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Dietary Monounsaturated Fatty Acids Promote Aortic
Atherosclerosis in LDL Receptor—Null, Human
ApoB100—-Overexpressing Transgenic Mice

Lawrence L. Rudel, Kathryn Kelley, Janet K. Sawyer, Ramesh Shah, Martha D. Wilson

Abstract—In mice with genetically engineered high levels of plasma low density lipoprotein (LDL), we tested the
hypothesis that an increase in the dietary content of monounsaturated fatty acids but not of polyunsaturated fatty acids
would promote atherosclerosis. The mouse model used was an LDL receptor—null, human apoB100—overexpressing
strain. Six experimental groups of 19 to 38 mice of both sexes were established when the animals had reached 8 weeks
of age. For the next 16 weeks, individual groups were fed either a commercial diet or prepared diets including fat as
10% of energy, with 5 different fatty acid enrichment patterns including the following: saturatedc{satipd trans
monounsaturated (mono), and n-3 and n-6 polyunsaturated (poly). Highly significant differences (ARSW¥A001)
in LDL cholesterol (in mg/dL) were found, with the rank order at 16 weeks b&ags mono (mean, 1390)>sat (922)
=cis mono (869)=n-6 poly (868)>n-3 poly (652)>commercial diet (526). Significant elevations in very low density
lipoprotein cholesterol were also found in ttnensandcis mono and sat groups, and triacylglycerol concentrations were
also elevated in all groups. High density lipoprotein cholesterol concentrations were consistently low (20 to 50 mg/dL)
in all groups. Highly significant differences (ANOVAR<0.0001) in atherosclerosis, quantified by measurement of
aortic cholesteryl ester concentration (mg/g protein) among dietary fatty acid groups were found, with the order being
trans mono (mean, 50.4)>sat (35.6)=cimono (34.6)>n-6 poly (18.3)=n-3 poly (9.7)=commercial diet (7.8).
Therefore, in this mouse model of hypercholesterolemia, diefaigr transmonounsaturated fat did not protect against
atherosclerosis development, whereas aortic atherosclerosis in either of the polyunsaturated fat groups was significantly
less than in the saturated fat groprterioscler Thromb Vasc Bial 1998;18:1818-1827.)
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he effects of dietary cholesterol and type of fat on riched fats more suitable for a variety of cooking needs,

coronary heart disease have been frequently studied.hydrogenation has been used to increase the melting temper-
Generally, recommendations from organizations such as theature and reduce the oxidizability of these preparations, in the
American Heart Association have been to limit the amount of process introducing higher amounts toéns fatty acids, a
total and saturated fat in the diet, replace saturated with by-product of hydrogenation, into our diet. Data have been
unsaturated fat, and limit dietary cholesterol. Data indicate presented thatrans fatty acids may detrimentally affect
that we have been better at increasing the amount of vegetablecoronary heart disease risk though again, establishing a
oil in our diet than in decreasing the percentage of energy firm basis for these risk factor associations with direct
intake as fat.Decreased saturated fat and increased polyun- observations of effects on atherosclerosis remains to be
saturated fat intake may be a component of the overall 50% achieved?
reduction in coronary heart disease rates that have occurred Interestingly, in our society at the present time, monoun-
over the past 2 decades in the United Statassignificant saturated fatty acids in the form of olive oil and canola oil
body of evidence demonstrates that for linoleic acid, accu- instead of linoleic acid-rich corn and soybean oils, for
mulation in adipose tiss&i@ and enrichment in plasma example, are appearing more frequently as the cooking oils
cholesteryl estefs'® are both factors associated with de- available for sale in grocery stores. This shift is apparently
creased rates of premature complications of coronary heartbased, at least in part, on recommendations that monounsat-
disease. In addition, several studies have demonstrated thatirated fatty acids provide similar or improved risk factor
linoleic acid—rich diets directly protect against atherosclerosis relationships compared with those seen for polyunsaturated
development**? In an attempt to make linoleic acid—en- fatty acids}®'’ although protection against atherosclerosis
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development in studies of experimental coronary artery ath- was supervised by a veterinarian. All animal procedures were
erosclerosis, per se, has not been fotfriliets enriched in preapproved by the institutional animal care and use committee.
n-3 fatty acids derived from fish oils have been found to be The diets used in the study were prepared on the basis of those fed
o SR . previously to monkey&*and we added a group containitigns fatty

beneficial in limiting the development of experimental ath- 5igs in a fat blend provided to us through the generous offices of Dr
erosclerosis?® although effects on risk factors have led to Pete Huth of Kraft Foods and the Institute of Shortening and Edible
some skepticism in favoring their use in protection against Oils. Dietary ingredients are shown in Table 1. The diets contained 10%
coronary heart disease. of energy as fat with the fatty acid compositions shown in Table 2.

. . : : Cholesterol content in the prepared diets was consistently low at
Simultaneous evaluation of the variety of different unsat 0.005%. The cholesterol content of the commercial mouse food (Prolab

urated dietary fats With_dirECt comparisons t(_) the effects of 3000, PMI Feeds, Inc) used as a control was 0.06%, and the measured
saturated fat on experimental atherosclerosis has not beerfat content of this food was 4.6% by weight.
attempted. With the development of genetically modified At weeks 2, 8, and 16 of the experimental period, blood was taken
mouse models in recent years, it has become possible to usdrom each mouse for measurement of lipids and lipoproteins. Ketamine
. L . HCI was administered (40 mg/kg) together with xylazine (8 mg/kg) to
mice to evall_Jate some of the |mp(.)r'.[ant fac_tors affecting restrain the animals. Blood was taken via orbital bleeding and trans-
atherosclerosis development. One difficulty with the mouse ferred to tubes containing 0.1% EDTA, 0.01% Namprotinin (1
as a model of human atherosclerosis is that the typical plasmaug/mL), and benzamidine (1 mmol/&.At the time of sacrifice, the
lipoprotein spectrum in mice is quite different from that in animals were anesthetized with the ketamine (80 mg/kg) and xylazine (8
humans, with a pattern of HDL as the predominant lipopro- mg/kg) mixtl_Jre, t_)lood was drawn via heart puncture, and the mice were
tein with low concentrations of LDL and VLDL, and drastic then euthanized in a G@hamber. Plasma was promptly separated from

” . . : cells by centrifugation at 50@0at 4°C.
diets have been needed to induce arterial changes consistent

with early atherosclerosis developméttt Lipid, Lipoprotein, and

The feasibility of using mice to evaluate dietary fatty acid Atherosclerosis Measurements
effects on atherosclerosis was pioneered by Paigen andLipoprotein separations were promptly begun on aliquots of fresh
associate& A mouse model (LDL receptor—null with human  plasma isolated from each mouse. Whole plasma was injected onto

; ; ; a 30-cm Superose 6 chromatography column, which was subse-
apoB100 overexpression) with LDL as the predominant quently run at 0.5 mL/min with 0.9% NaCl containing 0.05% EDTA,

Ilpoprosteln has recently been devgloped by Hobbs_and asso-pH 7.4, and 0.05% Nal\as described. The average LDL particle
ciates” A mouse model of LDL-driven atherogenesis would  sjze was measured from a standard curve constructed from known

appear to have advantages over other mouse models forstandards plotted against elution tifA&ractions were collected and
evaluation of dietary fatty acid effects on atherosclerosis with Pooled according to the elution times for VLDL, LDL, and HDL, and
extrapolation to humans, because at least a portion of theahquots of isolated lipoprotein fractions were used for enzymatic

di ff in h . LDL il it measurement of cholestefoland triacylglycerol$® Assays were
letary effect in humans is on particle composilion.  yonjtored for accuracy and precision with simultaneous measure-

Therefore, we have used this mouse as a model to comparéments in appropriate quality control serum samples.
atherosclerosis outcomes in response to 5 different dietary fat  In some cases for which purified lipoprotein fractions were needed
types containing enrichments in saturateis and trans for compositional analyses, plasma from mice in each diet group and

B ) of each sex was pooled and then ultracentrifuged for 24 hours at
monounsaturated, and n-3 and n-6 polyunsaturated fatty 50 000 rpm in a Ti 70.1 rotor (Beckman Instruments) at a density of

acids, with all groups being compared with a standard j 71 g/mL to isolate the combined lipoprotein fraction at the top of
commercial mouse diet (control) group. To the extent that the tube. Fractions within a single lipoprotein class were then
dietary fatty acid—induced alterations in LDL cholesteryl separated on agarose chromatography columns, and chemical com-
ester composition participate in the overall atherogenicity of positions were determined for individual classes. For selected LDL

: . amples, apolipoproteins were separated by polyacrylamide gel
LDL, as has been hypothesized to be the case on the basis Oﬁlectrophoresis in the presence of SDS. In brief, aliquots of the

outcomes in monkeys;*® a mouse model with LDL as the lipoprotein sample containing 5@g of protein were lyophilized and
primary lipoprotein may permit the hypothesis to be tested. resolubilized by boiling for 5 minutes in a 0.05 mol/L barbital buffer,
pH 8.6, containing 2.5% SDS, 3% glycerol, 5% 2-mercaptoethanol,
Methods and 0.001% bromophenol blue. Samples containingd 0f protein
. . were then applied to a 4% to 30% polyacrylamide gel containing
Animals and Diets SDS, and electrophoresis was carried out as described previbusly.
The mice used in these studies were reared in our medical schoolThe gels were then fixed and stained with Coomassie blue dye.
animal facility. The original breeding pair was provided by Dr Helen At the end of the study after the animals had been euthanized, the
Hobbs at the University of Texas Southwestern Medical Center in heart with attached aorta was removed from the body and placed in
Dallas, and this mouse has been described in a separate publi€ation. 10% neutral buffered formalin for subsequent processing. The end
In brief, this mouse strain is a hybrid cross between the LDL receptor points of atherosclerosis quantified for each mouse in this study were
—/— mouse described by Ishibashi ef&@lyhich itself is a hybrid of aortic free cholesterol and cholesteryl ester concentrations, measured
129sv and C57BL/6 strains, and the human apoB100 transgenicas mg/g protein. To obtain these end points, the tissue was placed on
mouse€?’ itself a hybrid of the SJL and C57BL/6B strains. Breeding the platform of a dissecting microscope, and the adventitia was
demonstrated the LDL receptor knockout and apoB overexpression carefully and completely dissected and removed. The aortic intimal-
traits to be homozygous, and all animals maintained grossly elevated medial preparation was then detached at the base of the heart and
LDL levels that contained principally apoB100. When the animals placed in a tube with 3 mL of chloroform-methanol, 2:1 vol/vol,
reached 8 to 9 weeks of age, they were randomly assigned to 1 of thecontaining ox-cholestane as an internal standard, and the lipids were
6 dietary fat groups. Groups of between 20 and 38 animals extracted. The lipid extract was separated by filtration from the
containing at least 10 members of each sex were established anddelipidated protein, and extracts were dried underN60°C and
entered into the study as they became of age. A total of 167 animals then dissolved in hexane. Analysis of free and total cholesterol was
were studied, including 93 males and 74 females. All animals were carried out with 2 injections per sample on a DB 17 (0.53-mm
housed in our American Association for the Accreditation of IDX15 mX1um) gas-liquid chromatography column (J&W Scien-
Laboratory Animal Care—approved animal facility, and their care tific) at 250°C and installed in a Hewlett-Packard 5890 gas chro-
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TABLE 1. Experimental Diet Ingredients

Diet Group
Sat cis Mono  n-6 Poly  n-3 Poly trans Mono

Ingredient (9/100 g Dry Weight)

Diet fat
Palm oil 4 0 0 2 0
Oleic acid-rich safflower oil 0 4 0 0 0
Safflower oil 0 0 4 0 0
Fish oil 0 0 0 2 0
trans Blend 0 0 0 0 4

Same for All Diets

Alphacel 7.4

B-Sitosterol* 0.0015

Casein, USP 8.0

Cholesteral, crystalline 0.0019

Complete vitamin mixturet 2.6

Dextrin 17.0

Lactalbumin 4.0

Salt mix (Hegsted) 5.0

Sucrose 17.0

Wheat flour 35.0

*Added to diets not containing safflower oil.
tVitamin mix is complete and, in addition, includes 2 mg/100 g diet for each of a-tocopherol,
y-tocopherol, and tenox 20A as additional antioxidants.

matograph equipped with an HP 7673A automatic injector using weeks into the experimental diet period, when all of the mice

on-column injection and a flame ionization detector. Cholesteryl \ere 24 to 25 weeks of age. At the start of the study, the
ester (esterified cholesterolx1.67) was calculated as the difference '

between free and total cholesterol, as measured before and aftemaleS weighed 28:22.0 g (mealtSD).and the females,
saponification and reextraction of the nonsaponifiable sterol into 23.2%1.9 g. On average, the males weigheslg more than
hexane. The delipidated tissue protein was then digested and dis-the females, and this was also true at the end of the study,

solved in 1IN NaOH, and total protein was determiried. when the overall average weight for males was 32& g

L . + i
Statistical Evaluations anddfor[')ferr?alels, 30.:;_](1.8 ? Thu_s, (%urlng ;[jheh_co_urse of the
The data were first evaluated for main effects (sex and dietary fat) by study, both males and females gaired g, and this increase

2-way ANOVA. For post hoc analyses to identify individual group =~ Was true in each of the diet groups. Much of this weight gain
differences (where they were found), 1-way ANOVA for individual appeared to be due to an increase in adipose tissue, because

diets was then used with post hoc analyses by Fisher's protected leasihe carcasses contained significant amounts of fat at sacrifice.
significant difference test. Statistical significance was considered at N health bl f di f the di
P=0.05. The outcomes for post hoc analyses are indicated in the tables.NO @Pparent health problems were found in any of the diet
groups.
Results Time-related total plasma cholesterol (TPC) responses to
The body weights of the animals were measured when the the different diets are shown in Figure 1. At 2 weeks into the
animals were 8 to 9 weeks old, and at the time of sacrifice, 16 study, TPC values already had begun to show diet-specific

TABLE 2. Dietary Fatty Acid Compositions

Fatty Acids, % of Energy

Saturated cis Monounsaturated trans Monounsaturated n-6 Polyunsaturated n-3 Polyunsaturated
Diet (14:0, 16:0, 18:0) (16:1, 18:1) (18:1t; 18:21) (18:2, 20:4) (20:5, 22:6) Other
Sat 4.8 3.6 ND 1.4 0.03 0.2
cis Mono 1.2 6.8 0.02 1.8 0.06 0.2
n-6 Poly 1.3 1.2 ND 7.2 0.03 0.3
n-3 Poly 3.9 2.7 0.1 1.1 14 0.8
trans Mono 2.7 1.7 2.8 1.9 0.03 0.8
Commercial 1.6 2.2 ND 53 ND 0.9

ND indicates not detected. All values represent averages for duplicate determinations of at least 2 diet preparations. Fatty acid underlined is the major fatty acid
within each class.
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20004 ~—— Commerciat =-~®@-~ cis Mono T
==& n-3Poly == Sat l
<=<0-=+ n-6Poly —O— trans Mono
E 1600
2
7]
% = Figure 1. TPC responses to the diets at 2, 8, and
5% 16 weeks of diet exposure. All animals were fed
s £ 12007 the diet starting at 8 to 10 weeks of age, with
.% group sizes of 19 for the commercial diet, 27 for
g n-3 poly, 32 for n-6 poly, 25 for cis mono, 27 for
sat, and 29 for trans mono.
800 4
400
0
Weeks
differences, with the sat andis and trans mono groups After 16 weeks of diet treatment, the distribution of

already being higher (near 800 mg/dL) than the n-6 poly (near cholesterol and triacylglycerol among lipoprotein fractions
650 mg/dL) and n-3 poly and commercial diet groups (near was determined (Table 3). Plasma cholesterol concentrations
550 mg/dL). This trend continued and became even more were high and dietary fat dependent, as discussed above. The
marked at 8 weeks into the study, with TPC in the 2 poly ¢oncentration of cholesterol in VLDL was highest in trans
groups being between 800 and 900 mg./dL, yvhich was higher group, elevated in the sat awés mono group, and lower in
than the TPC 0#=600 in the commercial diet group; even oty poly groups and in the commercial diet group. LDL
Frg::r;-gig;r?éu:astr;}?slz ;:Ogt?g/\?v:gkiri;zu?g (I;n,(gﬁgg cholesterol was surprisingly dependent on the type of dietary
mono group was clearly hlighest aQOOé) mg/dL, with the fat fed. It was lowest in the commercial diet and n-3 poly

' ’ groups; equivalently higher in the n-6 pobyis mono, and sat

average TPC in the sat amds mono groups near 1300 . .
mg/dL, and that in the n-6 poly group near 1100 mg/dL. The groups; and highest in theansmono group. The cholesterol

n-3 poly group remained lower, near 700 mg/dL, but the concentrations in HDL were low in all groups, although they

commercial diet group had not changed and remained nearere somewhat higher in the n-6 poly group.

600 mg/dL after 16 weeks of diet treatment. In all cases, the Plasma triacylglycerol concentrations were also very high
values for males and females were averaged together after ncand diet dependent (Table 3). The highest value was in the
statistically significant differences between the sexes were trans mono group, and the lowest value was in the commer-
found. cial diet group. The other groups were intermediate and not

TABLE 3. Dietary Fatty Acid Effects on Plasma and Lipoprotein
Lipid Concentrations

Total Cholesterol, mg/dL

Diet Group n WP VLDL LDL HDL
Commercial 19 616+31* 63+9* 526+32* 27+5%t
n-3 Poly 27 736+44* 65+13* 652+36* 202
n-6 Poly 32 1074+65% 152+19% 868551 54+9%
cis Mono 25 1252701t 342311 869+45% 42+ 41t
Sat 38 136056t 408+28t 922+29% 32+3*t
trans Mono 29 2005+167§ 585508 1390124t 30+2*t

Triacylglycerol, mg/dL

Commercial 19 592+44* 118+17* 468+32 5+1
n-3 Poly 27 717+99*t 186+59* 525+56 7+1
n-6 Poly 32 78275t 235+33*t 549+49 7+1
cis Mono 25 901861 418+42t 477+32 61
Sat 38 916+86% 340471t 568+47 72
trans Mono 29 118083t 623+558§ 546+40 101

WP indicates whole plasma. All values are mean=+SEM. Values in a column under cholesterol or
triacylglycerol with different symbols are significantly different at P<0.05.
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TABLE 4. Dietary Fatty Acid Effects on Mouse LDL Particle Composition and Size

Percentage, wt/wt

LDL MW,
Diet Group FC CE TG PL Pro g/mol
Commercial 8.50+0.05 27.39+2.33 20.03+2.13 21.33+0.25 22.76+0.28 2.43*+0.09
n-3 Poly 9.08+0.49 29.05+2.31 21.34+3.54 18.93+0.38 21.610.76 2.34*+0.05
n-6 Poly 9.11+0.29 33.47+1.96 15.30+1.55 21.70+0.57 21.42+0.53 2.73t*0.05
cis Mono 10.14x0.17 35..29+2.23 13.77+2.11 21.58+0.15 19.21+0.45 3.001+0.04
Sat 9.84+0.20 34.74+2.48 13.51+1.77 21.52+0.57 20.390.48 2.711x0.04
trans Mono 10.02+0.21 34.25+2.05 14.07+1.71 22.44+0.37 19.23+0.81 2.47+0.08

FC indicates free cholesterol; CE, cholesteryl esters; TG, triacylglycerols; PL, phospholipids; and Pro, protein. All values are
mean=SEM. There is a statistically significant difference if the symbol is different. Percentage compositions were determined on 2
LDL pools for males and 2 for females of each diet group. The average LDL particle size was meausred for each mouse of the study
during chromatographic separation, and group sizes are as in Table 3.

different from each other. The triacylglycerol values in
VLDL were highest in théransandcis mono groups. The sat
group also had an elevated VLDL triacylglycerol concentra-
tion, whereas the VLDL triacylglycerol in the poly groups
remained lower and similar to the commercial diet value.
Triacylglycerol concentrations in LDL were high but not diet
dependent. Triacylglycerol concentrations in HDL were low
and not diet dependent.

Plasma LDL particle size and composition have been

amounts of apoB48 were apparent. Small amounts of apoE
were visible in the fraction containing larger LDL particles,
and in 1 preparation, a small amount of apoA-I was also seen
in the fraction containing the smaller LDL particles; for the
most part, however, apoB100 was the principal apolipopro-
tein on the LDL particles. The small amounts of apoE and
apoA-I could represent the presence of particles distinct from
the apoB-containing LDL particle.

The cholesteryl ester composition of LDL was also exam-

shown to be diet dependent in other species, and theseined, and the data are shown in Table 5. The pattern was

characteristics were compared in these mice. LDL particle
size was estimated as molecular weight during gel filtration
chromatograph¥y of individual animal samples in each
group, and the results are shown in Table 4. In general, the
LDL particles were small, with the average in the commercial
diet group being 2.43 gimol (or 2.43x160 Da). In most of

the groups fed the prepared diets, except for the n-3 poly
group, the particles were somewhat larger, with the average
being between 2.5 and 2¢10° Da. In thecis mono group,

the LDL particles were the largest and averageckd.(¢ Da.

The percentage compositions are also shown in Table 4.
LDLs used for this evaluation represent the material from the
LDL peaks isolated from the Superose column, which were
pooled from 3 to 4 animals into a total of 4 pools (2 for males
and 2 for females) for each diet group.

The LDL particles of each pool were then floated at a
density of 1.063 g/mL in the ultracentrifuge to remove
extraneous proteins. The compositions of LDL from each diet
group were similar, and there were not major differences
among LDLs from the different diet groups. The protein,
phospholipid, and free cholesterol percentages were quite
similar in LDLs from each of the diet groups and together
made up~=50% of the mass of the particle. The core lipid was
somewhat different in composition, with the triacylglycerol
percentage being higher in the commercial diet and n-3 poly
groups than in that of other groups, wherein the cholesteryl
ester made up close to 35% of the mass.

The apolipoprotein composition of the LDL particles was

characteristic of rodent species and different from that typical

of primates. The commercial diet group had 35% as cho-

lesteryl linoleate, 15% as cholesteryl palmitoleate and oleate,
and 10% as cholesteryl palmitate and stearate. Approximately
25% was cholesteryl arachidonate. A similar distribution was

seen in the n-6 poly group, although the percentage of
cholesteryl linoleate was:10% lower and the percentage of

LDL 1 LDL 2
Sm Med Lg Sm Med Lg
beved d el hd L s

STD

B100 ‘s (mmue) b tmnd Gomnd S
B48 _ § A ;
110 KD
80 KD

50 KD

E 30 KD
Al 27 KD
18 KD

Figure 2. SDS—polyacrylamide gel electrophoresis of the apoli-
poproteins isolated from LDL size fractions. LDLs isolated from
the Superose column were pooled for 3 to 4 animals in the n-6
poly and sat groups, and ultracentrifugation at d=1.063 g/mL

was performed. The LDL that floated to the top of the ultracen-
trifuge tube was then reapplied to the Superose 6 column, and

also examined, and a gel showing some of the data is sShownmaterial that eluted in the front, middle, and back of the LDL

in Figure 2. The LDL peak was separated into large, medium,
and small fractions by pooling the material in the front,
middle, and back of the LDL peak from the column. The
major apolipoprotein in all fractions was apoB100, and lesser

peak was combined separately and extracted. The protein com-
ponents were solubilized in SDS-containing buffer and run on a
4% to 20% polyacrylamide gradient gel. The migration positions
of apoB100, apoB48, apoE, and apoA-I are marked, as are the
positions for the molecular weight standards.
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TABLE 5. Dietary Fatty Acid Effects on Mouse LDL Cholesteryl Ester Gomposition

Cholesteryl Ester Fatty Acid, wt %

Sat Mono n-6 Poly n-3 Poly

Diet Group 16:0 18:0 22:0 16:1 18:1 18:2 20:4 20:5 22:6

Commercial ~ 7.96*+0.23  2.60*t=0.44 e 2.82*+0.18  12.04*+1.66 35.34**151  26.52*+0.50 e 3.10*+0.16
n-3 Poly 12.92t+1.15 3.39t£*0.76 7.071§+0.47  12.09*+2.10 11.63t1=0.90 9.05t+0.68 27.89+1.68 7.581*+0.34
n-6 Poly 8.33*+0.51 1.71*+0.24 5.063+0.27 16.28*t+2.43 23.813+1.37  36.231*0.88 1.19£+0.08
cis Mono 11.40t+1.05 242*4+0.31 2.33*=0.18 6.48t+0.19 31.79t§+5.05 12.13t+0.91  25.00%|=2.91 e 1.09£=0.11
Sat 12.161+0.35 2.48*t+0.17 3.66t*=0.39 7.94§+0.36 33.60t§*+2.41 12.78t=1.11  19.94§+0.99 e 1.353+0.06
trans Mono  16.74%1+1.40 4.321+0.43 2.26*+0.14 7.03t§+0.37 24.731§+3.82 13.711*=1.58 21.56§||=1.22 cee 0.47§+0.28

All values are mean==SEM. There is a statistically significant difference if the symbol is different. Cholesteryl ester fatty acid compositions were measured on the
LDL pools described in Table 4.

cholesteryl arachidonate10% higher. The n-3 poly group  (29.8 mg/g) and sat (30.5 mg/g) groups and was even higher
was distinctive, in that>40% of the cholesteryl esters in the trans mono group (41.9 mg/g)R<<0.0001 compared
contained long-chain, highly polyunsaturated fatty acids, the with all other groups).
majority being n-3 polyunsaturated fatty acids. The remaining  The atherogenic response as measured by aortic cholesteryl
groups had only=12% to 13% cholesteryl linoleate, between ester concentration showed even more exaggerated differ-
20% and 25% cholesteryl arachidonate, and as the majorences among diet groups (Figure 3B). The lowest values were
cholesteryl ester, cholesteryl oleate, with a significant amount in the commercial diet and n-3 poly groups, 7.8 and 9.7 mg/g,
of cholesteryl palmitoleate as well. This pattern of monoun- respectively. The cholesteryl ester concentration in the n-6
saturated fatty acid enrichment of cholesteryl esters is typical poly group was significantly higheP(<0.05) than that in the
of the pattern in primates fed saturated and monounsaturated
fat, although the actual percent is lower in mice due to the “7 A
higher percentage of cholesteryl arachidonate. tfédmes fatty
acids appeared to interfere to some extent with the accumu-
lation of cis monounsaturated fatty acids in cholesteryl esters,
although this outcome was not due to accumulatiotraris
fatty acids in cholesteryl esters, sineel% of the LDL
cholesteryl esters in the mice of this group were identified as
containing atrans fatty acid.

The variety of plasma lipoprotein responses to the different
dietary fatty acid challenges was somewhat unexpected,
given the low energy percent of fat in the diet. Nevertheless,

the atherogenic response in the aorta was considered the Commercial n-3Poly n-6Poly clsMono  Sat transMono
primary indicator of beneficial or detrimental effects of any 60+

particular fatty acid on atherosclerosis, and the lipoprotein B

responses suggested that differences would be present, so 501

atherosclerosis quantification in each of the animals in the z 4o . .

study was performed. Whereas most studies in mice have %

used a tissue histology—based system for atherosclerosis £ 304

evaluation, the method is labor intensive, the tissue available G b

for evaluation is small, and the accuracy of this type of 20+

evaluation for determining the overall extent of aortic athero- 10, a a,b

sclerosis is unknown. Therefore, we measured the accumu-

lation of free cholesterol and cholesteryl ester in the whole =27 / 4 / : /
aorta as a chemical end point that quantitatively monitors the Commercial n-3Poly ~ n-6Poly  clsMono  Sat  transMono
extent of atherosclerosis. With a 2-way ANOVA, we found Diet Group

no differences between males and females; thus, the follow- Figure 3. Aortic concentrations of free cholesterol (FC) (A) and
ing analyses were done after combining the data from all of cholesteryl ester (CE) (B) of mice fed different dietary fats for 16

; ; : weeks. Dietary fat designations are as defined in Methods. The
the animals in the study. The group averages for aortic free aortas from individual mice of each group were cleaned,

cholesterol (mg/g protein) are shown in Figure 3A. AOrtic extracted, and quantified for FC and GE concentrations, and the
free cholesterol concentration was significantly different mean=SEM values for each diet group were plotted. Statisti-

; <0. . cally significant differences were determined by ANOVA with
among diet groups (P<0.0001). It was the same, at about 20 post hoc analysis and are indicated by the letter over the bar;

mg/g, in the.co.rr?mercial diet and the 2 poly _groups, but this bars with different letters are significantly different from each
value was significantly (P<0.008) elevated in tbis mono other.
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Figure 4. Rank order of aortic cho-
lesteryl ester concentration in each diet
group as a comparison of the athero-
sclerosis extent across the range of vari-
ability within each diet group. PR indi-
cates protein.

Aorta Chol. Ester (mg/g PR)

Rank Order

commercial diet group, at 18.2 mg/g, and was barely higher interpret this finding to mean that both lipoprotein fractions
(P=0.07) than the value in the n-3 poly group, but the are contributing to the development of atherosclerosis, al-
averages in theis mono group, at 34.6 mg/g, and sat group, though LDL appears to be the more important, presumably
at 35.6 mg/g, were each highd?<0.001) than either of the  because it is present in much higher concentrations. Interest-
poly groups. The highest value was found in trens mono ingly, the data for thetrans mono group did not fit the
group (50.4 mg/g), and this value was significantly higher relationship shown in Figure 5 (data not shown). The scatter
than either the sat aris mono group P<0.002), as well as in the data from this group, if plotted as in Figure 4, was large
higher than that of any of the other groups. Thus, the outcome (r=0.24), and the regression line for the data of this group
found for both free and esterified cholesterol concentrations, was displaced, such that at any aortic cholesteryl ester
as indicators of atherosclerosis extent, was similar. The concentration, the TPC concentration was apparently higher.
greatest accumulation of both forms of cholesterol occurred This result is probably related to the distinct pattern of
in thetransmono group, the next highest occurred in the sat increase in plasma cholesterol between 8 and 16 weeks for
andcis mono groups, and less accumulation occurred in the this particular diet, as shown in Figure 1 for ttrans mono

poly groups, which were not much different from the group group. The pattern suggests that the extended increase in-
fed the commercial diet. A very similar outcome was ob- duced bytrans monounsaturated fat in plasma cholesterol
tained when the analyses were done on cholesterol andduring the 8- to 16-week interval may not have been
cholesteryl ester as measured in mg/g of wet tissue (data notassociated with an immediate and proportional effect on

shown). The data expressed as mg/g protein are thought to beytherosclerosis, although the study needs to be carried out
more accurate, owing to the small amounts of tissu2 (ng

per aorta) and the potential weighing errors of wet tissue that 250+
could occur.

The individual animal data for cholesteryl ester concentra-
tion are plotted in rank order from least involved to most
involved in Figure 4 for each of the diet groups to illustrate
the degree of difference among the groups. These data
indicate that the diet group differences identified by the
statistical analyses are present across the entire spectrum of 100

2.00 2

1.50

a CE (mg/g PR)

response, from low to high responders, and are not confined O Commercial
to a particular segment of the response spectrum. sl .,k 4 maPoy

Finally, the data shown in Figure 5 indicate that the data af .
from 5 of the groups all described a similar log-linear ° p st
relationship, with a correlation coefficient 0£0.7 between S e w0 oo 120 s 1e0 200 a0
TPC and aortic cholesteryl ester concentration. The data for Total Plasma Chalesteral (me/al)

individual groups are also indicated and were shown 0 pjg,, e 5. Relationship between TPC and the logarithm of aortic
essentlally fit the line in Figure 4 when each data set was cholesteryl ester (CE) concentration (mg/g protein [PR]) across 5
plotted separately. The data comparing plasma LDL and diet groups. The best-fit regression line for all of the data is
VLDL cholesterol concentrations were also plotted (not plotted, and the correlation coefficient for these data is shown.
. . . The correlation coefficients for the individual diet groups were
shown), and similar relationships were seen, although the 5 foliows: commercial diet, 0.40; n-3 poly, 0.65; cis mono,

correlation coefficients were not as high as for TPC. We 0.11; n-6 poly, 0.60; and sat, 0.52.
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for a longer time to determine the real consequences for to cis monounsaturated fatty acids but not in response to
atherosclerosis. polyunsaturated fatty acids appears to promote atherosclero-
sis, and as a result, the amount of atherosclerosis in animals
Discussion fed monounsaturated fat was comparable to that when satu-
The data of this study illustrate the strongly positive effects of rated fat was fed.
polyunsaturated fat compared with saturated fat to reduce the On the basis of data in monkeys, we speculated that
development of atherosclerosis in a mouse model that hasanother factor promoting atherogenesis could have been the
LDL as the predominant lipoprotein in the circulation. This remarkable enrichment of the lipoprotein particles with cho-
observation has also been made in several studies of coronaryesteryl oleaté**® We examined the livers of monkeys in
artery atherosclerosis in primate¥'#*%and is reproduced in  isolated liver perfusion studies and found a high correlation
the aortas of the mice of this study. The n-3 polyunsaturated between cholesteryl ester accumulation in apoB-containing
fat appeared to be more effective than the n-6 polyunsaturatedparticles secreted during perfusion and the extent of coronary
fat, although only 1 level of either polyunsaturated fat was artery atherosclerosis in the liver donor animals, suggesting
studied here (7.2 energy% of n-6 versus 1.4 energy% of n-3 that the accumulation of cholesteryl esters in LDL and the
fatty acids), and therefore, the dose response is not known.associated increase in atherosclerosis might be in response to
Nevertheless, because almost 5 times more n-6 than n-3stimulated hepatic secretidh.The stimulation of hepatic
polyunsaturated fatty acids were fed in the diet and becausecholesteryl ester secretion was apparently due to a stimulation
the n-3 polyunsaturated fatty acids kept aortic cholesteryl of hepatic acyl coenzyme A:cholesterol acyltransferase by
ester concentrations lower (Figures 3 and 4), the data suggesbleic acid®"*
that n-3 fatty acids are more potent in reducing In the mice of these studies, enrichment of LDL with
atherosclerosis. cholesteryl oleate was most pronounced indlsemono and
The reduction in aortic atherosclerosis was not found when sat groups, although the lipid milieu in the core of the LDL
either cis or trans monounsaturated fatty acids were fed. particles of these mice was quite different from that found in
Rather, just as much atherosclerosis was seen wdi®n  monkeys and humans. A high percentage of triacylglycerol
monounsaturated fat diets were fed (6.8 energy%) as whenwas found in the mouse LDL (Table 4), and significant
saturated fat was fed, and significantly more atherosclerosis quantities of cholesteryl arachidonate (and n-3 fatty acid
was seen when theans monounsaturated fatty acids were cholesteryl esters in the n-3 poly group) were also found
fed as 2.8 energy% (Figures 3 and 4). The average plasma(Table 5). These lipids should modify the proatherogenic
LDL cholesterol concentration was very similar in the mice effect of the cholesteryl oleate enrichment, if effects on the
fed n-6 polyunsaturated fat, saturated fat, aisdnonounsat- physical state of the lipoprotein core are important in athero-
urated fat, yet the amount of atherosclerosis was greater in thesclerosis, as has been propodedriacylglycerols and poly-
cis monounsaturated and saturated fat groups. The HDL unsaturated cholesteryl esters both have the effect of reducing
cholesterol concentrations were slightly higher in the group the transition temperature of the neutral lipids in the core of
fed n-6 polyunsaturated fat, but the LDL to HDL cholesterol the LDL particle?® Perhaps this factor contributes to the
ratios were very high in all groups (in the range of 15 to 30), apparently modest rate of atherosclerosis development in our
and it is not clear that HDL at these ratios can offer much mouse model, in which plasma cholesterol concentrations
protection in the face of such high plasma LDL concentra- were >500 mg/dL in the commercial diet—fed animals, for
tions. The VLDL cholesterol levels were lower in the n-6 example, whereas the degree of cholesteryl ester accumula-
polyunsaturated fat group, and even though these lipoproteinstion in the aorta at 24 weeks of age was measurable but not
were present in lower concentrations than LDL, this could remarkable (Figures 3 and 4). For example, in the African
account for some of the difference in atherosclerosis. green monkey coronary arteries of our earlier publicatfon,
The observation in these LDL receptor—null, human apoB— average cholesteryl ester concentrations in mg/g protein were
overexpressing mice thais monounsaturated fatty acids in 57, 179, and 137 in the polyunsaturated, monounsaturated,
the diet promote as much atherosclerosis as saturated fattyand saturated fat groups, respectively, values higher than
acids and more atherosclerosis than polyunsaturated fattythose found in the mice of the present study (Figure 3). On the
acids is similar to an earlier observation on coronary artery other hand, if cholesteryl oleate enrichment of LDL were to
atherosclerosis in primaté$This is an important outcome  promote cholesteryl ester accumulation in the artery wall by
when one considers that monounsaturated fats, often in theforming a higher-melting-point lipid “phase” during lysoso-
form of olive oil, are widely promoted as being healthful and mal processing of lipoprotein particles, for example, then
effective for protection against heart disedsg.Although enrichment of LDL with cholesteryl oleate might still be part
effects to modify lipoprotein risk factor profiles to be appar- of the effect to increase atherosclerosis through delayed
ently less atherogenic were seen in response to dietaryclearance of arterial cholesteryl estérs.
monounsaturated fat in monkeys and humiatfseffects to Clearly, more work is needed on the mechanism(s) by
reduce atherosclerosis did not follow. In the present study in which an atherosclerosis-promoting effect of dietary mono-
mice, the difference between the n-6 polyunsaturated fat unsaturated fat would occur. What is clear when comparing
group and theis monounsaturated fat group in TPC and LDL the present studies in mice with the earlier studies in
cholesterol concentrations was not statistically significant, yet monkey#? is that a lack of protection against atherosclerosis
the former dietary fat still protected against atherosclerosis development by monounsaturated fat occurred in 2 experi-
while the latter did not. Clearly, some other factor in response mental animal models with quite different lipoprotein profiles
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and lipoprotein lipid compositions. It seems important to Finally, these studies can be compared with those of Sanan
discern whether a similar outcome is present in humans et al?® wherein mice similar to those used in this study were
before more recommendations are made to consume more fastudied after 26 weeks on a commercial diet. The range of
enriched with monounsaturated fatty acids. cholesteryl ester concentrations observed for the commercial
Animals fed polyunsaturated fat have LDL particles that diet group was between 2 and 20 mg/g protein (Figure 4),
are greatly enriched in the polyunsaturated fatty acid content whereas the range of values for the proportion of aortic
in their cholesteryl estefsand phospholipid&,and this result ~ surface area involved with lesion in the comparable group of
also appears to be true in the present study in mice (Table 5).mice of the Sanan study was between 2% and 50%. This
Numerous studies, including our owhhave demonstrated  result indicates that significant lesion development occurred
that LDL particles enriched in polyunsaturated fatty acids are during the 6-month study, even in mice fed the commercial
more easily oxidized in vitro. To the extent that LDL diet, and that this animal model is indeed an excellent one for

oxidation promotes atherosclerosis, data on dietary polyun- studying the factors affecting atherosclerosis in the mouse.
saturated fat protection against atherosclerosis present a/Ve have shown the effects on atherosclerosis of individual
paradox. It appears that other factors, possibly including LDL dietary fatty acids in this study in mice that parallel those of
cholesterol concentration and/or particle composition, are Our studies of coronary artery atherosclerosis in monkeys.
more important in promoting atherosclerosis development in This fact suggests that identification of factors important in
this circumstance. In the present studies in mice, in which the the development of atherosclerqsis in this LDL receptor—null,
degree of atherosclerosis was less in the n-6 poly group human apoB100—overexpressing mouse model could be
(Figures 3 and 4) even though LDL cholesterol concentra- a_ppropnate for qnderstandlng the relevant factors in this
tions were not different among the n-6 patjs mono, and sat ~ diS€ase process in humans.

groups (Table 3), it remains a distinct possibility that LDL Acknowledgments
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