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Objective—Accompanying more atherogenic lipoprotein profiles and an increased incidence of atherosclerosis, plasma
cholesteryl ester transfer protein (CETP) is depressed in diabetic obese patients compared with nondiabetic obese
counterparts. The depressed levels of CETP in the plasma of diabetic obese individuals may contribute to the
development of an atherogenic lipoprotein profile and atherogenesis. We have examined the effect of CETP expression
on vascular health in the db/db model of diabetic obesity.

Methods and Results—Transgenic mice expressing the human CETP minigene were crossed with db/db strain, and 3
groups of offspring (CETP, db, and db/CETP) were placed on an atherogenic diet for 16 weeks. The proximal aorta was
then excised and examined for the presence of atherosclerotic plaques. In db mice, 9 of 11 had intimal lesions with a
mean area of 26 098�7486 �m2. No lesions greater than 1000 �m2 were observed in db/CETP or CETP mice.
CETP-expressing mice had lower circulating cholesterol concentrations than db mice. Fractionating plasma lipids by
FPLC indicated that the difference in total cholesterol was primarily attributable to differences in VLDL and LDL.

Conclusions—The expression of human CETP in db/db mice prevented the formation of diet-induced lesions, suggesting
an antiatherogenic effect of CETP in the context of diabetic obesity. (Arterioscler Thromb Vasc Biol. 2003;23:1412-
1415.)
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Cholesteryl ester transfer protein (CETP) is a glycoprotein
that catalyzes the transfer of neutral lipids between the

plasma lipoproteins. In this respect, this enzyme is involved
in at least one arm of reverse cholesterol transport (RCT), an
antiatherogenic process by which cholesterol is cleared from
peripheral tissues.1 Even so, the atherogenic nature of CETP
has been the subject of much debate because both increased
and decreased CETP expression have been linked to elevated
risk and incidence of vascular disease.2 Thus, the atherogenic
nature of CETP is thought to depend on the metabolic context
in which it influences lipoprotein metabolism.

Obesity is a metabolic condition afflicting more than one
third of the population of the United States.3 Obesity is
accompanied by both a mild increase in vascular disease
complications4 as well as elevated plasma CETP activity.5–9 It
is unclear whether this perturbation in CETP activity contrib-
utes to altered lipoprotein profiles and elevated vascular
disease risk or is a normal consequence of elevated choles-
terol levels observed in these patients.5,10 Interestingly, obese
patients with type 2 diabetes have a higher risk of vascular
disease complications,11 higher circulating cholesterol lev-
els,5,10 and depressed levels of plasma CETP concentra-

tions5,12 compared with obese nondiabetic controls. This
suppressive effect of diabetes on plasma CETP is not appar-
ent in nonobese individuals.13–16 We have hypothesized that
depressed plasma CETP levels in obese patients with diabetes
may hinder the clearance of the high levels of peripheral
cholesterol that accompany obesity and contribute to elevated
atherosclerosis in these patients.

The purpose of this study was to examine the effects of
overexpressing CETP on vascular health and lipoprotein
profiles in the metabolic context of diabetic obesity. Trans-
genic mice expressing the human CETP gene were crossed
with db/db mice to produce the following 3 groups of
experimental offspring: normal mice expressing CETP
(CETP), diabetic obese mice not expressing CETP (db), and
diabetic obese mice expressing CETP (db/CETP). The 3
groups were fed an atherogenic diet for 16 weeks and
examined for atherosclerotic lesion development.

Methods
Transgenic mice expressing the human CETP minigene were ob-
tained from Dr Jan Breslow (Rockefeller University, New York,
NY).17 Heterozygous (�/db, C57BL/6J strain) male and female mice
were obtained from Jackson Laboratories (Bar Harbor, Maine) and
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were crossed with CETP mice over several generations to produce
mice for the following 3 experimental groups: CETP (�/�; C/C), db
(db/db; �/�), and db/CETP (db/db; C/C). All mice were housed
under alternating light/dark conditions (12 hours/12 hours), with
access to normal mouse chow and water during the breeding and
screening period. At 2 months of age, male mice chosen for the
experiment were placed on a 16-week diet containing 15% fat,
1.25% cholesterol, and 0.5% sodium cholate (Dyets Inc) that has
previously been shown to promote atherosclerosis in mice.18 After
16 weeks on the diet, the mice were euthanized in a CO2 tank, after
which blood and tissues were collected. All animal care and handling
was monitored by the University Animal Care and Use Committee in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals.

Characterization of atherosclerotic lesions in the proximal aorta
was based on the methods of Paigen et al.19 Frozen serial cross
sections of the aorta were cut and stained with oil red O and
processed according to Humason.20 When significant lesions were
detected (�1000 �m2), the area of the oil red O–positive staining
was calculated using NIH Image software. Oil red O staining of
arterial cross sections was quantified by image analysis software and
is shown to indicate the extent of intramural lipid deposition. Blood
samples were measured for CETP activity, glucose, total cholesterol
(TC), nonesterified fatty acids (NEFAs), and triglycerides (TG) as
previously described.21,22 Intraperitoneal glucose tolerance tests

were performed as described by others,23 and results are expressed as
area under the glucose curve. Lipoproteins were separated with
FPLC, and cholesterol was quantified with an in-line detection
system based on that described by Kieft et al.24 Data were analyzed
by one-way ANOVA with Fisher’s least-significant difference post-
hoc test (Systat, SPSS Inc).

Results
Regardless of the expression of the CETP transgene, mice
that were heterozygous for the db mutation were severely
obese (CETP, 24�3; db, 41�4; db/CETP, 38�4 g), hyper-
glycemic (CETP, 72�4; db, 139�13; db/CETP, 152�13
mg/dL), and less tolerant of a glucose challenge (CETP,
8.8�0.9; db, 23.2�3.1; db/CETP, 20.2�2.6 g/dL per min).
Fasting plasma CETP activity was approximately 3 times
higher (�250 nmol/mL per h) in CETP and db/CETP mice
than is normally found in humans,5,25 whereas the activity in
db mice was negligible. After being fed the atherogenic diet
for 16 weeks, the animals were killed and examined for oil

Figure 1. Cholesterol distribution among the plasma lipopro-
teins. Plasma samples were collected 90 days into the dietary
regimen, pooled, and characterized by FPLC to obtain the rela-
tive concentration of cholesterol in VLDL, IDL/LDL, and HDL.

Figure 2. Weight and plasma lipid con-
centrations in response to 16 weeks on
an atherogenic diet. The 3 groups of mice
were placed on a 16-week atherogenic
diet, during which weight (A), plasma total
cholesterol (B), plasma total TG (C), and
nonesterified fatty acids (D) were deter-
mined at 30-day intervals.

Characteristics of CETP, db, and db/CETP Mice After 16 Weeks
on a High-Fat Diet

CETP
(Nondiabetic
With CETP)

Db
(Diabetic Obese
Without CETP)

db/CETP
(Diabetic Obese

With CETP)

Genotype �/�;C/C db/db;�/� db/db;C/C

No. of mice with plaques �1000
�m2/total

0/15 9/11 0/14

Intramural fat deposition, AU 18�11 60�17* 23�15†

Body mass, g 30�3 49�4* 61�5*†

CETP activity, nmol/mL per h 602�12 5�10 610�22†

TC, mmol/L 4.42�0.08 7.99�0.65* 5.36�0.26*†

*P�0.05 vs nondiabetic with CETP (CETP).
†P�0.05 vs diabetic without CETP (db).
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red O–positive intimal plaque lesions and intramural fat
deposition (Table). Substantial lesions (�1000 �m2) were
only detected in db mice. These lesions consisted of cells
filled with oil red O droplets, previously referred to as foam
cells,19 and penetrated deep within the endothelial lining of
the ascending aorta. There were 1 to 3 lesions per section
examined, and the area of individual lesions varied between
1067 and 96 887 �m2, with an average of 26 098�7486 �m2.
Mice expressing CETP had lower levels of circulating cho-
lesterol than db mice (Table). Blood samples that were
collected and pooled 90 days into the dietary regimen and
fractionated by FPLC indicated that the higher TC observed
in db mice was reflected primarily in a greater amount of
VLDL-C and IDL/LDL-C subfractions (Figure 1).

Figure 2 displays body weight and pooled plasma deter-
minations of TC, TG, and NEFAs throughout the course of
the dietary regimen. Interestingly, after 60 days, there was a
distinct difference in body weight between db and db/CETP
mice. Plasma cholesterol was higher in db mice than in
db/CETP or CETP mice throughout the entire dietary regi-
men (Figure 2B). Plasma TGs were higher in mice homozy-
gous for the db mutation (Figure 2C), but these differences
were eliminated by the end of the dietary regimen. NEFAs
were elevated in db mice throughout the diet (Figure 2D). The
peak area for VLDL, IDL/LDL, and HDL was obtained from
FPLC chromatograms derived from the 3 groups. VLDL-C
was higher in the db mice than in the other groups in all but
the final time point (Figure 3A). IDL/LDL-C gradually
increased during the dietary regimen in all 3 groups of mice
but was higher in the db mice than in the mice expressing
CETP (Figure 3B). At the start of the dietary regimen,
HDL-C was 3-fold higher in db mice than in those expressing
the CETP transgene (Figure 3C). HDL-C in db/CETP mice
gradually increased during the diet to a level similar to that
found in db mice.

Discussion
The expression of CETP in db/db mice prevented the devel-
opment of diet-induced intimal plaque lesions. The vascular
health of diabetic obese mice that expressed CETP was
similar to the nondiabetic transgenic mice that we report here
and to nondiabetic male wild-type mice (�/�; �/�) reported
elsewhere18 in that lesion size, if any was less than 1000 �m2.
Consistent with these observations, the lipid and lipoprotein
profile seemed to be more atherogenic in db mice than in
either of the other groups expressing CETP with respect to
their higher levels of VLDL-C and LDL-C. These data
suggest that in the metabolic context of diabetic obesity,
CETP may play an important role in prevention of athero-
genic lipoprotein profiles and atherosclerosis.

The effect of CETP on vascular health has been the subject
of much research and debate,2 pitting the suppressive effects
of CETP on HDL versus the putative role of CETP in reverse
cholesterol transport. Although the introduction of CETP into
db mice seemed to lower HDL-C levels, it also prevented
significant lesion development in response to the diet. Our
studies are consistent with the finding that the introduction of
the human CETP gene decreased atherosclerosis in hypertri-
glyceridemic mice26 and those that overexpress lecithin:cho-

lesterol acyltransferase.27 From a mechanistic perspective,
CETP has been shown to promote cholesterol efflux from
cultured smooth muscle cells28 and from lipid-loaded foam
cells.29 It is unclear whether these observed effects are the
result of the effects of CETP on HDL’s clearance of choles-
terol from the periphery or on apolipoprotein B–containing
lipoprotein metabolism. Although additional studies are re-
quired to identify the mechanisms behind this protective
effect in this model, these results suggest that in this meta-
bolic context of diabetic obesity, CETP may have beneficial
effects on vascular health.

In summary, the introduction of CETP into the diabetic
mouse model, db/db, resulted in less atherosclerosis, lower
TC, lower VLDL-C, and lower IDL/LDL-C. In this particular
model, CETP is clearly antiatherogenic, suggesting that in the
context of diabetic obesity, CETP may be antiatherogenic.
Even so, there are certain conditions in which CETP may
promote atherosclerosis, as in the case when LDL receptor–
mediated LDL uptake or alternative RCT pathways are
impaired. Thus, clinical treatments of vascular disease in
humans that target CETP may need to be directed according
to the metabolic context of the patient and may need to

Figure 3. Relative amount of cholesterol in VLDL, IDL/LDL/C,
and HDL in response to 16 weeks on an atherogenic diet. The 3
groups of mice were placed on a 16-week atherogenic diet,
during which plasma samples were collected and pooled at
30-day intervals. A, VLDL; B, IDL/LDL; and C, HDL in the
pooled samples were separated with FPLC and cholesterol
quantified with an in-line detection system.
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include the concomitant targeting of other steps in the reverse
cholesterol transport pathway.

Acknowledgments
This work was supported by a grant from the Department of Health
and Human Services (DK45029) and the excellent technical assis-
tance of Joanie Zary, Tom Green, Rania Abdel Rahman, and Brian
Roberts.

References
1. Bruce C, Chouinard RA Jr, Tall AR. Plasma lipid transfer proteins,

high-density lipoproteins, and reverse cholesterol transport. Annu Rev
Nutr. 1998; 297–330.

2. Stevenson CG. Cholesterol ester transfer protein: a molecule with three
faces? Crit Rev Clin Lab Sci. 1998;6:517–546.

3. Kuczmarski RJ, Flegal KM, Campbell SM, Johnson CL. Increasing
prevalence of overweight among US adults: the National Health and
Nutrition Examination Surveys, 1960 to 1991. JAMA. 1994;3:205–211.

4. Manson JE, Colditz GA, Stampfer MJ, Willett WC, Rosner B, Monson
RR, Speizer FE, Hennekens CH. A prospective study of obesity and risk
of coronary heart disease in women. N Engl J Med. 1990;13:882–889.

5. MacLean PS, Bower JF, Vadlamudi S, Green T, Barakat HA. Lipoprotein
subpopulation distributions in lean, obese, and type 2 diabetic women: a
comparison of African and white Americans. Obes Res. 2000;1:62–70.

6. Dullaart RP, Sluiter WJ, Dikkeschei LD, Hoogenberg K, Van Tol A.
Effect of adiposity on plasma lipid transfer protein activities: a possible
link between insulin resistance and high density lipoprotein metabolism.
Eur J Clin Invest. 1994;3:188–194.

7. Arai T, Yamashita S, Hirano K, Sakai N, Kotani K, Fujioka S, Nozaki S,
Keno Y, Yamane M, Shinohara E, et al. Increased plasma cholesteryl
ester transfer protein in obese subjects: a possible mechanism for the
reduction of serum HDL cholesterol levels in obesity. Arterioscler
Thromb. 1994; 7:1129–1136.

8. Hayashibe H, Asayama K, Nakane T, Uchida N, Kawada Y, Nakazawa S.
Increased plasma cholesteryl ester transfer activity in obese children.
Atherosclerosis. 1997;1:53–58.

9. Riemens SC, van Tol A, Sluiter WJ, Dullaart RP. Plasma phospholipid
transfer protein activity is related to insulin resistance: impaired acute
lowering by insulin in obese type II diabetic patients. Diabetologia.
1998;8:929–934.

10. Barakat HA, Carpenter JW, McLendon VD, Khazanie P, Leggett N,
Heath J, Marks R. Influence of obesity, impaired glucose tolerance, and
NIDDM on LDL structure and composition: possible link between hy-
perinsulinemia and atherosclerosis. Diabetes. 1990;12:1527–1533.

11. Abbott RD, Donahue RP, Kannel WB, Wilson PW. The impact of
diabetes on survival following myocardial infarction in men vs women:
the Framingham Study. JAMA. 1988;23:3456–3460.

12. Kahri J, Syvanne M, Taskinen MR. Plasma cholesteryl ester transfer
protein activity in non-insulin–dependent diabetic patients with and
without coronary artery disease. Metabolism. 1994;12:1498–1502.

13. Lottenberg SA, Lottenberg AM, Nunes VS, McPherson R, Quintao EC.
Plasma cholesteryl ester transfer protein concentration, high-density
lipoprotein cholesterol esterification and transfer rates to lighter density
lipoproteins in the fasting state and after a test meal are similar in type II
diabetics and normal controls. Atherosclerosis. 1996;1:81–90.

14. Elchebly M, Porokhov B, Pulcini T, Berthezene F, Ponsin G. Alterations
in composition and concentration of lipoproteins and elevated cholesteryl
ester transfer in non-insulin-dependent diabetes mellitus (NIDDM). Ath-
erosclerosis. 1996;1–2:93–101.

15. Jones RJ, Owens D, Brennan C, Collins PB, Johnson AH, Tomkin GH.
Increased esterification of cholesterol and transfer of cholesteryl ester to
apo B-containing lipoproteins in type 2 diabetes: relationship to serum
lipoproteins A-I and A-II. Atherosclerosis. 1996;2:151–157.

16. Bagdade JD, Lane JT, Subbaiah PV, Otto ME, Ritter MC. Accelerated
cholesteryl ester transfer in noninsulin-dependent diabetes mellitus. Ath-
erosclerosis. 1993;1–2:69–77.

17. Jiang XC, Agellon LB, Walsh A, Breslow JL, Tall A. Dietary cholesterol
increases transcription of the human cholesteryl ester transfer protein
gene in transgenic mice: dependence on natural flanking sequences.
J Clin Invest. 1992;4:1290–1295.

18. Paigen B, Morrow A, Brandon C, Mitchell D, Holmes P. Variation in
susceptibility to atherosclerosis among inbred strains of mice. Athero-
sclerosis. 1985;1:65–73.

19. Paigen B, Morrow A, Holmes PA, Mitchell D, Williams RA. Quantitative
assessment of atherosclerotic lesions in mice. Atherosclerosis. 1987;3:
231–240.

20. Humason GL. Animal Tissue Techniques. 3rd ed. San Francisco: W.H.
Freeman; 1971:307–308.

21. MacLean PS, Vadlamudi S, Hao E, Barakat HA. Differential expression
of cholesteryl ester transfer protein (CETP) in the liver and plasma of
fasted and fed transgenic mice. J Nutr Biochem. 2000;11:318–325.

22. Maclean PS, Tanner CJ, Houmard JA, Barakat HA. Plasma cholesteryl
ester transfer protein activity is not linked to insulin sensitivity. Metab-
olism. 2001;7:783–788.

23. Wojtaszewski JF, Higaki Y, Hirshman MF, Michael MD, Dufresne SD,
Kahn CR, Goodyear LJ. Exercise modulates postreceptor insulin sig-
naling and glucose transport in muscle-specific insulin receptor knockout
mice. J Clin Invest. 1999;9:1257–1264.

24. Kieft KA, Bocan TM, Krause BR. Rapid on-line determination of cho-
lesterol distribution among plasma lipoproteins after high-performance
gel filtration chromatography. J Lipid Res. 1991;5:859–866.

25. MacLean PS, Vadlamudi S, MacDonald KG, Pories WJ, Houmard JA,
Barakat HA. Impact of insulin resistance on lipoprotein subpopulation
distribution in lean and morbidly obese nondiabetic women. Metabolism.
2000;3:285–292.

26. Hayek T, Masucci-Magoulas L, Jiang X, Walsh A, Rubin E, Breslow JL,
Tall AR. Decreased early atherosclerotic lesions in hypertriglyceridemic
mice expressing cholesteryl ester transfer protein transgene. J Clin Invest.
1995;4:2071–2074.

27. Foger B, Chase M, Amar MJ, Vaisman BL, Shamburek RD, Paigen B,
Fruchart-Najib J, Paiz JA, Koch CA, Hoyt RF, Brewer HB Jr,
Santamarina-Fojo S. Cholesteryl ester transfer protein corrects dysfunc-
tional high density lipoproteins and reduces aortic atherosclerosis in
lecithin cholesterol acyltransferase transgenic mice. J Biol Chem. 1999;
52:36912–36920.

28. Stein Y, Stein O, Olivecrona T, Halperin G. Putative role of cholesteryl
ester transfer protein in removal of cholesteryl ester from vascular inter-
stitium, studied in a model system in cell culture. Biochim Biophys Acta.
1985;3:336–345.

29. Morton RE. Interaction of plasma-derived lipid transfer protein with
macrophages in culture. J Lipid Res. 1988;10:1367–1377.

MacLean et al CETP, Diabetes, and Atherosclerosis 1415


