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Abstract

Previous studies have demonstrated that low density lipoprotein (LDL) enriched in polyunsaturated fatty acids (PUFA) are more
susceptible to oxidation (ex vivo) than those containing monounsaturated fatty acids (MUFA). To test whether this observation was
associated with various parameters considered to be related with the development of early aortic atherosclerosis, hamsters were fed
commercial hypercholesterolemic diets (HCD) containing either the PUFA, sunflower oil (SF) or the MUFA, TriSun ail (TS) at 10% with
0.4% cholesterol (wt/wt). LDL isolated from hamsters fed TS had significantly longer lag phase (30%, P < 0.05), a decreased propagation
phase (—62%, P < 0.005), and fewer conjugated dienes formed (—37%, P < 0.007) compared to hamsters fed SF. Aortic vasomotor
function, measured as degree of aortic relaxation, was significantly greater in the TS vs SF-fed hamsters whether acetylcholine or the
calcium ionophore A23187 was used as the endothelium-dependent agonist. As a group, the SF-fed hamsters had significantly more early
atherosclerosis than hamsters fed TS (46%, P < 0.006). When animals across the two diets were pair-matched by plasma LDL-C levels,
there was an 82% greater mean difference (P < 0.002) in early atherosclerosis in the SF versus the TS-fed hamsters. While there were no
significant associations with plasma lipids and lipoprotein cholesterol, early atherosclerosis was significantly correlated with lag phase (r =
—0.67, p < 0.02), rate of LDL conjugated diene formation (r = 0.74, p < 0.006) and maximum dienes formed (r = 0.67, p < 0.02).
Compared to TS-fed animals, aortic sections from hamsters fed the SF-containing diet revealed that the cytoplasm of numerous foam cells
in the subendothelial space reacted positively with the monoclonal anti-bodies MDA-2 and NA59 antibody, epitopes found on oxidized
forms of LDL. The present study suggests that compared to TS, hamsters fed the SF-diet demonstrated enhanced LDL oxidative
susceptibility, reduced aortic relaxation, greater early aortic atherosclerosis and accumulation of epitopes found on oxidized forms of LDL.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction group have blood cholesterol levels equal to or greater than
6.20 mmol/L (240 mg/dl) [1]. A review article summarizes
several human studies showing that saturated fats (SFA)
containing fatty acids of chain length 12:0-16:0 increase

serum total cholesterol (TC) and low density lipoprotein

A report from the American Heart Association (AHA)
reveals that up to 30% of Americans in the 45-55 year age

Abbreviations: TS, TriSun; SF, Sunflower; TC, total cholesteral; TAG,
triacylglycerol; LDL-C, low density lipoprotein cholesterol; HDL-C, high
density lipoprotein cholesterol; MUFA, monounsaturated fatty acids;
PUFA, polyunsaturated fatty acids.
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cholesterol (LDL-C) and that monounsaturated (MUFA)
and polyunsaturated fatty acids (PUFA) decrease LDL-C
[2]. Thus, the initia therapeutic approach for hypercholes-
terolemic individuals at increased risk for premature coro-
nary heart disease (CHD) is the AHA Step | and Step I
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diets, which focus on reductions in dietary SFA ( < 10
and 7% of energy, respectively), and cholesterol intakes
(< 300 and 200 mg/day, respectively and increases in
PUFA (up to 10% of energy) and MUFA (up to 17% of
energy) [3].

Although the elevations in plasma TC and LDL-C as a
result of increased saturated fat and cholesterol consump-
tion are important risk factors in the development of ath-
erosclerosis, oxidative modification of LDL may also play a
key role [4—7]. It has been hypothesized that atherosclerosis
progresses when macrophages in the subendothelial space
of an artery take up oxidized LDL through a non-regulated
scavenger receptor and are converted to foam cells that
contain excessive lipid, especialy cholesterol ester. The
continuing aggregation of foam cells in the subendothelial
space leads to the formation of fatty streaks, which are the
earliest identifiable lesions of atherosclerosis and can be
referred to as early aortic atherosclerosis.

Non-human primate studies from our laboratory, as well
as others, have shown that feeding a predominantly linoleic
acid-containing diet such as corn oil or safflower oil can
result in dramatic decreases in plasma levels of LDL-C that
are associated with reductions in atherosclerosis [8—12].
However, we are hypothesizing that the significant reduc-
tions of the quantity of LDL in these experiments (39—77%)
may have reduced the possible contribution that LDL qual-
ity such as the fatty acid composition and the oxidative
susceptibility of the LDL particle can make in the develop-
ment of atherosclerosis. In contrast, in human studies, the
magnitude of the plasma LDL-C reduction with linoleic
acid-rich diets is generally up to 20%, and oftentimes
less, and thus, a significant number of these LDL particles
enriched in linoleic acid are more susceptible to oxida-
tion [13-14] and are presumably more atherogenic [15].
Thus arelative enrichment of MUFA in the diet rather than
PUFA might confer additional protection by generating
LDL particles relatively resistant to oxidative modification
while optimizing both plasma LDL-C and HDL-C concen-
trations.

The principal aim of the present study was to determine
whether LDL oxidative susceptibility as aresult of consum-
ing diets with varying degrees of dietary fat saturation in a
background of elevated LDL levels would be associated
with more atherosclerosis. This was accomplished by feed-
ing diets rich in MUFA derived from TriSun oil (high
oleate-sunflower oil) with those of a diet rich in PUFA
derived from sunflower ail (high linoleate) with enough
dietary cholesterol to produce elevated LDL in hamsters.
The effects on plasma lipids and lipoprotein cholesteral,
LDL fatty acid composition, LDL tocopherol concentra-
tions, LDL oxidative susceptibility, aortic vasodilator func-
tion and the development of early aortic atherosclerosis as
measured by fatty streak formation and accumulation of
aortic oxidized LDL were evaluated.

2. Materials and methods
2.1. Animals and experimental protocol

Fifty-six, 8 week old male, Golden Syrian hamsters (Me-
socricetus auratus) (LV G strain, Charles River Laboratory,
Wilmington, MA) were housed in groups of five or six in
polystyrene cages containing wood chips in a temperature
controlled room (25°C) with a 12-h light:dark cycle. Ham-
sters were given food and water ad libitum and maintained
in AAALAC (American Association for the Accreditation
of Laboratory Animal Care) accredited facilities. Animals
were fed commercial Purina chow 5001 (Ralston Puring, St.
Louis, MO) for a period of 2 weeks prior to the start of the
study to get acclimated to the facility. After 2 weeks, food-
deprived hamsters were bled and plasma total cholesterol
(TC) concentrations were measured. The hamsters were
then divided into two groups of twenty-eight hamsters per
group based on similar average plasma TC and body
weights, and placed on experimental diets for 12 weeks.
Each of the experimental diets were comprised of a com-
mercial hypercholesterolemic diet (HCD) consisting of the
polyunsaturated fat (10% wt/wt sunflower oil) [SF] with
over 70% of the fatty acids as linoleic acid) or the mono-
unsaturated fat (10% TriSun oil) oleic acid-enriched sun-
flower [TS] with over 70% of the fatty acids as oleic acid)
and 0.4% cholesterol (wt/wt) added to the appropriate ail
and blended in with the commercial chow. A commercial
diet, rather than a semipurified diet was used because pub-
lished data from our laboratory [16] and those from another
[17] indicate that animals on the commercia diet are more
responsive to various cholesterolemic interventions and the
resultant lipoprotein profile (LDL-C>HDL-C) is more sim-
ilar to that of humans. The diets were fed in cake form, and
food disappearance and body weights were monitored on a
weekly basis throughout the study. The animals were main-
tained in accordance with the guidelines of the Committee
on Animal Care of the University of Massachusetts Lowell
Research Foundation, and the guidelines prepared by the
Committee on Care in Use of Laboratory Animals of the
Institute of Laboratory Resources, National Research Coun-
cil (DHEW publication no. 85-23, revised 1985).

2.2. Plasma lipid determinations

Blood samples were taken at 8 and 12 weeks from food
deprived hamsters (12 hr) and collected via the retro-orbital
sinus into heparinized capillary tubes under ultrapure
CO,/0O, (50/50) gas (Northeast Airgas, Salem, NH) anes-
thesia. Plasma was harvested after centrifugation at 1500 x
g a room temperature for 20 min and plasma total choles-
terol (TC) [18] and triacylglycerol (TAG) [19] concentra-
tions were measured enzymatically. Plasma very low- and
low-density lipoprotein cholesterol which we combined and
termed (LDL-C) was precipitated with phosphotungstate
reagent [20] and high-density lipoprotein cholesterol
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(HDL-C) was measured in the supernatant. The concentra-
tion of LDL-C was calculated as the difference between
plasma TC and HDL-C. The accuracy of the procedures
used for the measurement of plasma TC, HDL-C, and TAG
concentrations are maintained by participation in the Lipid
Standardization Program of the Center for Disease Control
and the National Heart, Blood, and Lung Institute.

2.3. LDL isolation

Plasma LDL was isolated by single near vertical spin
discontinuous density gradient ultracentrifugation as we
have previously described [21]. Briefly plasmawas adjusted
to adensity of 1.21 g/ml by addition of 0.4898 g solid KBr
to 1.5 ml plasma. These treated plasma samples were then
underlayed beneath 3.4 ml of 0.154 M NaCl in an Optisesl
ultracentrifuge tube (Beckman Instruments, Palo Alto, CA).
Optiseal tubes were placed in a pre-cooled Beckman NVT
65.2 near vertical rotor and centrifuged for 80 min at
170,000 X g and 7°C in a Beckman L8-70 ultracentrifuge.
LDL (0.7-0.9 ml) was removed from centrifuge tubes by
aspiration through the side of the tube using a 1 ml syringe
with a 25 gauge needle. The LDL fraction obtained was then
filtered through an Acrodisc 0.2 um sterile syringe filter
(Gelman Sciences, Ann Arbor, MI). Protein concentration
of the isolated LDL was determined by a modification [22]
of the Lowry et a. method [23].

2.4. LDL oxidation

LDL oxidation was measured as conjugated diene pro-
duction by the method of Frei and Gaziano [24]. Briefly,
freshly isolated LDL wasincubated at a concentration of 0.1
mg protein/ml assay volume, which included 250 ul of 20
mM HEPES buffer, 40 ul of 80 uM CuSO, and 0.154 M
NaCl (volume = 710 pwl—volume of LDL). Incubations
were conducted at 37°C in athermostatted 12-cell holder in
a Cary 1E spectrophotometer (Varian Associates Inc., Palo
Alto, CA). Conjugated diene formation was monitored ev-
ery 10 min as the change in 234 nm wavelength absorption
as described by Esterbauer et al. [25]. Parameters of the
conjugated diene assay measured included lag phase (resis-
tance to oxidation), propagation phase (rate of oxidation),
and maximum dienes formed.

2.5. Plasma LDL tocopherol analyses

Plasma LDL tocopherol levels were determined as we
have previously described [26] by treating 200 wl of each
LDL sample (approximately 50 wg LDL protein) with 2.0
ml of acetone containing butylated hydroxytoluene (15
mg/L) and 2.0 ml petroleum ether followed by vortex mix-
ing. The samples were centrifuged at 500 X g for 5 min and
the organic layer transferred to a 7.0 ml brown borosilicate
screw top vial. The sample residues were re-extracted with
2.0 ml of petroleum ether and the organic layers were

combined. Samples were evaporated under N, and recon-
stituted with mobile phase consisting of a 50:50 solution of
Solvent A (methanol/0.2M ammonium acetate [90:10 v/v])
and Solvent B (methanol/1 propanol/1IM ammonium acetate
[70:20:2 viviv]) and injected into the HPLC. The HPLC
conditions used were a modification [26] of the method of
Kaplan et a. [27]. Accuracy and precision of tocopherol
measurements were monitored by participation in the Na-
tional Ingtitute of Standards and Technology (NIST) Lipid
Soluble Vitamin Quality Assurance Program.

2.6. Plasma LDL fatty acid

For plasma LDL fatty acid analysis, a 300 wl aliquot of
isolated plasma LDL was extracted using a modified Folch
extraction technique [28]. Briefly, plasma LDL was first
mixed with 5 ml methanol containing 0.2% BHT followed
immediately by the addition of 10 ml chloroform and vor-
texed vigorously for 30 s. Following the addition of 1.0 ml
of 0.09% saline and agitation in a vortex mixer, the mixture
was centrifuged at 500 X g for 10 min. The top agueous
layer was aspirated and the bottom organic layer was trans-
ferred to a glass tube with a teflon-lined cap and stored at
—70°C under N,. Prior to analyses, samples were evapo-
rated to dryness under N, and esterified as we have previ-
oudly described [29] utilizing an Instant Methanolic HCI Kit
(Alltech-Applied Science, Deerfield, IL). Fatty acid methyl
esters were analyzed utilizing a Hewlett Packard model
5890 GLC, with aDB-23 (J & W Scientific) column, com-
plete with autosampler and integrator.

2.7. Aortic fatty streak analysis

At the end of the 12 weeks, hamsters were anesthetized
with an IP injection of sodium pentobarbital (62.5 mg/ml at
adosage of 0.2—0.25 ml/200 g body weight) (Henry Schein,
Port Washington, NY) and aortic tissue was obtained for
aortic fatty streak analysis (early aortic atherosclerosis) as
we have previously described [30,31]. Briefly, hamsters
were anesthetized with sodium pentobarbital (50 mg/kg
body wt), cut midventrically and blood collected into a
heparinized tube by puncture to the left ventricle. The right
atrium was punctured allowing the circulatory system to be
flushed via the left ventricle for approximately 1 min with a
4 g/L phosphate-buffered formalin solution. The right
atrium was clamped and the flow rate was reduced while
flushing continued for an additional 30 min. The hamster
aortas were completely dissected of al surrounding tissue
and the heart and descending aorta were removed and dis-
carded. The aorta was stretched out and pinned down in 4
g/L phosphate-buffered formalin to fix for 12 h. The aorta
was placed in a vial containing 4 g/L phosphate buffered
saline (PBS) and stored at 4°C until morphometric analysis.
Eachindividual en face preparation (approximately 8 mmin
length) of the aortic arch was cleaned of adventitia and the
inner surface was stained for 15 min with Oil Red O (ORO).
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The tissue was then rinsed and opened longitudinally, and
mounted on a glass dide cover dlip and agueous mounting
medium. Images from the entire mounted section were
captured and analyzed using a model 3000 Image Analysis
system (Image Technology Corp., Deer Park, NY). The
images were calibrated to square microns (um?) and the
threshold to identify ORO was set subsequent to analysis of
the total ORO-stained macrophage-derived foam cells
which constituted the fatty streak or early atherosclerosisin
the aortic arch. Units of measurement of fatty streak areaare
expressed in um?mm? X 1000 of aortic tissue.

2.8. Histological analyses

Aortas were fixed in 10% phosphate buffered formalin,
processed into paraffin, sectioned (6 wm), and mounted on
gelatin coated dides and air dried overnight at room tem-
perature. Sections were deparaffinized with Hemo-De clear-
ing agent (Fisher Scientific, Springfield, NJ), rehydrated
through a decreasing series of ethanol concentrations and
immersed for 15 min in PBS (pH 7.4).

Monoclona antibodies, MDA-2 and NA59 (generous
gift from Dr. Joseph Witztum, produced in the Immunology
Core Laboratory of the La Jolla SCOR program) were used
to detect malondialdehyde-lysine and 4-hydroxynonenal-
lysine (4-HNE-LDL), respectively. Both of these epitopes
are found on oxidized forms of LDL. Tissues were pre-
treated with Target Unmasking Fluid (TUF, Signet Labora-
tories, Inc., Dedham, MA) at 90°C for 10 min to uncover
masked antigens. The sections were blocked with a 1:20
dilution of normal goat serum (Sigma, St. Louis, MO) in
PBS, pH 7.4 for 20 min at room temperature. Visualization
of reaction was done with the StrAviGen Supersensitive
Universal Staining Kit using the Biotin-Strepavidin Ampli-
fied (B-SA) Alkaline Phosphatase Detection System (Bio-
Genex Laboratories, San Ramon, CA) and fast red chroma-
gen. The MDA-2 and NA59 were diluted 1:5000 and 1:4000
respectively, in PBS containing 1% sodium azide and 1%
BSA. Duplicate dides of the aortic arch segments were used
as negative controls by omitting the primary antibodies and
substituting PBS. All sections were counterstained with
Mayer's hematoxylin. For routine histopathol ogy, duplicate
sections were stained with hematoxylin and eosin. Results
were examined and photographically documented.

2.9. In vitro assessment of aortic vascular function

After 12 weeks on the two diet treatments, a cohort of
sixteen hamsters, eight from each diet treatment were
shipped to the Boston University laboratories of Drs. Vita
and Keaney for subsequent measurement of aortic vascular
functions. Hamsters were sacrificed with pentobarbital 5
mg/100 g by intraperitoned injection. The thoracic aorta
was excised and immediately placed in ice-cold PBS con-
taining 10 uM indomethacin [32]. Extraneous tissue was
carefully removed and a 5 mm segment of mid aorta was

placed in an organ chamber (37°C, pH 7.4) containing 20 ml
of PBS and aerated with 15% O,/80% N./5% CO,. Thering
was suspended between two tungsten stirrups and isometric
tension was measured with a force transducer (Model FT-
03, Grass, Instrument Co., Quincy, MA) and a chart re-
corder (Model RS 3800, Gould Instrument Co., Columbus,
OH). Each ring was gradually stretched to the previously
determined optimum tension of 2 g and allowed to equili-
brate for 1 hr before the introduction of vasoactive drugs.
The vessels were precontracted with norepinephrine (1
uM), and then endothelium-dependent relaxation was as-
sessed by the addition of the muscarinic agonist acetylcho-
line (final concentration 10~ ° to 10~> M) and the calcium
ionophore A23187 (10 ° to 10 ° M). Endothelium-inde-
pendent rel axation was assessed by addition of nitroglycerin
(107°t0 10> M).

2.10. Satigtical analysis

SigmaStat software was used for all statistical evalua-
tions (Jandel Scientific, San Rafael, CA). A one-way anal-
ysisof variance (ANOV A) was used to analyze all datawith
the exception of aortic vasodilator function described be-
low. When statistical significance was found by ANOVA,
the Student-Newman-Keuls separation of means was used
to determine group differences. Correlations (r) between
early atherosclerosis and the various parameters were per-
formed using Pearson’s product-moment correlation coeffi-
cient. Because these correlations were conducted on pooled
samples, the two diet treatments were combined to provide
sufficient sample size as we have described previously [33].
The vasodilator responses to acetylcholine, A23187, and
nitroglycerin are reported as the percent relaxation com-
pared to the contraction produced by 1 .M norepinephrine.
The dose responses between treatment groups were com-
pared using two way (treatment group and dose) repeated
measures analysis of variance. All values were expressed as
mean *+ SD and statistical significance was set at the min-
imum p < 0.05 [34].

3. Results

All hamsters in each group survived the entire length of
the study. No significant differences were observed between
dietary treatments for body weight prior to the treatment
period or at the end of the study. Also, there were no
significant differences for food consumption between the
treatment diets (data not shown).

LDL isolated from hamsters fed the TS diet, compared to
hamsters fed the SF diet, contained significantly more oleate
(32.3% vs 16.8%, P = 0.0003) and less linoleate (26.7% vs
42.0, P < 0.0001) (Table 1).

Plasma lipid and lipoprotein cholesterol concentrations
between weeks 8 and 10 were not significantly different
within dietary treatments and therefore the values were
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Table 1
Fatty acid composition (%) of LDL isolated from hamsters after 12
weeks of dietary treatment

Fatty Acid TriSun (TS) Sunflower (SF)
16:0 17.92 = 1.02 17.38 = 1.08
16:1 0.86 = 0.06 0.90 = 0.03
18:0 1285+ 1.31 11.65 = 0.49
18:1 32.29 = 1.92 16.76 = 1.26*
18:2 26.68 + 1.00 41.97 + 1.08**
18.3 013+ 0.11 0.15+ 0.13
20:4 4.87 £ 0.31 7.08 + 0.79*
22:6 4.39 + 0.46 4.16 = 0.79

Values are mean = SD, n = 4 pools are 5 animals each.
*P = 0.0003, **P < 0.0001, “P < 0.02 vs TS diet.

averaged (Table 2). No significant differences were ob-
served for plasma TC, LDL-C, and HDL-C concentrations
between the hamsters fed the TS and SF diets. The TS-fed
hamsters had significantly greater concentrations of plasma
TAG compared to the SF-fed hamsters (37%, P = 0.0001)
(Table 2).

Although there were no significant differencesin plasma
total and lipoprotein cholesterol concentrations between the
two dietary treatments, the hamsters fed SF had signifi-
cantly greater aortic fatty streak area compared to the ham-
sters fed TS (46%, P < 0.006) (Table 2). When hamsters
were paired-matched by plasma LDL-C, there was an 82%
greater mean difference (P < 0.002) in aortic fatty streak
formation in the SF-fed hamsters compared to the TS (data
not shown).

Relative to the hamsters fed the SF diet, LDL from the
TS-fed hamsters had a significantly longer lag phase (23%,
P < 0.05), a decreased propagation phase (—61%, P <
0.005), and fewer conjugated dienes formed (—37%, P <
0.007). No differences were observed between the SF- and
TS-fed hamsters for plasma LDL tocopherol concentrations
(Table 3).

Correlations on pooled LDL samples were performed on
combined diet treatments to provide adequate sample size
and are presented in Table 4. Early aortic atherosclerosis
was significantly correlated with the lag phase (r = —0.666,
p < 0.018), rate of LDL conjugated diene formation (r =

Table 2

Plasma lipid and lipoprotein cholesterol concentrations (average of week
8 and 12) (mmol/L) and aortic fatty streak area (AFSA) (wm?mm? X
1000) in hamsters after 12 weeks of dietary treatment

TriSun (TS) Sunflower (SF)
TC 847 174 8.87 £ 2.25
LDL-C 535+ 191 5.40 = 1.58
HDL-C 249 + 041 2.50 = 0.30
TG 6.10 = 1.36 3.84 £ 1.47*
AFSA 752 + 495 10.96 * 5.16**

Values are mean = SD, n = 20.
*P = 0.0001; **P < 0.006 vs TS diet.

Table 3

LDL tocopherol concentrations (umol/L) and LDL oxidation, measured
as conjugated diene formation, in hamsters after 12 weeks of dietary
treatment

TriSun (TS) Sunflower (SF)
a-Tocopherol 543+ 125 529 + 1.00
y-Tocopherol 114+ 011 1.23 + 0.06
Total Tocopherol 6.57 = 1.34 6.52 = 1.05
Lag Phase (min) 111 + 85 85.3 + 17.9*
Propagation Phase (nmol/ 6.0 = 1.63 15.7 = 3.65**
min/mg LDL protein)
Maximum Dienes Formed 512 + 36 816 + 136**

(nmol/mg LDL protein)

Values are mean = SD, n = 4 pools of 5 animals each.
P < 0.05; **P < 0.01vs TS.

0.744, p < 0.006), and maximum dienes formed (r = 0.673,
p < 0.016).

Aortic sections for histopathology showed more areas of
subendothelial foam cells in the aortas from hamsters fed
the SF vs TS diet (Figs. 1A and 1B). The endothelium was
intact in both groups, as was the internal elastic lamina.
There was no proliferation of extracellular matrix or the
presence of smooth muscle cells in the subendothelial
spaces of aortas from either group. The sections reacted
with MDA-2 showed a diffuse staining throughout the tu-
nica media. The sections from SF-fed hamsters contained
numerous foam cells in the subendothelial space and the
cytoplasm of these cells reacted very strongly with MDA-2
as shown by the intense staining in all of the cells in this
area (Fig. 1C). Aorta sections from hamsters fed the TS did
not show the presence of foam cells or any difference in
medial staining (Fig. 1D). Aortas reacted with NA59 did not
show medial staining as was observed with MDA-2. Foam
cells were again noted in the sections from the SF-fed
hamsters and the cytoplasm of these subendothelial cells
reacted positively with NA59 antibody (Fig. 1E). Sections

Table 4

Correlations (r) between early atherosclerosis, plasma and lipoprotein
cholesterol, LDL a-tocopherol (AT) and various parameters of
conjugated diene formation

Early Atherosclerosis

Variable r P
TC 0.14 NS
LDL-C 0.17 NS
HDL-C -0.36 NS
LDL AT -0.10 NS
Lag phase —0.666 0.018
Propagation phase 0.744 0.006
Maximum dienes formed 0.673 0.016

Values are derived from the two diet treatments combined, i.e., 4 pools
of 5 animals each X 2 diet treatments (n = 8 pools). r is the correlation
between the various parameters using Pearson’s product-moment correla-
tion coefficient. P is the statistical significance set at the minimum p <
0.05.
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Fig. 1. Hamster aortic arches. (A) Oil red O stained en face preparation of theinner curvature of the aortic arch from a SF-fed hamster (photographed at 40X).
(B) Qil red O en face preparation of the inner curvature of the aortic arch from a TS-fed hamster (photographed at 40X). (C) A cross section of an aorta
from a SF-fed hamster reacted with MDA-S antibody showing subendothelial foam cells with intense positive staining for reaction with MDA-2 in the
cytoplasm. (D) Aortic cross section from a TS-fed hamster reacted with MDA-2 antibody that does not contain foam cells but has the same diffuse reaction
staining in the medial SMC. (E) Aortic cross section from a SF-fed hamster reacted with NA59 antibody showing subendothelial foam cells and the presence
of NA59 in the cytoplasm of these cells. (F) An aortic cross section from a TS-fed hamster reacted with NA59 antibody showing the absence of foam cells
and NAS59 reaction product. All cross sections were photographed at 400X ; EC = endothelia cell, SMC = smooth muscle cell, IEL = internal elastic lamina.
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Fig. 2. Effect of dietary treatment on vascular function. Endothelium-dependent relaxation to acetylcholine and A23187 and endothelium-independent
relaxation to nitroglycerin was examined in segments of mid-thoracic aorta harvested from hamsters after 12 weeks of dietary treatment as described in
Methods. Relaxation to acetylcholine (P = 0.02) and A23187 (P = 0.02) was less in the Sunflower oil group (T) compared to the Trisun oil group (O) by
repeated measures ANOVA. Data represent 8 animals per treatment group and are expressed as mean = SEM.

from TS-fed hamsters did not show foam cell presence and
there was no NAS59 reaction product observed (Fig. 1F).

3.1. Effect of dietary treatment on aortic vascular
function

The contractile response to 1 uM norepinephrine was
similar in the TS group (0.6 = 0.1 g) and the SF group
(0.5 = 0.2 g, P = 0.44). The effects of 12 weeks of dietary
trestment on vascular function are presented in Fig. 2.
Acetylcholine produced dose-dependent relaxation with a
maximal response of 81 + 7% (P < 0.001) in the TS group
and 64 = 21% (P < 0.001) in the SF group. The dose
responses to acetylcholine were different between treatment
groups by repeated measures ANOVA (P = 0.02). A23187
produced dose-dependent relaxation with a maximal re-
sponse of 82 + 5% (P < 0.001) in the TS group and 66 =+
5% (P < 0.001) in the SF group. The dose responses to
A23187 were different between treatment groups by re-
peated measures ANOVA (P = 0.02). Nitroglycerin pro-
duced dose-dependent relaxation with a maximal response
of 80 = 3% (P < 0.001) inthe TSgroup and 79 = 5% (P <
0.001) in the SF group. The between group responses were
not different by repeated measures ANOVA.

Vasomotor function was also assessed in a group of 7
hamsters consuming normal chow without cholesterol or oil
additions. Acetylcholine produced dose-dependent relax-
ation in these animals with a maximal response of 79 = 3%
(P < 0.001). This response was not significantly different
than the response to acetylcholine in the TS group. There
was a strong trend for areduced response to acetylcholinein
the SF group compared to the animals consuming normal
chow (P = 0.058). A23187 produced dose-dependent re-
laxation in the normal chow group with a maximal response
of 81 = 4% (P < 0.001). This response was not signifi-
cantly different than the response to A23187 in hamstersin

the TS group. The response to A23187 was lower in the
group of animals consuming SF compared to control (P =
0.05). Nitroglycerin produced dose-dependent vasodilator
in the normal chow group with a maximal response of 88 +
6% (P < 0.001). This response was not significantly differ-
ent than the response to nitroglycerin in the SF and Trisun
oil groups.

4, Discussion

The aim of the present study was to test whether short-
term feeding of MUFA or PUFA-enriched diets would alter
the distribution of these fatty acids in plasma LDL and
whether this would affect the susceptibility of LDL to ox-
idative modification and subsequently decrease aortic vaso-
dilator function, increase early aortic atherosclerosis and
accumulation of oxidized LDL. There were no differences
in plasma TC, LDL-C, or HDL-C concentrations observed
between hamsters fed the enriched MUFA or PUFA dietsin
the present study. This result is in agreement with some
studies [35—40] but not others [41-42].

Twelve weeks of consuming diets enriched in oleate or
linoleate resulted in increased LDL content with the corre-
sponding fatty acid, in agreement with other studies [13—
14]. Ex vivo oxidation of LDL from SF-fed hamsters gen-
erated more conjugated dienes and, at a faster rate, than did
oxidation of LDL from TS-fed hamsters. There was also a
greater lag time in conjugated diene formation in the TS-fed
hamsters compared to the hamsters fed SF. The increased
oxidative susceptibility of LDL enriched in PUFA com-
pared to MUFA isin agreement with many studies [13,15,
43-47]. However, as suggested by others[14], it is difficult
to determine whether this reduction in oxidative modifica-
tion of LDL is due to the increased content of oleate in the
LDL, the reduced content of linoleate, or both. Results from
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the Lee et a. study [45] suggest that enriching lipoproteins
with oleate may reduce oxidation by (a) direct “antioxi-
dant”-like effect (b) reducing the amount of linoleate avail-
able for oxidation and (c) reducing the generation of bioac-
tive particles that occur during mild oxidation. Since in the
present study, LDL tocopherol levels were similar between
the SF and TS diet treatments, it seems doubtful that LDL
antioxidant levels were a factor in the observed differences
in LDL oxidation between diets, suggesting that LDL fatty
acid composition may have been the predominant factor
influencing LDL oxidative susceptibility. Another interest-
ing finding was the apparent fatty acid effects on aortic
vasodlilator function. In the present study, the vasodilator
responses to endothelium-dependent agonists, acetylcholine
and A23187 were impaired in animals consuming the hy-
percholesterolemic SF compared to the hypercholester-
olemic TS diet. There also was a strong trend for an im-
paired response in the SF group compared to normal control
animals. Vasodilator responses to nitroglycerin were pre-
served in all groups. These findings suggest that dietary
intake of oil richin MUFA preserves endothelial vasomotor
function in the setting of cholesterol feeding. Alternatively,
dietary consumption of ail rich in PUFA may worsen en-
dothelial vasomotor function in this setting.

These findings are consistent with an earlier study of the
effects of dietary fatty acids on endothelia function [48]. In
that study, consumption of a single mea enriched with
sunflower oil was associated with the acute impairment of
endothelium-dependent flow-mediated dilation in healthy
human subjects. However, no prior human or animal study
has examined the effects of chronic consumption of differ-
ent fatty acids on endothelium-dependent vasodilation.
Fatty acids have complex effects on other aspects of endo-
thelial function. For example, Carluccio et a. [49] demon-
strated that oleic acid inhibits cytokine-induced expression
of vascular cell adhesion molecule-1 (VCAM-1) and other
indices of endothelial activation in cultured cells, a finding
also shared by the n-3 fatty acid docosahexaenoic acid
(DHA) [50]. Studies by Toborek et al. [51] demonstrated
that exposure of human endothelial cells to linoleic acid
markedly induced nuclear factor kB and activator protein 1
transcriptional activation and enhanced messenger RNA
levels of tumor necrosis factor «, monocyte chemoattractant
protein 1, vascular adhesion molecule 1 and intracellular
adhesion molecule 1. On the other hand, oleic acid exposure
either had no effect or reduced the transcriptional activation
and inflammatory gene mRNA levels in these endothelial
cells. Although not relevant to the present study because all
vessel s were pretreated with indomethacin, thereis evidence
that PUFAs but not MUFAs impair prostacyclin production
in cultured endothelial cells [52]. The precise mechanisms
for preserved endothelial vasodilator function in the animals
treated with TS are unclear. The findings of the present
study of increased LDL oxidative susceptibility coupled
with the accumulation of epitopes found on oxidized LDL
in foam cells found in the subendothelial space of aortas

from SF-fed hamsters suggests a role for increased forma-
tion of oxidized LDL in vascular wall pathology associated
with early atherosclerosis. Accumulation of oxidized LDL
might influence the bioactivity of endothelium-derived ni-
tric oxide by several mechanisms [53]. For example, oxi-
dized LDL is cytotoxic to endothelial cells [54] and inacti-
vates nitric oxide directly [55]. Oxidized LDL may also
decrease expression of endothelial nitric oxide synthase
(eNOS) [56]. Oxidized LDL stimulates recruitment of in-
flammatory cells to the vascular wall [57], which may in-
crease vascular production of reactive oxygen species and
destruction of nitric oxide. Oxidized LDL has also been
shown to inhibit receptor-dependent NO release from endo-
thelial cells, an effect that is attributable to formation of
lysophosphatidylcholine and altered cell membrane signal
transduction [58]. This latter mechanism may be less im-
portant in the present study because the vasodilator re-
sponses were also atered in response to A22187, which
stimulates nitric oxide by non-receptor-dependent mecha-
nisms.

Finaly, the present study revealed that hamsters fed a
MUFA compared to a PUFA-enriched diet developed less
early aortic atherosclerosis. This protective finding for a
MUFA-enriched diet is not supported by one study in mon-
keys [10], a study in LDL receptor-null, human apoB-
overexpressing transgenic mice [59] and one study in LDL
receptor-deficient mice [60]. On the other hand, the anti-
atherosclerotic properties of MUFA-enriched diets have
been demonstrated in rabbits [61-64], swine [65,66] and
monkeys [67,68]. There are several possible mechanisms
derived from both in vitro and in vivo studies which might
explain the beneficial effects of MUFA-containing diets as
they relate to early atherosclerosis. For example, in one of
the rabbit studies cited above by Li [61], the reduced ath-
erosclerosis observed in aortas from rabbits fed peanut oil
versus corn oil, was associated with less VCAM-1 expres-
sion in aortic intimal cells in the peanut oil group despite
high plasma cholesterol levels. Similarly, the rate of adhe-
sion of blood monocytes, isolated from individuals consum-
ing different fatty acid-enriched diets to a common pool of
LDL-treated human umbilical vein endothelial cells oc-
curred in a pattern of PUFA (n-3) > PUFA (n-6) > MUFA
(n-9) [69]. Similar findings of reduced monocyte adhesion
and aso chemotaxis with oleate versus linoleate rich diets
were reported by Tsimikas et al. [47].0ur finding of de-
creased accumulation of oxidized LDL in the MUFA group
coupled with a proposed role of oxidized LDL in stimulat-
ing VCAM-1 expression [70] suggests another possible
mechanism for the anti-atherosclerotic properties of
MUFA-enriched diets. A beneficial effect of monounsatu-
rated fat on endothelial function is also supported by the
studies of Perez-Jiminez et a. [71]. In these studies, indi-
viduals fed a Mediterranean-type MUFA compared to either
alow fat NCEP - or a high saturated fat diet, had reduced
levels of endothelial products, von Willebrand factor (v
WF), Thrombomodulin and Tissue Factor Pathway Inhibi-
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tor (TFBI) and Plasminogen Activator Inhibitor (PAI-1).
Our finding that the degree of early aortic atherosclerosis
was significantly correlated with measurements of LDL
oxidative susceptibility and not lipoprotein cholesterol lev-
els was unexpected but receives some support from the
studies of Hennig et a. [72] in which endothelia cell dys-
function, mediated by exposure to lipoproteins derived from
animals fed different fats, was correlated with lipoprotein
oxidative susceptibility and not lipoprotein levels. In con-
clusion, these studies in hypercholesterolemic hamsters
have demonstrated that MUFA-enriched diets reduce early
aortic atherosclerosis. Moreover, to our knowledge, this
communication represents the first demonstration that diets
enriched in MUFA reduce the aortic accumulation of oxi-
dized LDL. In addition, our finding that MUFA-enriched
diets increased aortic vasodilator function suggests an ad-
ditional mechanism for its anti-atherosclerotic properties.
These findings, coupled with the observations of others that
MUFA feeding is associated with improvement in various
endothelial functions supports the recommendations that
MUFA-enriched diets be implemented in cardiovascular
disease prevention strategies.
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