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 Cardiovascular disease (CVD) is the leading cause of 
morbidity and mortality worldwide ( 1 ). Dyslipidemia has 
been shown to be one of the most potent risk factors for 
coronary heart disease (CHD) ( 2, 3 ). Dyslipidemia is char-
acterized by elevated plasma cholesterol, especially low 
density lipoprotein cholesterol (LDL-c) levels. Management 
of dyslipidemia is considered throughout the primary and 
secondary prevention of CHD ( 4 ). For the past 20 years, the 
statin (3-hydroxy-3-methylglutaryl CoA reductase inhibi-
tors) class of cholesterol-lowering drugs has been used 
for the treatment of hypercholesterolemia, either alone 
or in combination with other classes of lipid-lowering drugs 
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were assessed by the same measures. Plasma lipoprotein 
profi les, eight major plasma lipid fractions, and FA compo-
sitions within these lipid fractions were compared both 
qualitatively and quantitatively across the species. Given the 
importance of statins in decreasing plasma low-density lipo-
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tion with high plasma triglyceride levels, the data also 
pointed to hamster and db/db mouse as representative 
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specifi c targets (e.g., enzymes or receptors that drugs may 
modulate). Among these techniques, lipidomics (or lipid 
metabolomics) has advanced tremendously because of the 
ability of technology to rapidly quantify hundreds of dif-
ferent molecular lipid species with different structural and 
functional roles ( 21, 22 ). 

 Here we report a comprehensive and comparative lipi-
domic analysis of plasma lipids in 24 commonly used ani-
mal models across various animal species, including fi ve 
different mouse strains, six other nonprimate species, and 
fi ve primate species, including dyslipidemic humans. In 
addition to a comparison of classic lipid parameters (such 
as plasma LDL-c, HDL-c, and TG) and plasma lipoprotein 
profi les, we quantifi ed the absolute and relative amounts 
of FAs in major circulating lipid fractions, under both 
basal and simvastatin-treated conditions. The aim of this 
study was to help us  1 ) understand the differences and 
similarities of various animal models to dyslipidemic hu-
man;  2 ) understand the applicability of different animal 
models to dyslipidemic humans; and  3 ) identify the opti-
mal animal model(s) for target validation and drug discov-
ery for developing treatments for dyslipidemia. 

 METHODS 

 In vivo experiments 
 All animal experiments and protocols were reviewed and ap-

proved by the Merck Research Laboratories’ Institutional Animals 
Care and Use Committee. 

 Unless otherwise noted, animals were housed in a tempera-
ture- and humidity-controlled environment with a 12 h light/
dark cycle. In all experiments, animals received food and water 
ad libitum except for dogs. Dogs were on a weight maintenance 
diet that was available from 10 AM to 1 PM. The gender and num-
ber of animals used for each study, the exact sources of the ani-
mals, and the diets used for each animal species are all listed in 
supplementary  Table I . 

 Dosing.   All animals were dosed with either vehicle or simvas-
tatin for 2 weeks. For the rodent species, simvastatin was admixed 
into the diet by Research Diets (New Brunswick, NJ). The dose of 
simvastatin was 30 mg/kg in all mouse models, 23 mg/kg in Zucker 
diabetic fatty (ZDF) rats, and 20 mg/kg in hamsters. For all other 
species, simvastatin was dosed 30 mg/kg by mouth except New 
Zealand White rabbit, which was dosed at 10 mg/kg. Vehicle was 
water in the primates, and compound was mixed into a treat (de-
tailed in supplementary  Table I ), except for marmosets. Marmo-
sets were dosed from a 3 cc syringe, with Splenda at 5% (McNeil 
Nutritionals) and maple syrup added as a fl avor mask. 

 Plasma collection.   Blood samples were collected with EDTA. 
Samples for fast-protein liquid chromatography (FPLC) analysis 
had lipase inhibitors added. 

 Human measurements.   The human simvastatin study was 
originally reported by Chen et al. ( 23 ). 

 Plasma measurements 
 FPLC analysis.   The generation of lipoprotein profi les was 

performed as previously reported ( 24 ). In brief, plasma lipopro-
tein was separated by chromatography using a Superose-6 size 

( 5, 6 ). By inhibiting cholesterol synthesis and lowering 
LDL-c, statins have been proven to be effective in reducing 
cardiovascular risks in randomized, controlled clinical tri-
als over 15 years involving more than 100,000 individuals 
( 7–9 ). Although statins effectively lower cholesterol levels 
and reduce cardiovascular causes of death, a large portion 
of statin-treated patients still experience adverse coronary 
events. This has led to the vigorous search for new thera-
peutic agents for cardiovascular diseases, targeting the re-
sidual CVD risk that remains after statin treatment ( 10 ). 
However, the success rate of drug development for dyslipi-
demia beyond statins has lagged, and the major cause of 
failure in drug development has been lack of effi cacy in 
the clinic ( 11 ). This has led us to address the need for bet-
ter preclinical animal models at the target validation stage 
of drug discovery, in an effort to obtain better prediction 
of effi cacy. 

 Traditionally, mouse models have been widely used in 
preclinical research and for target validation in drug dis-
covery for dyslipidemia and atherosclerosis ( 12 ). A major 
difference of mouse models from humans is the absence 
of cholesteryl ester transport protein (CETP), a key en-
zyme involved in plasma cholesterol transport that trans-
fers cholesteryl ester (CE) from HDL to apoB-containing 
lipoproteins such as LDL and VLDL. Rats, dogs, and pigs 
also have no or low plasma CETP activities, and they all 
display a high high-density lipoprotein cholesterol (HDL-c) 
and low LDL-c plasma lipoprotein distribution, similar to 
mice, which is associated with a low risk of CVD ( 13 ). Genetic 
manipulation of mice (such as  ApoE   � / �   and  LDLr   � / �   mice) 
signifi cantly increases circulating LDL-c levels, suscepti-
bility to atherosclerosis, and sensitivity to atherogenic 
diet ( 14–16 ). Expressing the human  CETP  gene in mice, 
such as the  CETP  +/ �   /LDLr  � / �    mouse model, results in 
higher plasma LDL-c and lower plasma HDL-c, which is 
referred to as a “human-like profi le,” and the animal be-
comes atherogenic-prone ( 17, 18 ). Animal species with 
naturally high CETP activity, such as rabbits and nonhu-
man primates (NHPs) have a high LDL-c and low HDL-c 
profi le, which is associated with increased risk of CVD. Al-
though not inherently atherosclerotic-prone, the rabbit 
model develops hypercholesterolemia and aortic lesions 
rapidly, even with low amounts of dietary cholesterol, and 
has therefore been used extensively in studies of athero-
sclerosis ( 19 ). Historically, all the animal models mentioned 
above have been utilized to study disease mechanisms and 
for drug discovery for dyslipidemia and atherosclerosis. 
The question remains as to whether their dyslipidemic 
state is representative of human dyslipidemia, or whether 
these models show a similar response to anti-dyslipidemic 
pharmacological agents. 

 The classical guidelines for dyslipidemia and risk assess-
ment for CVD focus mainly on plasma cholesterol levels 
(LDL-c and HDL-c) and to a lesser extent, on plasma trig-
lyceride (TG) level ( 20 ). However, multiple abnormalities 
can lead to dyslipidemia. Recently, it has been examined 
with a variety of techniques in an attempt to more compre-
hensively understand the disease state and to be more re-
fl ective of the biological pathways that are relevant to 
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435.3  /319.1. The levels of simvastatin are shown in supplemen-
tary  Table II . 

 Statistical analyses 
 Separate studies were carried out for each animal model, and 

the design of the studies varied with species. The Gottingen mini-
pig model had only a chow diet control group with no simvasta-
tin-treated group. Rhesus diet-induced obesity (DIO), marmoset, 
and dog models had two groups, a vehicle-treated group and 
a simvastatin-treated group, with two sets of lipid measurements 
(pretreatment and posttreatment) per group. African green 
monkey (AGM), rhesus with metabolic syndrome, diabetic rhe-
sus, and cynomolgus each had a single group of animals, with each 
animal measured under vehicle treatment and simvastatin treat-
ment. Rabbit and all rodent models included a vehicle-treated 
group and a simvastatin-treated group, with one set of lipid mea-
surements per group. 

 Basal lipid levels and percents.   Means and standard devia-
tions of basal levels of lipids and lipid composition were calcu-
lated using vehicle-treated animals and placebo-treated human 
subjects. The exception was pigs, for which levels in untreated 
animals were used. 

 Comparison of eight major circulating lipid fractions in vari-
ous animal models to dyslipidemic humans.   For each animal 
model, mean basal lipids for each fraction including CE, TG, 
DAG, FFA, PC, PE, LPC as well as free cholesterol (FC) were cal-
culated, and the means for dyslipidemic humans were subtracted. 
For a given fraction, these differences were weighted (multiplied) 
by the square root of the proportion that fraction represented 
out of total lipids in humans. The weighted differences are shown 
in the heat map in  Fig. 4.  The sum (over lipid fractions) of the 
squared weighted differences was calculated for each model, 
which was the squared weighted Euclidean distance of that model 
from humans, and the models were sorted by distance in  Fig. 3.  

 Estimation of simvastatin effects on lipid levels.   For animals 
that have separate groups for different conditions, unpaired  t -test 
was used to calculate the signifi cance of simvastatin effect 
between groups. For models that had the same group of animals 
(AGM), rhesus with metabolic syndrome, diabetic rhesus, and 
cynomolgus) for repeat measurements, statistical analysis was 
done using paired  t -test between conditions. 

 Estimation of simvastatin effects on FA composition.   All ana l-
yses were performed after applying a log 10 (x+1) scale transforma-
tion to measured FA values. The specifi c statistical analysis model 
varied with study, due to differences in design, but the primary 
result of each analysis was an estimate of the simvastatin effect on 
each FA endpoint for the tested species. The effect was expressed 
as the log of the ratio of FA values with simvastatin to values un-
der control conditions.  P  values and confi dence intervals for the 
effect were not multiplicity-adjusted because of the exploratory 
nature of the analyses. 

 Distance of the simvastatin effect profi le of each animal species 
to dyslipidemic humans.   The vector of simvastatin effects (log 
ratios) on a set of FAs for a given animal species was the effect 
profi le for that species. To compare the effect profi le of each ani-
mal species to dyslipidemic humans, three distance measures 
were used:  a ) euclidean distance between the vectors of log ra-
tios;  b ) a variance-weighted Euclidean distance applied to the log 
ratios. (This weighted the contribution of a particular FA cate-
gory to the distance calculation inversely proportional to the 

exclusion column (GE LifeSciences, Inc.) on an Ultimate 3000 
Series HPLC system (Dionex Corporation). Total cholesterol 
levels in the column effl uent were continuously measured using 
in-line mixture with an enzymatic and colorimetric cholesterol 
detection reagent (Total Cholesterol E, Wako), followed by 
spectrophotometric detection of the reaction products at 600 
nm absorbance. VLDL, LDL-c, and HDL-c were eluted from the 
column. The concentration for each lipoprotein fraction was 
calculated by multiplying the ratio of the corresponding peak 
area to total peak area by the total cholesterol (TC) concentra-
tion in the sample. Plasma TC level was measured with a 1:1 
mixture of cholesterol E reagent and diluted plasma using a 
plate reader. Cholesterol standards were provided in the kit at 
200 mg/dl and were serially diluted to provide a standard 
curve. 

 Biochemical analysis of circulating lipids.   Plasma TG levels 
were measured by biochemical analysis in nonhuman primate spe-
cies. In brief, TG glycerol-3-phosphate oxidase-p-aminophenazone 
(GPO-PAP)   reagents (Roche Diagnostics; Indianapolis, IN) were 
used on a Roche Diagnostics Modular Analytics P Clinical 
Chemistry Analyzer to determine levels of TGs. Assays were car-
ried out following all recommended procedures for instrument 
operation, calibration, quality control, and assay guidelines. 
The instrument was calibrated with Calibrator for automated 
systems (Roche Diagnostics) and controls were Precipath U 
(Roche Diagnostics) for TGs. 

 Measurements of FA composition in circulating major lipid 
fractions.   The concentration and complete FA composition of 
plasma CE, TG, diacylglycerol (DAG), free fatty acid (FFA), phso-
phatidylcholine (PC), phosphatidylethanolamine (PE); and lyso-
phophatidylcholine (LPC) were determined using TrueMass ®  
Lipomic Panel by Lipomics Technologies (West Sacramento, 
CA). Lipid fractions were isolated and methylated, FAs were sepa-
rated and quantifi ed by gas chromatography, and absolute masses 
and percentage of each FA of the total within each lipid fraction 
were calculated as previously reported ( 25 ). The lipidomic study 
was done in all animal models except dyslipidemic African Green 
Monday. 

 Plasma CRP measurements.   Plasma C-reactive protein (CRP) 
levels in all species were measured by Rules-Based Medicine (Aus-
tin, TX), using fully automated, bead-based multiplex sandwich 
immunofl uorescence assays. The HumanMap antigen panel was 
used to determine plasma CRP levels in human, nonhuman pri-
mates, and pigs. The RodentMap antigen panel was used to de-
termine plasma levels in dog, rabbit, and all rodent species. 

 CRP was also measured using the MSD 96-well multi-array hu-
man CRP assay kit obtained from Meso Scale Diagnostics, LLC 
(Gaithersburg, MD) for all nonhuman primate species. Plasma 
samples were diluted 200-fold and added 10  � l/well. Human 
CRP protein was used for standard curves. 

 Simvastatin measurements 
 Simvastatin levels in plasma were determined by LC-MS/MS 

following acetonitrile protein precipitation. Standards were pre-
pared from 1 to 8,000 ng/ml. Internal standard L-000050672 
(20  � l at 0.5  � g/ml) was spiked into samples prior to being ex-
tracted with 500  � l of acetonitrile for protein precipitation. 
Samples were centrifuged at 4,000 rpm for 5 min before super-
natant plate transfer. A Waters Atlantis T3 (3  � m, 2.1 × 30 mm) 
column was used with gradient chromatography (acetonitrile, 
0.1% formic acid/water, 0.1% formic acid). Negative-ion mode 
mass spectrometry transition monitored for simvastatin was 
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nifi cantly increased TC (629 mg/dl), LDL-c (402 mg/dl), 
and TG (154 ± 31 mg/dl), with minimal change in VLDL-c 
and HDL-c (205 and 22 mg/dl, respectively). The  LDLr   � / �   
mouse is considered a model of human familial hypercho-
lesterolemia caused by mutations of  LDLR . Unlike the 
 ApoE   � / �   mouse model,  LDLr   � / �   mice had only mildly ele-
vated TC (250 ± 8 mg/dl), LDL-c (168 ± 5 mg/dl), and TG 
(124 ± 8 mg/dl), and they had normal VLDL-c and HDL-c 
(13 ± 1 and 69 ± 3 mg/dl, respectively) on chow diet. How-
ever on a low-fat Western diet, they developed extremely 
high TC (1,677 ± 98 mg/dl), VLDL-c (904 ± 47 mg/dl), 
and LDL-c (761 ± 57 mg/dl), as well as high TG (404 ± 
35 mg/dl), whereas HDL-c decreased dramatically ( Table 1 ). 
The  CETP +/ �   / LDLr   � / �  -heterozygous mouse is a more re-
cently developed model that was intended to mimic hu-
man lipoprotein distribution by introducing a single copy 
of the CETP gene along with deletion of  LDLr  ( 17 ). On 
normal chow, these mice had TC, VLDL-c, LDL-c, HDL-c, 
and TG within the lower range of normal human, and a 
cholesterol diet pushed their TC and LDL-c levels to bor-
derline high ( Table 1 ). All three mouse models above had 
signifi cantly decreased HDL-c levels compared with wild-
type C57BL/6 mice. 

 In contrast to the animals described above, the pig (Got-
tingen mini-pig), dog (obese beagle), Golden Syrian ham-
ster on chow or HFD (high-fat diet), ZDF heterozygous 
(ZDF/+) rat, ZDF rat on an HFD, C57BL/6 and db/db 
mouse models all carried the majority of plasma choles-
terol on HDL particles and presented athero-protective 
profi les ( Fig. 1 ). The pig model had HDL-c comparable to 
that of healthy humans, with plasma TC, TG, and LDL-c in 
the low end of normal range ( Table 1 ). The obese beagle 
model had a borderline high TC level (196 ± mg/dl) but 
the highest HDL-c level (163 ± 3 mg/dl) across all animal 
species, presenting the most-athero-protective lipid profi le 
among all models studied here, because high HDL-c level 
is associated with reduced risk for CHD ( 26 ). The hamster 
on chow diet, C57BL/6, and db/db mouse models had 
HDL-c accounting for about 70% of TC ( Table 1  and  Fig. 1 ). 
An HFD induced an increase in TG levels in both hamster 
and ZDF rat, but to different extents: with a relatively high 
TG level on a chow diet, the HFD-fed hamster had a  � 2.4-
fold increase in TG (534 ± 43 mg/dl), whereas the ZDF rat 
on an HFD had a more than 17-fold increase of TG (1,482 ± 
210 mg/dl). 

 Acute-phase-reactant CRP has been identifi ed as a 
marker of infl ammation; however, there are debates about 
whether CRP is a predictor of cardiovascular events ( 27, 
28 ). The range of CRP in normal humans is 0.1–4.8  � g/ml 
( 29 ). NHPs, dog, and rabbit on chow all fell at the low end of 
this range, whereas mouse models were at the high end. 
Marmoset, pig, rabbit on cholesterol diet, and hamster on 
both chow and HFD had very low CRP levels. Extremely 
high CRP levels were observed in ZDF rat models ( Table 1 ). 

 FA composition analysis for three major biosynthetic 
plasma lipid fractions across models 

 Major plasma lipid fractions and the diversity of lipid 
molecular species in humans have been summarized 

estimated variance of the difference in simvastatin effects for that 
category. Therefore, categories with high variability were down-
weighted. This metric was an approximation to the Mahalanobis 
distance between two effect profi les, where the off-diagonal ele-
ments of the covariance matrix were ignored.)  c ) Uncentered 
correlation-based distance (1-cosine distance). (This measured 
the distance between effect vectors by one minus the cosine of 
the angle between the vectors.) Unlike  a ) and  b ),  c ) assessed only 
the similarity of the  pattern  of simvastatin effects across FA catego-
ries, ignoring any differences between animal species based on 
the magnitude or scale of those effects. Each of these metrics 
measured a different aspect of the difference between animal 
models and dyslipidemic humans. 

 RESULTS 

 Basal plasma lipid levels and lipid distributions in 
dyslipidemic human and various animal models 

 The LDL-c, TC, and TG levels of the dyslipidemic hu-
mans we studied here were borderline high (154 ± 7 mg/dl, 
226 ± 6 mg/dl, and 154 ± 15 mg/dl respectively) (  Table 1  )  
( 26 ). This group had a fairly balanced lipid profi le, with 
HDL-c being about 30% of LDL-c (48 ± 4 mg/dl). A repre-
sentative FPLC trace of a plasma lipid profi le is shown in 
  Fig. 1  .  VLDL was not measured, but the normal range is 
typically  � 30 mg/dl in populations with TG levels under 
150 mg/dl ( 26 ). 

 Based on plasma lipid parameters and lipoprotein traces, 
several animal models carried the majority of plasma cho-
lesterol on non-HDL lipoproteins (i.e., VLDL and LDL) 
similar to dyslipidemic humans: NHPs, rabbits on choles-
terol diet,  ApoE   � / �   mice on chow or cholesterol diet,  LDLr   � / �   
mice on chow or cholesterol diet, and  CETP +/ �   / LDLr   � / �   
mice on chow or cholesterol diet ( Table 1  and  Fig. 1 ). 
Among these animal models, the greatest similarities to 
humans were observed in NHPs. The AGM and cynomol-
gus studied here were young and healthy animals, and 
their plasma TC, LDL-c, HDL-c, and TG levels all fell into 
the normal range of healthy humans ( Table 1 ) ( 26 ). Dis-
eased NHP models, including dyslipidemic AGM, rhesus 
with metabolic syndrome, diabetic rhesus and rhesus with 
DIO all had characteristics of dyslipidemia in human pop-
ulations, with either high TC, LDL-c, or both, or high TG 
levels, whereas HDL-c remained stable ( Table 1 ). The ex-
ception among NHP models was the marmoset, which, al-
though healthy animals, exhibited abnormally high TG 
with big variations ( Table 1  and  Fig. 1 ). 

 New Zealand white rabbits on chow diet had extremely 
low TC, VLDL-c, LDL-c, and HDL-c levels (29 ± 1 mg/dl, 
4 ± 0.3 mg/dl, 8 ± 0.4 mg/dl, and 18 ± 1 mg/dl, respec-
tively). Upon the challenge of 0.5% cholesterol in their 
diet, the plasma TC, VLDL-c, and LDL-c levels all dramati-
cally increased to 811 ± 48 mg/dl, 439 ± 26 mg/dl, and 317 ± 
24 mg/dl, respectively, with the majority of plasma cho-
lesterol carried in the VLDL fraction, whereas HDL-c 
remained low ( Table 1  and  Fig. 1 ).  ApoE   � / �   mice had high 
TC (412 ± 21 mg/dl), VLDL-c (226 ± 17 mg/dl), and LDL-c 
(178 ± 13 mg/dl), and very low HDL-c (8 ± 1 mg/dl) 
when on a normal chow diet; a high-fat Western diet sig-
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 TABLE 1. Basal plasma lipid comparison across species 

Species
N in each 
group CETP TG (mg/dL) TC (mg/dL) VLDL (mg/dL) LDL-c (mg/dL) HDL-c (mg/dL) CRP (ug/ml)

Dyslipidemic human 15 Yes 154 ± 15 226 ± 6 NA 154 ± 7 48 ± 4 0.1 � 8.6 (29    ) 
Dyslipidemic African 
Green

6 Yes 52 ± 10 336 ± 51 33 ± 10 210 ± 36 92 ± 7 Not available

African Green 10 Yes 54 ± 3 134 ± 5 4 ± 1 71 ± 3 59 ± 4 1.0 ± 0.5  a  1.7 ± 0.5  b  
Cynomolgus 10 Yes 60 ± 8 139 ± 13 5 ± 2 66 ± 9 67 ± 5 0.6 ± 0.1  a  0.3 ± 0.1 b 
Rhesus 12 Yes 42 ± 3 120 ± 5 4 ± 1 59 ± 3 58 ± 5 0.5–0.9 (68) 
Rhesus, Met syn 10 Yes 118 ± 13 159 ± 12 9 ± 1 85 ± 7 65 ± 7 0.24 ± 0.03  a  0.23 ± 0.03  b  
Rhesus, diabetic 5 Yes 192 ± 35 194 ± 18 22 ± 6 99 ± 7 62 ± 11 0.9 ± 0.1  a  0.24 ± 0.04  b  
Rhesus DIO 12 Yes 179 ± 31 131 ± 13 12 ± 1 68 ± 9 51 ± 7 1.1 ± 0.3  a  0.3 ± 0.1  b  
Marmoset 12 Yes 363 ± 134 161 ± 16 25 ± 11 77 ± 9 58 ± 10 Not detectable
Pig 20 No 32 ± 2 96 ± 7 5 ± 0.4 39 ± 4 52 ± 3 0.0075 ± 0.002  a  
Dog 10 Yes 98 ± 15 196 ± 6 7 ± 2 26 ± 3 163 ± 3 1.5 ± 0.3  c  
Rabbit 20 Yes 47 ± 5 29 ± 1 4 ± 0.3 8 ± 0.4 18 ± 1 0.94 ± 0.07  c  
Rabbit (Chol) 20 Yes 48 ± 4 811 ± 48 439 ± 26 317 ± 24 44 ± 4 Not detectable
Hamster 10 Yes 226 ± 11 141 ± 7 16 ± 1 31 ± 2 94 ± 6 Not detectable
Hamster HFD 10 Yes 534 ± 43 184 ± 4 35 ± 2 39 ± 3 110 ± 3 Not detectable
ZDF/+ rat 6 No 85 ± 2 98 ± 4 10 ± 0.3 36 ± 3 53 ± 1 674 ± 88  c  
ZDF rat HFD 6 No 1482 ± 210 148 ± 8 62 ± 7 20 ± 2 66 ± 2 1252 ± 44  c  
C57BL/6 12 No 130 ± 10 127 ± 4 8 ± 1 21 ± 2 97 ± 4 10 ± 0.3  c  
db/db 12 No 308 ± 16 170 ± 5 13±-1 30 ± 2 126 ± 4 16 ± 1  c  
ApoE  � / �  10 No 102 ± 14 412 ± 21 226 ± 17 178 ± 13 8 ± 1 7 ± 0.3  c  
ApoE  � / �   (Chol) 10 No 154 ± 31 629 205 402 22 9 ± 0.3  c  
LDLr  � / �  9 No 124 ± 8 250 ± 8 13 ± 1 168 ± 5 69 ± 3 7 ± 1  c  
LDLr  � / �   (Chol) 10 No 404 ± 35 1677 ± 98 904 ± 47 761 ± 57 12 ± 2 8 ± 0.4  c  
CETP +/ �  /LDLr  � / �  10 Yes 67 ± 9 89 ± 4 10 ± 2 41 ± 2 37 ± 4 6 ± 0.2  c  
CETP +/ �  /LDLr  � / �   
(Chol)

10 Yes 59 ± 6 202 ± 4 51 ± 4 96 ± 4 54 ± 3 7 ± 0.3 C 

Numbers in parentheses are reference citations.
  a    Measured with human kit by RBM as described in Methods.
  b    measured with BioAnalytical method as described in Methods.
  c    Measured with rodent kit by RBM as described in Methods.

previously ( 30 ). Our lipidomic study covered most of the 
major plasma lipid fractions, including CE, TG, DAG, FFA, 
PC, PE, LPC, and FC. Among these fractions, CE, TG, and 
PC are the three most abundant, accounting for more 
than 75% of total plasma lipids ( 30 ). FAs identifi ed in 
plasma lipids can also be divided into three major catego-
ries: the nonessential FAs, which include saturated FAs   
(SFAs)and MUFAs; the linolenic acid (omega-3) pathway, 
which includes linolenic acid and its derivatives; and the 
linoleic acid (omega-6) pathway, which includes linoleic 
acid and its derivatives. The source of nonessential FAs 
can be either from de novo lipogenesis (DNL) or from 
diet, whereas FAs within the omega-3 or omega-6 pathways 
can only originate from two essential FAs obtained from 
diet (  Fig. 2A  ).  

 FAs within the CE, TG, or PC fractions were combined 
according to their synthetic pathways, and compared 
both quantitatively and qualitatively across animal species 
( Fig. 2B, C, D ). In dyslipidemic humans, the mean abso-
lute and relative amounts of FAs in plasma CE were 987 ± 
50 nmol/g from the nonessential FAs (about 34% of total 
FAs), 58 ± 5 nmol/g from the omega-3 pathway (about 2% 
of total), and 1,866 ± 63 nmol/g from the omega-6 path-
way (about 64% of total) ( Fig. 2B ). In plasma TG of dys-
lipidemic humans, there was 2,780 ± 197 nmol/g from the 
nonessential FAs (about 73% of total), 48 ± 9 nmol/g from 
omega-3 (about 3% of total), and 903 ± 60 nmol/g from 
omega-6 (about 24% of total) ( Fig. 2C ). In plasma PC of 
dyslipidemic humans, there were 2,009 ± 80 nmol/g 

(about 54% of total), 190 ± 28 nmol/g (about 5% of total), 
and 1,486 ± 52 nmol/g (about 40% of total) from the non-
essential FAs, omega-3, and omega-6 pathways, respectively 
( Fig. 2D ). Thus in plasma CE, TG, and PC of dyslipidemic 
humans, over 95% of FAs were from the nonessential FAs 
or omega-6 pathways. While the omega-6 pathway was the 
main source of FAs in plasma CE, the nonessential FAs 
provided the majority of FAs in TG and PC. Across all the 
animal species, the contribution of FAs from the omega-3 
pathway was consistently small, with the highest percent-
age being 8% in CE (db/db mice), 7% in TG ( ApoE   � / �   
mice), and 9% in PC (rhesus with metabolic syndrome) 
( Fig. 2B, C, D ). 

 The animal species most similar to dyslipidemic humans 
in terms of the FA composition of plasma CE were: all 
NHP models, pig, dog, hamster, ZDF rat, C57BL/6, db/
db,  LDLr   � / �  , and  CETP +/ �   / LDLr   � / �   mice. Both the abso-
lute amounts and the relative distribution of FAs in plasma 
CE in these animal species were similar to dyslipidemic 
humans, with omega-6 being the largest component 
( Fig. 2B ). ZDF rat, C57BL/6, and db/db mice had an even 
greater percentage of FAs from the omega-6 pathway (over 
75%). A HFD in hamster or ZDF rat did not impact either 
the absolute amount or the percentage of FAs from the 
omega-6 pathway. In  LDLr   � / �   and  CETP +/ �   / LDLr   � / �   mice, 
however, a cholesterol-containing diet not only increased 
the absolute amount of FAs in CE (with a much more sig-
nifi cant impact on  LDLr   � / �   mice), it also shifted the com-
position of FAs from the omega-6 to the nonessential FAs 
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 The nonessential FAs were the major source for plasma 
TG for all animal species. However, a signifi cant impact 
of diet was seen in rabbit, hamster, ZDF rat, and  ApoE   � / �  , 
 LDLr   � / �  , and  CETP +/ �   / LDLr   � / �   mice. A HFD in hamster 
and ZDF rat increased both the absolute amount of the 
nonessential FAs (with a greater increase in ZDF rat) and 
the percentage of the nonessential FAs in plasma TG. 

  Fig.   1.  Representative FPLC traces of plasma lipoprotein cholesterol levels of dyslipidemic human and various animal models. Three 
peaks representing VLDL, LDL, and HDL are labeled in each panel. Except in the four panels in the bottom, the Y-axis in each panel was 
adjusted to the same level for easier comparison.   

( Fig. 2B ). Rabbit and  ApoE   � / �   mice were the animal spe-
cies least comparable to dyslipidemic humans, because the 
nonessential FAs count for the majority of CE FAs under a 
chow diet condition. A cholesterol-containing diet not 
only dramatically increased the total amount of CE FAs, it 
also pushed the percentage of the nonessential FAs even 
higher ( Fig. 2B ). 
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the response of plasma lipid profi les in various animal 
models to simvastatin treatment was determined. Percent 
changes in plasma lipids (TC, VLDL-c, LDL-c, HDL-c, and 
TG) upon simvastatin treatment and their statistical sig-
nifi cance are shown in    Table 2  . Consistent with the litera-
ture, statin treatment caused a signifi cant decrease in 
plasma TC and LDL-c level in the dyslipidemic humans 
studied here (16% and 24% decrease, respectively, upon 
40 mg/day simvastatin treatment for 2 weeks) ( 31 ). Statin 
treatment also has been shown to decrease plasma VLDL-c 
and TG and increase HDL-c in a subset of patients ( 31, 
32 ). Here, simvastatin treatment signifi cantly decreased 
plasma TG ( � 18%), but the effect on HDL-c was minimal 
(+1%). 

 Similar to dyslipidemic humans, a greater than 15% de-
crease in TC and 20% decrease in LDL-c were seen in all 
the NHP models, with dyslipidemic AGM being the most-
responsive model to simvastatin treatment ( Table 2 ). De-
creases of VLDL-c were seen in most NHP models except 
rhesus with metabolic syndrome. Among the nonprimates, 
dog was the only species that showed responses of plasma 
TC, VLDL-c, and LDL-c ( � 34%,  � 43%, and  � 80% re-
spectively). Signifi cant decreases in plasma TC and VLDL-c 
were seen in rabbit on cholesterol, hamster on a HFD, and 
ZDF rat on a HFD; however, no decrease was seen in LDL-
c. In ZDF rat on a HFD, statin treatment increased LDL-c 
more than 2-fold (+112% increase). All mouse models had 
no change or increases in plasma TC, VLDL-c, and LDL-c 
upon simvastatin treatment. 

 Changes in plasma TG levels varied among NHP mod-
els, with AGM and cynomolgus having the most-signifi cant 
decrease, similar to dyslipidemic humans, and no de-
creases in plasma TG in dyslipidemic AGM, rhesus with 
metabolic syndrome, and marmoset. In nonprimate spe-
cies, dog, hamster on a HFD, ZDF rat on a HFD, and db/db 
mice showed signifi cant decreases in plasma TG upon 
simvastatin treatment. Similar to our observation in dys-
lipidemic humans, no signifi cant increase in HDL-c was seen 
in any animal species, including NHP models ( Table 2 ). 

 Changes in the FA composition of plasma lipids (CE, TG, 
and PC) upon statin treatment 

 To obtain more-detailed insight into the similarities and 
differences of various animal models to dyslipidemic hu-
mans in statin responsiveness, statin-induced changes in 
SFAs, MUFAs, omega-3 pathway-derived FAs, and omega-6 
pathway-derived FAs in plasma CE, TG, and PC upon sim-
vastatin treatment were calculated  (  Fig. 4  ). In dyslipidemic 
humans, signifi cant decreases were seen in CE and TG FAs 
across all four categories (except MUFAs in CE), along 
with a consistent but not statistically signifi cant decrease in 
PC FAs. AGM, cynomolgus, and hamster on HFD were the 
animal models closest to dyslipidemic humans in overall 
responsiveness on CE, TG, and PC ( Fig. 4 ). Three diseased 
rhesus models (rhesus with metabolic syndrome, diabetic 
rhesus, and rhesus with DIO) showed responses in plasma 
CE and PC to simvastatin treatment that were similar to 
dyslipidemic humans; however, changes in plasma TG 
were not signifi cant, due to the large biological variation. 

A cholesterol-containing diet had little impact on total 
TG in rabbit,  ApoE   � / �  , and  CETP +/ �   / LDLr   � / �   mice, although 
the composition of FAs shifted toward the nonessential 
FAs in  ApoE   � / �   and CETP  +/ �   / LDLr   � / �   mice ( Fig. 2C ). A 
cholesterol-containing diet in  LDLr   � / �   mice increased 
both the absolute amount and the relative contribution 
of the nonessential FAs ( Fig. 2C ). 

 Compared with plasma CE and TG, the total amount of 
FAs in PC varied less, and the FA composition remained 
much more stable across animal species and dietary condi-
tions About 50–60% of the total came from the nonessen-
tial FAs and 30–40% from the omega-6 pathway for all the 
animal species. A HFD or cholesterol-containing diet in-
creased total FAs, but did not substantially change the FA 
composition of PC in rabbit, hamster, ZDF rat,  ApoE   � / �  , 
 LDLr   � / �  , and  CETP +/ �   / LDLr   � / �   mice, although slight in-
creases in the percentage of the nonessential FAs were 
seen in  ApoE   � / �  ,  LDLr   � / �   and  CETP +/ �   / LDLr   � / �   mice 
( Fig. 2D ). 

 Amounts of eight major circulating lipid fractions in 
various animal models compared with dyslipidemic 
humans 

 To get a more comprehensive understanding of the 
similarities and differences of different animal models 
compared with dyslipidemic humans, the amounts of eight 
major circulating lipid fractions (CE, TG, DAG, FFA, PC, 
PE, LPC, and FC) in all the animal models were measured 
and compared with dyslipidemic humans. For any given 
lipid fraction, fi rst the mean for that lipid fraction was cal-
culated in each animal species, then the difference was 
compared with the mean of the same lipid fraction in dys-
lipidemic humans. The differences were weighted based 
on the proportion of that lipid fraction over total lipid in 
dyslipidemic humans so that abundant lipid fractions (such 
as CE, TG, and PC) contributed more than did less-abun-
dant lipid fractions in the comparison. The animal models 
were then sorted by distance (  Fig. 3  ).   Most NHP models 
were relatively close to dyslipidemic humans, with the rhe-
sus metabolic syndrome model having the greatest similar-
ity. Although dietary manipulation is most commonly used 
in generating dyslipidemic or atherosclerotic models, in 
most non-NHP models, such as  LDLr   � / �   mice,  ApoE   � / �   
mice, ZDF rat, rabbit, and hamster, the similarity between 
these animal species and dyslipidemic humans with respect 
to the distribution of the eight major lipid fractions actu-
ally decreased with a cholesterol-containing diet or HFD, 
with most signifi cant changes seen in  LDLr   � / �   mice, ham-
ster, and ZDF rat ( Fig. 3 ).  CETP +/ �   / LDLr   � / �   mice on a 
cholesterol-containing diet is the only model that showed 
closer similarity to dyslipidemic human than the mice on 
chow diet. It also showed the closest similarity to dyslipi-
demic human among all NHP models ( Fig. 3 ). The mean 
values of each lipid fraction in each animal model are also 
shown in supplementary Table III. 

 Impact of simvastatin treatment on plasma lipid profi les 
 To further understand the utility of different animal 

models for identifi cation of new targets in drug discovery, 
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  Fig.   2.  FA composition in plasma CEs, TGs, and PCs across animal species. A: Schematic showing FAs within three categories: nonessen-
tial FAs (light blue), omega-3 (maroon) pathway FAs, and   omega-6 (light yellow) pathway FAs. Highlighted FAs were measured in this study. 
B: Measured FAs were summed for each pathway. Left panel shows the absolute amounts (nmol) of FAs in each pathway and right panel 
shows the relative amounts (%) for plasma CEs, (C) TGs, and (D) PCs.   
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human and obtain an overall ranking of the similarity, we 
calculated the distance between the set of 12 log ratios in 
 Fig. 4  for dyslipidemic humans and each of the animal 
models. Three distance measures were used, each refl ect-
ing a different aspect of the difference between sets of log 
ratios. Euclidean method measures the “ordinary” distance 
which refl ects the magnitude of statin responsiveness in 
each animal model. Variance-based Euclidean method 
also considers the variation of each FA within the same 
category, so categories with high variability were down-
weighted. Uncentered correlation-based (1-Cosine distance) 
method assesses only the pattern of statin responsiveness 
across FA categories  (  Fig. 5  ; see  Methods  for more detailed 
description). Rhesus DIO, cynomolgus, AGM, hamster on 
HFD, and db/db mouse models were closest to dyslipidemic 
humans in their responses to simvastatin treatment, fol-
lowed by rhesus with metabolic syndrome, dog, marmoset, 
and diabetic rhesus. Those models showed close distances 
to dyslipidemic human in all three measures.  LDLr   � / �   
mice on cholesterol-containing diet,  CETP +/ �   / LDLr   � / �   mice 
on chow or cholesterol-containing diet, and  ApoE   � / �   mice 
on chow or cholesterol-containing diet had large cosine-
based distances from dyslipidemic humans, indicating that 
the patterns of their response in FA composition of plasma 

Marmosets did not show any statistically signifi cant changes 
across CE, TG, and PC in any FA categories, despite signifi -
cantly decreased plasma TC upon simvastatin treatment 
( Fig. 4  and  Table 2 ). 

 Hamster on HFD, dog, and rabbit were the only nonpri-
mate species that showed decreased FAs in all four 
categories of CE upon simvastatin treatment.  CETP +/ �   /
 LDLr   � / �   mice on a cholesterol-containing diet showed de-
creased omega-3 and omega-6 pathway related FAs, but 
increased SFAs. ZDF rat on HFD and all the other mouse 
models either had no change or had increases in the major-
ity of FA categories in plasma CE ( Fig. 4 ). For plasma TG, 
ZDF rat on HFD, db/db, and  ApoE   � / �   mice showed similar 
response in FA composition compared with dyslipidemic 
humans. Three atherogenic-diet animal models, rabbit on 
cholesterol-containing diet,  ApoE   � / �   mice on cholesterol-
containing diet, and  CETP +/ �   / LDLr   � / �   mice on choles-
terol-containing diet, showed increases in each component 
of TG upon simvastatin treatment. A trend toward a 
small decrease, either signifi cant or nonsignifi cant, was 
seen in most of the animal models, except dog, rabbit on 
cholesterol-containing diet, and ZDF rat on a HFD. 

 To statistically compare the responsiveness to statin 
treatment between each animal model to dyslipidemic 

  Fig.   3.  Dendrogram comparison of baseline plasma lipid similarity based on eight major circulating lipid fractions (CE, TG, DAG, PE, 
FFA, LPC, PC, and FC) across species. The difference of any given lipid fraction between the means of each animal model and dyslipidemic 
human was calculated and weighted according to the proportion the same lipid fraction over total lipid in humans. The overall weighted 
distance of each animal model from dyslipidemic humans was calculated, and the models were sorted by distance (see METHODS for a 
more-detailed description).   
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 DISCUSSION 

 Lipid metabolism is a dynamic process that involves 
multiple pathways, with both intracellular and extracellular 
regulation and modulation. Although the cross-talk and 
interactions among these pathways are essential to main-
taining lipid homeostasis, disregulation of each pathway 
can contribute substantially to the development of dyslipi-
demia. Management of dyslipidemia (with plasma LDL-c 
over 130 mg/dl and TC over 200 mg/dl) with fi rst-line 
medications such as statins has been shown to decrease risk 
for CHD by epidemiological studies. Hypertriglyceridemia 
(with plasma TG over 200 mg/dl) is also linked to CHD 
risk, and management of non-HDL-c levels in those patients 
has been proposed as secondary prevention ( 34 ). Consider-
ing those risk factors as well as responsiveness of lipid pro-
fi les to treatment with statins, we compared plasma lipid 
profi les under basal and simvastatin-treated conditions for 
various animal models to dyslipidemic humans. Our goal 
was to identify the optimal model(s) for validating new tar-
gets for treatment of dyslipidemia in humans. 

 Suitable preclinical models for dyslipidemia with elevated 
plasma LDL-c 

 At baseline, the dyslipidemic human subjects studied 
here had borderline high plasma TC and LDL-c, and a bal-
anced LDL-c-to-HDL-c ratio, which are representative of 
the majority of dyslipidemic patients with elevated CVD 
risk. Looking across the 24 nondiseased or diseased ani-
mal models in this study, the NHP models, especially the 
diseased NHP models such as dyslipidemic AGM and three 
diseased rhesus models, were the most similar to humans 
with respect to basal plasma TC, ratio of LDL-c to HDL-c, 
and lipoprotein traces. Also similar to humans, in NHP 
models, the majority of FAs within plasma CE were linoleic 
acid and its derivatives (the omega-6 pathway), and the 

CE, TG, and PC were very different from dyslipidemic hu-
mans ( Fig. 5 ). In ZDF rat on a HFD the magnitudes of the 
simvastatin effects were very different from dyslipidemic 
humans, shown by the large values of the Euclidean and 
variance-weighted distances. Simvastatin effects in rabbit on 
a cholesterol-containing diet were unlike dyslipidemic hu-
mans by all three distance measures ( Fig. 5 ). 

 In summary, considering basal levels and composition 
of plasma lipids and their response to simvastatin treat-
ment, the NHP models, including two AGM models, cyno-
molgus, and three rhesus models, were the species most 
similar to dyslipidemic humans. They were thus the best 
models among those tested for both studying disease 
mechanism and validation of potential drug targets for 
dyslipidemia. The exception among the NHPs was the 
marmoset. Marmosets were the only new world monkeys 
in our study, and they are much smaller in size than the 
other NHPs. In addition, in our study, marmosets exhib-
ited extremely elevated cortisol levels (data not shown), 
which may account for the high variability seen across nu-
merous endpoints ( 33 ). The dog displayed signifi cant 
similarities to dyslipidemic humans, despite being an 
HDL-dominated animal species, especially in response to 
statin treatment, supporting the use of the dog model in 
studies of many aspects of dyslipidemia, in particular LDL 
lowering. Data from the hamster on a HFD and db/db 
mouse models suggested that they can be used as models 
for the study of hypertriglyceridemia. Most of the com-
monly used dyslipidemic or atherosclerotic animal mod-
els, such as  ApoE   � / �   mice on a chow or cholesterol-containing 
diet,  LDLr   � / �   mice on a cholesterol-containing diet, rabbit 
on a cholesterol-containing diet, and ZDF rat on a HFD, 
however, fell out of the range of dyslipidemic humans and 
demonstrated the least similarity of all models, raising 
concern about relating experimental data from those 
models to dyslipidemic humans. 

 TABLE 2. Comparison of changes on plasma lipids upon simvastatin treatment across the species   

Species Statin respsonsiveness

Change of lipids upon statin treatment

TC VLDL-c LDL-c HDL-c TG

Dyslipidemic human Yes  � 16%  b  NA  � 24%  b  1% NS  � 18%  a  
Dyslipidemia African green Yes  � 67%  b   � 57%  b   � 69%  b   � 74%  b  23% NS
African Green Yes  � 36%  c   � 36% NS  � 51%  b   � 18%  b   � 14%  b  
Cynomolgus Yes  � 25%  b   � 55%  a   � 22%  a   � 26%  b   � 19%  a  
Rhesus, Met syn Yes  � 16%NS 3% NS  � 22%  c   � 11% NS 17% NS
Rhesus, diabetic Yes  � 24%  b   � 33% NS  � 23% NS  � 7% NS  � 15% NS
Rhesus DIO Yes  � 15%NS  � 24% NS  � 26% NS 2% NS  � 17% NS
Marmoset Yes  � 29%  a   � 66% NS  � 25% NS  � 19% NS 1% NS
Dog Yes  � 34%  b   � 43% NS  � 80%  b   � 26%  b   � 39%  a  
Rabbit (Chol) No  � 46%  b   � 76%  b   � 7% NS 6% NS 15% NS
Hamster HFD No  � 8%  a   � 33%  b  7% NS  � 5% NS  � 25%  a  
ZDF rat HFD No  � 28%  b   � 51%  b  112%   b   � 50%  b   � 76%  b  
db/db No  � 4% NS  � 4% NS 19% NS  � 10%  a   � 30%  b  
ApoE  � / �  No 59%  b  89%  b  25% NS  � 19% NS  � 31% NS
LDLr  � / �   (Chol) No 14% NS 19% NS 7% NS  � 32% NS  � 7% NS
CETP +/ �  /LDLr  � / �  No 13% NS 25% NS 53%  b   � 34%  b   � 8% NS
CETP +/ �  /LDLr  � / �  (Chol) No 7% NS 20% NS 12% NS  � 13% NS 12% NS

NA, not available; NS, not signifi cant  .
  a     P  < 0.05.
  b     P  < 0.01.
  c     P  < 0.001 by paired or unpaired  t -test as indicated in Methods.
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omnivorous dietary preferences, as well as similar activity 
and substrate specifi city for key plasma lipid enzymes, such 
as CETP and LCAT ( 13, 35 ). Although CETP directly de-
termines cholesterol content distribution within plasma 
lipoproteins by transferring CE from HDL to LDL, LCAT 
and ACATs are responsible for the conversion of FC to CE. 
LCAT takes FAs from the  sn -2 position of PC (which con-
tains mostly PUFAs) and converts FC to CE, whereas PC is 
converted to LPC in plasma during HDL biogenesis ( 36 ). 
ACATs add FFAs (MUFAs from the DNL pathway) from 

vast majority of FAs in TG were SFAs and MUFAs. Statin 
treatment lowered plasma TC and LDL-c levels in NHP 
models to a similar extent as in dyslipidemic humans, as 
well as decreasing FAs from all three categories (the non-
essential FAs from DNL or diet, FAs from omega-3 path-
way, and FAs from omega-6 pathway). By these parameters, 
NHP models are the best preclinical models for dyslipi-
demia for both mechanistic studies and target validation. 
This is not surprising, because, phylogenetically, NHPs are 
the closest mammals to humans. They also have similar 

  Fig.   4.  Simvastatin effect on FA composition in plasma CEs, TGs, and PCs in dyslipidemic humans and various animal models. FAs were 
summed into four categories: SFA, MUFA, omega-3, and omega-6. The effect of simvastatin treatment on each category was estimated, and 
is shown as a log 10  ratio with 95% confi dence interval. Statistically signifi cant effects ( P  < 0.05) are highlighted in red.   
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also seen in a previous report ( 46 ). Looking at FA compo-
sition of CE in the dog model, statin treatment decreased 
FAs synthesized from all three categories (nonessential 
FAs, omega-3, and omega-6) with magnitudes similar to 
those seen in dyslipidemic humans ( Fig. 4 ). Dog also dem-
onstrated close similarity to dyslipidemic human in all 
three distance analyses looking at simvastatin effects on 
CE, PC, and TG ( Fig. 5 ). These data suggested that the dog is 
another useful model for examining the effect of LDL-c-low-
ering agents for the treatment of hypercholesterolemia. 

 Rabbits on a normal diet had very low plasma TC and 
LDL-c levels ( � 30 mg/dl and 8 mg/dl, respectively), 
which is due to the very low amount of cholesterol in the 
normal rabbit diet and the high metabolic clearance rate 
( 47 ). Upon cholesterol diet (0.5% cholesterol) challenge, 
there was a 27-fold increase in TC and a 100-fold LDL-c 
increase, due to a lowered metabolic clearance rate ( 47 ). 
This was one of the most dramatic changes among all the 
models we analyzed. Unlike dyslipidemic humans, in cho-
lesterol-fed rabbits, over 75% of the FAs were SFAs and 
MUFAs, suggesting that CE biosynthesis might be via 
ACATs instead of LCAT. Another major difference of 
rabbits from humans is the absence of HL, an enzyme 
that has both TG lipase and phospholipid lipase activity ( 48 ). 
Under a cholesterol-fed condition, absence of HL in rab-
bit causes massive cholesterol accumulation in chylomi-
cron remnant and  � -VLDL lipoprotein particles ( 49 ). 

 Dramatic changes in plasma TC and LDL-c were also seen 
in cholesterol-fed  ApoE   � / �  ,  LDLr   � / �  , and  CETP +/ �   / LDLr   � / �   

either exogenous dietary sources or endogenous lipogen-
esis to FC ( 37 ). Although activation of LCAT increases 
athero-protective HDL-c levels, ACAT-derived CE is the 
predominant atherogenic lipid in blood ( 38 ). The fact 
that the majority of FAs in plasma CE in humans and NHPs 
are from the omega-6 pathway suggests that LCAT could 
be the major enzyme for CE biosynthesis in these species. 

 The Gottingen mini-pig and obese beagle models in this 
study showed omega-6 pathway-enriched FA composition 
in plasma CE, and nonessential FAs enriched FA composi-
tion in plasma TG, similar to humans. However, their lipo-
protein profi les were distinctly different. In pigs and dogs, 
CETP activity is either very low or not detectable ( 39, 40 ). 
It has been shown that CETP expression can be upregu-
lated by an atherogenic diet in humans and rabbits; 
whether the same might be true in pigs or dogs, or to what 
extent the increase contributes to the susceptibility to 
CVDs, remains to be studied ( 41–43 ). Previous studies 
showed that under an atherogenic diet, a different pig 
strain, the Yucatan mini-pig, can develop atherosclerotic 
plaques, which are similar to human athero-lesions ( 44 ). 
Statin treatment was not examined in the pig model in our 
study, but has very little effect on plasma TC and LDL-c 
levels in Yutacan mini-pigs ( 45 ). Whether all mini-pigs, or 
a specifi c mini-pig model, are suitable for the study of dys-
lipidemia in humans requires further validation. Although 
the basal plasma lipid profi le is not similar to dyslipidemic 
human, the dog model showed signifi cant TC and LDL-c 
lowering upon statin treatment in our study, which was 

  Fig.   5.  Distance comparison from various animal models to dyslipidemic humans with respect to the re-
sponsiveness to simvastatin treatment on plasma CE, PC, and TG. Three distance measures, each represent-
ing a different aspect of the difference on the comparison, are shown: Euclidean (purple solid circle), a 
distance calculation based on the log ratios from  Fig. 4 , which represents the similarity based on the magni-
tude of responsiveness; variance-weighted Euclidean (green solid triangle), which represents also the Euclid-
ean comparison, but with the contribution of the variability of the responses weighted, so the FA categories 
with high variability were down-weighted; uncentered-correlation-based distance (1-cosine distance, red 
solid square), which represents the similarity based on pattern of statin responsiveness.   
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nicotinic acid (niacin) alone or in combination with sta-
tins, CETP inhibitors, and long-chain omega-3 PUFAs ( 57, 
58 ). In future studies, it might be useful to evaluate the 
effects of one or more of these agents, alone or in combi-
nation with statins, to provide more information for better 
assessment of the suitability of different models for target 
validation in human dyslipidemia. 

 In the study of atherosclerosis and plaque progression, 
the most widely used preclinical models are rabbit,  ApoE   � / �   
mice, and  LDLr   � / �   mice on a cholesterol–containing diet, 
due to their ability to quickly form plaques. Although not 
studied here, it has been shown that the histology of lesion 
development in mouse models is similar to that in humans; 
however, the major limitation of mouse models is that the 
most-common complications of plaque rupture and super-
imposed thrombosis (and subsequent acute myocardial 
infarction and ischemic stroke) rarely occur in mouse 
models ( 59 ). Recently, NHPs, pigs, dogs, and hamsters on 
atherogenic diets have been used as models of human ath-
erosclerosis ( 60–62 ). The hamster model is questioned 
because no consistent lesion development has been ob-
served in several hamster strains ( 63 ). Larger animals, 
such as dog, pig, and NHPs are more attractive due to the 
ability to apply interventional procedures and imaging on 
the larger vessels, making them more suitable as models 
for clinical practice ( 59 ). Future analysis of lipid composi-
tion in plaques before and after statin treatment will be 
helpful to further understand the applicability of those 
animal models to dyslipidemic humans. 

 Given the role of phospholipids as precursors of eico-
sanoid synthesis, their FA composition is of clear interest 
to model selection for cardiovascular disease research.  Fig-
ure 2D  shows the relative abundance and FA composition 
of plasma PCs. There is a marked degree of similarity in 
the latter between the animal species. The ratio of satu-
rated to unsaturated FA in this particular lipid fraction is 
carefully balanced by de novo synthesis and strongly infl u-
enced by remodeling via hydrolysis and reacylation (the 
Lands cycle). The result is a relatively well-controlled com-
position in which a saturated FA occupies the  sn 1 position 
and an unsaturated FA occupies the  sn 2 position ( 64, 65 ). 
The acyl chain specifi cities for some of the enzymes in-
volved in remodeling of phospholipids have been investi-
gated in several animal species, including rat and pig, and 
in many cases, were found to have similar preferences for 
n6 and n3 FAs ( 66 ). Given this, the similarity in PC compo-
sition between animal species reported here is not surpris-
ing. Further complexities involving dietary PCs and their 
bacterial breakdown products, and correlation with car-
diovascular disease risk in humans and in mice, suggest 
that more-detailed studies of dietary PC and the plasma 
sequelae in models of interest are warranted. 

 Infl ammation is involved in all phases of atherosclerosis. 
As a sensitive marker for infl ammation, CRP has been pro-
posed as a predictor of cardiovascular risk. The recently 
completed JUPITER trial found that rosuvastatin reduces 
vascular events in low-risk older subjects with normal LDL-c 
levels but elevated high-sensitivity C-reactive protein (hs-
CRP), supporting the inclusion of hs-CRP levels among 

mice. Unlike the same models on chow diets, which have 
the majority of FAs in plasma CE from the omega-6 path-
way, the majority of FAs in CE in these cholesterol-fed 
models were from the nonessential FAs, consistent with 
the previous observation that expression of ACATs in-
creases on a cholesterol-containing diet ( 50 ). 

 Statin treatment did not decrease plasma LDL-c levels 
in any of the rabbit or rodent models. Although hamster 
on chow and on a HFD had similar FA compositions in 
plasma CE and TG as human, statin had no effect on LDL-c 
levels. The data suggest that these models are not suitable 
for target validation or drug discovery for dyslipidemia 
with elevated LDL-c. 

 Representative preclinical models for dyslipidemic 
populations with other risk factors such as elevated non-
HDL cholesterol and TG 

 Recently, non-HDL cholesterol (including LDL-c and 
remnant lipoproteins such as VLDL-c and IDL-c) has been 
proposed to be a better estimate of total atherogenic bur-
den than LDL-c, especially in patients with elevated plasma 
TGs between 200 and 500 mg/dl ( 26, 34 ). Elevated plasma 
TG levels are also often associated with low HDL-c levels. 
Although highly variable due to dietary status and often 
associated with other complications such as type 2 diabetes 
and metabolic syndrome, elevated TG has been consid-
ered another independent risk factor for CHD by a num-
ber of studies ( 34 ). Among the animal models in our study 
that had similar omega-6 pathway-enriched FA composi-
tions as humans in plasma CE, many showed elevated 
VLDL-c and/or TG levels, including several NHP models 
(dyslipidemic AGM, rhesus with metabolic syndrome, dia-
betic rhesus, and DIO rhesus), dog, hamster on HFD, and 
db/db mouse ( Table 1 ) ( 51, 52 ). Statin treatment lowered 
VLDL-c and/or TG levels in all these models ( Table 2 ), 
suggesting that they are also useful as models for studying 
plasma remnant lipoprotein and TG metabolism and sec-
ondary risk prevention for dyslipidemic humans. Marmo-
sets, as the exception, showed no decrease in TG upon statin 
treatment and are a suboptimal model due to their sensi-
tivity to stress (data not shown). ZDF rats on a HFD also 
had elevated TG and demonstrated VLDL-c and TG-lower-
ing upon statin treatment. However their plasma baseline 
TG level was abnormally high (1,482 ± 210 mg/dl), and 
the majority of cholesterol resided in less-atherogenic 
larger VLDL and chylomicron particles. Thus, the lower-
ing of non-HDL levels is less reliable as an indicator of 
lowered CHD risk ( 26 ). 

 Other than statins, which, in several clinical trials, have 
confi rmed the benefi t in patients with atherogenic dyslipi-
demia ( 26 ), fi brates also demonstrated benefi cial effects. 
For example, fenofi bric acid alone or in combination with 
statins has been shown to improve plasma TG, HDL-c, and 
LDL-c in dyslipidemic humans ( 53 ). In other species, fi -
brates were shown to be effective in lowering plasma TG 
and cholesterol levels in pig and dog, as well as in species 
for which statins are not effective and are poorly tolerated, 
such as hamster, rat, and mouse models ( 54–56 ). Other 
agents for treatment of atherogenic dyslipidemia include 
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cardiovascular risk factors ( 67 ). However, due to method-
ology limitations on measuring CRP levels in nonhuman, 
nonrodent species, the level of CRP failed to improve our 
understanding of applicability of animal species. The eval-
uation of CRP as well as other infl ammatory markers, and 
the effect of statins, will be discussed in detail in subsequent 
manuscripts focusing on specifi c animal models. 

 Taken together, our fi ndings indicated that among the 
animal models we considered, NHPs are in general the 
best for both mechanistic studies and for target validation 
of primary and secondary pharmacological treatments for 
dyslipidemia in humans. The dog model can also be con-
sidered for developing pharmacological agents to lower 
LDL-c. For validation of targets related to secondary CVD 
risks such as high non-HDL cholesterol and high TG, dog, 
hamster on HFD, and db/db mice can also be considered. 
Further profi ling of the lipid composition of lipoprotein 
fractions, plaque, and activated macrophages, as well as 
responsiveness to additional pharmacological agents target-
ing dyslipidemia, such as fi brates, niacin, CETP inhibitors, 
and fi sh oil, will provide more insights for understanding 
the applicability of various animal models. Clearly, choice 
of an animal model requires careful consideration of the spe-
cifi c target or pathway of interest, inasmuch as each model 
can have common characteristics with humans and can be 
uniquely useful for addressing questions in dyslipidemia 
research. The information gathered as more mechanisms 
and animal models are evaluated out will allow the circular 
translation from the bench to the clinic and back.  

 REFERENCES 

    1 .  Yusuf ,  S. ,  S.   Reddy ,  S.   Ounpuu , and  S.   Anand .  2001 .  Global bur-
den of cardiovascular diseases: part I: general considerations, the 
epidemiologic transition, risk factors, and impact of urbanization.  
  Circulation   .    104   :   2746 – 2753 .  

    2 .  Grundy ,  S. M. ,  J. I.   Cleeman ,  C. N.   Merz ,  H. B.   Brewer ,  Jr .,  L. T.  
 Clark ,  D. B.   Hunninghake ,  R. C.   Pasternak ,  S. C.   Smith ,  Jr ., and 
 N. J.   Stone .  2004 .  Implications of recent clinical trials for the 
National Cholesterol Education Program Adult Treatment Panel 
III guidelines.    Circulation   .    110   :   227 – 239 .  

    3 .  Yusuf ,  S. ,  S.   Hawken ,  S.   Ounpuu ,  T.   Dans ,  A.   Avezum ,  F.   Lanas , 
 M.   McQueen ,  A.   Budaj ,  P.   Pais ,  J.   Varigos ,  et al .  2004 .  Effect of po-
tentially modifi able risk factors associated with myocardial infarc-
tion in 52 countries (the INTERHEART study): case-control study.  
  Lancet   .    364   :   937 – 952 .  

    4 .  Paramsothy ,  P. , and  R.   Knopp .  2006 .  Management of dyslipidae-
mias.    Heart   .    92   :   1529 – 1534 .  

    5 .  Sharma ,  M. ,  M. T.   Ansari ,  A. M.   Abou-Setta ,  K.   Soares-Weiser ,  
T. C.   Ooi ,  M.   Sears ,  F.   Yazdi ,  A.   Tsertsvadze , and  D.   Moher .  2009 . 
Systemic review: comparative effectiveness and harms of combina-
tion therapy and monotherapy for dyslipidemia.  Ann. Intern. Med . 
 151 :  622 – 630.   

    6 .  Cannon ,  C. P. ,  R. P.   Giugliano ,  M. A.   Blazing ,  R. A.   Harrington , 
 J. L.   Peterson ,  C. M.   Sisk ,  J.   Strony ,  T. A.   Musliner ,  C. H.   McCabe , 
 E.   Veltri ,  et al .  2008 .  Rationale and design of IMPROVE-IT 
(IMProved Reduction of Outcomes: Vytorin Effi cacy International 
Trial): comparison of ezetimbe/simvastatin versus simvastatin 
monotherapy on cardiovascular outcomes in patients with acute 
coronary syndromes.    Am. Heart J.     156   :   826 – 832 .  

    7 .  Cannon ,  C. P. ,  B. A.   Steinberg ,  S. A.   Murphy ,  J. L.   Mega , and  E.  
 Braunwald .  2006 .  Meta-analysis of cardiovascular outcomes trials 
comparing intensive versus moderate statin therapy.    J. Am. Coll. 
Cardiol.     48   :   438 – 445 .  

    8 .  Kearney ,  P. M. ,  L.   Blackwell ,  R.   Collins ,  A.   Keech ,  J.   Simes ,  R.   Peto , 
 J.   Armitage , and  C.   Baigent .  2008 .  Effi cacy of cholesterol-lowering 
therapy in 18,686 people with diabetes in 14 randomised trials of 
statins: a meta-analysis.    Lancet   .    371   :   117 – 125 .  



Plasma lipid profi ling across species 65

erides but minimal effects on the lipoprotein profi le.    J. Lipid Res.   
  43   :   1618 – 1629 .  

    46 .  Berkhout ,  T. A. ,  H. M.   Simon ,  B.   Jackson ,  J.   Yates ,  N.   Pearce ,  P. H.  
 Groot ,  C.   Bentzen ,  E.   Niesor ,  W. D.   Kerns , and  K. E.   Suckling .  1997 . 
 SR-12813 lowers plasma cholesterol in beagle dogs by decreasing 
cholesterol biosynthesis.    Atherosclerosis   .    133   :   203 – 212 .  

    47 .  Hough ,  J. C. , and  D. R.   Bassett .  1975 .  Cholesterol kinetic analysis 
in normal and cholesterol-fed rabbits; effects of saturated versus 
polyunsaturated fat and of cholestyramine.    J. Nutr.     105   :   649 – 659 .  

    48 .  Clay ,  M. A. ,  G. J.   Hopkins ,  C. P.   Ehnholm , and  P. J.   Barter .  1989 . 
 The rabbit as an animal model of hepatic lipase defi ciency.    Biochim. 
Biophys. Acta   .    1002   :   173 – 181 .  

    49 .  Chang ,  S. , and  J.   Borensztajn .  1993 .  Hepatic lipase function and the 
accumulation of beta-very-low-density lipoproteins in the plasma of 
cholesterol-fed rabbits.    Biochem. J.     293   :   745 – 750 .  

    50 .  Uelmen ,  P. J. ,  K.   Oka ,  M.   Sullivan ,  C. C.   Chang ,  T. Y.   Chang , and  L.  
 Chan .  1995 .  Tissue-specifi c expression and cholesterol regulation 
of acylcoenzyme A:cholesterol acyltransferase (ACAT) in mice. 
Molecular cloning of mouse ACAT cDNA, chromosomal localiza-
tion, and regulation of ACAT in vivo and in vitro.    J. Biol. Chem.     270   :  
 26192 – 26201 .  

    51 .  Downs ,  L. G. ,  C. H.   Bolton ,  S. M.   Crispin , and  J. M.   Wills .  1993 . 
 Plasma lipoprotein lipids in fi ve different breeds of dogs.    Res. Vet. 
Sci.     54   :   63 – 67 .  

    52 .  Tardif ,  S. D. ,  M. L.   Power ,  C. N.   Ross ,  J. N.   Rutherford ,  D. G.  
 Layne-Colon , and  M. A.   Paulik .  2009 .  Characterization of obese 
phenotypes in a small nonhuman primate, the common marmoset 
(Callithrix jacchus).    Obesity (Silver Spring)   .    17   :   1499 – 1505 .  

    53 .  Yang ,  L. P. , and  G. M.   Keating .  2009 .  Fenofi bric acid: in combi-
nation therapy in the treatment of mixed dyslipidemia.    Am. J. 
Cardiovasc. Drugs   .    9   :   401 – 409 .  

    54 .  Serisier ,  S. ,  F.   Briand ,  K.   Ouguerram ,  B.   Siliart ,  T.   Magot , and  P.  
 Nguyen .  2006 .  Fenofi brate lowers lipid parameters in obese dogs.    
J. Nutr.     136   :   (Suppl.):   2037 – 2040 .  

    55 .  Srivastava ,  R. A. , and  S.   He .  2010 .  Anti-hyperlipidemic and insulin 
sensitizing activities of fenofi brate reduces aortic lipid deposition 
in hyperlipidemic Golden Syrian hamster.    Mol. Cell. Biochem.     345   :  
 197 – 206 .  

    56 .  Krause ,  B. R. , and  H. M.   Princen .  1998 .  Lack of predictability of 
classical animal models for hypolipidemic activity: a good time for 
mice?    Atherosclerosis   .    140   :   15 – 24 .  

    57 .  Harris ,  W. S.   1996 .  n-3 fatty acids and lipoproteins: comparison of 
results from human and animal studies.    Lipids   .    31   :   243 – 252 .  

    58 .  Patel ,  J. V. ,  I.   Tracey ,  E. A.   Hughes , and  G. Y.   Lip .  2009 .  Omega-3 
polyunsaturated fatty acids: a necessity for a comprehensive sec-
ondary prevention strategy.    Vasc. Health Risk Manag.     5   :   801 – 810 .  

    59 .  Bentzon ,  J. F. , and  E.   Falk .  2010 .  Atherosclerotic lesions in mouse 
and man: is it the same disease?    Curr. Opin. Lipidol.     21   :   434 – 440 .  

    60 .  Lusis ,  A. J.   2000 .  Atherosclerosis.    Nature   .    407   :   233 – 241 .  
    61 .  Shi ,  Z. S. ,  L.   Feng ,  X.   He ,  A.   Ishii ,  J.   Goldstine ,  H. V.   Vinters , and 

 F.   Vinuela .  2009 .  Vulnerable plaque in a Swine model of carotid 
atherosclerosis.    AJNR Am. J. Neuroradiol.     30   :   469 – 472 .  

    62 .  Kagawa ,  Y. ,  K.   Hirayama ,  E.   Uchida ,  Y.   Izumisawa ,  M.   Yamaguchi , 
 T.   Kotani ,  M.   Niiyama ,  T.   Yoshino , and  H.   Taniyama .  1998 . 
 Systemic atherosclerosis in dogs: histopathological and im-
munohistochemical studies of atherosclerotic lesions.    J. Comp. 
Pathol.     118   :   195 – 206 .  

    63 .  Dillard ,  A. ,  N. R.   Matthan , and  A. H.   Lichtenstein .  2010 .  Use of 
hamster as a model to study diet-induced atherosclerosis.    Nutr. 
Metab. (Lond)   .    7   :   89 .  

    64 .  Lands ,  W. E. M.   1960 .  Metabolism of glycerolipids. II . The enzy-
matic acylation of lysolecithin.   J. Biol. Chem.     235   :   2233–2237 .  

    65 .  Lands ,  W. E. , and  I.   Merkl .  1963 .  Metabolism of glycerolipids. III. 
Reactivity of various acyl esters of coenzyme A with alpha’-acylglyc-
erophosphorylcholine, and positional specifi cities in lecithin syn-
thesis.    J. Biol. Chem.     238   :   898–904 .  

    66 .  Jezyk ,  P. , and  W. E. M.   Lands .  1968 .  Specifi city of acyl-CoA: phos-
pholipid acyltransferases: solvent and temperature effects.    J. Lipid 
Res.     9   :   525 – 531 .  

    67 .  Abd ,  T. T. ,  D. J.   Eapen ,  A.   Bajpai ,  A.   Goyal ,  A.   Dollar , and  L.  
 Sperling .  2011.  The role of C-reactive protein as a risk predictor 
of coronary atherosclerosis: implications from the JUPITER trial. 
 Curr. Atheroscler. Rep .  13:  154–161  .  

    68 .  Jinbo ,  T. ,  S.   Hayashi ,  K.   Iguchi ,  M.   Shimizu ,  T.   Matsumoto ,  M.   Naiki , 
and  S.   Yamamoto .  1998 .  Development of monkey C-reactive protein 
(CRP) assay methods.    Vet. Immunol. Immunopathol.     61   :   195 – 202 .           

in Adults (Adult Treatment Panel III) fi nal report.    Circulation   .    106   :  
 3143 – 3421 .  

    27 .  Bajpai ,  A. ,  A.   Goyal , and  L.   Sperling .  2010 .  Should we measure 
C-reactive protein on earth or just on JUPITER?    Clin. Cardiol.     33   :  
 190 – 198 .  

    28 .  Genest ,  J.  C-reactive protein: risk factor, biomarker and/or thera-
peutic target?  Can. J. Cardiol.   26   (Suppl A):  41–44.  

    29 .  Claus ,  D. R. ,  A. P.   Osmand , and  H.   Gewurz .  1976 .  Radioimmunoassay 
of human C-reactive protein and levels in normal sera.    J. Lab. Clin. 
Med.     87   :   120 – 128 .  

    30 .  Quehenberger ,  O. ,  A. M.   Armando ,  A. H.   Brown ,  S. B.   Milne , 
 D. S.   Myers ,  A. H.   Merrill ,  S.   Bandyopadhyay ,  K. N.   Jones ,  S.   Kelly , 
 R. L.   Shaner ,  et al .  2010 .  Lipidomics reveals a remarkable diversity 
of lipids in human plasma.    J. Lipid Res.     51   :   3299 – 3305 .  

    31 .  Weng ,  T. C. ,  Y. H.   Yang ,  S. J.   Lin , and  S. H.   Tai .  2010 .  A systematic 
review and meta-analysis on the therapeutic equivalence of statins.  
  J. Clin. Pharm. Ther.     35   :   139 – 151 .  

    32 .  Tomassini ,  J. E. ,  T.   Mazzone ,  R. B.   Goldberg ,  J. R.   Guyton ,  R. S.  
 Weinstock ,  A.   Polis ,  E.   Jensen , and  A. M.   Tershakovec .  2009 .  Effect 
of ezetimibe/simvastatin compared with atorvastatin on lipopro-
tein subclasses in patients with type 2 diabetes and hypercholes-
terolaemia.    Diabetes Obes. Metab.     11   :   855 – 864 .  

    33 .  Cross ,  N. ,  M. K.   Pines , and  L. J.   Rogers .  2004 .  Saliva sampling to 
assess cortisol levels in unrestrained common marmosets and the 
effect of behavioral stress.    Am. J. Primatol.     62   :   107 – 114 .  

    34 .  Harchaoui ,  K. E. ,  M. E.   Visser ,  J. J.   Kastelein ,  E. S.   Stroes , and 
 G. M.   Dallinga-Thie .  2009 .  Triglycerides and cardiovascular risk.  
  Curr. Cardiol. Rev.     5   :   216 – 222 .  

    35 .  Grove ,  D. , and  H. J.   Pownall .  1991 .  Comparative specifi city of 
plasma lecithin:cholesterol acyltransferase from ten animal spe-
cies.    Lipids   .    26   :   416 – 420 .  

    36 .  Rousset ,  X. ,  B.   Vaisman ,  M.   Amar ,  A. A.   Sethi , and  A. T.   Remaley . 
 2009 .  Lecithin:cholesterol acyltransferase–from biochemistry to 
role in cardiovascular disease.    Curr. Opin. Endocrinol. Diabetes Obes.   
  16   :   163 – 171 .  

    37 .  Chang ,  T. Y. ,  C. C.   Chang ,  S.   Lin ,  C.   Yu ,  B. L.   Li , and  A.   Miyazaki . 
 2001 .  Roles of acyl-coenzyme A:cholesterol acyltransferase-1 and -2.  
  Curr. Opin. Lipidol.     12   :   289 – 296 .  

    38 .  Lee ,  R. G. ,  K. L.   Kelley ,  J. K.   Sawyer ,  R. V.   Farese ,  Jr .,  J. S.   Parks , 
and  L. L.   Rudel .  2004 .  Plasma cholesteryl esters provided by 
lecithin:cholesterol acyltransferase and acyl-coenzyme a:cholesterol 
acyltransferase 2 have opposite atherosclerotic potential.    Circ. Res.   
  95   :   998 – 1004 .  

    39 .  Cho ,  K. H. ,  J. Y.   Lee ,  M. S.   Choi ,  J. M.   Cho ,  J. S.   Lim , and  Y. B.   Park . 
 1998 .  A peptide from hog plasma that inhibits human cholesteryl 
ester transfer protein.    Biochim. Biophys. Acta   .    1391   :   133 – 144 .  

    40 .  Guyard-Dangremont ,  V. ,  C.   Desrumaux ,  P.   Gambert ,  C.   Lallemant , 
and  L.   Lagrost .  1998 .  Phospholipid and cholesteryl ester transfer 
activities in plasma from 14 vertebrate species. Relation to athero-
genesis susceptibility.    Comp. Biochem. Physiol. B Biochem. Mol. Biol.   
  120   :   517 – 525 .  

    41 .  Oliveira ,  H. C. ,  R. A.   Chouinard ,  L. B.   Agellon ,  C.   Bruce ,  L.   Ma , 
 A.   Walsh ,  J. L.   Breslow , and  A. R.   Tall .  1996 .  Human cholesteryl 
ester transfer protein gene proximal promoter contains dietary 
cholesterol positive responsive elements and mediates expres-
sion in small intestine and periphery while predominant liver 
and spleen expression is controlled by 5 ′ -distal sequences. Cis-
acting sequences mapped in transgenic mice.    J. Biol. Chem.     271   :  
 31831 – 31838 .  

    42 .  Jiang ,  X. C. ,  L. B.   Agellon ,  A.   Walsh ,  J. L.   Breslow , and  A.   Tall . 
 1992 .  Dietary cholesterol increases transcription of the hu-
man cholesteryl ester transfer protein gene in transgenic mice. 
Dependence on natural fl anking sequences.    J. Clin. Invest.     90   :  
 1290 – 1295 .  

    43 .  Quinet ,  E. M. ,  L. B.   Agellon ,  P. A.   Kroon ,  Y. L.   Marcel ,  Y. C.   Lee , 
 M. E.   Whitlock , and  A. R.   Tall .  1990 .  Atherogenic diet increases 
cholesteryl ester transfer protein messenger RNA levels in rabbit 
liver.    J. Clin. Invest.     85   :   357 – 363 .  

    44 .  Gal ,  D. ,  A. J.   Rongione ,  G. A.   Slovenkai ,  S. T.   DeJesus ,  A.   Lucas , 
 C. D.   Fields , and  J. M.   Isner .  1990 .  Atherosclerotic Yucatan micro-
swine: an animal model with high-grade, fi brocalcifi c, nonfatty le-
sions suitable for testing catheter-based interventions.    Am. Heart J.   
  119   :   291 – 300 .  

    45 .  Dixon ,  J. L. ,  S.   Shen ,  J. P.   Vuchetich ,  E.   Wysocka ,  G. Y.   Sun , and 
 M.   Sturek .  2002 .  Increased atherosclerosis in diabetic dyslipidemic 
swine: protection by atorvastatin involves decreased VLDL triglyc-


