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Nine inbred strains of mice, which are progenitors of 
recombinant inbred sets, were evaluated for aortic lesion 
formation and plasma and fiver lipid levels. This survey 
was done to determine if a semi-synthetic high-fat diet 
could elicit the same extent of diet-induced atherosclerosis 
as that  observed in mice fed a natural ingredient high- 
fat diet and to discover strain-specific plasma and fiver 
lipid variants for future genetic characterization. Evalua- 
tion of aortic lesions after 18 wk of diet consumpt ion  
showed that  strains C57BL/6J, C57L/J, SWR/J and SM/J 
were susceptible to atherosclerosis and that A/J, AKR/J, 
C3H/HeJ, DBA/2J and SJL/J were relatively resistant. 
High-density fipoprotein cholesterol (HDI~C} levels were 
negatively correlated to lesion formation. Susceptible 
strains had decreased HDL-C levels when switched from 
chow to the semi-synthetic high-fat, high cholesterol diet, 
whereas resistant strains either showed no change or a 
slight increase in HDI~C levels. The exception to this pat- 
tern was found in SM mice, which were susceptible to aor- 
tic lesion formation but maintained the same HDI~C level 
on both chow and high-fat diets. HDL size differed among 
the strains, and levels of plasma apofipoprotein A-I and 
A-II correlated with HDI~C levels. Liver damage was not  
correlated to HDL-C levels or to susceptibility to atherw 
sclerosis. Mice from strain A, which are resistant to 
atherosclerosis, had evidence of fiver damage as observed 
by elevated levels of plasma alanlne amlnotransferase ac- 
tivity, by liver histology, by increased fiver weight and 
by exceptionally high hepatic cholesterol content. For all 
strains, the levels of liver cholesterol and triglycerides 
were inversely correlated with each other; phosphofipids 
did not vary greatly among strains. No remarkable dif- 
ferences in hepatic fa t ty  acid profile were noted among  
the strains fed the atherogenic diet, but the fatty acid pro- 
file did differ considerably from that  found in the diet 
itself. 
Lipids 28, 599-605 {1993}. 

The mouse model is proving to be an invaluable tool for 
identifying genetic factors that affect heart disease and 
lipid metabolism because of the extensive genetic char- 
acterization of the inbred mouse strains (1), the special 
tools available~ such as congenic~ transgenic and recom- 
binant inbred strains, the reproducible method for measur- 
ing aortic lesions (2) and the adaptation of methods to 
quantitate lipids in small blood volumes available from 
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a single mouse. Previously, inbred strains of mice have 
been shown to differ in susceptibility to atherosclerosis 
when fed a natural grain diet high in saturated fat and 
cholesterol. The diet which was used in these studies was 
not chemically defined, and measurements of combined 
plasma very low density lipoprotein {VLDL) and low- 
density lipoprotein cholesterol (LDL-C) and high-density 
lipoprotein cholesterol (HDL-C) which have been shown 
to bb associated with heart disease risk in humans were 
not done (3-5). 

In this report, we sought to further develop the mouse 
model for the study of heart disease and lipoprotein 
metabolism. The semi-synthetic atherogeuic diet which 
was designed to produce fatty streak lesions but minimize 
pathological changes in liver and gallstone formation in 
strain C57BL]6 is utilized in this study (6). However, cocoa 
butter was replaced by dairy butter as the fat source The 
first question we asked was whether susceptibility to 
atherosclerosis would remain the same in nine inbred 
strains of mice fed a semi-synthetic high-fat and choles- 
terol diet rather than the natural ingredient diet used 
previously. Four susceptible strains (C57BL/6, C57/L, 
SWR and SM) and five resistant strains {A, DBA/2, AKR, 
C3H/He and SJL) were chosen for this study. These in- 
bred strains of mice are progenitors of recombinant inbred 
sets. Secondly, we measured baseline differences in plasma 
lipid parameters and subsequent changes in these param- 
eters in response to high-fat feeding in order to identify 
genetic variants in progenitors that could be further char- 
acterized and eventually mapped using recombinant in- 
bred strains. In addition, because the liver is intimately 
involved in lipoprotein metabolism, the composition and 
levels of liver lipids were determinecL The possible associa- 
tions of the plasma and liver lipids with atherosclerosis 
susceptibility were also examined. 

MATERIALS AND METHODS 
Chemicals and diet. Cholesterol oxidase, bovine pancreas 
cholesteryl ester hydrolase, peroxidase and the plasma 
alanine aminotransferase assay kit were from Sigma 
Chemical Co. (St. Louis, MO}; the cholesterol reagent kit 
No. 23691 was from Boehringer Mannheim {Indianapolis, 
IN); the triglcyeride reagent set No. 46676 was from 
Seradyn Inc {Indianapolis, IN); triglyceride blank blend 
No. 10021 was from Craig Bioproducts (Streamwood, IL); 
chemicals for gel electrophoresis were from Bio-Rad Labo- 
ratories {Richmond, CA); gradient gels {4-30% poly- 
acrylamide) were from Pharmacia (Piscataway, N J}; Oil 
red O was from Aldrich Chemical Company (Milwaukee~ 
WI); hematoxylin and light green were from Fisher Scien- 
tific Co. (Dallas, TX); gentamycin sulfate was from U.S. 
Biochemical Corp. {Cleveland, OH); and fatty acid methyl 
ester mixtures were from Supelco (BeUefonte, PA). Other 
chemicals utilized were of reagent grade or better. Compo- 
nents for the purified diets were purchased from ICN 
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Biochemicals, Inc~ (Cosa Mesa, CA) with the exception of 
Mazola corn oil (Best Foods, Englewood Cliffs, NJ). 
Laboratory rat chow (Na 5012) containing 4% fat was ob- 
tained from Ralston Purina (St. Louis, MO). 

Preparation of diets and formation of the diet mix into 
pellets has been described previously (6). The high satu- 
rated fat diet contained 15% dairy fat, 50% sucrose, 20% 
casein, 1% corn oil, 5.07% cellulose, 5% AIN-76 mineral 
mix, 1% AIN-76 vitamin mix, 1% choline chloride, 0.3% 
DL-methionine, 0.13% DL-a-tocopherol, 0.5% sodium 
cholate and 1% cholesterol. Of the 1% cholesterol con- 
tained in the diet, 0.03% came from the dairy butter. In 
order to obtain 15% dairy butter, 18.45 g butter was 
used/100 g diet because of the 18.9% water content of 
butter. 

Animals. Female C57BL/6J (C57BL/6), C57/LJ (C57/L), 
SWR/J (SWR), SM/J (SM), A/J {A), AKR/J (AKR), 
C3H/HeJ (C3H), DBA/2J (DBA/2) and SJL/J (SJL) mice, 
4-8-wk-old, were obtained from The Jackson Laboratory 
(Bar Harbor, ME) and maintained in a room illuminated 
from 7 a.m. through 7 p.m. All animals were allowed to 
adapt to the environment for at least two weeks prior to 
dietary treatment and were provided free access to food 
and water throughout the experiment. Weight gain was 
monitored every three weeks, and food intake was 
monitored at weeks 3, 7 and 14. Six female mice were used 
from each strain for plasma lipid analysis and three were 
used for liver lipid analysis. After 18 wk of diet consump- 
tion, 0 of 6 mice from strains DBA/2, C57BL/6, SWR, 
C57L and A, 1 of 6 mice from strains SM, SJL and C3H 
and 3 of 6 mice from strain AKR had died. The reason 
for death in strains SM, SJL and C3H is unknown. The 
AKR mice died from exposure due to a water bottle 
malfunction. 

Collection of blood and tissues. Prior to any blood or 
tissue collection, mice were fasted by removing their food 
at 5 p.m. on the day prior to the experiment. Blood was 
obtained from the tail vein of the mice after the two-week 
adaptation period for baseline measurements, and again 
after four weeks of consuming the semi-synthetic high- 
fat and cholesterol diet. At the termination of the experi- 
ment, blood was obtained from the brachial artery. Blood 
was mixed in chilled tubes with ethylenediaminetetra- 
acetic acid {EDTA), sodium azide and gentamycin sulfate 
at final concentrations of 2 mM, 0.05 mg/mL and 0.05 
mg/mL, respectively. Plasma was obtained by centrifuga- 
tion of whole blood for 5 rain at 12,000 • g at 4~ 

Upon termination of the experiments, the heart and the 
upper section of the aorta were removed and placed in 
0.9% saline at room temperature After one hour, the heart 
was trimmed of extraneous tissue and placed in 10% 
saline buffered formalin for 24 h at room temperaturt~ 
Livers were blotted, quickly frozen in liquid nitrogen and 
stored at -70~ for lipid analysis. A portion of the liver 
was placed in a Bouin's fixative, embedded in paraffin 
wax, sectioned and stained with hematoxylin and eosin. 
Necropsy observations concerning the stomach and in- 
testines were recorded. 

Plasma lipids, lipoproteins and apolipoproteins. Plasma 
total cholesterol (TC), free glycerol and total glycerol were 
determined by commercial colorimetric enzymatic assay. 
HDL-C was measured after selective precipitation of LDL 
and VLDL with polyethylene glycol (7). The combined 
VLDL and LDL-C was calculated as the difference bet- 

ween TC and HDL-C. Plasma triglyceride concentrations 
were estimated by subtraction of free glycerol from total 
glycerol. Lipid measurements are given as mg/dL +_ SEM. 
Plasma concentrations of apolipoprotein A-I (apo A-I} and 
apolipoprotein A-II {apo A-II} were estimated by radial 
immunodiffusion (8). Purified mouse apo A-I and apo A-II 
served as standards. 

Total plasma lipoproteins (d < 1.21} were obtained by 
density ultracentrifugation of pooled plasma from five 
mice of each strain (9) and subjected to nondenaturing gra- 
dient gel electrophoresis riO}. Gels were stained with 
Coomassie blue G-250 to visualize HDL. 

Liver lipids and plasma alanine aminotransferase (tILT} 
activity. Lipids, extracted from livers by the method of 
Folch et al. {11), were assayed for triglyceride (12), cho- 
lesterol (13) and phosphorus (14). Phosphorus values were 
multiplied by a factor of 25 to estimate liver phospholipid 
content, assuming that phospholipids contain approx- 
imately 4% phosphorus by weight based on an average 
molecular weight for phospholipid of 775. Plasma ALT 
activity was measured using the Sigma Kit No. DG591K 
which is based upon a coupled reaction in which nico- 
tinamide adenine dinucleotide is oxidized. 

The fatty acyl group composition of lipid extracts from 
liver was determined by profiling the long-chain fatty acyl 
groups after transesterification of the fat ty acids. Gas- 
liquid chromatography was performed on a Shimadzu 95A 
Gas Chromatograph (Columbia, MD) equipped with a 
30 m • 0.25 mm fused silica SP 2330 column (Supelco) 
and a flame-ionization detector. Standard fatty acid 
methyl ester mixtures were used to identify the fatty acid 
methyl esters in the samples. 

Evaluation of atherosclerotic lesions. Evaluation of aor- 
tic lesions has been described in detail by Paigen et al. (2}. 
Briefly, mouse hearts were fixed, stored in 4% phosphate 
buffered formaldehyde and embedded in 25% gelatin. 
After removing the lower two-thirds of the heart, the re- 
maining tissue was sectioned on a cryostat at -25~ 
Alternate 10 ~m sections were saved on slides. Sections 
were stained with aqueous Off Red O for neutral lipid and 
hematoxylin for nuclei and basophilic tissue and counter- 
stained with light green. Five sections at 80 ~m intervals 
were evaluated for the cross sectional area of lesions begin- 
ning where the aorta was rounded and valves appeared 
distinctly through to the endpoint where the valves disap- 
peared, a distance of approximately 350 ~m. 

Statistical analysis. The Number Cruncher Statistical 
System, Version 4.21 1/86 (Kaysville, UT) and Statview, 
Version 1.0 6/85 (Calabasas, CA) was used for statistical 
analysis. Comparison of data from more than two groups 
was analyzed by using one-way analysis of variance with 
Fisher's least significant difference test to determine 
which means were significantly different at P < 0.01. Un- 
paired t-test was used when only two groups were com- 
pared. Correlation between aortic lesions and lipid param- 
eters measured were tested by linear regression analysis. 

RESULTS 

Atherosclerosis susceptibility. The susceptibility to lesion 
formation is similar in the nine inbred strains of mice fed 
the semi-synthetic high-dairy-fat diet to that reported 
earlier (5), when these same strains were fed a natural in- 
gredient diet with cocoa butter as the fat source {Fig. 1). 
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FIG. 1. Comparison of aortic lesions in nine inbred strains fed two 
different atherogenic diets. The aortic lesion sizes are expressed as 
the mean size per cross section in ~m 2 X 103. Lesion data for the 
natural ingredient diet are from Reference 5. 

C57BL/6, C57L, SWR and SM are susceptible to lesion 
format ion while the remaining five strains, namely  A, 
AKR, C3H, DBA/2 and SJL,  are relatively res is tant  to 
atherosclerosis. This difference among  strains could not  
be accounted for by food consumpt ion  and weight gain 
(Table 1) as these parameters  were not  significantly dif- 
ferent from tha t  expected based on the relative sizes of 
these inbred strains mainta ined a t  The Jackson  Labora-  
tory. Therefore, the reduction in die tary  cholesterol f rom 

TABLE 1 

Initial Body Weight, Body Weight Gained and Food Intake of Mice 
Fed a High-Saturated Fat Diet a 

Strains 
Body weight (g) Food intake b 

Initial Final % Normal g/d/20 g BW 

C57BL/6 19.0 _+ 0.5 22.4 +_ 0.6 100 1.8 
C57L 17.4 +_ 0.6 24.2 ___ 0.9 99 2.7 
SWR 18.6 +_ 0.6 23.9 _ 0.4 n.a. c 2.2 
SM 13.8 +_ 0.8 20.4 _ 1.0 100 2.7 
A 18.0 +_ 1.1 21.0 ___ 1.0 754 2.3 
DBA/2 20.8 +_ 0.4 28.7 __ 0.7 104 2.0 
AKR 26.9 +_ 1.2 44.3 _+ 1.6 138 2.2 
C3H 21.2 + 0.8 32.9 __ 1.1 102 2.0 
SJL 20.7 +_ 0.8 24.9 __ 1.3 92 2.4 
aValues represent the mean +__ SE of at least five animals per group 
at 4 wk of high-fat diet consumption and at least three animals per 
~Foup at 18 wk. 

ood intake was estimated by weighing food disappearance over 
a 3- to 5-d period; the values represent the mean of food consumed 
per 20 g body weight (BW) of mouse per day during weeks 3 through 
4 of the experiment. 
Cn.a. = Not available. 
dThis  strain lost weight during the last six weeks of the study, 
presumably because their livers were damaged. 

1.25% in the undefined diet to 1% in the semi-synthet ic  
diet and the change in the source of fat  from cocoa to dairy 
but te r  did not  affect susceptibil i ty to aortic lesion forma- 
tion. The intra-strain variabil i ty and extent  of lesion area  
was also similar between the two experiments.  The one 
exception was s t rain SWR, where the lesion area was 
larger in mice consuming the semi-synthet ic  ra ther  than  
the undefined diet {3804 __ 741 vs. 1690 __ 280 ~ml 2, 
respectively). 

Baseline plasma lipid levels in the nine inbred strains 
of mice. Significant variat ion in basal  p lasma lipids {com- 
bined triglyceride and cholesterol} was noted among  the 
strains studied {Fig. 2). P lasma triglyceride levels ranged 
from 26 _+ 3 mg/dL in strain C57/L to 68 +_ 5 mg/dL in 
s t rain SWR. P lasma  cholesterol levels ranged from 45 +_ 
4 mg/dL in C57/L to 106 __ 4 mg/dL in C3H mice (Fig. 2B). 
As observed by others (15), the major i ty  of cholesterol 
in mouse plasma,  71 to 87%, is found in the H D L  frac- 
t ion (Fig. 2C) wi th  13 to 29% in the VLDL + LDL frac- 
t ion (Fig. 2D). 

Plasma lipid levels in mice fed a diet high in fat and 
cholesterol for four weeks. Fast ing total  triglyceride levels 
did not  reflect the high-fat content  of the diet (i.e. 15% 
w/w) fed to the mice (Fig. 2A). Triglyceride levels e i t h e r  
did not change from basal levels in strains C57BL/6, C57L, 
SWR, A, AKR, C3H and SJL,  or significantly decreased 
by  38% in SM and 39% in DBA/2. 

Unlike p lasma  triglyceride" total  p l a sma  cholesterol 
levels increased significantly in all s t ra ins  fed the semi- 
synthet ic  atherogenic diet (Fig. 2B). The level of increase 
ranged from 131 to 295% over baseline values. The ma- 
jor i ty  of the increase in p lasma cholesterol could be found 
in the V L D L  + LDL fraction (Fig. 2D). V L D L  + LDL-C 
levels of the nine inbred strains clustered roughly into two 
groups with C57BL/6, SM, DBA/2, A K R  and S J L  hav- 
ing levels from 47 -4-_ 4 to 67 _+ 19 mg/dL and C57/L, SWR, 
A and C3H having levels from 94 +_ 10 to 132 +_ 10 mg/dL 
(Fig. 2D). HDL-C either decreased significantly from 
baseline values in s trains C57BL/6, C57/L and SWR or 
showed no significant change in the remaining strains. 
The decrease in SWR, C57BL/6 and C57/L mice was 19, 
32 and 37%, respectively {Fig. 2C). 

Liver lipid levels in mice fed the atherogenic diet for 
18 wk. Liver weights varied from 1.2 to 3.9 g/animaL When 
liver weight  was normalized (g/100 g body weight) to ac- 
count for differences in body size, strain A was exceptional 
in t ha t  its liver was more than  twice the size observed in 
other  strains. On gross examination,  the livers of the 
animals  from all s t rains fed the semi-synthet ic  high-fat 
diet tended to be paler than  normal  compared  to animals 
fed laboratory chow. C57L, DBA/2 and SJL  had livers tha t  
were closest to normal  in color. This group was followed 
by strains C57BL/6, C3H, SM, SWR and AKR, which had 
paler-colored livers. The livers of s train A were chalky 
white and rigid. In  general, the s t rains  with the lowest 
levels of hepatic cholesterol were mos t  normal  in ap- 
pearance, and as the hepatic  cholesterol content  of the 
liver increased, the livers became paler in color. Histo- 
logical examinat ion of livers (Fig. 3) were consis tent  with 
this interpretation.  Lipid accumulat ion observed in the 
liver as clear areas in the cytosol was least in C57/L (Fig. 3, 
Panel B), intermediate  in C57BL/6 (Fig. 3, Panel C), and 
mos t  in s t rain A (Fig. 3, Panel D). As a gross indicator 
of liver damage, p lasma ALT act ivi ty  was measured. The 
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FIG. 2. Comparison of basal and high-fat levels of plasma triglycer- 
ides (A), cholesterol (B), high-density lipoprotein (HDL)-cholesterol 
(C) and combined very low density lipoprotein (VLDL) and low- 
density lipoprotein (LDL)-cholesterol (D) in nine inbred strains. The 
solid bars represent mean lipid and lipoprotein levels in mg/dL +--_ 
SE in the basal state, and the gray bars represent mean lipid and 
lipoprotein levels in mg/dL _ SE for animals fed the semi~ynthetic 
atherogenic diet for four weeks. Significance (P < 0.05) between basal 
and high-fat values is indicated by a star above the bars. 

FIG. 3. Liver sections from mice fed chow (A) or the semi~synthetic 
diet for 7 wk (B-D) stained with hemotoxylin and eosin, 368X. 
Strain A (A), C57L (B), C57BL/6 (C), and Strain A (D). 
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TABLE 2 

Comparison of Liver Weights and Plasma Ahnlne Aminotransf~ase 
(ALl?) Activity in Nine Strains of Mice Fed a High-Saturated Fat 
Diet ffor 18 wk) a 

Liver weight ALT activity b 
Strains g/animal g/100 g BW ~raol/min]mL 

C57BL/6 1.5 +-- 0.1 c 6.8 +-- 0.4 c'd 55 - 12 c'd 
C57L 1.4 +-- 0.1 c 5.9 + 0.1 c 29 ___ 2 c 
SWR 2.1 4- 0.I d,e 8.9 +_ 0.3 d 105 -d- 24 d 
SM 1.2 _ 0.1 c 5.8 _ 0.8 c 45 + 16 c,d 

A 3.9 --+ 0.1 f 18.6 ----. 0.9 e 479 "4" 28 e 
DBA/2 1.3 -+ 0.1 c 4.4 +- 0.2 c 67 "4" 19 c'd 
AKR 2.6 - 0.1 e 5.8 + 0.2 c 32 +_ 11 c 
C3H 2.1 -+ 0.1 d 6.3 -+ 0.2 c'd 55 --!- 8 c'd 
SJL 2.0 -+_ 0.2 d 8.2 -4- 0.4 d 68 +_ 15 c,d 

aValues represent the mean +_ SE of at least three animals per 
group fed a high-saturated fat diet for 18 wk. Values in co|umns 
without common superscripts are significantly different, P < 0.01. 
b A n i m a l s  that are fed chow or a low-fat synthetic diet have plasma 
ALT levels of 16.6 +_ 3.1 or 30 +_ 4 ~nol/min/mL, respectively 
INishina, P.M., unpublished data}. 

two strains with the highest fiver weight/100 g body 
weight, A and SWR, also had the highest ALT activity 
(479 and 105/zmol/min/mL, respectively), and both of these 
strains also had accumulated an extensive number of gall- 
stones. Except  for these two strains, plasma ALT levels 
were not remarkably elevated compared to ALT levels 
(17 +_ 2 ~mol/min/mL) measured in chow-fed C57BL/6 mice 
(Table 2). 

Triglyceride, cholesterol and phospholipids were mea- 
sured in order to determine what fipids were accumulating 
in the livers (Table 3). Liver cholesterol in C57BL]6 animals 
fed a low-fat diet is 5 -+ 0.2 mg]g liver (6). The liver cho- 
lesterol of strains fed the high-fat, high-cholesterol diet 
ranged from 20 to 63 mg/g liver with strains DBA/2 and 
C57L accumulating the least, and strains C57BL/6 and 
A having the most  cholesterol. The distribution of 
cholesterol into free and esterified cholesterol was ex- 
amined; no significant differences among the strains were 

TABLE 3 

Comparison of Liver Cholesterol, Triglyceride and Phospholipid 
(mg/g liver) in Nine Strains of Mice Fed a High-Saturated Fat Diet 
(for 18 wk) a 

Cholesterol 

Esterified/ 
Strains Total free ratio Triglyceride Phospholipid 

C57BL/6 50 +_ 4 c 11 +- 0.5 14 +_ 1.4 c'd 20 _ 0.8 b 
C57L 29 "4" 2 b 7.7 --+ 0.5 10 +-- 1.95'c 26 + 1.2 c 
SWR 39 • 2 c 8.8 --- 0.6 5.8 ___ 0.95 22 +_ 0.4 b 
SM 45 +- 6 c 9.2 --+ 0.4 24 --+- 1.1 d 24 _+ 2.1 b'c 
A 63 -4- 2 d 7.7 --+ 0.5 3.3 __. 0.85 19 + 0.4 b 
DBA/2 20 _ 1 b 6.5 -- 0.2 20 _ 1.8 d 26 +_ 0.8 c 
AKR 40 -+ 2 c 8.8 - 1.0 4 -+ 1.7 d 23 "4- 0.3  5'c 
C3H 42 -+ 2 c 9.8 +- 0.3 13 -+ 0.6 c 22 __. 0 .4  b'c 
SJL 39 - 2 c 8.9 +- 0.4 16 -4"- 2.6 c'd 24 + 0 .9  b'c 

aValues represent the mean _ SE of at least three animals per 
group fed a high-saturated fat diet for 18 wk. Values in columns 
without common superscripts are significantly different, P < 0.01, 
as determined by Fisher's Least Significance Difference test. 

observed, and most  cholesterol was of the esterified form 
with only 9 to 13% as free cholesterol (data not shown). 
Liver triglyceride levels ranged from 3 + 1 to 24 _+ 1 mg/g 
fiver among the different strains. Strain A, which had the 
highest fiver cholesterol concentration, had the lowest con- 
centration of fiver triglycerides. The accumulation of fiver 
cholesterol in strain A mice fed a high-fat and high-cho- 
lesterol diet has been noted previously (16). Phospholipids, 
which are necessary for assembly of lipoproteins for secre- 
tion from the liver, were less variable than other lipide 
among strains. Correlation analysis of liver phosphofipids, 
triglyceride or cholesterol showed tha t  concentrations of 
phospholipids and cholesterol were negatively correlated 
(r = - 0 . 9 0 ,  P < 0.01) among the strains. This suggests  
that  cholesterol may accumulate in livers which have lower 
concentrations of phospholipid. No correlation was found 
between plasma lipoproteins and any of the measured 
hepatic lipid concentrations after 18 wk of receiving the 
high-fat diet. 

In order to determine whether liver fa t ty  acid profiles 
differed among the nine strains, livers from a minimum 
of three animals per strain were pooled and analyzed (data 
not  shown2). The liver fa t ty  acid profiles did not  differ 
among the strains fed the high-fat diet; approximately 15 
to 25% of the fa t ty  acids were saturated, mainly in the 
form of palmitic acid, 50 to 80% were monounsaturated,  
mainly in the form of oleic acid, and 5 to 20% were polyun- 
saturated, mainly in the form of linoleic acid. However, 
the fa t ty  acid profiles found in livers did differ consider- 
ably from those found in the diet where 73% of the fa t ty  
acids were saturated, 25% monounsaturated and 2% 
polyunsaturated.  

Relationships between atherosclerosis susceptibility 
and plasma and liver lipids. Previous studies in mice have 
shown that  the resistance to atherosclerosis cosegregates 
with elevated levels of HDL-C in crosses or in recombi- 
nant  inbred strains derived from the susceptible strain 
C57BL/6 and the resistant strains C3H, BALB/c or A 
(17-19). In this survey, HDL-C levels in mice receiving the 
atherogenic diet were inversely related to aortic lesions 
size (r 2 = -0 .49,  P < 0.05). No other significant correla- 
tions were observed between aortic lesion formation and 
plasma or fiver lipid levels. 

Because of the importance of HDL-C levels in determin- 
ing resistance to athersclerosis, the possible biochemical 
differences in the HDL particles among the inbred strains 
were examineck The major apolipoproteins associated with 
these particles, A-I and A-II, were measure~ The changes 
in HDL-C were mirrored by changes in apo A-I and A-II. 
The correlation among HDL-C, apo A-I and A-II was high; 
the correlation between HDL-C and apo A-I was 0.79 
(P < 0.0001, Fig. 4B), between HDL-C and apo A-II was 
0.70 (P < 0.0001, data not shown) and between apo A-I and 
apo A-II  was 0.64 (P < 0.0001, Fig. 4A). Overall, the ratio 
between these apolipoproteins and HDI~C did not change 
significantly in inbred mice~ whether fed a chow or a high- 
fat diet. Considerable variation in peak HDL particle sizes 
occurred among the mouse strains with no obvious cor- 
relation to atherosclerosis susceptibility or resistance 
(data not shown). 

2A complete liver fatty acid profile of the nine strains of mice fed 
the semi-synthetic atherogenic diet will be supplied upon request. 
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FIG. 4. Correlation analysis of apolipoproteins and high<lensity 
lipoprotein {HDL~cholesterol in mice fed the semi-synthetic diet for 
four weeks. Panel A. Correlation of apolipoprotein A-II vs .  apolipo- 
protein A-I. Panel B. Correlation of HDL-cholesterol vs .  apolipopro- 
tein A-I. 

DISCUSSION 

Atherosclerosis susceptibility. The relative susceptibility 
of nine inbred strains of mice to formation of fatty streak 
lesions in the aorta did not change when substantial 
changes were made in the atherogenic diet. The diet which 
we previously had used contained natural ingredients such 
as oats and corn, 1.25% cholesterol and cocoa butter as 
the primary fat source; the diet used in this study was 
a semi-synthetic diet with 1% cholesterol and dairy but- 
ter as the major fat source {5,6}. Both diets contain 0.5% 
sodium cholate (w/w}. The fact that the relative suscep- 
tibility to lesions did not change with diet indicates that 
previous conclusions about the genes that affect suscep- 
tibility to atherosclerotic lesion formation are applicable 
to more than one diet. However, it is interesting to note 
that diet can have an effect on the severity of the disease 
Aortic lesion area was twice as large in SWR mice fed the 
semi-synthetic diet as compared to the undefined athero- 
genic diet. 

The changes in VLDL + LDL-cholesterol and HDL- 
cholesterol are less than previously reported for C57BL/6 
animals fed the natural ingredient atherogenic diet (5). The 
most likely explanation is the 20% decrease in cholesterol 
content of the semi-synthetic diet. Consistent with the 
less dramatic changes in lipoproteins, the length of time 
which animals needed to be fed the semi-synthetic diet 
to produce lesions of comparable size as the natural in- 
gredient diet was 18 rather than 14 wk. However, the semi- 
synthetic diet has considerable advantages over the 

previous diet because it is defined and dietary components 
thought to affect development of heart disease can be 
varied one at a time to determine specific effects. In ad- 
dition, the semi-synthetic diet produces fewer pathological 
changes in the liver and a decrease in gallstone formation 
(6); these pathologies might be further reduced by decreas- 
ing the cholesterol and or sodium cholate content of the 
diet. However, such a reduction would most probably in- 
crease the experimental time required to produce aortic 
lesions. 

Liver  lipids in response to high-fat diet. Correlation 
analysis showed no indication of a relationship between 
liver damage, measured by plasma ALT activity, and a 
decrease in HDL-C levels or atherosclerosis susceptibil- 
ity. The disassociation of these two processes is most 
clearly demonstrated in strain A which shows no drop in 
HDL-C levels and the greatest liver damage, and strain 
C57/L, which has the lowest HDL-C and little liver 
damage when switched from a low- to high-fat diet. 

The liver damage observed in these strains is consis- 
tent with the histopathology and appears to be associated 
with the accumulation of cholesterol in the liver. Un- 
doubtedly, the cholesterol accumulated in the liver, in large 
part, arises from diet consumption. However, de novo 
hepatic cholesterol synthesis may also play a role in Strain 
A, which exhibits a liver threefold larger than other 
strains. HMG-CoA reductase activity, the rate-limiting en- 
zyme in cholesterol synthesis, is not diminished when 
Strain A is switched from a low- to high-fat and cholesterol 
diet, suggesting that  cholesterol synthesis is not down- 
regulated (Ref. 20; and Paigin, B., Chen, H., and Billheimer, 
H., unpublished observations}. The combination of ex- 
ogenous and endogenous cholesterol coupled with the 
lower phospholipid content of the liver may lead to the 
extreme accumulation of liver cholesterol in Strain A. 

Genetic variants in plasma lipids, basal levels and 
response to high-fat diet. Many aspects of plasma lipids 
are similar between humans and mice, such as apolipopr~ 
tein and lipid composition of the lipoprotein particles and 
the responses observed with dietary manipulation. Ther~ 
fore, the mouse model, with its unique advantages for 
dissecting genetic determinants, may be useful in identi- 
fying heritable factors that control lipid metabolism. Dif- 
ferences between humans and mice do occur, such as in 
the relative proportions of atherogenic lipoprotein par- 
ticles. In humans, LDL predominates and in mice VLDL 
predominates {21}, presumably because mice lack choles- 
terol ester transfer activity {22}. 

The three major observations of this study, which may 
warrant further investigation, were made when animals 
were challenged with the high-fat and high-cholesterol 
diet. The first observation is the lack of change in plasma 
triglyceride levels in some animals when fed the high-fat 
diet. A decrease in fasting plasma triglyceride levels would 
be expected as a result of the dietary fat because long- 
chain fatty acids inhibit de novo lipogenesis (23). This drop 
occurred in two strains, SM and DBA/2. Srivastava et al. 
(24) also reported similar results; a decrease in plasma 
triglyceride levels in DBA/2 animals and no change from 
basal levels in strains C57BL/6, C57/L, SWR and C3I-I/He 
They did, however, see a significant decrease in plasma 
triglyceride levels in AKR mice when switched from a low 
fat diet to a semi-synthetic diet containing 21% fat and 
2% cholesterol with no cholic acid. The difference in 
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response among mouse strains to dietary fat and choles- 
terol intake on plasma triglyceride levels needs to be 
studied further. 

The second intexesting difference among the strains was 
the hyper- or hyporesponsiveness observed in plasma 
cholesterol levels. This difference in response to a high- 
fat/high-cholesterol diet has been observed in other species 
such as primates, rabbits and rats (25) as well as in mice 
{24,26). As in other species, the changes in plasma cho- 
lesterol are due to an increase in cholesterol contained in 
the VLDL and LDL fraction. In our studies, strains C57L 
and SWR were hyper-responders and AKR and SJL  were 
hyporesponders. These strains are progenitors of recom- 
binant  inbred sets, C57L • AKR and SWR • SJL. The 
responsiveness of combined VLDL and LDL to dietary 
lipid in these recombinant inbred sets could be used to 
identify the genetic determinants  involved. 

The third observation of interest was the failure of the 
HDL-C levels to decrease in SM mice fed the semi-syn- 
thetic atherogenic diet. A hallmark of susceptibility for 
aortic lesion development in mice studied thus far is a 
marked reduction in plasma HDL-C levels (17,18). SM 
mice, which were susceptible to aortic lesions, had basal 
HDL-C levels of 42 _+ 5 mg/dL and of 59 _ 5 mg/dL after 
four weeks of consuming the atherogenic diet. Normally, 
the lack of change or slight increase in HDL-C levels 
upon high-fat feeding is associated with atherosclerosis- 
resistant strains of mice such as C3H or A. 
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