully dif-
ferentiated Caco-2 cells showing a much higher level of the intracellular decomposition
products, 13-HODE and Aza, than poorly differentiated cells, especially at the 3 h mark.
Finally, the conversion of 9-ONA to Aza, with and without fully differentiated Caco-2 cells
(Figure 4D), demonstrated a marked increase in the ability of 9-ONA to degrade to AzA
when in the presence of cells. Over 90% of treated 9-ONA was converted to AzA by 3.5 h
in the presence of cells, while 98% conversion had occurred by 19 h. The concentration of
intracellular AzA increased only gradually by 19 h (data not shown).
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Figure 4. Degree of 13-HPODE and 9-ONA decomposition in media with presence and absence of Caco-2 cells at 3.5 h
and 19 h post-treatment: (A) undifferentiated Caco-2 cells compared with cell-free media; (B) differentiated Caco-2 cells
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3.6. Oxidation of 9-ONA to AzA, and Uptake of AzA in Differentiated Caco-2 Cells

Radioactive 14C-9-ONA was synthesized and purified by TLC in order to trace the
oxidative decomposition to AzA. In the presence of fully differentiated Caco-2 cells, a
significant increase in AzA and a corresponding decrease in 9-ONA at 1 h was observed,
compared with cell-free and 0 h controls (Figure S8). This indicates fully differentiated
Caco-2 cells oxidize 9-ONA to AzA very efficiently in the cell medium.

To investigate the ability of Caco-2 cells to take up and utilize AzA, fully differentiated
Caco-2 cells were incubated with 50 µM AzA, and metabolites of AzA were extracted from
both the media and lysate for GC-MS analysis (Figure S9A). A significant increase (p < 0.05)
in intracellular AzA was observed (Figure S9B), while levels of AzA remained detectable
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from 3 h to 18 h post-treatment in the cell media (Figure S9C). This result suggests the
intracellular AzA concentration is tightly controlled and turnover of intracellular AzA is
relatively slow. AzA stayed stable as a free fatty acid in the media until 18 h post-treatment,
suggesting AzA is potentially not well absorbed by fully differentiated Caco-2 cells.

3.7. Intestinal and Hepatic 13-HPODE-, 9-ONA-, and AzA-Induced ApoA1 Secretion

In order to determine any effect of dietary oxidized lipids on ApoA1 secretion, poorly
and fully differentiated Caco-2 cells, as well as HepG2, were treated with 13-HPODE
(0–100 µM) for 6 or 20 h, and gene and protein expression for ApoA1 was evaluated.
ApoA1 gene expression in the intestine did not show consistent trends (Figure S10), while
expression in HepG2 cells was completely unaltered (data not shown). To evaluate a poten-
tial protein response to treatment, an ELISA for ApoA1 was performed using cell media
24 h post-treatment. In poorly differentiated Caco-2 cells, a significant (p < 0.05) increase
in ApoA1 levels was observed with 13-HPODE, 9-ONA, and AzA treatment (Figure 5A),
while similar increases were observed in fully differentiated Caco-2 cells (Figure 5B). Inter-
estingly, secretion of ApoA1 protein in response to 13-HPODE in HepG2 cells decreased
significantly (Figure 5C), with no effect seen from 9-ONA or AzA, suggesting protein
expression of ApoA1 in Caco-2 and HepG2 cells are differentially regulated. Western blots
for fully differentiated Caco-2 cell lysates were performed, with no significant observed
inductions of intracellular ApoA1 following 13-HPODE, 9-ONA, or AzA treatments (data
not shown).

3.8. Intestinal and Hepatic 13-HPODE-, 9-ONA-, and Aza-Induced PON1 Activity

As an antioxidant enzyme closely associated with HDL and capable of hydrolyzing a
variety of oxidative compounds, PON1 is considered antiatherogenic [58]. To investigate
any potential influence on PON1 activity following lipid peroxide treatment, poorly and
fully differentiated Caco-2 cells, as well as HepG2, were treated with 13-HPODE, 9-ONA,
and AzA, and the cell media was subjected to a PON1 activity assay. No significant PON1
activity changes following treatment were observed in the media of poorly differentiated
Caco-2 cells, potentially due to low total enzyme activity in the medium (Figure 6A). A sig-
nificant (p < 0.05) decrease in PON1 activity with an increasing concentration of 13-HPODE
was seen with fully differentiated Caco-2 cells. While 9-ONA treatment did not influ-
ence PON1 activity in fully differentiated Caco-2 cells, treatment with AzA significantly
(p < 0.05) increased PON1 activity in the media of these cells (Figure 6B). In HepG2 cell
media, decreased PON1 activity was observed following 13-HPODE and 9-ONA treatment,
whereas no change was observed with treatment by AzA (Figure 6C). While 13-HPODE
did significantly suppress PON1 activity, at the level of the gene, this oxidized lipid did
not inhibit PON1 expression in any of the three cell types (data not shown). Reduced
PON1 activity is associated with dysfunctional HDL, and the presence of 13-HPODE may
provide a source and context for loss of HDL functionality. Moreover, 9-ONA treatments
had inconsistent effects among cell types, with a trend toward increased and decreased
PON1 activity in differentiated Caco-2 cells and HepG2, respectively. AzA significantly
enhanced PON1 activity in differentiated Caco-2 cell media but not in the media of poorly
differentiated Caco-2 or HepG2 cells.
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3.9. Suppression of ApoB48 Secretion by AzA in Differentiated Caco-2 Cells

To further interrogate the potential lipoprotein effects of dietary peroxidized lipid
interaction with intestinal and hepatic cells, the secretion of ApoB48 and ApoB100 following
treatment with 13-HPODE, 9-ONA, and AzA was investigated. Using an antibody that
binds to the N-terminal of the ApoB protein, an ELISA was performed for poorly and
fully differentiated Caco-2 cell media, as well as for HepG2. Poorly differentiated Caco-2
cells secreted very little ApoB48 into the medium, resulting in very low readings (data not
shown). In fully differentiated Caco-2 cells and HepG2 cells, 100 µM 13-HPODE inhibits
ApoB secretion after 24 h (Figure S11). In fully differentiated Caco-2 cells, a concentration-
dependent decrease in ApoB secretion was observed with 13-HPODE treatment, a trend
not mirrored in HepG2 cells, suggesting intestinal cells may be more sensitive to externally
supplied 13-HPODE. ApoB secretion following 100 µM 9-ONA treatment was significantly
decreased (p < 0.05) in fully differentiated Caco-2 cells (Figure S11A). A significant decrease
(p < 0.05) in ApoB secretion in fully differentiated Caco-2 cells, at both 50 and 100 µM AzA
(Figure S11A), was also observed. ApoB secretion following 100 µM 13-HPODE treatment
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was significantly suppressed in HepG2 cells (Figure S11B). However, treatment with either
9-ONA or AzA did not influence ApoB secretion by HepG2.

4. Discussion

Earlier studies have suggested dietary peroxidized lipids may be atherogenic [59,60].
As we have, in part, demonstrated, the large quantities of PUFA-containing cooking oils
common in Western diets can produce peroxidized lipids when subjected to extended
periods of heating, a potentially important health risk given the popularity of fried foods.
The small intestine, as the site of dietary lipid absorption, plays a major role in the formation
and transportation of lipids, primarily chylomicrons, to tissues throughout the body [61].

As the only enterocyte model capable of differentiation to the point of physiologically
relevant lipoprotein processing [62], Caco-2 cells are a popular tissue culture model for
intestinal lipoprotein studies [63,64]. This cell model has established important physiol-
ogy relating to fatty acid post-transcriptional regulation of ApoB production, lipoprotein
production, and transintestinal cholesterol efflux (TICE), a pathway by which intestinal
cholesterol uptake is limited, ApoA1 and HDL levels are increased, and cholesterol efflux
into the intestinal lumen is increased [65]. While the intestinal metabolism of lipids has been
considered, that of peroxidized lipids has not. A few studies have suggested dietary perox-
idized lipids can be absorbed by the small intestine, thereby contributing to the formation
of circulating, potentially atherogenic, oxidized lipoproteins (e.g., [59]). In contrast, studies
from our laboratory have shown induction of ApoA1 by 4d and 14d Caco-2 cells when
incubated with oxidized LA (13-HPODE) [44]. While intestinal absorption of 13-HPODE
would presumably be atherogenic, decomposition of this oxidized lipid to aldehydes and
dicarboxylic acids could be beneficial in upregulating the antiatherogenic ApoA1. Thus,
our current study attempted to determine the fate of 13-HPODE in both intestinal and liver
cells, with a secondary goal of determining an effect on ApoA1 expression as a result of
lipid peroxide decomposition products.

Based on our results, we pose the question of whether dietary oxidized fatty acids are
friends or foes, either individually or via their metabolic products. Further, we question
whether dietary oxidized fatty acids may create additional, externally derived oxidative
stress and exacerbate the atherogenic process. On the other hand, we would like to point
out that the paradoxical idea that dietary oxidized lipids or their decomposition products
act as peroxisome proliferator-activated receptor (PPAR) α agonists yet appear to enhance
the production of ApoA1/PON1 (the major components of HDL) by intestinal cells.

By studying the metabolic fate of 13-HPODE, we concluded that, in the presence
of Caco-2 cells, 13-HPODE is reduced to 13-HODE efficiently. Various factors, such as
thiol-containing peptides, amino acids, and antioxidants may contribute to the reduction of
13-HPODE [66]. In the context of dietary peroxide lipids, which are hydrolyzed by a variety
of lipases (mostly pancreatic lipase) to produce free fatty acid peroxides in the gastroin-
testinal tract, dietary free fatty acid peroxides are present in a mixture in chime, along with
amino acids, peptides, and antioxidants from the diet. Within 3–4 h post-digestion, fatty
acid peroxides would be expected to have been largely reduced by dietary components and
via interaction with intestinal cells. Yuan et al. [67] reported 9-HODE and 13-HODE are the
two major metabolites from oxidized LA in rat plasma using MS-based studies. However,
Kanazawa and Ashida [68] showed 13-HPODE was released from TG in the stomach and
decomposed to aldehydes before reaching the small intestine. We found 13-HPODE is
unstable at room temperature and autodecomposes into aldehydes and, subsequently,
dicarboxylic acids. Significant amounts of aldehydes were detected by GC-MS derived
from 13-HPODE samples stored at room temperature for 48 h. In general, food remains
in the stomach for approximately 2 h, leading to the expectation that decomposition or
aldehyde generation would not be significant in the intestine, however significant the
amount of ingested lipid peroxides. Our findings suggested dietary peroxides may not be
a significant source of lipid peroxides in the circulation, as they can be reduced to corre-
sponding hydroxides during the digestion process. Some in vivo studies demonstrated
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oxidative stress was induced by consuming heated oils, potentially due to the secondary
effects of lipid peroxide-derived products rather than the original compounds (e.g., [69]).
We have demonstrated here, however, that 13-HPODE decreases PON1 activity, potentially
preventing a source of significant antioxidant activity.

This is the first study to demonstrate the metabolic fate of 9-ONA, the decomposition
product from the carboxylic end of, likely, the most abundant lipid peroxide in nature,
linoleic peroxide (13-HPODE). LC-HRMS and 14C-labeled radioautography techniques
were used to evaluate the oxidation of 9-ONA to AzA in the presence of Caco-2 cells.
The accumulation of AzA in the extracellular medium suggests plasma membrane-bound
aldehyde oxidizing enzymes may play a role in this reaction. Many enzymes, such as the
gene superfamilies of aldehyde dehydrogenases and oxidases [70], may be involved in the
oxidation of fatty aldehydes.

AzA is a potentially antiatherosclerotic compound [53]. This is the first study to
demonstrate AzA is poorly absorbed by intestinal cells and suggests that AzA has an
efficient modulatory property of lipoprotein secretion by intestinal cells. AzA effectively
enhanced ApoA1 secretion and PON1 activity, the main components of HDL, while sup-
pressing ApoB secretion in differentiated Caco-2 cells. However, AzA did not modulate
lipoprotein secretion in hepatocytes.

AzA remained detectable in differentiated Caco-2 cell medium for up to 18 h, while
LC-HRMS confirmed less than 5% of treated AzA was taken up by cells. Grego et al. [71]
found intravenous (i.v) infusion of AzA resulted in more than a 50% loss through the
urine and suggested AzA was not suitable as an energy substrate in parenteral nutri-
tion. Passi et al. [72] also suggested AzA serum concentrations and urinary excretion
are high when the compound was infused intravenously or intraarterially, as compared
to oral administration. AzA has been ascribed several beneficial properties, including
anti-inflammatory, antimicrobial, antitumoral, and anti-keratinizing effects [53,73]. AzA
has also been used in various formulations to treat rosacea, acne, and melisma [74].
Litvinov et al. [53] suggested ingestion of AzA could slow the progress of atherosclerosis;
however, the mechanism by which AzA reduces atherosclerosis was unclear. As demon-
strated here, AzA has minimal effect on hepatic cells, and poor absorption by intestinal
cells, potentially accounting for the beneficial effects of AzA being restricted to the intestine.
Thus, the intestine may be a novel target for antiatherosclerotic drugs.

5. Conclusions

This study sheds light on the intestine as a novel organ through which to target poten-
tially atherosclerotic mechanisms. The regulation of intestinal lipoprotein secretion appears
to differ from that of the liver. Our findings suggest the existence of intestine-specific
modulators at the post-transcriptional level that may modify lipoprotein production. How-
ever, this process is not yet completely understood, opening new avenues for further
investigation. Considering derivatives of AzA have been widely used in the treatment of
inflammatory bowel disease (IBD), which enhances the progression of atherosclerosis [75],
these results may also interest the gastrointestinal research community.
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