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Abstract Solubilization of cholesterol in the intestinal lu-
men by bile acids and the subsequent formation of mixed
micelles is an important step in the absorption of choles-
terol. We propose that oxidized fatty acids (ox-FA) may
mimic bile acids and form mixed micelles with cholesterol
much more efficiently, as compared with unoxidized fatty
acids, thereby increasing there absorption. In an in vitro as-
say at concentrations of 1, 5, and 10 mM, oxidized linoleic
acid (ox-18:2) increased the solubilization of cholesterol
(3.06, 8.16, and 15.46 nmol/ml) in a dose dependent man-
ner compared with a 10 mM unoxidized linoleic acid (unox-
18:2 at 0.97 nmol/ml). The uptake of cholesterol solubi-
lized in the presence of ox-18:2 by Caco-2 cells and everted
rat intestinal sacs was greater (1.78 and 1.95 nmol/ml re-
spectively) as compared with the cholesterol solubilized in
the presence of unox-18:2 (0.29 and 0.61 nmol/ml; 

 

P

 

 

 

�

 

0.05). In addition, when LDL receptor deficient mice were
fed a high fat diet along with ox-18:2 their plasma choles-
terol levels were greater than animals fed the high fat diet
alone (1290 mg/dl vs. 1549 mg/dl, 

 

P

 

 

 

�

 

 0.013).  From
these results, we suggest that ox-FA, by enhancing the solu-
bilization of luminal cholesterol, increases the uptake of
cholesterol that might lead to hypercholesterolemia and
atherosclerosis.—

 

Penumetcha, M., N. Khan-Merchant, and
S. Parthasarathy.
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A plethora of studies have suggested that oxidized lipids
may have atherogenic properties (1–5). Until recently,
most of the attention has been primarily focused on oxi-
dized free fatty acids derived endogenously from cellular
sources. In the past decade, studies by Staprans et al. (6,
7) suggest that dietary peroxidized lipids can be secreted
into chylomicrons and that these chylomicrons are more
susceptible to in vitro oxidation. In addition, feeding oxi-
dized oil accelerated the formation of fatty streak lesions
in rabbits (8). In a human study, feeding oxidized fatty ac-
ids resulted in a decrease of plasma paraoxonase activity
(9). Decreased activity of this enzyme is associated with in-
creased risk of atherosclerosis (10, 11). All these studies

 

centered on the premise that oxidized lipids might con-
tribute to enhanced atherosclerosis by influencing the ox-
idative pathway.

Cells are constantly exposed to ox-FFA. The intestinal
enterocytes are exposed to dietary ox-FFA during absorp-
tion. Studies in rodents by Kanazawa and others have
shown that when animals are fed peroxidized fatty acids a
certain percentage is found in the intestinal lumen and is
incorporated into the liver and other organs (12–14). We
recently reported the extent of absorption and subse-
quent metabolism of oxidized linoleic acid (ox-18:2) and
unoxidized linoleic acid (unox-18:2) in Caco-2 cells and
rat everted intestinal sacs (15). During the course of these
experiments, we noted a similarity between ox-FFA and
bile acids. Both have similar physio-chemical properties,
such as a hydrophobic domain, carboxylic acid, and hy-
droxy functions. Bile salts are micelle forming agents be-
cause of their amphipathic properties.

Cholesterol is poorly soluble in aqueous solutions.
Therefore, endogenous and dietary cholesterol has to un-
dergo the obligatory step of micellar solubilization before
being absorbed by the intestinal enterocyte. This is accom-
plished in the intestinal lumen by the formation of mixed

 

micelles from bile and products of lipid digestion
(16–18). Of the many components of bile, bile acids and
phospholipids contribute to the formation of mixed mi-
celles. During lipid digestion, pancreatic lipase and phos-
pholipase A2 hydrolyze triglycerides to 2-mono-glyceride
and fatty acids, and phospholipids to lysophospholipids and
fatty acids. These products of lipid digestion along with
bile acids form mixed micelles, which render the insolu-
ble cholesterol soluble so that it can be presented to the
enterocyte for absorption.

We propose that ox-18:2 is structurally similar to the
bile acid lithocholic acid (

 

Fig. 1

 

), and its presence in the

 

Abbreviations: 13-HODE, 13-hydroxylinoleic acid; ox-FA, oxidized
fatty acids; Lyso PtdCho, lyso phosphatidylcholine; ox-18:2, oxidized
linoleic acid; unox-18:2, unoxidized linoleic acid; TC, taurocholate;
2-MOG, 2-mono-oleylglycerol.
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intestinal lumen might promote increased solubilization
of cholesterol and thus its absorption. We realize that in
vivo, lithocholic acid may not form micelles efficiently
(19). Our intent is to show that, like lithocholic acid, ox-
18:2 has one hydroxy group.

In this study, we tested the hypothesis that ox-18:2 solu-
bilizes cholesterol better than unox-18:2 and this would
lead to increased uptake of cholesterol by the intestine.
Using an in vitro assay, we looked at the solubilization of
cholesterol with ox- or unox-18:2 in the presence of other
luminal components such as lysophosphatidylcholine
(Lyso PtdCho) and 2-mono-oleoylglycerol (2-MOG). In
addition, we also measured the uptake of cholesterol solu-
bilized in the presence of ox-18:2 or unox-18:2 by Caco-2
cells and rat everted intestinal sacs. Finally, we fed LDL re-
ceptor deficient (LDLr

 

�

 

/

 

�

 

) mice a high fat diet with or
without ox-18:2 for 10 weeks and measured the plasma
cholesterol levels.

MATERIALS AND METHODS

 

Fatty acids, soybean lipoxidase, taurocholate, Lyso PtdCho,
and 2-MOG were purchased from Sigma (St. Louis, MO). [1-

 

14

 

C]linoleic acid (1.9 GBq/mmol) and [4-

 

14

 

C]cholesterol (1.8
GBq/mmol) were obtained from New England Nuclear (Bos-
ton, MA). Authentic hydroperoxyoctadecadienoic acid
[13(s)-HPODE] was purchased from Cayman Chemicals (Ann
Arbor, MI).

Caco-2 cells were cultured in 100-mm stock plates and in six-
well plates for experiments in Eagle’s minimum essential me-
dium (EMEM) with nonessential amino acids (NEAA) and
supplemented with FBS (10%) and 2 mM glutamine and 5%
penicillin-streptomycin. Cells were maintained at a pH of 7.4 at
37

 

�

 

C with 95% air flow and 5% CO

 

2

 

.
Four to six week old homozygous LDLr

 

�

 

/

 

�

 

 mice (C57BL/6J-
LDLr 

 

tm1 Her

 

) (n 

 

�

 

 22) were purchased from Jackson Laborato-
ries (Bar Harbor, Maine) and were housed in 12 h light and dark
cycles. Animals were treated in compliance with Emory Univer-
sity Animal Committee regulations.

 

Oxidation of linoleic acid

 

The linoleic acid (3 mM) solution was oxidized with soybean
lipoxidase (60 U/100 nmol, 2 h at 37

 

�

 

C) to produce ox-18:2 [hy-
droperoxy octadecadienoic acid (HPODE) and hydroxy octadeca-
dienoic acid (HODE)] (15, 20). The formation of HPODE was
determined by Leucomethylene blue (LMB) (21). Briefly, 40 

 

�

 

l
of the ox-18:2 was added to 100 

 

�

 

l of LMB reagent in a micro ti-
ter plate and incubated at room temperature for 10 min. Then
the sample was read in an Anthos htll microtiter reader. The
amount of peroxide generated was quantitated against a stan-
dard curve generated by authentic 13-HPODE. The oxidized
fatty acid was extracted with ether, dried under nitrogen, and
stored at 

 

�

 

20

 

�

 

C. The conversion of HPODE to HODE after ex-
traction by ether was confirmed by LMB and a reading at 234 nm
by a UVIKON (Research Instruments International, San Diego,
CA) spectrophotometer.

 

Treatment of Caco-2 cells

 

Caco-2 cells were seeded at an initial density of 2 

 

�

 

 10

 

4

 

. Exper-
iments were carried out on days 18–21 for Caco-2 cells. On the
day of the experiment, the medium was removed and the cells
were washed thrice with serum free medium. Labeled choles-

terol containing serum free medium (250–10,000 DPM/nmol)
was applied to cells in triplicate and incubated for the indicated
time at 37

 

�

 

C. An aliquot of the labeled cholesterol was added to
EcoLume to determine radioactivity. After incubation, the me-
dium was collected and the cells were washed twice with PBS. An
aliquot of the medium and the PBS used for washing were each
added to EcoLume to count the label remaining in the medium
and the wash respectively. The cells were then solubilized in 2 ml
of deoxycholic acid solution (0.5 mg/ml) and the radioactivity
was determined in 100 

 

�

 

l of the cell lysate. After acidification, by
adding 20 

 

�

 

l of 6N HCl, 4 ml of chloroform-methanol (1:1, v/v)
was added to the cell lysate to extract cellular lipids by the
method of Bligh and Dyer (22). After centrifugation (5 min,
2,000 rpm), 500 

 

�

 

l of the upper phase was gently dried under ni-
trogen and the radioactivity was determined. The lower chloro-
form phase was collected and 100 

 

�

 

l was gently dried under ni-
trogen and the cell-associated radioactivity was determined. The
remaining chloroform phase was gently dried under nitrogen
and was stored at 

 

�

 

80

 

�

 

C for further analyses.

 

In vitro cholesterol solubilization

 

[4-

 

14

 

C]cholesterol (specific activity 250–10,000 DPM/nmol)
was placed (5 nmol) at the bottom of a glass test tube. Ox-18:2 or
unox-18:2 (1,000 nmol) in ether was added followed by 2-MOG
(150–300 nmol), after which the test tubes were dried under a
gentle stream of nitrogen. Ether was added to the test tubes and
the tubes were rolled gently to allow all the ingredients to mix
well. Next, 1 ml of serum free EMEM was added and the ether
was dried. This was followed by the addition of Lyso PtdCho (50–
200 nmol), and the test tubes were vortexed vigorously for 2 min.
Following this, the test tubes were incubated in a 37

 

�

 

C water bath
for 30 min. After incubation the EMEM was filtered through a
Millipore filtering apparatus (Millipore Corporation, Bedford,
MA) equipped with a 0.22 

 

�

 

M filter. The radioactivity in the filter
and the filtrate was determined by scintillation counting.

 

Cryo-high resolution-scanning electron microscopy

 

Cryo-high resolution-scanning electron microscopy (cryo-HR-
SEM) was performed to characterize the particles in the filtrates
obtained after solubilizing cholesterol with ox-18:2 or unox-18:2.
The general method for solubilizing cholesterol is as mentioned
above. The final concentrations of the various components in
the incubation mixture were 5 

 

�

 

M cholesterol, 1 mM of ox- or
unox-18:2, 0.2 mM Lyso PtdCho, and 0.3 mM 2-MOG. After incu-
bation the mixture was filtered through a 0.22 

 

�

 

M filter and the
filtrates were maintained at 37

 

�

 

C before they were cryo frozen
for electron microscopy. Cryo-HR-SEM was performed by the
method of Apkarian et al. (23). The frozen specimen was
cracked, coated with chromium, and observed under the elec-
tron microscope while the samples were maintained at 

 

�

 

115

 

�

 

C.

 

Preparation of rat everted intestinal sacs and incubation

 

Male Sprague-Dawley rats (250–300 gm) were obtained from
Charles River Laboratories and were allowed to acclimatize for a
week. They were fed normal rat chow (Harlan Teklad, Madison,
Wisconsin). Rat everted sacs were made according to the method
of Wilson and Weisman (24). Briefly, after an overnight fast rats
were euthanized by CO

 

2

 

 asphyxiation and 10 cm segments of the
intestine were harvested and sacs were prepared. The sacs were
incubated with solubilized cholesterol in 3.5 ml vol of serum-free
EMEM. After incubation, the serosal contents were emptied and
the radioactivity remaining in the medium was determined. The
sac was washed with 4 ml of PBS for 1 min. The mucosa was gen-
tly scraped into a test tube and the volume was adjusted to 2 ml
by adding 0.25 M sucrose at pH of 7.4. Tissue lipids were ex-
tracted by the method of Bligh and Dyer as mentioned above. In
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all experiments, two adjacent sacs from the same rat were used to
test for the uptake of cholesterol in the presence of ox- or unox-
18:2.

 

In vivo study with LDLr

 

�

 

/

 

�

 

Four to six week old male, LDLr

 

�

 

/

 

�

 

 mice were fed an athero-
genic high fat diet (n 

 

�

 

 12) containing 21.2% fat and 0.15% cho-
lesterol but no cholic acid (TD 88137; Harlan Teklad). Another
group (n 

 

�

 

 10) was fed the atherogenic diet along with ox-18:2
(8.0 mg/day/mouse). The mice were fed ox-18:2 five times a
week for a total of 10 weeks. Both groups stayed on the high fat
diet for the entire study period of 10 weeks. At the end of 10
weeks the mice were euthanized and the tissues harvested.

Mice were sacrificed by CO

 

2

 

 asphyxia, and then the blood was
drawn in heparinized tube from the inferior venacava. Red
blood cells and plasma were separated by centrifugation (3,000
rpm, 10 min at 4

 

�

 

C) and then frozen.

 

Statistical analyses

 

Differences between the in vitro solubilization of cholesterol
by ox-18:2 or unox-18:2, the uptake of solubilized cholesterol by
CaCo-2 cells, and the plasma cholesterol levels of mice fed high
fat diet versus high fat diet and ox-18:2 were analyzed by the stu-
dent’s 

 

t

 

-test. Differences in the uptake of solubilized cholesterol
by rat everted intestinal sacs was assessed by using the Proc
Mixed model statistical software. Statistical significance was set at

 

P

 

 

 

�

 

 0.05. Values are expressed as mean and SE.

 

RESULTS

We determined the solubilization of [4-

 

14

 

C]cholesterol
(in vitro) by ox-18:2 and unox-18:2 as shown in 

 

Fig. 2

 

.
Unox-18:2 at a 10 mM concentration incorporated choles-
terol into micelles poorly. On the other hand, increasing
amounts of ox-18:2 (1–10 mM) solubilized cholesterol in a
dose dependent manner.

In the subsequent experiments we added Lyso PtdCho
and 2-MOG along with ox-18:2 or unox-18:2 to the solubi-
lization experiments because they are important compo-
nents of mixed micelles formed in the intestinal lumen.
Micelles composed of bile salts alone solubilize choles-
terol poorly. However, their ability to solubilize choles-
terol increases in the presence of luminal contents such as
Lyso PtdCho and 2-mono-glyceride. Taurocholate was
used to demonstrate the ability of bile acids to solubilize
cholesterol, as it is representative of a typical human bile
acid (25). As shown in 

 

Fig. 3

 

, taurocholate alone solubi-
lizes only about 7% of the added cholesterol, while in the
presence of Lyso PtdCho and 2-MOG, it solubilizes 10
times more cholesterol. In a similar way, ox-18:2 also solu-
bilizes seven times more cholesterol in the presence of
Lyso PtdCho and 2-MOG, while solubilization by unox-
18:2 is poor. Further more, 

 

Fig. 4

 

 shows that ox-18:2 solu-

Fig. 1. Structural similarity of lithocholic acid and 13-
hydroxyoctadecadienoic acid (13-HODE). The dotted
lines together with the solid lines represent the struc-
ture of lithocholic acid while the solid lines alone repre-
sent 13-HODE.

Fig. 2. In vitro solubilization of [4-14C]cholesterol by
unoxidized linoleic acid (unox-18:2) (white bar) or oxi-
dized linoleic acid (ox-18:2) (black bar). One hundred
nanomoles of [4-14C]cholesterol were dried in a test
tube to which ox-18:2 (1 mM, 5 mM, or 10 mM) or
unox-18:2 (1 mM or 5 mM; in ether) were added and
dried. Then 1 ml of PBS (pH 7.4) was added and the
contents were vortexed vigorously for 2 min. Then the
test tubes were incubated for 30 min at 37�C. After incu-
bation, the contents of the test tube were filtered
through a 0.22 �M filter and the radioactivity in the fil-
trate and the filter was determined. Each experiment
was repeated three times in triplicate each time. Data
represent the mean amount of cholesterol in the filtrate
(solubilized) � SE, P � 0.001.
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bilizes cholesterol better than unox-18:2 both at low and
high concentrations of Lyso PtdCho and that the amount
of cholesterol solubilized by ox-18:2 increases as 2-MOG is
added to the system (0.55 nmol with Lyso PtdCho vs. 1.22
nmol with Lyso PtdCho and 2-MOG). Similarly, in vitro
studies by Simmonds et al. have also demonstrated that
the solubilization of cholesterol increases proportionally
to the amount of fatty acid or 1-mono-glyceride or both

added, and that the solubility effects of 1-mono-glyceride
and fatty acid are additive (26). Finally, we also demon-
strate (

 

Fig. 5

 

) that at a pH of 6.5, 6.7, or 7.0 the ability of
ox-18:2 to solubilize cholesterol is greater (1.37, 2.58, and
3.66 nmol, respectively) as compared with the amount sol-
ubilized by unox-18:2 (0.16, 0.55, and 1.31 nmol) at the
same levels of pH.

In order to further characterize the physical dimen-

Fig. 3. In vitro solubilization of [4-14C]cholesterol with
unox-18:2 (white bar), or ox-18:2 (black bar), or tauro-
cholate (gray bar) (5 mM) in the presence of lyso phos-
phatidylcholine (Lyso PtdCho) (0.2 mM) or Lyso Ptd-
Cho (0.2mM) and 2-mono-oleylglycerol (2-MOG) (0.15
mM). The solubilization was performed as mentioned
in Materials and Methods. Briefly, 5 nmol of [4-14C]cho-
lesterol was dried in a test tube to which either ox-18:2,
unox-18:2, or taurocholate (ratio of cholesterol-fatty
acid/taurocholate was 1:200) together with 2-MOG (in
chloroform) were added and dried. This was followed
by Lyso PtdCho and 500 �l of serum free Eagle’s mini-
mum essential medium (EMEM). The contents of the
test tube were vortexed vigorously for 2 min. After the
addition of 500 �l of serum free EMEM, the test tubes
were incubated for 1 h at 37�C. After incubation, the
contents of the test tube were filtered through a 0.22
�M filter and the radioactivity in the filtrate and the fil-
ter was determined. Each experiment was repeated
three times, in triplicate each time. Data represent the
mean amount of cholesterol in the filtrate (solubilized) �
SE, P � 0.01.

Fig. 4. In vitro solubilization of [4-14C]cholesterol with unox-18:2 (white bar) or ox-18:2 (black bar) (1 mM
of fatty acid) in the presence of Lyso PtdCho (0.05–0.2 mM) or Lyso PtdCho (0.2 mM) and 2-MOG (0.15
mM). The solubilization was performed as mentioned in Materials and Methods. Briefly, 5 nmol of [4-
14C]cholesterol was dried in a test tube to which either ox-18:2 or unox-18:2 together with 2-MOG (in chloro-
form) was added and dried. This was followed by Lyso PtdCho and 500 �l of serum free EMEM. The con-
tents of the test tube were vortexed vigorously for 2 min. After the addition of 500 �l of serum free EMEM,
the test tubes were incubated for 1 h at 37�C. After incubation, the contents of the test tube were filtered
through a 0.22 �M filter and the radioactivity in the filtrate and the filter was determined. Each experiment
was repeated three times in triplicate each time. Data represent the mean amount of cholesterol in the fil-
trate (solubilized) � SE, P � 0.01.
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Fig. 5. In vitro solubilization of [4-14C]cholesterol with
unox-18:2 (white bar), or ox-18:2 (black bar) (1 mM fatty
acid), or taurocholate (gray bar) [5 mM; ratio of choles-
terol-fatty acid/taurocholate (TC)� 1:200] in the pres-
ence of Lyso PtdCho (0.2 mM) and 2-MOG (0.3 mM).
The solubilization was performed as mentioned in Mate-
rials and Methods. Briefly, 5 nmol of [4-14C]cholesterol
was dried in a test tube to which either ox-18:2, unox-18:2,
or taurocholate, together with 2-MOG (in chloroform)
were added and dried. This was followed by the addition
of Lyso PtdCho and 500 �l of PBS at a pH of 6.5, 6.7, or
7.0. The contents of the test tube were vortexed vigor-
ously for 2 min. After the addition of 500 �l of PBS, the
test tubes were incubated for 1 h at 37�C. After the incu-
bation, the contents of the test tube were filtered through
a 0.22 �M filter and the radioactivity was determined.
Data represent the mean amount of cholesterol in the fil-
terate � SE. The experiments were repeated in triplicate
two times.

Fig. 6. Micrographs of filtrates obtained by solubilizing cholesterol (5 nmol) with unox-18:2 (A, top and
bottom) or ox-18:2 (B, top and bottom) (1 mM) along with Lyso PtdCho (0.2 mM) and 2-MOG (0.3 mM).
After obtaining the filtrates they were maintained at 37�C until they were cryo frozen and coated with chro-
mium. Micrographs were then taken with an electron microscope according to the protocol mentioned in
Materials and Methods. Micrographs in the top represent a magnification of 10 KX while those at the bottom
represent a magnification of 100 KX.
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sions of filtrates, we obtained electron micrographs of fil-
trates produced by the solubilization of cholesterol in the
presence of ox-18:2 or unox-18:2 along with Lyso PtdCho
and 2-MOG. As shown in 

 

Fig. 6A

 

 and 

 

B

 

, at two different
magnifications the spherical particles created in the pres-
ence of ox-18:2 (Fig. 6B, top and bottom) have a diameter
that is between 25–75 nm range (250–750 Å) while the
particles in the filtrates from unox-18:2 (Fig. 6A top and
bottom) had a diameter of up to 150 nm (1,500 Å) sug-
gesting that the physical dimensions of particles created
by ox-18:2 are smaller than those created by unox-18:2.

Next, we determined the uptake of cholesterol by Caco-2
cells in the presence of Lyso PtdCho, 2-MOG, and ox-18:2
or unox-18:2. As shown in 

 

Fig. 7A

 

, ox-18:2 solubilized
about 15 nmol of cholesterol compared with 1.2 nmol by
unox-18:2. When this solubilized cholesterol was added to
Caco-2 cells, 1.6 nmol of cholesterol solubilized by ox-18:2
was associated with the cells compared with 0.29 nmol of
cholesterol solubilized by unox-18:2 (Fig. 7B). This sug-
gests that if more cholesterol is solubilized then more is
likely to be taken up by the intestine. We also tested the
above-mentioned hypothesis in the rat everted intestinal
sac model. As shown in 

 

Fig. 8B

 

, when rat everted intestinal
sacs were incubated with cholesterol solubilized by ox-
18:2, Lyso PtdCho, and 2-MOG the uptake of cholesterol
was significantly greater in each of the segments tested

compared with cholesterol solubilized by unox-18:2, Lyso
PtdCho, and 2-MOG. Similar results in both models dem-
onstrate that if oxidized fatty acids can solubilize choles-
terol as bile acids do, then the uptake of cholesterol by the
intestine is increased.

Finally, we evaluated whether oxidized fatty acid con-
sumption would result in elevated plasma cholesterol lev-
els, possibly as a result of increased dietary cholesterol ab-
sorption by the intestine. We fed 8 mg of ox-18:2 along
with a high fat diet to LDLr

 

�

 

/

 

�

 

 mice for 10 weeks. Plasma
cholesterol levels of mice fed the high fat diet with or
without ox-18:2 are shown in 

 

Fig. 9

 

. The mice that were
fed ox-18:2 along with the high fat diet had a mean choles-
terol level that was significantly higher than the mice that
were fed the high fat diet alone (1549 mg/dl vs. 1290mg/dl;

 

P

 

 

 

�

 

 0.013). This shows that feeding ox-18:2 increased
plasma cholesterol levels.

DISCUSSION

In this study, we demonstrate a cooperative association
between ox-18:2 and micellar bile salts that results in a
marked enhancement of cholesterol solubilization. Oxi-
dized lipids in foods arise from food processing such as
heating and frying (27). So far, most of the studies with di-

Fig. 7. The uptake of [4-14C]cholesterol solubilized by Lyso PtdCho, 2-MOG, and unox-18:2 (white bar) or
ox-18:2 (black bar) in Caco-2 cells. This experiment had two steps: the in vitro solubilization (A) of 25 nmol
of [4-14C]cholesterol with Lyso PtdCho (0.16 mM) and 2-MOG (0.25 mM) and ox-18:2 or unox-18:2 (1 mM)
followed by the incubation of Caco-2 cells (B) with the solubilized cholesterol in serum free medium for 1 h
at 37�C. After incubation, medium was removed and the cells were washed with PBS and then solubilized in
2 ml of deoxycholicacid (0.5 mg/ml). The cellular lipids were then extracted as mentioned in Materials and
Methods and the radioactivity was determined. Each experiment was repeated thrice, in triplicate each time.
Data represent the mean amount (nmol) of cholesterol � SE, P � 0.001 in the cells.
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etary oxidized fatty acids (hydroperoxides) were geared
toward elucidating their effect on atherosclerosis. Most of
these studies looked at the effect of dietary oxidized fatty
acids on the oxidation potential of lipoproteins. In this
study, we considered that the “atherogenicity” of oxidized
fatty acids might go beyond their potential to induce oxi-
dative stress. This is important to consider because the pH
in the intestinal lumen converts the hydroperoxy fatty ac-
ids to hydroxy-fatty acids. These hydroxy-fatty acids are
not oxidants themselves and therefore we speculated that
they should have other pro-atherogenic effects.

Oxidation of linoleic acid results in the formation of
both primary and secondary oxidation products. We de-
cided to use the primary oxidation product of linoleic
acid (13-hydroxyoctadecadienoic acid) because its struc-
ture is similar to that of a bile acid. More over, linoleic
acid is the most abundant fatty acid in the Western diet.
While the chemical comparison of lithocholic acid to ox-
18:2 in Fig. 1 is simplistic, it must be kept in mind that the
presence of the hydroxy group in the ox-18:2 could cer-
tainly effect the amphipathic nature of the molecule. Unox-
18:2, like all FFAs, is an amphiphile and thus can form mi-
celles. We suspect that the critical micellar concentration of
ox-18:2 might be lower than the unox-18:2 and this might
solubilize cholesterol more efficiently than unox-18:2. How-

ever using traditional methods we were unable to quantify
the critical micellar concentration of ox-18:2 (data not
shown). Using a higher pH range (around 8.5 to 9.0) might
allow us to measure the critical micellar concentration.

This study contrasts the ability of the oxidized form of
linoleic acid to its unoxidized form in solubilizing choles-
terol. To begin with, we show that ox-18:2 solubilizes cho-
lesterol better than unox-18:2, both by itself and in the
presence of potential luminal contents such as Lyso Ptd-
Cho and 2-MOG. Then we show that the cholesterol that
is solubilized in the presence of ox-18:2 is absorbed better
in Caco-2 cells and rat everted intestinal sacs. Finally, we
show that feeding ox-18:2 to LDLr�/� mice increases their
plasma cholesterol levels.

Under normal circumstances, cholesterol in the intestinal
lumen forms mixed micelles with fatty acids, Lyso PtdCho,
2-mono-glyceride, bile acids, and other components of bile.
Cholesterol is then absorbed by passive diffusion, although a
receptor mediated uptake was suggested more recently
(28). Based on studies by Mansbach (29), the concentration
of Lyso PtdCho in human duodenal fluid in the micellar
phase is 0.12–0.81 �mol/ml up to 4 h after a meal in hu-
mans. Based on regression lines, the researchers also calcu-
lated the stochiometry of 0.15 mol of Lyso PtdCho/mol of
bile salt in mixed lipid micelles. We substituted ox-18:2 for

Fig. 8. The uptake of [4-14C]cholesterol solubilized by Lyso PtdCho, 2-MOG, and unox-18:2 (white bar) or
ox-18:2 (black bar) in rat everted intestinal sacs. This experiment had two steps: the in vitro solubilization
(A) of 18 nmol of [4-14C]cholesterol with Lyso PtdCho (0.16 mM) and 2-MOG (0.3 mM) and ox-18:2 or
unox-18:2 (0.5 mM) followed by the incubation of rat everted sacs (B) with the solubilized cholesterol in 3.5
ml of serum free medium for 1 h at 37�C. After incubation, medium was removed and each sac was washed
with 3 ml of PBS for 1 min. Then the mucosa from the sac was scraped, weighed, and placed in 2 ml of 0.25 M
sucrose, pH 7.4. Then cellular lipids were extracted as mentioned in Materials and Methods and the radioac-
tivity was determined. Each experiment was repeated four times. Data represent the calculated mean
amount (as nmol) of cholesterol/1 gm of mucosa � SE, P � 0.05.  by guest, on June 14, 2012
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bile acids in our experiments and had 0.1–0.2 mol of Lyso
PtdCho/mol of fatty acid. In general, we used Lyso PtdCho
concentrations of 25–200 �M in all of our experiments. The
concentration of mono-glyceride in Mansbach’s paper was
0.31–0.93 mM 4 h postprandially. In our experiments, the
concentration of 2-MOG was 0.15–0.3 mM.

Studies by Sallee and Mansbach have shown that the
concentration of FFAs in mixed micelles is 0.01–8 mM
(29, 30). There are only a few studies that have looked at
the concentration of oxidized fatty acids in the intestinal
lumen in humans (14). Kanazawa et al. showed that feed-
ing 18 �mol of linoleic acid hydroperoxide to male Wistar
rats resulted in the presence of 3 �mol of linoleic acid hy-
droxide (16% of dose) in the intestinal lumen. The
amount of peroxidized lipids in one medium serving of
french-fried potatoes is estimated to be about 8,000 �mol
(8). Since hydrolysis of oxidized triacylglycerol is just as ef-
ficient as the unoxidized form (31, 32) it is possible that
concentrations of these oxidized fatty acids is high
enough to promote solubilization of luminal cholesterol.
Under normal circumstances, when luminal cholesterol
undergoes solubilization, it forms mixed micelles that
have been known to have a radius of 25–40 Å. We used
cryo-HR-SEM to ascertain the physical dimensions of these
particles. Based on these pictures the size of the spherical
particles is too big to be micelles. All that we can conclude
is that the cholesterol that passes the 0.22 �M filter is in-
creased by oxidized 18:2 (at pHs between 6.5–7.4) com-
pared with similar systems with unoxidized 18:2.

We wanted to see if the presence of greater amount of
solubilized cholesterol in the lumen/medium leads to an
increased uptake of cholesterol. Studies by Simmonds et
al. in humans suggest that the micellar solubilization of lu-
minal cholesterol is the rate limiting step in the absorp-
tion of cholesterol. We studied the uptake of solubilized
cholesterol in two models, Caco-2 cells and rat everted in-
testinal sacs. Adding cholesterol solubilized by ox-18:2 led
to an increased uptake in both systems compared with the
uptake of cholesterol solubilized by unox-18:2. This is not
surprising, because the greater the amount of cholesterol

in the micellar phase, the greater the uptake. This sug-
gests that in the presence of ox-18:2, if more cholesterol
gets solubilized then more of it gets absorbed.

Studies have shown that when there is an increase in di-
etary or luminal cholesterol, then the activity of ACAT in
the enterocyte also increases (33–35) and results in the for-
mation of cholesteryl esters (CE). These CE are then pack-
aged into lipoproteins and secreted into the lymph. In a
cell culture model, Field et al. showed that inhibition of in-
testinal ACAT results in a decreased secretion of lipopro-
teins (36), suggesting that an increased ACAT activity in the
presence of luminal fat could enhance the secretion of lipo-
proteins that could ultimately lead to hypercholester-
olemia. Feeding LDLr�/� mice with ox-18:2 raised plasma
cholesterol levels. However, this increase in plasma choles-
terol levels could have been due to factors other than in-
creased luminal absorption of cholesterol. For example, ox-
idized fatty acids could increase the synthesis of cholesterol,
or could decrease its clearance from plasma.

Taking into consideration the data from the in vitro sol-
ubilization and uptake studies, we cannot rule out the pos-
sibility that the hypercholesterolemia in mice fed ox-18:2
is due to increased absorption of cholesterol from the in-
testinal lumen. Increasing the solubilization of cholesterol
and increasing its absorption could be one more mecha-
nism by which oxidized fatty acids might promote athero-
sclerosis.

This study was supported by a grant from the National Institute
of Digestive Diseases and Kidney of the National Institutes of
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