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In clinical trials, inhibition of cholesteryl ester transfer
protein (CETP) raises HDL cholesterol levels but does
not robustly improve cardiovascular outcomes. Approx-
imately two-thirds of trial participants are obese. Lower
plasma CETP activity is associated with increased car-
diovascular risk in human studies, and protective aspects
of CETP have been observed in mice fed a high-fat diet
(HFD)with regard tometabolicoutcomes.Todefinewhether
CETP inhibition has different effects depending on the
presence of obesity, we performed short-term anacetrapib
treatment in chow- and HFD-fed CETP transgenic mice.
Anacetrapib raised HDL cholesterol and improved aspects
of HDL functionality, including reverse cholesterol trans-
port, and HDL’s antioxidative capacity in HFD-fed mice
was better than in chow-fed mice. Anacetrapib worsened
the anti-inflammatory capacity of HDL in HFD-fedmice. The
HDL proteome was markedly different with anacetrapib
treatment in HFD- versus chow-fed mice. Despite benefits
on HDL, anacetrapib led to liver triglyceride accumulation
and insulin resistance in HFD-fed mice. Overall, our results
support a physiologic importance of CETP in protecting
from fatty liver and demonstrate context selectivity of CETP
inhibition that might be important in obese subjects.

HDL particles have important antiatherosclerotic func-
tions (1). HDL particles accept cholesterol from peripheral

tissues, including the arterial walls, for delivery to the
liver in a process termed reverse cholesterol transport
(1). Antioxidative effects of HDL prevent LDL oxidation
(oxLDL), which are more efficient in initiating atheroma
formation when trapped in the subendothelial space (1,2).
HDL particles also protect endothelial cells from inflam-
mation induced by exposure to oxLDL (3–5). The Framing-
ham Heart Study and other prospective population studies
have established that HDL cholesterol is inversely corre-
lated with cardiovascular disease (CVD) risk, and low HDL
cholesterol levels are recognized as an independent risk
factor for CVD. Thus, efforts to increase HDL cholesterol
and improve HDL functionality have been a focus of
pharmaceutical development with the aim of reducing
CVD risk.

In humans, cholesteryl ester transfer protein (CETP)
shuttles cholesteryl esters and triglycerides (TGs) between
serum lipoproteins, including HDL, LDL, and VLDL. CETP-
mediated shuttling of TGs into HDL accelerates clearance
of HDL’s scaffold protein apolipoprotein (apo) A1, which
may further lower levels of HDL cholesterol in addition to
shifting cholesteryl ester from HDL to apoB-containing
lipoproteins (6). CETP inhibition has been pursued as an
approach to increase HDL cholesterol and reduce CVD risk.
Clinical trials largely have not shown that CETP inhibition
reduces CVD risk (7–9), although recently, anacetrapib
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showed modest CVD risk reduction after a long follow-up
(10). Of note, approximately two-thirds of patients in
clinical trials with CETP inhibitors were obese. Obesity
and hyperlipidemia are known to significantly affect
aspects of cholesterol metabolism and HDL biology (11)
and might affect aspects of CETP-mediated biology. Human
studies have shown that higher plasma CETP is associated
with a reduced risk of CVD, depending on plasma TG levels
or sex (12–14). Mice naturally lack CETP and have high
levels of HDL cholesterol, one of the likely reasons why they
are relatively resistant to atherosclerosis. Similar to obser-
vations in human studies, transgenic expression of CETP in
mice increased atherosclerotic burden in some studies
(15,16), yet limited atherosclerosis progression in others
(17,18). We have shown that transgenic expression of CETP
in mice reduces liver fat content and improves insulin sen-
sitivity in diet-induced obese mice (19,20). These studies
suggested that CETP’s action relates to CVD, and effects of
CETP inhibition may be metabolically context dependent.

We propose that the effects of CETP inhibition on HDL
protein composition and functionality are influenced by
obesity and hyperlipidemia that result from high-fat diet
(HFD) feeding. We report that treatment with the CETP
inhibitor anacetrapib increased HDL cholesterol indepen-
dent of diet. However, HFD feeding had a large impact on
the effects of CETP inhibition on the HDL proteome and
HDL functionality. In addition, in diet-induced obese mice,
CETP inhibition modified control of several steps in liver
lipid metabolism, increased liver TG content, increased
liver inflammation, and worsened liver insulin resistance.

RESEARCH DESIGN AND METHODS

CETP Inhibition by Anacetrapib in CETP Transgenic
Mice
CETP transgenic mice on a C57BL/6 genetic background
[C57BL/6-Tg(CETP)UCTP20Pnu/J, International Mouse
Strain Resource Cat# JAX:001929] were purchased from
The Jackson Laboratory. For the first cohort, one group of
male CETP transgenic mice were kept on chow diet,
whereas the second group was placed on an HFD (60%
fat, 20% protein) (D08060104; Research Diets) for
3 months. Mice then were administrated with anacetrapib
or vehicle according to Tan et al. (21). Anacetrapib was
from MedChemExpress (Cat# HY-12090). Anacetrapib is
hydrophobic, so to avoid potential differences in oral
absorption depending on whether mice were chow or
HFD fed, we administered the dose intravenously. The
intravenous dose of anacetrapib was formulated in poly-
ethylene glycol 400/water (6/4 vol/vol) at a concentration
of 0.2 mg/mL. Each mouse received a dose of 2.5 mL/kg
by intravenous injection through the suborbital vein. Our
preliminary data showed that the t1/2 was 11.8 h, so
anacetrapib was injected intravenously every 12 h for
five doses. After the last injection in the morning, mice
were fasted for 5 h and sacrificed, and serum and tissues
were collected and stored at 280°C. All procedures were

performed in accordance with the National Institutes of
Health (NIH) Guidelines for the Care and Use of Laboratory
Animals and were approved by the institutional animal
care and use committee at Vanderbilt University.

High-Performance Liquid Chromatography and Serum
Lipid Assays
We used size exclusion chromatography (SEC) with a high-
performance liquid chromatography (HPLC) system to
separate plasma lipids to quantify the distribution of
lipoproteins and define the composition of HDL. The
SEC separation was performed as previously described
(22). Cholesterol content was assayed from fractions using
Raichem reagent (Cat# R80035; Cliniqa). VLDL was de-
fined as fractions 8–14, LDL as fractions 15–29, and HDL
as fractions 30–40. Plasma (5 mL) was diluted 1:10 and
assayed for total cholesteryl levels and was diluted 1:25 for
TG assay using commercially available kits (Cliniqa).

HDL Proteomic Analysis
SEC/HPLC fractions for HDL (fractions 30–40) (Fig. 2A
and B) were used for HDL proteomics analysis. Apos A1,
A2, A4, C1, E, and M; lecithin cholesterol acyltransferase
(LCAT); lipoprotein lipase (LPL); phospholipid transfer
protein (PLTP); paraoxonase I (PON1); and serum amyloid
A1 (SAA1) in each 100-mL SEC fraction were analyzed by
multiple reaction monitoring (MRM) and mass spectrom-
etry (MS). The MRM-MS workstation included an integrated
online trypsin digestion–coupled liquid chromatography
(LC) system (Perfinity Biosciences, West Lafayette, IN)
and a mass spectrometer (QTRAP 6500; SCIEX, Framing-
ham, MA). To each fraction, 50 mL of 0.45% Zwittergent
3-12 detergent was added to a nominal concentration of
0.15% in the well. The sample plate was mixed on a plate
shaker for 2 min at 500 rpm and placed directly into the
autosampler held at 8°C. Fifty microliters of sample was
injected onto the workstation. Full details can be found in
a previous publication (23).

The online digestion took place on a trypsin column
(2.1 3 33 mm) operating at 50°C with a 25 mL/min flow
rate. The cleavage products were carried together directly
to the trapping column (Halo C18 4.6 3 5 mm, 2.7-mm
guard column). After the digestion/trapping period, the
cleavage products were eluted from the trapping column to
the analytical column (Halo C18 2.1 3 100 mm, 2.7-mm
core shell HPLC column). The analytical separation was
performed at 50°C with a flow rate of 350 mL/min over
a stepwise gradient ranging from 3 to 95% acetonitrile
containing 0.1% formic acid. The total analysis time for
each injection was 12 min. The target peptide masses were
acquired with unit mass resolution in retention time
scheduled MRM mode with 60-s acquisition windows
and 0.65-s target scan time. Protein-specific peptides
were derived from UniProt sequences (Mus musculus)
(www.uniprot.org). Skyline 3.1 software (https://skyline.
ms/project/home/software/Skyline/begin.view) was used
for generation of the LC tandem MS acquisition method
files. The relative concentration of each protein was
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determined from LC-MS peak areas of at least two signa-
ture peptides (Supplementary Table 1) and was normalized
by HDL protein.

Serum Enzyme Activity Assays
Serum enzyme activities were determined using a commer-
cially available kit. CETP enzyme activity was assayed using
a cell-free assay according to the manufacturer’s protocol
(Roar Biomedical).

LCAT activity assays were performed with an LCAT
Activity Assay Kit (Fluorometric) from Cell Biolabs (Cat#
STA-615). Whole-serum lipase activity was evaluated using
Lipase Activity Assay Kit III from Sigma-Aldrich (Cat#
MAK048), and PLTP activity assays were performed using
PLTP Activity Assay Kit from Sigma-Aldrich (Cat#
MAK108).

In Vitro Cellular Cholesterol Efflux Assays
The in vitro reverse cholesterol transport assays were
performed as described previously (22,24). Preparation
of HDL particles from each group and generation of

radiolabeled foam cells derived from wild-type (WT) fe-
male mice were performed as we previously described (22).
Peritoneal macrophages from WT mice were collected 72 h
after intraperitoneal injection of thioglycollate. Macro-
phages were first cultured in DMEM with 10% FBS for
2 h to allow for plate surface attachment and then cultured
in DMEM with 0.2% BSA overnight. The next day, macro-
phages were loaded with 2 mCi/mL 3H-cholesterol and
25 mg/mL acetylated LDL for 48 h. These labeled foam
cells were washed twice and equilibrated in medium with
0.2% BSA for 2 h, and a set of cells were collected for
3H-radioactivity in cells. According to the dose-response
curves (Supplementary Fig. 4A), the rest of the cells were
treated with 1% of the initial serum in DMEM with 0.2%
BSA. Cells treated only with DMEM with 0.2% BSA were
used as a negative control, and cells treated with apoA1
(30 mg/mL [Meridian Life Science]) (Supplementary Fig.
4A) were used as the positive control. Media (120 mL)
were collected at times 1, 2, and 4 h. The media were
filtered, and 100 mL was used for the determination

Figure 1—Anacetrapib inhibited CETP activity and was associated with increased insulin secretion and inflammation in HFD-fed mice. A:
CETP enzymatic activity was increased by HFD andwas suppressed by anacetrapib in chow- andHFD-fedmice.B: SerumNEFA levels were
increased by anacetrapib treatment in HFD-fed CETP mice. C: C-peptide levels were increased by diet and anacetrapib treatment. D:
Western blots for CETP and SAA1 proteins in serum. Membranes for SAA1 were stripped and reprobed with the PLTP antibody. Molecular
weight (MW) positions (Bio-Rad Precision Plus Protein Kaleidoscope Standards) are shown. E: Quantification of Western blots for serum
CETP (n$ 6). F: Quantification ofWestern blots for serumSAA1 (n$ 6). Significant differenceswere determined using repeated-measures by
both factors two-way ANOVA with Bonferroni multiple comparison test. *P, 0.05, **P, 0.01, ***P, 0.001. Ana, anacetrapib; Veh, vehicle.
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of 3H-radioactivities in media using liquid scintillation
counting for cholesterol efflux calculation.

Antioxidative Function of HDL for oxLDL
Kinetics of oxLDL in the presence of HDL was performed
according to Qin et al. (2). One microgram HDL purified
from each experimental mouse was added in 300 mL re-
action mix containing 30 mg LDL (Alfa Aesar) and 20
mmol/L CuSO4 in Dulbecco’s PBS. Human HDL particles
from Cell Biolabs (Cat# STA-243) were used for dose-
response curve analysis and as positive control, and reaction
without HDL was used as blank (Supplementary Fig. 4C).
Reaction solutions were incubated at 37°C for up to 3 h in
a plate reader. Absorbance readings at 234 nm were taken
every minute to measure formation of conjugated dienes.

Anti-inflammatory Function of HDL in oxLDL-Treated
Endothelial Cells
Human coronary artery endothelial cells (CC-2585; Lonza,
Walkersville, MD) were grown in EGM-2MV BulletKit
Medium (Lonza) containing 10% vol/vol FBS and plated
24 h before use in 12-well plates at a density of 1 3 105

cells/well. Cells were incubated at 37°C for 4 h with oxLDL
(80 mg/mL [Alfa Aesar]) and then washed twice with PBS
and treated with HDL (5% vol/vol) in media containing
10% of lipoprotein-deficient bovine serum (Alfa Aesar)
for 36 h (results of titration experiments shown in Sup-
plementary Fig. 5A). Cells were then washed and RNAs
isolated using RNeasy Mini Kit (QIAGEN). cDNA was syn-
thesized using the qScript cDNA synthesis kit (Quantabio).
Real-time PCR was performed using TaqMan Fast Uni-
versal PCR Master Mix (2X) and TaqMan gene expression
assays (Life Technologies) (Supplementary Table 2) on the
QuantStudio 12K Flex Real-Time PCR System (Applied
Biosystems).

Liver Lipids and mRNA Quantification
Liver lipid profiles were analyzed at the Vanderbilt Uni-
versity Medical Center Lipid Core. Total RNA was isolated
from ;50 mg of snap-frozen tissues using RNeasy Mini
Kit. cDNA was synthesized, and real-time PCR was per-
formed as described above. Assays for determination of
mRNA levels of inflammatory markers are listed in Sup-
plementary Table 2.

VLDL-TG Secretion
CETP male mice were fed an HFD for 1 month and treated
with anacetrapib and vehicle by intravenous injection
through the suborbital vein every 12 h for five doses.
Mice were fasted for 3 h and were given 500 mg/kg tyloxapol
intravenously. Plasma TGs were measured from tail blood
sampling over 3 h after tyloxapol administration.

Western Blots
Western blotting for liver proteins was performed as
reported previously (25). Primary antibody for apoB was
from L. Swift of Vanderbilt University School of Medicine
(26). Primary antibody for CETP was from Abcam (ab-
51771), rabbit anti-mouse apoA1 was from Meridian Life
Science (K23500R), antibody for apoM was from Cell

Signaling (5709S), goat anti-mSAA1 was from R&D Sys-
tems (AF2948), antibody for LDL receptor was from
Abcam (ab30532), rabbit polyclonal anti-PLTP antibody
was from Abcam (ab189776), and rabbit anti-actin (I-19)
antibody was from Santa Cruz (sc-1616). Secondary anti-
bodies were from LI-COR (Lincoln, NE). All primary anti-
bodies were diluted 1:1,000, except where noted. All
secondary antibodies were diluted 1:10,000. Images
were acquired using a LI-COR Odyssey infrared imaging.

Fatty Acid Oxidation in Primary Hepatocytes
After chow or HFD feeding for 1 month, CETP transgenic
male mice were treated with anacetrapib or vehicle by
intravenous injection through the suborbital vein every
12 h for five doses (n = 4). Within 3 h of the last injection
of the drug or vehicle, primary hepatocytes were isolated
and cultured as described before (22). Briefly, mice were
anesthetized, and livers were perfused with the perfu-
sion buffer (KCl 7 mmol/L, NaHPO4 0.7 mmol/L, NaCl
137 mmol/L, HEPES 10 mmol/L, EGTA 500 mmol/L,
CaCl2 2.38 mol/L, pH 7.4) through the inferior vena
cava while the superior vena cava was clamped and portal
vein was cut. After the liver was washed, perfusion buffer
was switched to digestion buffer containing collagenase
(Cat# 5138; Sigma) for ;5–8 min. The liver was removed,
and hepatocytes were washed and seed in 24-well plates
(106 cells/well) in M199 media containing glutamax,
penicillin-streptomycin, 10% FCS, 10 nmol/L insulin,
200 nmol/L triiodothyronine, and 500 nmol/L dexameth-
asone. When attached to the bottom after 4–6 h of
culturing, cells were subjected to fatty acid oxidation assay.

Ex vivo fatty acid oxidation assay was performed ac-
cording to Hirschey and Verdin (27). Fatty acid oxidation
was studied using [1-14C]palmitate (Cat# NEC075H;
PerkinElmer) in the presence of unlabeled palmitate (100
mmol/L). Both [1-14C]palmitate and unlabeled palmitate
were first bound to 2%wt/vol fatty-acid–free BSA and then
added to media at the final concentration of 0.3% BSA,
100 mmol/L unlabeled palmitate, and 2 mCi [1-14C]palmi-
tate per reaction. The fatty acid oxidation was performed
in culturing media without insulin in a 37°C CO2 incubator
for 30 min according to the time course responses (Sup-
plementary Fig. 5B). The assay was stopped by adding 400
mL 5% perchloric acid. The 14C-labeled acid-soluble prod-
ucts were determined using scintillation counting. Rote-
none at the final concentration of 100 nmol/L was used as
the fatty acid oxidation inhibitor for negative control.

Euglycemic-Hyperinsulinemic Clamp Study
The second cohort of mice comprised 12-week-old CETP
females fed an HFD for 3 months. The carotid artery and
jugular vein were catheterized at the Mouse Metabolic
Phenotyping Center at Vanderbilt University Medical Cen-
ter as described previously (25). Anacetrapib was given to
the mice through the jugular vein catheter for 5 days, and
mice treated with vehicle were used as control. Euglycemia
(;150 mg/dL) was maintained by measuring blood glucose
every 10 min starting at t = 0 min and adjusting the infusion
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of 50% dextrose as necessary. Mice received saline-washed
erythrocytes from donors to prevent a fall in hematocrit.
Blood was collected every 5 min until t = 145 min when
mice were sacrificed and tissues flash frozen.

Systolic Blood Pressure
The third cohort of mice comprised CETP transgenic males
fed an HFD for 5 months. These mice then were adminis-
tered anacetrapib or vehicle by intravenous injection
through the suborbital vein every 12 h for 3 weeks. During
the last week of drug treatment, systolic blood pressure
(SBP) was measured in conscious mice at room temperature
using a tail-cuff monitor (BP-2000 Blood Pressure Analysis
System; Visitech Systems). Twelve-week-old male CETP
transgenic mice fed a chow diet were used as controls for
SBP. SBP for each mouse was the mean value of the last
4 days of measurements.

Statistical Analysis
All measurements passed a D’Agostino and Pearson
omnibus normality test (a = 0.05). Data are presented
as mean 6 SD unless otherwise indicated. Differences
between groups were determined by ANOVA followed by
multiple comparison tests or by Student t test with
Welch correction as appropriate. Significance was
flagged by P , 0.05.

RESULTS

CETP Inhibition Modifies HDL Functionality and
Increases Insulin Secretion Only in Diet-Induced
Obese Mice
CETP transgenic mice fed a chow diet or HFD were treated
with anacetrapib every 12 h for five doses, and mice
treated with the vehicle were used as controls. HFD
feeding increased body weight and adiposity as well as
blood glucose, cholesterol, TGs, insulin, leptin, interleu-
kin (IL)-6, and resistin in fasting animals (Table 1). CETP
activity was increased by 192% by HFD feeding,

concomitant with the increase in CETP protein levels
with HFD feeding (Fig. 1A, D, and E). Anacetrapib
inhibited CETP activity by 89% in chow-fed mice and by
83% in HFD-fed mice (Fig. 1A). Serum CETP mass was
increased in anacetrapib-treated mice (Fig. 1D and E),
which was consistent with a previous report that anace-
trapib treatment increases CETP mass in circulation
(28). SAA1, an inflammatory factor, was increased by
HFD feeding and CETP inhibition (Fig. 1D and F). Blood
levels of nonesterified fatty acid (NEFA), IL-6, and
resistin were concomitantly increased by anacetrapib
in HFD-fed obese mice (Fig. 1B and Table 1). Serum
C-peptide levels were increased by 40% by HFD feeding
and further increased by 67% by anacetrapib treatment
only in HFD-fed mice, indicating insulin resistance in
those mice (Fig. 1C). In a separate experiment, blood
insulin levels were increased after an acute infusion of
torcetrapib, another CETP inhibitor (Supplementary
Fig. 1). Human studies showed that insulin secretion
was stimulated with CETP inhibition, which is in line
with our data (29,30).

HDL Particle Remodeling by Anacetrapib Is Different in
Chow- and HFD-Fed Mice Concomitant With Changes
in HDL Functionality
CETP inhibition by anacetrapib increased HDL cholesterol
by 71% in chow-fed mice and by 172% in HFD-fed mice
(Fig. 2A–C). HFD feeding increased TGs in LDL/IDL;
anacetrapib did not change HDL-TGs in either chow- or
HFD-fed mice (Fig. 2D–F).

Proteins comprise about one-half of the mass of
HDL particles and contribute to HDL functionality with
regard to cholesterol efflux and antioxidative and anti-
inflammatory capacity. To better understand how HDL
protein composition was modified by CETP inhibition in
chow- and HFD-fed mice, we performed a proteomic anal-
ysis using HPLC fractions for HDL. In general, anacetrapib
treatment resulted in greater changes to HDL’s protein

Table 1—Physiologic characteristics related to lipid metabolism in chow- and HFD-fed mice

Chow-fed HFD-fed

Vehicle Anacetrapib Vehicle Anacetrapib

Body weight (g) 25.5 6 1.3 26.1 6 1.7 36.2 6 4.7^ 42.5 6 5.5^

Adiposity (%) 10.9 6 0.8 11.4 6 2.2 37.6 6 6.1^ 40.1 6 4.1^

Blood
Glucose (mg/dL) 63.4 6 17.1 63.7 6 7.8 91.2 6 11.8^ 87.7 6 14.7^
Cholesterol (mg/dL) 68.5 6 13.4 101.5 6 10.4* 116 6 4.2^ 118 6 3.8^
TGs (mg/dL) 58.8 6 14.4 54.8 6 7.8 62.7 6 4.1^ 77.8 6 8.2^
Insulin (pg/mL) 689 6 279 878 6 6 1,530 6 235^ 1,970 6 268^
IL-6 (pg/mL) 137 6 31 189 6 29 196 6 65^ 323 6 77^*
Resistin (pg/mL) 2,202 6 375 1,818 6 270 3,110 6 601^ 4,560 6 732^*
Leptin (pg/mL) 530 6 287 304 6 107 3,582 6 547^ 5,183 6 2,154^
LCAT activity (mU/mL) 305 6 39 348 6 33 336 6 67 389 6 26
LPL activity (mU/mL) 0.26 6 0.06 0.27 6 0.04 0.41 6 0.11^ 0.39 6 0.06^
PLTP activity (pmol FIU transferred/mL) 160 6 14 150 6 5.9 183 6 1.2^ 199 6 12^

Data are mean 6 SD. Statistical analysis was performed using two-way ANOVA with Bonferroni multiple comparison test. FIU,
fluorescence intensity units. *P , 0.05 compared with respective vehicle controls. ^P , 0.05 compared with chow-fed mice.
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composition in HFD-fed obese CETP mice than in chow-
fed CETP mice (Fig. 3). ApoA1, HDL’s scaffold protein and
the major cholesterol acceptor in HDL (31), was not
changed by anacetrapib in chow-fed mice but increased
by 657% (P , 0.0001) by anacetrapib compared with
vehicle treatment in HFD-fed mice. Similar changes
were seen for apoA2, which again was not changed by
anacetrapib treatment in chow-fed mice but was increased
by 640% (P , 0.01) by anacetrapib in HFD-fed mice
compared with vehicle treatment (Fig. 3A). ApoA4, which
may be involved in HDL’s antioxidative capacity, also fell
into the same pattern for HDL-apoA1 regulated by HFD
feeding and anacetrapib. ApoE, a lipid transporter involved
in multiple TG and cholesterol metabolic pathways, was
increased by 284% (P , 0.05) by anacetrapib in chow-fed
mice and was increased by 321% (P, 0.05) by anacetrapib
in HFD-fed mice. ApoC1, a regulator for lipases and
lipid transport that is activated during inflammation,

was slightly increased by anacetrapib in chow-fed mice
and was increased by 7,414% (74-fold; P , 0.05) by
anacetrapib in HFD-fed mice compared with vehicle-treated
controls (Fig. 3A). ApoM, an antioxidant protein and
an antiatherosclerotic factor that protects endothelial
function, was not affected by anacetrapib in chow-fed
mice but was increased by 879% (P , 0.0001) by anace-
trapib in HFD-fed mice. PON1, another antioxidant pro-
tein in HDL, was not modified by anacetrapib in either
group (Fig. 2A). SAA1, an inflammatory factor, was slightly
increased by anacetrapib in chow-fed mice and was in-
creased by 3,304% (33-fold; P , 0.001) by anacetrapib in
HFD-fed mice (Fig. 2A). Unlike SAA1 levels in serum (Fig.
1D), SAA1 levels in HDL particles in HFD-fed vehicle-
treated mice were not higher than in chow-fed vehicle-
treated mice. These results suggest that SAA1 was also
distributed in non-HDL particles when its level was raised
by HFD. Proteomic analysis results were consistent with

Figure 2—Anacetrapib modified lipid distribution of lipoproteins. A and B: Serum lipoproteins were separated by HPLC and cholesterol
content of the fractions for chow- and HFD-fed mice. C and D: Bar graphs of lipoprotein cholesterol and TGs for each diet group. E and F:
Lipoprotein TG content for chow- and HFD-fed mice. Significant differences were determined using repeated-measures by both factors
two-way ANOVA with Bonferroni multiple comparison test (n $ 6). *P , 0.05, **P , 0.01, ***P , 0.001.
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the immunoblot results of protein amounts for apoA1,
apoM, PON1, and SAA1 in HDL particles (Fig. 3B).

Enzyme activities of LCAT, lipases, and PLTP also may
be regulators for HDL remodeling and function. Blood
LCAT enzymatic activity was not affected by diet or
anacetrapib (Table 1), whereas LCAT mass in HDL was
increased by anacetrapib in HFD-fed mice (Fig. 3A). Blood
enzyme activity for total lipases and activity for PLTP were
increased by HFD feeding but were not affected by CETP
inhibition (Table 1). However, protein levels of LPL and
PLTP in HDL particles were slightly lower in HFD-fed mice,
and CETP inhibition increased PLTP in HDL particles in
HFD-fed mice (Fig. 3A). The results suggest that the
distributions of LCAT, lipases, and PLTP between HDL
and other lipoprotein particles may be influenced by CETP
inhibition, depending on diet.

CETP Inhibition by Anacetrapib Modifies HDL Function
To test the anti-inflammatory effect of HDL, we treated
endothelial cells with oxLDL and HDL, and then moni-
tored the expression of endothelial adhesion molecules.
Diet did not affect the anti-inflammatory effect of HDL

(Fig. 4A). HDL particles isolated from anacetrapib-treated
HFD-fed mice had increased mRNA levels for chemokine
(C-C motif) ligand 2 (CCL2) by 92% and intercellular
adhesion molecule 1 (ICAM1) mRNA levels by 109% in
endothelial cells compared with HDLs from vehicle-treated
HFD-fed mice (Fig. 4A). There was no difference for mRNA
levels of vascular cell adhesion molecule 1 (VCAM1) be-
tween the treatment of HDLs from anacetrapib- and
vehicle-treated HFD-fed mice. The capacity for cellular
cholesterol efflux was decreased after HFD feeding (Fig.
4B). Anacetrapib did not increase HDL’s capacity to accept
cellular cholesterol in chow-fedmice (Fig. 4B) but increased
cholesterol efflux capacity significantly in HFD-fed mice
(Fig. 4B). With regard to the antioxidative function of
HDL, HFD feeding decreased HDL antioxidative capacity
by shifting the curve toward the left compared with chow
(Fig. 4C). Anacetrapib improved the antioxidative function
of HDL in HFD-fed mice by shifting the curve close to the
one for chow-vehicle mice (Fig. 4C). The area under the
curve (AUC) indicates the total formation of conjugated
dienes, the oxidation products of LDL, between t = 0 and

Figure 3—HDL protein composition and lipoproteins. A: HPLC fractions (30–40) for HDL were subjected to proteomic analysis. The amount
of peptides under area for each protein was normalized by total protein amounts of fractions 30–40. B: Immunoblotting was performed
with combination of HPLC fraction peaks for HDL cholesterol from each sample. Data are mean 6 SD (n $ 6). Significant differences were
determinedusing repeated-measures byboth factors two-wayANOVAwithBonferronimultiple comparison test. *P,0.05, **P,0.01, ****P,0.0001.
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90 min when the production leveled off. HFD feeding
increased the AUC compared with chow-vehicle mice, and
anacetrapib treatment decreased the AUC for LDL oxi-
dants compared with HFD-vehicle mice (Fig. 4C). Thus,
anacetrapib treatment increased HDL cholesterol, choles-
terol efflux capacity, and antioxidative capacity to a greater
degree in HFD-fed mice than in chow-fed mice. However,
HFD feeding was associated with insulin resistance and
impairment in HDL’s anti-inflammatory effects with ana-
cetrapib treatment compared with chow-fed mice.

CETP Inhibition Causes TG Accumulation and
Inflammation in the Liver and Exacerbates Insulin
Resistance in Diet-Induced Obese Mice
Liver TG content was increased by 475% in diet-induced
obese mice compared with chow-fed mice (P , 0.01) (Fig.
5A). Anacetrapib further increased liver TGs by 178%
compared with vehicle treatment in HFD-fed mice, which
was not seen in chow-fed mice (P, 0.001) (Fig. 5A). Liver
NEFA content was increased by 50% with HFD feeding and
further increased by 28% by CETP inhibition in HFD-fed
mice (P , 0.05) (Fig. 5B). Liver content of diacylglycerol
(DG) and cholesterol also was increased by HFD feeding
and were not changed by anacetrapib treatment (Fig. 5C
and D). Liver content of phospholipids was not different
between groups (Fig. 5E). In HFD-fed mice, VLDL-TG
secretion was higher in anacetrapib-treated mice at the
first 30 min after tyloxapol administration, whereas total
TGs over the 3 h were not different between anacetrapib
and vehicle-treated mice (Fig. 5F).

To see whether lipid accumulation was associated with
inflammation in the liver, we evaluated mRNA levels of
inflammation markers. SAA1 mRNA level was increased
by 185% by HFD feeding and by 105% and 75% by ana-
cetrapib in chow- and HFD-fed mice, respectively (P ,
0.05) (Fig. 5G), consistent with changes of serum SAA1
protein levels seen in Fig. 1. Liver IL-6 mRNA level was
increased only by CETP inhibition in HFD-fed mice (P ,
0.05) (Fig. 5H) consistent with the increased IL-6 levels
in blood (Table 1). Tumor necrosis factor (TNF)-a mRNA
level was increased by 36% by HFD feeding and further
increased by 41% by anacetrapib in HFD-fed mice (P ,
0.05) (Fig. 5I). These data suggest that CETP inhibition with
anacetrapib increases liver inflammation in addition to
promoting liver TG accumulation in diet-induced obese
CETP mice.

CETP Inhibition Modifies Hepatic Lipid Metabolism
To understand the mechanism for liver TG accumula-
tion with anacetrapib in the setting of HFD feeding,
we investigated pathways for liver TG metabolism. DG
O-acyltransferase 1 (DGAT1) protein amounts were in-
creased with HFD feeding, and anacetrapib did not affect
DGAT1 protein expression in either chow- or HFD-fed
mice (Fig. 6A and B). DGAT2 protein amounts were in-
creased with HFD feeding and with anacetrapib treatment
in both chow- and HFD-fed mice (Fig. 6A and C). Stearoyl-
CoA desaturase 1 (SCD1) protein had a similar pattern
with anacetrapib treatment as DGAT2 (Fig. 6A and D)
likely because they coordinate aspects of TG synthesis and
are coordinately regulated at transcriptional and posttran-
scriptional levels (32). Carnitine palmitoyltransferase
1 (CPT1) transports fatty acids into mitochondria for
b-oxidation, a process that is inhibited by malonyl-CoA
(32). Liver CPT1 protein amounts were increased by HFD,
and anacetrapib treatment limited the increase in HFD-
fed mice, which was not seen in chow-fed mice (Fig. 6A
and F). The ratio of phosphoryl acetyl-CoA carboxylase

Figure 4—Inhibition of CETP activity by anacetrapib modified HDL
function. A: Anti-inflammatory effect of HDL particles. B: HDL capac-
ity for cellular cholesterol efflux. C: Antioxidative function of HDL
particles from each group was assessed as the ability to sup-
press LDL-oxidation. Significant differences were determined
using repeated-measures by both factors two-way ANOVA with
Bonferroni multiple comparison test (n $ 6 for each group). *P , 0.05,
***P, 0.001, ****P, 0.0001. A234, absorbance reading at 234 nm; Ana,
anacetrapib.
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(pACC) to ACC indicates the NEFA flow for b-oxidation
because phosphorylation of ACC deactivates its enzy-
matic activity and leads to the reduction of malonyl-
CoA. This ratio was not significantly altered by diet or
anacetrapib treatment (Fig. 6A and E). Microsomal tri-
glyceride transfer (MTP) protein facilitates the addition
of a TG droplet onto apoB for VLDL assembly and TG
export from liver (26). MTP protein amounts were de-
creased by HFD and further decreased by anacetrapib
treatment in HFD-fed mice, which was consistent with
insulin resistance that was represented by fatty liver and
increased C-peptide in this group (Figs. 1C and 6A and H).
Liver apoB amounts were increased by HFD and were
not modified by anacetrapib treatment (Fig. 6A and G).
Hepatocyte fatty acid oxidation was suppressed by
HFD and further suppressed by anacetrapib in HFD-fed
mice (Fig. 6I). These results suggest that anacetrapib

treatment results in fatty liver with HFD feeding by
increasing fatty acid delivery to the liver (increased serum
fatty acid levels) (Fig. 1B) coupled with impairing fatty
acid oxidation capacity.

To study whether anacetrapib has similar effects for
lipid metabolism in adipose tissue as in the liver, mRNA
levels of genes in lipid metabolic pathways were measured.
mRNA levels for fatty acid synthase (FASN) were increased
by anacetrapib in visceral and brown fat tissues, whereas
mRNA levels of DGAT2 were increased by anacetrapib in
subcutaneous and visceral fat tissues after hyperinsuline-
mic clamp (Supplementary Fig. 2). These changes were not
seen during fasting in the first cohort mice (data
not shown). However, the fatty acid transport pro-
tein (FATP) was increased by anacetrapib in brown fat
tissues during fasting in diet-induced obese CETP mice
(Supplementary Fig. 3I).

Figure 5—CETP inhibition increased liver lipid content, which was associated with increased inflammation in HFD-fed mice. A–E: Liver
content for TG, NEFA, DGs, cholesterol, and phospholipids. F: VLDL production rates were determined with CETP male mice that were fed
an HFD for 1 month and treated with anacetrapib or vehicle. G–I: mRNA levels for SAA1, IL-6, and TNFa were determined by real-time
PCR.mRNA levels in vehicle-treated chow-fedmicewere set as 1. Data aremean6SD (n$ 6). Significant differenceswere determined using
two-wayANOVAwith Bonferronimultiple comparison test. *P, 0.05, **P, 0.01, ***P, 0.001, ****P, 0.0001. Ana, anacetrapib; Veh, vehicle.
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CETP Inhibition Worsens Insulin Resistance in
Diet-Induced Obese CETP Mice
The high blood levels of C-peptide and NEFA suggested that
anacetrapib treatment may have caused insulin resistance
in HFD-fed mice. To measure insulin sensitivity, the second
cohort of mice were fed an HFD for 3months and then were
treated with anacetrapib and subjected to a euglycemic-
hyperinsulinemic clamp study. Anacetrapib or vehicle were
administered through a jugular vein catheter for 5 days
before the clamp study. The glucose infusion rate (GIR)
required to maintain euglycemia under hyperinsulinemic
conditions, a measure of insulin sensitivity, was significantly
lower during the clamp in anacetrapib-treated mice (Fig. 7A

and B). With a similar Rd, the increased hepatic glucose
production (endogenous rate of appearance 5.1 vs. 10.4
mg/kg/min; P , 0.05) (Fig. 7C and D) during hyperinsuline-
mia suggested that hepatic insulin resistance was the driver
for the whole-body insulin resistance (lower GIR) in anace-
trapib-treated obese mice. Hepatic insulin signaling also was
blunted by 54% as represented by decreased AKT phosphor-
ylation at 473Ser in thosemice (P, 0.05) (Fig. 7E and F). Liver
TG content and NEFA levels were higher in anacetrapib- than
in vehicle-treated mice in the second cohort, wherein other
lipid contents in the liver were not changed (Fig. 7G–K). Of
note, anacetrapib treatment did notworsen insulin resistance
in WT diet-induced obese mice (Supplementary Fig. 6A–E),

Figure 6—CETP inhibition promoted TG synthesis and impaired fatty acid oxidation in the liver in HFD-fed CETP mice. A: Western blots of
liver DGAT1, DGAT2, SCD1, pACC, ACC, CPT1, apoB, and MTP from chow- and HFD-fed mice. b-actin was used as the loading control. B–
D, F–H: Quantification of Western blots for each protein. E: Ratio of pACC to ACC protein amounts in the liver. I: Fatty acid oxidation was
measuredwith primary hepatocytes fromCETPmalemice that were treatedwith anacetrapib or vehicle. Data aremean6SD (n$ 6; n = 4 in I).
Significant differenceswere determined using repeated-measures by both factors two-wayANOVAwith Bonferronimultiple comparison test.
*P , 0.05, **P , 0.01, ***P , 0.001. Ana, anacetrapib; Veh, vehicle.
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demonstrating that the effects of anacetrapib to generate
insulin resistance require CETP expression. We had previ-
ously noted that CETP femalemice are protected from insulin
resistance with 4 weeks of HFD feeding compared with WT
littermates, an effect not seen in males (19). These CETP
male mice were not more insulin sensitive than their WT
littermates with 3 months of HFD feeding (Supplementary
Fig. 6F and G), consistent with our prior results.

Hypertension has been observed in clinical trials with
CETP inhibitors (10,33–36). We tested the blood pressure

in a cohort of mice after a longer period of HFD feeding
(5 months) and CETP inhibition (3 weeks), then blood
pressure was determined as describe previously (37). SBP
was not changed by either HFD or CETP inhibition in CETP
transgenic mice (Fig. 7L).

DISCUSSION

In this study, we show that CETP inhibition with anace-
trapib affects HDL function, the HDL proteome, and
metabolic outcomes differently depending on whether

Figure 7—CETP inhibition with anacetrapib worsened insulin resistance in HFD-fed CETP mice. A: Euglycemia was maintained at
;150 mg/dL during the clamp. B: GIR to maintain euglycemia was lower in anacetrapib-treated mice. C: Hepatic glucose production
(Endo Ra) was less suppressed by insulin in anacetrapib-treated mice than in vehicle-treated mice. D: Rd was increased similarly for both
groups by insulin during clamp. E and F: Insulin-mediated phosphorylation of liver AKT (473Ser) (pAKT473) was decreased in anacetrapib-
treated mice shown by immunoblotting and its quantification. G–K: Liver content for TG, DG, NEFA, cholesterol, and phospholipids (PL).
L: SBP for the third cohort of mice. CETP transgenic mice fed a chow diet were used as controls. Data are mean 6 SD (n $ 6).
Significant differences for A–D were determined using two-way ANOVA with Bonferroni multiple comparison test; statistical analyses for
E–L were by Student t test. *P , 0.05, **P , 0.01, ***P , 0.001.
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the mice were fed an obesogenic diet versus a chow diet.
Anacetrapib treatment of CETP mice increased HDL cho-
lesterol in chow- and HFD-fed mice. Increases in HDL
cholesterol did not necessarily improve HDL function in
chow-fed mice, which fits a growing consensus that HDL
functionality is more predictive than HDL cholesterol
levels with regard to protection from CVD. Proteomics
technology has provided insight into the connections
between HDL protein composition and functionality.
We show a marked dietary influence on the modifica-
tion of the HDL proteome by CETP inhibition with anace-
trapib, which contributes to the functionality of HDL.
Furthermore, inhibition of CETP in HFD-fed mice in-
creased NEFA in the circulation and the liver and modi-
fied control of regulatory steps of TG metabolism in the
liver, which was associated with increases in inflamma-
tory markers and whole-body insulin resistance.

CETP inhibition interfered with TG metabolic path-
ways, leading to liver TG accumulation and insulin re-
sistance in diet-induced obese mice. Together with
previous reports that transgenic expression of CETP
reduces liver TG content through several novel functions,
including promoting lipid oxidation and VLDL-TG pro-
duction in chow-fed female mice (20) and improved insu-
lin sensitivity in HFD-fed mice (19), we demonstrate an
important physiologic role of CETP. CETP facilitates the
exchange of cholesterol and TG, but our studies fit into
a growing picture showing that CETP has important
physiologic functions beyond regulation of HDL choles-
terol levels. In hypertriglyceridemic mice of apoA1 back-
ground, the addition of CETP suppressed apoA1 synthesis
in intestine (38). CETP expression decreased plasma TG
in hyperlipidemic LDLR2/2 mice (39,40). In this study,
effects of CETP inhibition on fatty acid and TGmetabolism
were more pronounced in obese mice. HDL is the main
carrier of apoC1, and apoC1 is a regulator of CETP activity
in humans (41). CETP inhibition more strikingly in-
creased apoC1 in HFD-fed than in chow-fed mice, likely
leading to serum NEFA elevation, because overexpression
of apoC1 increases plasma NEFA (42–44). In addition to
increasing TG synthesis through the upregulation of
DGAT2 and SCD1, anacetrapib reduced fatty acid oxida-
tion in the liver, likely by suppressing CPT1 levels. The
increased fatty liver correlated with increased markers
of liver inflammation and liver insulin resistance in our
clamp study.

We show that CETP inhibition with anacetrapib in-
creases systemic and hepatic inflammation to a greater
degree in obese mice than in chow-fed mice. We note that
CETP activity from blood of CETP mice was about twice as
high as that from human blood (Supplementary Fig. 7B).
We do not know whether this relative overexpression of
CETP affects our findings, but note that CETP inhibitors
have raised plasma levels of high-sensitivity C-reactive
protein, a biomarker of systemic inflammation, in clini-
cal trials with torcetrapib, dalcetrapib, and evacetrapib
(33–35). In mice, CETP inhibition by torcetrapib reduces

atherosclerotic lesion size but increases proinflammatory
responses in lesions that predisposed the lesion for throm-
bosis (45). In this study, CETP inhibition increased SAA1
in the liver and increased IL-6 when the burden for lipid
metabolism was higher in HFD-fed obese mice. The con-
tribution of SAA1 and IL-6 from the liver to the blood
further impaired HDL function to protect endothelial cells
from oxLDL-induced inflammation.

Most recently, a clinical trial with a longer follow-up
showed that anacetrapib reduces CVD risk, an effect that
was likely attributable mostly to decreases in LDL choles-
terol (10,36). Using mouse models with minimal interrup-
tion from changes other than HDL, we show that HDL
particles generated by CETP inhibition promote beneficial
functionalities, such as cholesterol efflux and antioxidative
action, specifically in diet-induced obese mice. However,
CETP inhibition promoted hepatic TG accumulation and
caused insulin resistance in the same group of mice, which
may counterbalance the benefits on clinical outcomes in-
duced by CETP inhibitors. The findings from the current
study are helpful with regard to understanding the phys-
iologic importance of CETP expression and the complex
effects of CETP inhibitors in clinical trials. In addition, in
an era of personalized medicine, this study suggests that
consideration of obesity and diet as potential modifiers of
the effects of drugs used to prevent and treat CVD might
be valuable.
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