
1168 Journal of Lipid Research Volume 61, 2020

Copyright © 2020 Morton and Liu. Published under exclusive license by The American 
Society for Biochemistry and Molecular Biology, Inc.
This article is available online at https://www.jlr.org

cholesterol transport • triglyceride • lipid metabolism • high density 
lipoprotein

Cholesteryl ester transfer protein (CETP) mediates the 
transfer of lipids between VLDL, LDL, and HDL lipopro-
teins. From a metabolic standpoint, perhaps the most im-
portant feature of CETP is its ability to facilitate the net 
movement of cholesteryl ester (CE) from one lipoprotein 
to another in exchange for TG (1). Through this mecha-
nism, CETP alters the composition of lipoproteins and, 
consequently, influences their metabolism (2–6).

Reverse cholesterol transport (RCT) is the mechanism 
whereby cholesterol in nonhepatic cells is transported to 
the liver for excretion (7). HDL plays a central role in this 
pathway, serving as a platform for both removing choles-
terol from cells and the conversion of this cholesterol to CE 
by LCAT (7). In humans, much of this CE does not remain 
in the HDL particle, but is transferred to VLDL and LDL by 
CETP (8). As a result of this transfer, up to two-thirds of cel-
lular cholesterol that is delivered to the liver for excretion 
occurs through VLDL and LDL instead of HDL (9, 10).

Given its central role in human lipoprotein metabolism, 
CETP is a likely target for manipulating plasma lipid me-
tabolism. Inhibiting CETP dramatically increases HDL 
cholesterol levels, but this has rarely shown clinical benefit 
(11). As a result, there is a growing consensus that the flux 
of cholesterol through the HDL compartment, not the ab-
solute concentration of HDL, is most important for its pro-
tective role in cardiovascular disease (12). Blocking CETP 
impairs this flux causing CE, which mostly originates on 
HDL, to remain there. We previously suggested a novel 
therapeutic approach that focuses on harnessing the power 
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of CETP to move lipids and influence lipoprotein metabo-
lism (13). This approach capitalizes on the findings that 
the specificity of CETP for CE or TG as transfer substrate 
can be altered by small changes in its structure and by com-
pounds that bind to CETP (13, 14). In vitro, modifying this 
preference altered the ability of CETP to facilitate net CE 
and TG transfer between VLDL and HDL. The overall ob-
jective of the studies described here was to explore the po-
tential therapeutic value of modifying CETP’s substrate 
preference in vivo. These studies test the consequence of 
changing the CE versus TG preference of circulating CETP 
in an animal model where CETP is naturally expressed. 
This was achieved by expressing human CETP in hamsters. 
This approach takes advantage of the naturally higher pref-
erence of human CETP for CE, whereas hamster CETP pre-
fers TG as a transfer substrate (15). The impact of altering 
this substrate preference on the levels and physicochemical 
properties of plasma lipoproteins and on the excretion of 
cholesterol into feces were measured. The findings illus-
trate the potential for CETP substrate preference modifica-
tion as a viable approach for altering plasma lipoproteins.

MATERIALS AND METHODS

Isolation and radiolabeling of lipoproteins
Human and hamster plasma lipoproteins were isolated by 

sequential ultracentrifugation (16). In some instances, human lipo-
proteins were doubly labeled with 3H-TG and 14C-CE by a disper-
sion method (17) before their isolation from plasma. For RCT 
assays, HDL was labeled with 3H-CE as previously described (18). 
Alternatively, to radiolabel VLDL, LDL, and HDL with 3H-CE, 
HDL was initially radiolabeled to high specific activity by CETP-
mediated transfer of 3H-CE from 3H-liposomes, followed by reiso-
lation of HDL by ultracentrifugation (19). Subsequently, VLDL, 
LDL, or HDL were incubated with CETP and a small quantity of 
3H-CE HDL (<1.5% of unlabeled lipoprotein) (13). 3H-CE-la-
beled VLDL, LDL, and HDL were then re-isolated within their 
original density limits. 3H-CE {[1,2 -3H(N)]cholesteryl oleate}, 14C-
CE (cholesteryl-[1-14C]oleate), and 3H-TG {[9,10-3H(N)]triolein} 
were purchased from PerkinElmer, Inc. (Waltham, MA).

Adenovirus constructs
A vector containing human CETP cDNA (M30185.1) was 

purchased from Open Biosystems (Pittsburgh, PA). Human 
CETP cDNA with a single amino acid mutation (H232A) and the 
cDNA for golden Syrian hamster CETP (Mesocricetus auratus 
(XM_005078609.2) were synthesized by Gen-Script (Piscataway, 
NJ). All constructs contain native start and stop codons plus the 
coding sequence for the 17 amino acid signal peptide. Recombi-
nant E1/E3-deleted adenovirus (serotype 5) constructs containing 
the CMV promoter alone (Ad-null), hamster CETP (Ad-haCETP), 
human CETP (Ad-huCETP), or H232A human CETP (Ad-H232A) 
were custom synthesized by Vector Biolabs (Malvern, PA) using 
these CETP open reading frames.

In vitro CE mass transfer assays
For CE transfer assays, CETPs were obtained by transforming 

HepG2 cells with adenoviral constructs expressing hamster CETP, 
human CETP, or human H232A CETP. Conditioned media from 
cells grown in Opti-MEM (Life Technologies Corp., Grand Island, 
NY) for 48 h were used as sources of these CETPs. VLDL, LDL, 

and HDL were combined in a cholesterol ratio of 1 to 4.1 to 2.3, 
respectively, approximating the ratio of these lipoproteins in nor-
mal human plasma. For each transfer assay, one of these lipopro-
teins was radiolabeled with 3H-CE. This permitted measurement 
of CE transfer between all six donor lipoprotein-acceptor lipopro-
tein pairs in this mixture. Lipoproteins and CETP were combined 
in Tris-buffered saline containing 1% BSA and incubated at 37°C 
(17). At 1.5 and 3 h time points, aliquots were placed on ice and 
combined with 4-fold excess unlabeled lipoproteins. Assay blanks 
(t = 0) lacked CETP. Triplicate samples were adjusted with NaBr 
to a density of 1.019 or 1.063 g/ml, and then lipoproteins were 
fractionated by ultracentrifugation (16). This yielded, VLDL and 
LDL+HDL fractions (d = 1.019) and VLDL+LDL and HDL frac-
tions (d = 1.063). 3H in each fraction was quantified by liquid scin-
tillation counting. This determined VLDL and HDL radioactivity 
directly, whereas LDL radioactivity was calculated [LDL = (VLDL 
+ LDL)  VLDL]. The fraction of 3H-CE transferred to a given li-
poprotein was multiplied times the CE mass in the donor lipopro-
tein to determine the mass of CE transferred. Lipid transfers were 
linear over the 3 h time course for each donor/acceptor pair. In 
order to compare CETPs with different CE transfer potential, re-
ported lipid transfer values were normalized so that the sum of CE 
transfers between the six donor/acceptor pairs was the same.

Animals
Male golden Syrian hamsters (101–110 g, 7 weeks old) were 

purchased from Charles River Laboratories (Wilmington, MA). A 
jugular vein catheter was surgically placed and exteriorized dor-
sally. Following catheter placement, animals were individually 
housed. Hamsters were allowed to recover for approximately 1 
week before the start of a study. For adenovirus injection, jugular 
vein catheters were flushed with sterile saline followed by injec-
tion of in vivo quality CsCl-gradient purified adenovirus (2–5 × 109 
pfu), a second saline flush, and then heparin/glycerol catheter 
lock solution (Braintree Scientific, Inc., Braintree, MA). This 
route of administration targets the adenovirus to the liver (20). 
Chow diet (Envigo, Madison, WI) was provided ad libitum for the 
duration of the study. On day 4, the jugular vein catheters were 
flushed with saline, 3H-CE HDL (300 l containing 125 g pro-
tein, 2 Ci 3H) injected, followed by a second saline flush and 
catheter lock solution. Animals were transferred to cages with 
wire-bottom platforms to facilitate complete feces collection. Af-
ter 48 h, blood was collected, and animals were euthanized. A 
segment of fresh liver was minced and homogenized (100 mg 
liver per milliliter of water) with a Tissue-Tearor (BioSpec Prod-
ucts, Bartlesville, OK). The remaining portion of liver was imme-
diately snap-frozen in liquid N2 and stored at 80°C for future 
analysis. Feces were dried overnight at 55°C, pulverized, sus-
pended in 50% ethanol (100 mg feces per milliliter), and homog-
enized as above. The 3H content of liver and fecal homogenates 
was determined by liquid scintillation counting of triplicate ali-
quots. Samples were counted a second time after the addition of 
a 3H internal standard to quantify quenching caused by sample 
color. Original sample 3H values were then corrected for differ-
ences in counting efficiency. Plasma 3H was determined by direct 
scintillation counting of whole plasma. Total plasma 3H calcula-
tions assumed a plasma volume of 3.5% of body weight. The 
Cleveland Clinic’s Institutional Animal Care and Use Committee 
approved all animal studies.

Quantification of CETP in hamster plasma
The assay conditions below were established following optimi-

zation of the quantity the TP2 antibody and the length of its incu-
bation with plasma, and the quantity of immobilized anti mouse 
IgG and the time it was incubated with TP2-CETP complexes. 
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Hamster plasma was diluted 10-fold with PBS. Diluted plasma (30 
l) was combined with 300 ng TP2 anti-CETP antibody (Ottawa 
Heart Institute, Ottawa, Ontario, Canada) and incubated at room 
temperature for 1 h. Fifty microliters of M-280 sheep anti mouse 
IgG magnetic Dynabeads (Invitrogen, Carlsbad, CA) were washed 
twice with PBS containing 0.1% BSA, and then resuspended in 
1 ml of the same buffer. Plasma incubated with TP2 was then 
combined with the washed Dynabead suspension and mixed end-
over-end for 1 h at room temperature. Incubated beads were 
washed twice with 1 ml PBS. After the second wash, residual buffer 
was carefully removed, and then 50 l of 1× SDS-PAGE buffer 
[62.5 mM Tris-HCl (pH 8.3), 2% sodium dodecyl sulfate, 10% 
glycerol, 5% -mercaptoethanol, and 0.5 mg/ml bromophenol 
blue] were added and samples heated at 100°C for 5 min. Beads 
were removed by a magnet and the supernatant containing CETP 
was collected. Samples were fractionated by SDS-PAGE on 8% gels 
(Invitrogen). To adequately resolve hamster and human CETP, 
gels were electrophoresed until the 53k Da molecular weight stan-
dard (Lonza, Rockland, ME) was near the bottom of the gel. 
Proteins were transferred to PVDF, and CETP was detected with 
TP2 antibody followed by a goat anti-mouse IgG HRP secondary 
antibody (21). Bands were visualized by Western Lightning Plus 
ECL reagent (Perkin-Elmer Life Sciences). Chemiluminescence 
was captured on a digital imager (GE Healthcare, Marlborough 
MA) and quantified by ImageJ (https://imagej.nih.gov/ij/).

For CETP quantitation, plasma from three hamsters that devel-
oped high levels of plasma CETP in response to Ad-haCETP were 
pooled and stored at 20°C. This standard was serially diluted 
and immunoprecipitated as described above to create a four 
point standard curve that was run on every gel along with un-
knowns. Relative CETP concentrations determined from this stan-
dard curve were then normalized to the average CETP value for 
Ad-null animals.

Plasma CETP activity
Hamster plasma (10 l) was combined with 100 g 3H-TG, 14C-

CE- labeled human LDL, 100 g unlabeled human HDL, and 
Tris-buffered 1% BSA in 0.7 ml final volume as previously de-
scribed (22). After 5 h at 37°C, lipid transfer was stopped by the 
addition of 200 l of 0.45 M sodium phosphate (pH 7.4) and 300 
l of 0.1 M MnCl2. After centrifugation to pellet the VLDL/LDL 
precipitate, radiolabel in the HDL-containing supernatant was de-
termined by scintillation counting. Transfer was calculated as pre-
viously described (23).

mRNA qPCR
Liver tissues were homogenized by a Tissuelyser II (Qiagen, 

Germantown, MD). Total RNA was extracted using TRIzol re-
agent (Invitrogen, Carlsbad, CA). First-strand cDNAs were synthe-
sized using random primers and reverse transcriptase (Promega, 
Madison, WI). qPCR was performed using Power SYBR™ Green 
PCR Master Mix (Thermo Fisher Scientific, Waltham, MA) and a 
StepOnePlus RT-PCR system (Life Technologies Corp.). qPCR 
primers are listed in supplemental Table S1. mRNA values were 
normalized to ACTB. Gene expression was calculated using the 
2CT method (24) and reported relative to control cells.

Cholesterol efflux assay
RAW264.7 mouse macrophages (TIB-71, American Type Cul-

ture Collection, Manassas, VA) were labeled overnight with 3H-
cholesterol in DMEM + 0.2% BSA. Labeled cells were then 
incubated ±0.3 mM 8-bromo cAMP (Sigma-Aldrich, St. Louis, 
MO) in DMEM + 0.2% BSA to upregulate ABCA1 expression. The 
following day, cells were washed and incubated in the same me-
dium plus 2.8% ApoB-depleted serum (= 2% of original serum) 

(25). After 4 h, medium was removed and centrifuged to remove 
cell debris. Cells were solubilized with RIPA buffer. 3H in both 
fractions was quantified by scintillation counting. 3H-cholesterol 
efflux was calculated as the percent of total counts per minute 
recovered in the media. ABCA1-dependent efflux was determined 
from the difference between total efflux (plus 8-bromo cAMP) 
and ABCA1-independent efflux (minus 8-bromo cAMP) cells.

MS
HDL proteins were reduced with DTT and alkylated with iodo-

acetamide prior to trypsin digestion. Samples were desalted (Pep-
Clean C18 spin column; Thermo Fisher Scientific), evaporated, 
and reconstituted in 1% acetic acid for LC/MS analysis on a 
Thermo Fisher LTQ-Obitrap Elite hybrid mass spectrometer sys-
tem. The HPLC column was a Dionex 15 cm × 75 m id Acclaim 
Pepmap C18, 2 m, 100 Å reversed phase capillary chromatogra-
phy column. Peptides eluted from the column by an acetoni-
trile/0.1% formic acid gradient at a flow rate of 0.3 l/min were 
introduced into the mass spectrometer on-line.

Data were analyzed using the Proteome Discoverer V2.3 soft-
ware package and MS/MS data were searched using the Sequest 
component of this software and the UniProtKB Unreviewed 
(TrEMBL) protein sequence database of golden hamster [10036] 
containing 31,951 entries. The MS/MS spectra were used for pep-
tide sequencing and protein identification, and the full scans were 
used for peptide precursor intensity calculations. Two missed 
and/or nonspecific cleavages were permitted. Carbamidomethyl-
ation of C and oxidation of M were considered. Mass tolerance for 
precursor ions was 10 ppm and tolerance for fragment ions was 
0.8 Da. The estimated false discovery rate was <1% based on a 
decoy database search. The threshold score value for accepting 
individual spectra was 1% false discovery rate. Single-peptide 
identification of proteins was not used. Relative protein abun-
dance was determined using the Minora Feature Detector node of 
Proteome Discoverer and normalized by the total peptide amount 
in each sample. The peptides used in this quantitation corre-
sponded to unique + razor.

Other analytical methods
Plasma lipoproteins were fractionated by tandem Superose 6 

columns as previously described (22, 26). The column eluate was 
continuously combined with Infinity cholesterol detection re-
agent (Thermo Fisher Scientific) and the reaction product was 
monitored at 505 nm. VLDL, LDL, and HDL peaks were identi-
fied based on the elution profile of hamster lipoproteins isolated 
by ultracentrifugation.

Protein was measured by a modification of the Lowry et al. 
method (27) with BSA as standard. Total cholesterol (TC), free 
cholesterol (FC), and TG were quantified by enzyme-based kits 
from Thermo Fisher Scientific (TC, TG) or from Wako Diagnos-
tics Inc., Mountain View, CA (FC). CE was calculated as TC minus 
FC times 1.69 to adjust for the fatty acid contained in this mole-
cule. Phospholipid phosphorus was determined chemically by the 
method of Bartlett (28). HDL particle size distribution was deter-
mined by native gradient gel electrophoresis (29, 30).

To quantify tissue cholesterol, liver homogenates were saponi-
fied with 2% ethanolic KOH at 60°C for 1 h, and then lipids were 
extracted (31). Following removal of solvent under N2, choles-
terol was measured by a ferric chloride method (32). To measure 
liver TG, homogenate lipids were extracted (31), solvent re-
moved, and lipids solubilized with 2.5% Triton X-100. TG was 
quantified by an enzymatic kit (Thermo Fisher Scientific).

Statistical analysis was performed by unpaired t-test (Instat 3, 
GraphPad Software, San Diego, CA). P values <0.05 were consid-
ered statistically significant. Group sizes are indicated in the tables 
and figures.
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RESULTS

Impact of CETP substrate preference on CE net transfer 
in vitro

We previously observed that hamster CETP, unlike hu-
man CETP, prefers TG over CE as a substrate (15). This 
difference in substrate preference altered the net transfer 
of CE and TG between isolated HDL and VLDL (13, 15). 
To assess how differences in CETP substrate preference 
might impact the overall distribution of CE between plasma 
lipoproteins, we measured the CETP-mediated net transfer 
of CE between a plasma-like mixture of VLDL, LDL, and 
HDL. For these studies, recombinant hamster CETP, hu-
man CETP, and the H232A mutant of human CETP, which 
has a very high preference for CE as a substrate (13, 14), 
were expressed in HepG2 cells. This provided CETPs of 
widely differing CE versus TG substrate preference (Fig. 
1A). Rates of CE mass transfer between each pair of lipo-
proteins within this mixture were measured. To facilitate 
comparisons, transfers were normalized so that the sum of 
CE transfers between all lipoproteins was the same for each 
CETP. CETP substrate preference had no detectable im-
pact on CE transfer between LDL and HDL (Table 1). 
Compared with native human CETP’s activity with these 
human lipoproteins, hamster CETP promoted greater net 
transfer of CE from LDL and HDL into VLDL, whereas 
H232A human CETP promoted lower CE transfer to VLDL 
(Table 2). CETP preference had a relatively small impact 
on the relative contribution of HDL versus LDL as CE do-
nors to VLDL. Overall, these data show that CETP substrate 
preference directly impacts the net transfer of CE from CE-
rich lipoproteins to TG-rich lipoproteins.

Expression of human CETP in hamsters
To extend these findings, we examined the consequence 

of expressing human CETP in hamsters. The in vitro stud-
ies above compared these CETPs as they interacted with 
human lipoproteins. Therefore, we initially sought to verify 
in vitro that these transfer proteins interact similarly with 
human and hamster lipoproteins. CE transfer facilitated by 
human CETP was the same whether human or hamster li-
poproteins were used in the assay (Fig. 1B). Likewise, ham-
ster CETP activity was the same with human or hamster 
lipoproteins (Fig. 1C).

CETP expression in hamsters was achieved by recombi-
nant adenovirus infection. Hamsters received either con-
trol adenovirus (Ad-null) or an adenovirus expressing 
either hamster CETP (Ad-haCETP) or human CETP (Ad-
huCETP). To quantify hamster and human CETP in plasma, 
an assay was developed using the anti-human CETP TP2 
antibody. The TP2 epitope is fully conserved in hamster 
CETP (13, 33). Hamster CETP has a smaller apparent mo-
lecular weight due to reduced carbohydrate content (15, 
34). This difference facilitated separation of hamster and 
human CETP by SDS-PAGE. Immunoprecipitation of CETP 
in the plasma from Ad-haCETP and Ad-huCETP animals 
with the TP2 antibody isolated both CETPs (Fig. 2A). An 
IgG1 kappa isotype control antibody did not precipitate 
these proteins (Fig. 2B). As illustrated here, in some instances 
the electrophoretic conditions resolved human CETP into 
two bands, reflecting the two previously recognized glyco-
sylation states of this protein (34). Immunoprecipitation 
conditions were established such that the amount of CETP 
precipitated was linearly related to plasma dosage (Fig. 2C, 

Fig. 1. CETP transfer properties. A: The ratio of CE 
transfer activity to TG transfer activity mediated by the 
indicated CETP. H232A is the H232A mutation of hu-
man CETP. Values are mean ± SD, n = 4. The capacity 
of human (B) or hamster (C) CETP to facilitate CE 
transfer from LDL to HDL was measured using equal 
amounts of lipoproteins (Lps) isolated from human 
(Hu) and from hamster (Ha) plasma. Values are 
mean ± SD, n = 3.

TABLE 1. CE transfer between lipoproteins by different CETPs: unidirectional transfer

CETP

CE Transfer from/to the Indicated Lipoprotein Pair

VLDL to LDL LDL to VLDL VLDL to HDL HDL to VLDL LDL to HDL HDL to LDL

Hamster 23 ± 4 461 ± 16 59 ± 5 1,153 ± 16 659 ± 22 659 ± 22
Human 37 ± 7a 392 ± 22a 128 ± 4a 1,147 ± 17 676 ± 93 646 ± 37
H232A 53 ± 10a,b 379 ± 16a 173 ± 5a,b 1,116 ± 27 615 ± 26 677 ± 50

VLDL, LDL, and HDL were combined in a physiologic ratio and incubated with the indicated CETP. To measure 
a given unidirectional transfer, the indicated donor lipoprotein was labeled with 3H-CE. Shown are the rates of CE 
transfer from the indicated donor to the indicated acceptor. H232A is a mutated form of human CETP. The values 
shown are in nanograms of CE per hour. Mean ± SD, n = 6.

aP < 0.01 versus hamster.
bP < 0.01 versus. human.
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D). CETP mass values from this assay were highly corre-
lated with TG transfer activity measured in vitro in Ad-null 
and Ad-haCETP plasmas (r = 0.93) and with CE transfer 
activity measured in Ad-huCETP plasmas (r = 0.95).

With this Western-blot based assay, plasma CETP levels 
were determined to be increased 2-fold in Ad-haCETP ani-
mals (Fig. 2E). In Ad-huCETP animals, endogenous ham-
ster CETP levels were reduced to half of Ad-null levels, and 
human CETP was the predominant plasma CETP form 
present (Fig. 2E). Importantly, total plasma CETP mass in 
Ad-haCETP and Ad-huCETP animals was the same. As a 

result of the decreased hamster CETP and expressed human 
CETP in the plasma of Ad-huCETP animals, the overall 
preference of plasma CETP for CE versus TG as a transfer 
substrate in these animals was markedly elevated compared 
with animals expressing only hamster CETP (Fig. 2F). This 
substrate preference is almost the same as that measured 
for human plasma CETP (CE/TG = 1.5). Therefore, Ad-
haCETP and Ad-huCETP animals represent conditions 
where plasma CETP levels are equivalent but the functional 
properties of CETP in these animals reflect that of hamster 
and human plasma, respectively.

TABLE 2. CE transfer between lipoproteins by different CETPs: net mass transfer

CETP

Net CE Transfer

LDL to VLDL HDL to VLDL Total Net CE to VLDL HDL to VLDL/LDL to VLDL

Hamster 439 ± 16 1,094 ± 17 1,533 ± 40 2.49 ± 0.10
Human 354 ± 23a 1,019 ± 17a 1,373 ± 55a 2.88 ± 0.19a

H232A 327 ± 19a 943 ± 28a,b 1,270 ± 56a,b 2.89 ± 0.19a

VLDL, LDL, and HDL were combined in a physiologic ratio and incubated with the indicated CETP. Shown are 
the rates of net CE transfer from the indicated donor to the indicated acceptor mediated by CETP. CE net transfer 
was calculated from the difference between unidirectional transfers reported in Table 1 (for example, LDL to VLDL 
minus VLDL to LDL). H232A is a mutated form of human CETP. The values shown are in nanograms of CE per 
hour. Mean ± SD, n = 6.

aP < 0.01 versus hamster.
bP < 0.01 versus. human.

Fig. 2. CETP mass assay. A: Western blot of CETP 
immunoprecipitated from the plasma of hamsters re-
ceiving Ad-null (Nu), Ad-haCETP (Ha), or Ad-huC-
ETP (Hu) recombinant adenovirus. IgG HC, IgG 
heavy chain. B: CETP Western blot of hamster plasma 
immunoprecipitated with anti-CETP or an IgG isotype 
control immunoglobulin. C: Representative Western 
blot of CETP in the indicated amount of hamster 
plasma. D: CETP mass dose response curve of blot 
shown in C. Mean ± SD, n = 2. E: Relative CETP mass 
in plasma from hamsters injected with Ad-null (9), Ad-
haCETP (11), or Ad-huCETP (7). Mean ± SEM of the 
indicated group sizes. F: Ratio of CE transfer activity to 
TG transfer activity mediated by CETP contained in 
the plasma of the indicated adenovirus groups. Mean ± 
SEM (n = same as in E). **P < 0.01 versus Ad-null; 
##P < 0.01 versus Ad-haCETP.
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Effect of human CETP on hamster lipoproteins
Plasma cholesterol concentrations were modestly re-

duced in Ad-huCETP animals compared with Ad-haCETP 
animals but unchanged compared with Ad-null animals 
(Fig. 3A). Plasma TG levels were not different among study 
groups (Fig. 3B). The 2-fold overexpression of CETP by 
Ad-haCETP did not alter the distribution of cholesterol 
among lipoproteins compared with Ad-null controls (Fig. 
3C). However, expression of human CETP had significant 

effects. In Ad-huCETP animals, plasma VLDL choles-
terol increased 2.5-fold and HDL cholesterol decreased 
more than 2-fold, whereas LDL cholesterol levels were 
unchanged. Plasma VLDL, LDL, and HDL concentrations, 
quantified by their protein content, were also not different 
between Ad-haCETP and Ad-null groups. Similarly, plasma 
VLDL (13.9 ± 1.1 mg/dl) and LDL (46.3 ± 5.3 mg/dl) pro-
tein levels in Ad-huCETP animals were not significantly dif-
ferent from those in Ad-haCETP animals (9.5 ± 0.8 and 

Fig. 3. Total plasma lipids and cholesterol distribu-
tion among lipoproteins in adenovirus-treated ham-
sters. A: Plasma cholesterol concentration. B: Plasma 
TG concentration. C: VLDL, LDL, and HDL cholesterol 
levels in the indicated groups. Values are mean ± SEM. 
See Fig. 2 for group sizes. *P < 0.05, **< P < 0.01.

TABLE 3. Lipid composition of LDL and HDL

Adenovirus TC FC CE TG PL S/C

g / mg protein
LDL
 Null 994.5 ± 41.8 298.8 ± 23.6 1,175.8 ± 44.5 539.3 ± 51.5 920.7 ± 14.7 1.30 ± 0.04
 haCETP 1,058.9 ± 28.4 277.0 ± 13.3 1,321.5 ± 43.5a 382.5 ± 21.8b 973.5 ± 31.2 1.33 ± 0.04
 huCETP 1,054.6 ± 49.5 227.5 ± 16.0a,c 1,397.9 ± 75.5a 633.4 ± 81.9d 1,108.2 ± 36.1b,c 1.15 ± 0.02b,d

HDL
 Null 328.6 ± 5.3 38.8 ± 2.7 489.7 ± 10.7 3.1 ± 0.3 583.1 ± 21.2 3.17 ± 0.07
 haCETP 326.5 ± 5.7 28.7 ± 2.2b 503.2 ± 11.4 2.9 ± 0.4 578.0 ± 10.6 3.09 ± 0.05
 huCETP 193.5 ± 7.3b,d 15.4 ± 2.0 b,d 301.1 ± 13.5b,d 20.9 ± 3.4b,d 520.7 ± 23.1 4.69 ± 0.15b,d

The cholesterol (TC), FC, CE, TG, and phospholipid (PL) content of LDL and HDL were quantified. The ratio of components residing in the 
LDL surface (S) and core (C) was calculated as: (Protein + PL + FC)/(CE + TG). For HDL, this calculation assumes 40% of FC resides in the core 
(59). Mean ± SEM, n = 8 (null), 11 (haCETP), 7 (huCETP).

aP < 0.05 versus Ad-null.
bP < 0.01 versus Ad-null.
cP < 0.05 versus Ad-haCETP.
dP < 0.01 versus Ad-haCETP.
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37.7 ± 2.2 mg/dl, respectively). However, plasma HDL pro-
tein levels in Ad-huCETP animals, like cholesterol, were 
reduced (145.9 ± 2.8 mg/dl, P < 0.01) compared with that 
in Ad-null and Ad-haCETP (186.2 ± 9.7 and 192.1 ± 6.0 
mg/dl, respectively). Thus, a 2-fold increase in hamster 
CETP by Ad-haCETP adenovirus did not alter plasma lipo-
protein cholesterol or protein concentrations, whereas ex-
pression of human CETP decreased HDL protein and 
cholesterol, but increased the cholesterol content of VLDL 
such that its cholesterol/protein ratio increased from 0.66 
to 1.40.

Hamster CETP overexpression induced small changes in 
the CE and TG content of LDL with no apparent change in 
LDL size as estimated by surface/core calculations (Table 
3). Expression of human CETP affected the relative levels 
of most lipids in LDL, resulting in a decrease in the surface 
to core ratio, indicative of larger LDL particles. For HDL, 
overexpression of hamster CETP only reduced FC (Table 
3). Human CETP expression also reduced HDL FC, but 
additionally decreased CE levels by 40% and markedly in-
creased its TG content, resulting in a 9-fold change in the 
CE/TG ratio of these particles. The calculated ratio of sur-
face components to core components for Ad-huCETP 
HDL indicates they are significantly smaller.

To investigate changes in HDL further, the size distri-
bution of HDL was measured by native gradient gel elec-
trophoresis. Consistent with the compositional analysis, 
overexpression of CETP in Ad-haCETP animals did not al-
ter HDL size (Fig. 4A, B). In Ad-null and Ad-haCETP ani-
mals, the most abundant HDL subfraction was HDL2b, and 
total HDL2 particles exceeded HDL3 particles by 2-fold. In 
contrast, in Ad-huCETP animals, the HDL2b subclass was 
reduced to 35% of control levels and there was an overall 
shift in HDL particles toward smaller sizes (Fig. 4C). In 
these animals, the three HDL3 subfractions increased up to 
2.3-fold, causing particles in the HDL3 subclass to become 
the predominant HDL species.

Altered CETP expression also modified the HDL pro-
teome. Although hamster CETP overexpression did not 
measurably alter HDL size and minimally altered its lipid 
composition, levels of ApoD and LCAT were increased 
more than 2-fold (Table 4, supplemental Table S2). As ex-
pected, the CETP content of Ad-huCETP HDL was also el-
evated. By contrast, the reduced size of Ad-huCETP HDL 
was associated with large changes in apolipoprotein com-
position. With a 2-fold change as the cut-off for signifi-
cance, Ad-huCETP HDL had reduced ApoA-IV, ApoC-II, 
ApoC-III, ApoC-IV, and ApoE content, but elevated ApoD 
(Table 4). Notably, the levels of ApoC-I and ApoF in HDL, 
known regulators of CETP (18, 35), were not changed by 
expression of either CETP species.

Impact of human CETP on hamster hepatic gene 
expression

The redistribution of cholesterol among lipoproteins in 
Ad-huCETP animals changes how cholesterol is presented 
to the liver and may alter hepatic gene expression. Indeed, 
in hamsters expressing human CETP, hepatic mRNA levels 
for three genes involved in cholesterol uptake and metabo-

Fig. 4. HDL particle size. HDL isolated from the indicated adeno-
virus group was fractionated by nondenaturing gradient gel electro-
phoresis. HDL protein was detected with Coomassie blue stain. 
A–C: HDL subfraction distribution. Values are mean ± SEM. See 
Fig. 2 for group sizes. **P < 0.01 versus Ad-null; ##P < 0.01 versus 
Ad-haCETP.

lism (LDLR, SCARB1, and CYP7A1) were decreased whereas 
expression of the MTTP gene involved in TG-rich lipopro-
tein assembly was unchanged (Fig. 5A). In Ad-haCETP 
animals, which have the same plasma level of CETP as 
Ad-huCETP animals, there were no changes in the mRNA 
levels for any of these genes.

Links between CETP expression and inflammation have 
been previously reported (36). Hepatic expression of hu-
man CETP may also elicit an immune response. We consid-
ered that differences in hepatic response to the expression 
of hamster versus human CETP expression may reflect al-
tered inflammatory status. Hepatic inflammatory status was 
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assessed by expression levels of three inflammatory gene 
markers, TNF, ADGRE1 (F4/80 protein), and IL1B. Expres-
sion of the foreign protein, human CETP, in hamsters did 
not increase expression of any of these genes (Fig. 5B). 
Overexpression of hamster CETP did modestly elevate the 
expression of all three markers. However, other indicators 
of hepatic inflammation (37), including liver weight (4.81 ± 
0.12% body weight), and hepatic cholesterol (2.75 ± 0.03 
mg/g liver wet weight) and TG (1.18 ± 0.10 mg/g liver wet 
weight) content, in Ad-haCETP and Ad-huCETP animals 
were not different from these Ad-null values.

Effect of CETP overexpression on HDL function  
and RCT

A major beneficial function of HDL is to promote choles-
terol clearance by the RCT pathway. The changes in HDL 
concentration, lipid and protein composition, and particle 
size that occur in hamsters expressing human CETP may 
alter this pathway. HDL-dependent removal of cholesterol 
from cells is an initial step in RCT. Despite its significantly 
lower HDL content, TC efflux mediated by ApoB-depleted 
serum from Ad-huCETP animals was not different from 
that of controls (supplemental Table S3). The ABCA1-

receptor-independent component of this efflux was 
modestly reduced. These data suggest that changes in Ad-
huCETP HDL structure compensate for its lower plasma 
concentration to maintain cholesterol efflux potential.

Tissue-derived cholesterol in HDL is subsequently con-
verted to CE by HDL-associated LCAT. Although endoge-
nous LCAT activity was not measured directly in these 
plasmas, other studies show that altered LCAT activity is 
evidenced by changes in the plasma ratio of FC to TC (38, 
39). This ratio in Ad-huCETP plasma (0.210 ± 0.021) was 
not different from that in Ad-null (0.244 ± 0.008) or Ad-
haCETP (0.236 ± 0.008) animals. Also, the FC/TC ratios of 
HDL isolated from Ad-haCETP and Ad-huCETP plasma 
were the same (0.089 ± 0.007 vs. 0.081 ± 0.012, respec-
tively). Consistent with their higher LCAT content (Table 
4), these HDL FC/TC values were lower than in Ad-null 
HDL (0.119 ± 0.009, P < 0.05).

3H-CE-labeled HDL was injected into hamsters to mea-
sure hepatic uptake and excretion of HDL-associated CE. 
After 48 h, 3H remaining in plasma and that accumulated 
in the liver were the same for all three adenovirus groups 
(Fig. 6A). In Ad-huCETP animals, the percentage of in-
jected 3H present in feces was 40% higher than in Ad-null 

TABLE 4. HDL proteome

Relative Abundance Protein

Fold Change (LFQ Ratio)

Ha/Nu Hu/Nu Hu/Ha

Apolipoproteins
 1 ApoA-I — — —
 4 ApoA-II — — 0.67
 5 ApoA-IV 1.90 0.18 0.10
 9 ApoC-I — — —
 6 ApoC-II 1.36 0.41 0.30
 3 ApoC-III — 0.29 0.28
 14 ApoC-IV — 0.24 0.15
 20 ApoD 2.41 2.26 —
 2 ApoE — 0.14 0.12
 13 ApoF — — —
 22 ApoH — 1.90 —
 7 ApoM — — —
Enzymes/transfer proteins
 17 CETP 2.37 0.43 0.18
 24 Glutathione peroxidase 3 — — —
 18 LCAT 2.10 1.97 —
 23 Phospholipid transfer protein — — —
 8 Paraoxonase 1 1.78 1.87 —
Other proteins
 11 2-HS-glycoprotein — 1.85 —
 19 Fibrin -chain — — —
 21 Complement C3 — — —
 25 Hemopexin — — —
 10 Serum amyloid A protein — — —
 16 Serotransferrin — 1.83 1.66
 12 Transthyretin — — —
 15 Vitamin D-binding protein — 1.96 —

HDL proteins were quantified by MS. Four biological replicates, with a single LC-MS/MS performed for each 
sample, were analyzed in each group. Hamster proteins that have also been identified as predominate components 
of human HDL are shown (60). ApoJ, ApoL-1, PAF-AH, and -1B-glycoprotein, present on human HDL, were not 
detected in hamster HDL. A two-sided Student’s t-test was performed between groups. The values shown are the fold 
changes in abundance between groups with P < 0.05. Fold changes 2-fold were considered significant. The order 
of protein relative abundance in HDL is based on Ad-null. The hamster sequence database reports two proteins with 
a gene ID of ApoC-IV but are designated as ApoC-II isoforms X2 (accession A0A1U8CN60) and X5 (accession 
A0A1U7R5I0). Based on sequence analysis, the X2 isoform is highly homologous to ApoC-II in other species, whereas 
the X5 isoform is highly homologous to ApoC-IV. Based on this, the X2 isoform is reported here as ApoC-II and the 
X5 isoform is reported as ApoC-IV. Nu, Ad-null; Ha, Ad-haCETP; Hu, Ad-huCETP.
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animals but not different from that in Ad-haCETP animals 
(Fig. 6B). However, because HDL levels are lower in Ad-
huCETP animals, and CETP transfers the 3H-CE initially 
contained in HDL to other lipoproteins, a more appropri-
ate calculation of fecal RCT assumes that the injected 3H-
CE equilibrates with the total plasma CE pool during the 
RCT experiment. When calculated in this way, the mass of 
CE delivered to feces in Ad-huCETP animals was not differ-
ent (Fig. 6B). Thus, despite large changes in the plasma 
concentration and physicochemical properties of HDL in 
Ad-huCETP animals, the excretion of HDL-derived CE to 
feces remained the same.

DISCUSSION

The role of CETP in lipoprotein metabolism has been 
investigated in multiple species. For example, many studies 
have examined the effect of CETP expression in species that 
do not naturally express this protein, including mice [for 
example, (40–43)], rats (44–46), and pigs (47). One study 
reported the expression of human CETP in rabbits, a species 
where CETP is native (48). In these cholesterol-fed rabbits, a 
2-fold increase in plasma CETP mass reduced HDL choles-
terol by 30%, but it did not change plasma TC or LDL choles-
terol or alter atherosclerotic lesion size. However, because 
rabbit and human CETPs prefer CE as substrate and have 
similar relative preferences for CE versus TG (15), these find-
ings largely reflect the effect of CETP overexpression in a 
cholesterol-fed animal model. CETP expression studies 
where the relative preference of CETP for CE versus TG has 
been altered have not been reported.

To test the capacity of altered CETP substrate specificity 
to regulate lipoprotein metabolism in vivo, we compared 
the effects of expressing hamster CETP and human CETP 
in chow-fed hamsters. Hamster CETP prefers TG as a sub-
strate, whereas human CETP prefers CE (15). In a control 
group where hamster CETP was overexpressed, increasing 
plasma CETP mass and activity 2-fold had no effect on HDL 
lipid composition, the distribution of cholesterol among 
plasma lipoproteins, lipoprotein size, the expression of 
lipoprotein-related genes in the liver, or on cholesterol 
RCT. The primary mechanism for lipoprotein remodeling 
by CETP is the heteroexchange of CE in CE-rich lipopro-
teins for TG in TG-rich lipoproteins (1). In normolipid-
emic humans, the low plasma TG levels in these subjects 
limit the extent to which CETP can remodel lipoproteins 
(49). Similarly, the low level of TG-rich VLDL in chow-fed 
hamster plasma likely limits the extent to which lipopro-
tein composition can be modified by CETP. This would 
also explain the failure of hamster CETP overexpression to 
significantly alter lipoproteins.

It is notable that the lack of effect of hamster CETP over-
expression was different from that observed in studies where 
ApoF, a CETP regulator, was knocked down in chow-fed 
hamsters (18). The increase in plasma CETP in Ad-haCETP 
animals impacts lipid transfer between all lipoproteins 
equally. By contrast, although depletion of ApoF increases 
CETP activity to a similar extent, this increase only occurs 
for lipid transfers involving LDL (18). Although these two 
methods of altering plasma CETP activity did not modify 
lipoprotein levels or their composition in chow-fed animals 
due to limited VLDL, they had different effects on RCT. 

Fig. 5. Hepatic mRNA. A, B: Liver mRNA levels of 
the indicated gene in Ad-null, Ad-haCETP, and Ad-
huCETP animals. mRNA levels are normalized by 
ACTB mRNA content. Mean ± SEM. See Fig. 2 for 
group sizes. *P < 0.05; **P < 0.01.
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In Ad-haCETP animals, overexpression of CETP did not 
alter RCT, whereas in ApoF-deficient hamsters, RCT was 
increased (18). These results show that selective augmenta-
tion of CETP activity on LDL by ApoF knockdown is not 
replicated by a similar rise in lipid transfer activity among 
all plasma lipoproteins. This emphasizes the importance of 
ApoF as a selective regulator of CETP activity.

The plasma of hamsters infected with adenovirus ex-
pressing human CETP contained human CETP plus low 
levels of endogenous hamster CETP. Total CETP in these 
plasmas was the same as in the hamster CETP overexpres-
sion group (Ad-haCETP), but the overall preference of 
CETP for CE versus TG in the plasma of Ad-huCETP ani-
mals was similar to that of human plasma. This resulted in 
pronounced changes in levels and composition of lipopro-
teins. Although LDL composition was modestly altered and 
VLDL cholesterol increased, the predominant phenotype 
was marked lower HDL cholesterol (50%), HDL protein 
(25%), and reduced HDL size. Remarkably, the expres-
sion of human CETP in hamsters humanized their lipopro-
tein profile. In animals receiving Ad-null and Ad-haCETP 
adenoviruses, HDL was the major cholesterol-carrying lipo-
protein. However, in Ad-huCETP animals the percent dis-
tribution of cholesterol between VLDL, LDL, and HDL was 
19:51:30, respectively. This is similar to a typical ratio of 
these lipoproteins in adult male humans (50). Also, the ra-
tio of HDL3 to HDL2 in hamsters was 0.5, but in animals 

expressing human CETP this ratio increased to 1.6, similar 
to the 2.1 ratio typical of humans (51). These studies show 
that even though plasma lipoprotein concentrations and 
properties are controlled by the interaction of multiple en-
zymes, transfer proteins, and cellular receptors, the lipo-
protein profile of hamsters could be converted to a 
human-like profile by simply altering the substrate prefer-
ence of circulating CETP. These findings underscore the 
importance of CETP in the steady-state properties of 
plasma lipoproteins. These data also suggest a novel animal 
model for future intervention studies that more closely re-
flects the lipoproteins in humans.

Cholesterol efflux mediated by ApoB-depleted serum 
from Ad-huCETP animals was not different from that of 
control animals even though its HDL concentration was 
much lower. Efflux by ApoB-depleted serum depends on 
its HDL and pre-HDL content (52, 53). Because ABCA1-
dependent efflux, a pre-HDL-driven process, was not dif-
ferent, this suggests that HDLs from Ad-huCETP animals 
are more effective in promoting cholesterol efflux from cells. 
This may relate to their smaller size and altered lipid com-
position, including a much lower ratio of FC/phospholipid 
(0.067 ± 0.005 vs. 0.030 ± 0.005) or altered proteome. 
Ad-huCETP HDLs were depleted of multiple apolipopro-
teins, including ApoA-IV, ApoC-II, ApoC-III, and ApoE. 
These proteins influence multiple metabolic pathways that 
impact the properties of HDL (54–57), including direct 
modulation of cholesterol efflux (54).

An interesting finding of these studies is that, despite 
markedly reduced plasma HDL levels, the excretion of 
HDL-associated CE into feces was not altered in huCETP 
animals. It is possible that the increased transfer of HDL 
CE to other lipoproteins by huCETP provides alternative 
routes for hepatic cholesterol delivery that compensate for 
reduced HDL delivery. The altered hepatic gene expres-
sion in Ad-huCETP animals may reflect this change in cho-
lesterol delivery pathways. Alternatively, it may be that, in 
chow-fed hamsters, most HDL CE is normally delivered to 
the liver via VLDL- and LDL-dependent pathways instead 
of direct HDL uptake. As a result, a reduction in plasma 
HDL concentration may not appreciably affect TC clear-
ance. This is consistent with kinetic studies in other CETP-
expressing species (humans and rabbits), showing that the 
vast majority of plasma CE recovered in bile is derived from 
VLDL and LDL, not HDL (9). This contrasts with CETP-
deficient species where hepatic cholesterol delivery via 
HDL is most important. It seems likely that the enhanced 
transfer of HDL CE to ApoB-containing lipoproteins by hu-
man CETP expression may have different consequences on 
cholesterol excretion in fat-fed animals where hepatic 
LDLR gene expression is extensively downregulated and 
LDL accumulates in plasma (18).

In summary, this is the first in vivo study demonstrating 
the consequences of altering the CE versus TG substrate 
preference of CETP on plasma lipoproteins. In hamsters, 
changing the substrate preference of circulating CETP to 
one similar to that of human CETP created a novel pheno-
type primarily characterized by low plasma HDL levels 
and HDL particles with markedly altered physicochemical 

Fig. 6.  RCT assay. Animals were injected with 3H-CE-labeled 
HDL. After 48 h, the 3H content of plasma, liver, and feces was de-
termined. A: Percentage of injected dose recovered in plasma and 
liver. B: Fecal 3H calculated as the percent of injected dose and as 
the equivalent amount of plasma CE mass. See the legend in A for 
group identification. Mean ± SEM. See Fig. 2 for group sizes. *P < 
0.05.
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properties. Even though lipoprotein metabolism is complex, 
simply making this change in the substrate preference of 
circulating CETP was sufficient to create a human-like lipo-
protein profile in chow-fed hamsters. We suggest that ma-
nipulating the substrate properties of CETP, perhaps by 
pharmacologic means, may be a valuable approach for al-
tering lipid metabolism and modifying cardiovascular dis-
ease risk. In humans, shifting the CE versus TG substrate 
preference of endogenous CETP toward TG may provide a 
novel way to lower the cholesterol content of ApoB-con-
taining lipoproteins.

Data availability
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teomeXchange Consortium via the PRIDE (58) partner re-
pository with the dataset identifier PXD017998 and 10.6019/ 
PXD017998.
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