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Objective: The systemic function of CETP has been well characterized. CETP plasma activity reduces HDL choles-
terol and thus increases the risk of atherosclerosis. Here, we investigated whether CETP expression modulate
adiposity.
Methods: Body adiposity and energy metabolism related assays and gene/protein expression were com-
pared in CETP transgenic and non-transgenic mice and in hamsters treated with CETP neutralizing anti-
body.
Results:We found that transgenic mice expressing human CETP present less white adipose tissue mass and
lower leptinemia than nontransgenic (NTg) littermates. No differences were found in physical activity,
food intake, fat fecal excretion, lipogenesis or exogenous lipid accumulation in adipose depots. Nonethe-
less, adipose lipolysis rates and whole-body energy expenditure were elevated in CETP mice. In accor-
dance, lipolysis-related gene expression and protein content were increased in visceral and brown
adipose tissue (BAT). In addition, we verified increased BAT temperature and oxygen consumption.
These results were confirmed in two other animal models: 1) hamsters treated with CETP neutralizing an-
tibody and 2) an independent line of transgenic mice expressing simian CETP.
Conclusions: These findings reveal a novel anti-adipogenic role for CETP.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

CETP is a 74-kDa glycoprotein expressed in several tissues, in-
cluding adipose tissue and liver [1]. Primates, rabbits, hamsters, rep-
tiles and fishes express CETP, while mice, rats and dogs do not [2,3].
In humans, CETP is highly expressed in adipose tissue, and its expres-
sion is higher in small adipocytes with lower lipid content [4]. Once
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in the blood circulation, CETP mediates the exchange of esterified
cholesterol from HDL for triglycerides (TG) from apolipoprotein B-
containing lipoproteins [5]. The net lipid flux results in a reduction
in HDL cholesterol, and because of that, CETP is thought to increase
the risk of cardiovascular disease. Thus, in recent decades, the phar-
macological inhibition of CETP has been postulated as an anti-
atherogenic therapy. At least four CETP inhibitors have gone into
clinical trials. Despite initial major setbacks in clinical trials due to
increased mortality [6] or futility [7,8], the recent anacetrapib
REVEAL trial showed a significant reduction in the incidence of
major coronary events [9]. Thus, the hypothesis that CETP inhibitors
are anti-atherogenic in humans is still being tested [10].

In addition to its activity in modulating plasma lipoprotein metabo-
lism, CETP may also be important for lipid homeostasis in adipocytes.
Previous studies reported that CETP stimulates the selective uptake of
HDL cholesteryl esters by human isolated adipocytes [11] and by several
tissues in CETP transgenic mice, including adipose tissue [12]. In addi-
tion, it was previously demonstrated that CETP overexpression in
liposarcoma SW872 cells increases TG hydrolysis, reduces TG synthesis
and thus reduces TG content [13].
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Numerous genes have been shown to modulate adiposity during re-
cent decades. Among them, genes encoding proteins primarily related
to plasma lipoprotein transport have been associated with body fat ac-
cumulation, such as apolipoprotein (apo) CIII and apo E [13–16]. In a
previous work, we demonstrated that CETP expression attenuated
diet-induced obesity in hypertriglyceridemic apo CIII-overexpressing
mice [17]. Thus, in this study, we aimed to evaluate the impact of
whole-body CETP expression on adiposity and disclose the underlying
mechanisms.
2. Material and methods

2.1. Animal studies

All animal protocols were approved by the State University
of Campinas Committee for Ethics in Animal Experimentation
(CEUA – UNICAMP, #1607-1, #3279-1, #3870-1, #5122-1/2019).
Two independent lines of CETP transgenic mice were used: hCETP -
heterozygous human CETP transgenic mice (line 5203) expressing
a natural promoter-driven human CETP transgene [18]; and sCETP -
overexpressing a metallothionein promoter-driven simian CETP
cDNA (C57BL/6-Tg(CETP)UCTP20Pnu/J) [19]. The hCETP line was
kindly provided by Dr. Alan Tall from Columbia University (NY,
EUA) in 1996, and the sCETP line was purchased from The Jackson
Laboratory (Bar Harbor, USA) in 2013. Both colonies were then
maintained as heterozygous by crossing with C57BL/6JUnib mice
from State University of Campinas Multidisciplinary Center for Bio-
logical Research in Laboratory Animals (CEMIB/Unicamp, Brazil). Ex-
periments were performed in five-month-old female mice, although
initial studies were performed inmale mice (Fig. S1), with similar re-
sults. Their respective nontransgenic littermates (NTg) were used as
controls. Mice were genotyped according to the protocols recom-
mended by the Jackson Laboratory (https://www.jax.org). Total cho-
lesterol (Table 1) and HDL-cholesterol plasma levels are reduced in
CETP expressing mouse lines as previously reported and shown in
Supplementary Table S1.

Golden Syrian hamster, a natural CETP-expressing species, was
also used. One-month-old female hamsters were purchased from
the Medical School of São Paulo University, Brazil. They were
randomly assigned to control or experimental (CETP inhibition)
groups. For 4 weeks, hamsters received a monoclonal anti-CETP
(TP2) antibody (donated by Dr. Alan Tall, Columbia University,
NY, EUA) subcutaneously three times a week (25 μg/kg) or irrele-
vant antibody (IgG nonimmunogenic, Sigma Chemical Co.) as a con-
trol [20]. Antibodies were previously purified in a detoxification
column (Affinity Pak Detoxi-Gel, Pierce, Rockford, EUA). Animals
were maintained under controlled temperature (22 ± 2 °C) in a
12-h light/dark cycle in conventional animal facility (3–5 mice/
cage), with wood shavings bedding and free access to filtered
water and regular rodent diet (Nuvital CR1, Colombo, PR, Brazil).
The number of mice varied from 6 to 12 per group according to
the variance of the data for each protocol, and the exact number
Table 1
Plasma levels of lipids and glucose of human (hCETP) and simian (sCETP) CETP transgenic
mice and respective nontransgenic (NTg) littermates.

NTg hCETP NTg sCETP

Glucose (mg/dL) 91.5 ± 3.1 100.9 ± 4.6 181.1 ± 16.8 169.3 ± 9.11
CHOL (mg/dL) 92 ± 6 76 ± 5*** 103.5 ± 4.4 71.9 ± 4.9***
TG (mg/dL) 93 ± 5 99 ± 8 131.0 ± 9.2 137.5 ± 6.0
TBA (μM) 23.3 ± 1.2 24.6 ± 2.2 28.0 ± 4.6 24.4 ± 4.8

Mean ± SE (n = 6–11 hCETP and NTg, fasting plasma; n = 6–7 sCETP and NTg, fed
plasma). CHOL, cholesterol; TG, triglycerides; TBA, total bile acid. Student's t-test, ***p ≤
0.001.

2

used is provided in the legend of the figures. Animals were anesthe-
tized for terminal experiments with ketamine (100 mg/kg) and
xylazine (10 mg/kg) ip, followed by exsanguination through the
retro-orbital plexus. All animal experiments were performed be-
tween 8:00 and 11:00 pm.

2.2. Physical activity

Two independent methods for physical activity were used. For
voluntary physical activity, mice had free access to an individual run-
ning wheel for 7 days in individual cages. The revolutions of each
running wheel were recorded within 5-min intervals (Columbus In-
struments, OH, USA). Data are presented as the daily mean distance
traveled. The second method was an infrared cage system (Phecomp
System, Panlab Harvard Apparatus) to measure total spontaneous
activity (all movements): mice were placed in cages with free access
to food and water for 24 h, and animal activity and rearing were re-
corded simultaneously by the means of 2-dimensional infrared
frames.

2.3. Temperature

Body (rectal) temperature was measured using a thermometer
with a probe for mice (RET-3 Physitemp), and the FLIR T450sc
thermosensitive camera (FLIR Systems, Inc. Wilsonville, USA) was
used for specific body regions (interscapular brown adipose tissue -
iBAT).

2.4. Indirect calorimetry

The Oxylet System (Pamlab e Harvard Apparatus) was used for
indirect calorimetry. hCETP mice were adapted to the chamber
twice for 15 min and acclimated for 10 min immediately before the
measurements. Then, two measurements were performed in 12-h-
fasted mice between 9:00 am and 12:00 pm. sCETP transgenic mice
were acclimated to the chamber for 24 h, and the air gases weremea-
sured during the next 24 h. Mice had free access to food and water.
The software Metabolism v2.2.01 was used to calculate total energy
expenditure (EE). In separate experiments, oxygen consumption
(VO2) was also evaluated in response to intraperitoneal injection
of isoproterenol (10 mg/kg BW) in anesthetized mice (ketamine,
100 mg/kg and xylazine, 10 mg/kg).

2.5. Carcass composition

The carcasses were dehydrated at 65 °C until body weight stabilized
(dry weight). The total fat was then extracted with petroleum ether
(LabSynth, SP, Brazil) in a Soxhlet extractor for 72 h. The fat mass is cal-
culated by the weight difference of the dehydrated carcass before and
after lipid extraction. Leanmass corresponds to theweight of dehydrated
and delipidated carcasses.

2.6. Whole-body adipose volume – micro computerized tomography

Anesthetized mice were placed in the micro-CT scanner (Bruker -
Skyscan 1178). The energy parameters (49 kV; 402 μA; 20 W) were
set as previously reported [21]. The images were obtained in duplicate,
180°, grayscale and 84 μm resolution. The region of interest (from cervi-
cal to coccyx) was determined according to the bone projections, and
the lung was excluded from each image. The 2D images were recon-
structed with NRecon software (Feldkamp algorithm). Then, images
were binarized to black and white according to the established thresh-
old, and the object volume (total adipose tissue volume) was calculated
by CT Analyser, Version: 1.13.5.1, according to the Bruker instructions
manual.
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2.7. Plasma biochemical analyses

The plasma levels of total cholesterol (CHOL), triglycerides (TG)
(Chod-Pap; Roche Diagnostic GmbH, Mannheim, Germany), nones-
terified fatty acids (NEFA) (Wako Chemicals, Neuss, Germany)
were determined using enzymatic colorimetric assays according to
the manufacturer's instructions. Leptin and adiponectin plasma con-
centrations were determined by ELISA kits (Merck Millipore, Darm-
stadt, Germany). Free thyroxine (FT4) was determined by an ELISA
kit (Cloud-corp, Katy, USA). Corticosterone was analyzed using an
ELISA kit (Cayman Chemical, Ann Arbor, USA). Epinephrine and nor-
epinephrine were analyzed by a research enzyme immunoassay
(ELISA) kit from LDN, Nordhorn, Germany. Plasma total bile acids
were determined using an enzymatic-colorimetric assay kit from
Cell Biolabs, San Diego, USA.

2.8. Adipocyte isolation and tissue histology

Adipocytes from fed mice were isolated according to a modified
protocol for rat adipocytes [22]. Briefly, perigonadal and subcutane-
ous fat were digested at 37 °C with collagenase II (Sigma-Aldrich, St.
Louis, MO) (1 mg/mL) in Krebs-Ringer bicarbonate buffer (KRBA)
with fatty-acid-free albumin (3%) and glucose (6 mM) at pH 7.4
for 45 min under continuous gentle shaking. Cells were filtered
through a nylon mesh and washed 3 times with KRBA buffer to elim-
inate the stroma-vascular fraction and collagenase. Isolated adipo-
cytes were used for lipogenesis and lipolysis assays. In addition,
adipose tissue depots were also submitted to conventional histolog-
ical analysis. Briefly, adipose depots were fixed with 4% paraformal-
dehyde during 24 h at 4 °C, washed with PBS and preserved in
ethanol 70%. Samples were then dehydrated in ethanol, and then
transferred to xylene solution for embedding in paraffin. Five-
micrometer sections were cut in a Leica microtome. Slides were
placed at 70 °C to remove paraffin. Sections were stained with
eosin-hematoxylin and digital images were captured under 40×
objective lens in an optical microscope (Olympus BX51, camera
Olympus U-TVO.63XC). The area of at least 100 WAT adipocytes
per section, in 5 different sections per mice, were measured using
Image J version 1.53a software. iBAT lipid content was measured
with the automated mode after binary transformation within a
fixed area/section, five sections/mouse.

2.9. Lipogenesis rates in isolated adipocytes

Isolated adipocytes (106 cells) from fed mice were incubated in
triplicate in Krebs-Ringer phosphate buffer containing 3% fatty-
acid-free BSA, 6 mM glucose, 1 mM acetate and 25 μU human insulin
for 2 h at 37 °C and saturated with a gas mixture of CO2 (5%)/O2

(95%) in a shaking water bath. All samples were incubated with 1
μCi of 14C-acetate (GE Healthcare-Amersham, United Kingdom).
After incubation, lipids were extracted according to Dole's protocol.
Briefly, 0.2 mL of H2SO4 (8 N) was added to the samples, and after a
30-min incubation, the reaction mixture was treated with 2.5 mL of
Dole's reagent (isopropanol: n-heptane: H2SO4, 4:1:0.25, v/v/v).
Beta radiation in the lipid extract was counted with scintillation liq-
uid (GE Healthcare-Amersham, United Kingdom) in a Beckman - LS
6000TA Beta counter.

2.10. Lipolysis rates in isolated adipocytes

Glycerol release rates from adipocytes to media were measured as
indicators of lipolysis. Isolated adipocytes (106 cells) from fed mice
were incubated in triplicate with Krebs-Ringer phosphate buffer con-
taining 3% fatty-acid-free BSA and 6 mM glucose, pH 7.4, for 1.5 h at
37 °C in the presence of isoproterenol (10−5 M), a beta-adrenergic re-
ceptor agonist. A preincubation of 5 min with adenosine deaminase
3

(0.2 U/mL) at 37 °C was performed. The glycerol content of the incuba-
tion medium was measured using an enzymatic-colorimetric assay
(Bioclin, Quibasa; BH, Brazil).

2.11. In vivo lipolysis

Lipolysis was estimated as the plasma glycerol concentration in the
basal condition and after isoproterenol stimulation. Plasma samples
were collected from the tail tip of fed mice before and 15 min after
isoproterenol ip injection (0.3mg/kg) [23]. The plasma glycerol concen-
trationsweremeasured using an enzymatic-colorimetric assay (Bioclin,
Quibasa; BH, Brazil).

2.12. In vivo lipogenesis

De novo lipid synthesiswasmeasured by 3H2O incorporation into total
lipids in the liver and adipose tissues [24]. Mice were injected with 3H2O
(20 mCi; intraperitoneal) in saline solution and killed after 1 h. Lipid tis-
sues were extracted by the Folchmethod and beta radiationwas counted
with scintillation liquid (GEHealthcare-Amersham, United Kingdom) in a
Beckman - LS 6000TA Beta counter. Plasma was used to determine the
specific activity, and the results are expressed as nmol 3H2O/h/g tissue.

2.13. Exogenous lipid retention capacity

Mice (8 h fasted) received an oral dose of 3H-triolein (5 μCi 3H-TO,
GE Healthcare-Amersham, United Kingdom) mixed with corn oil (180
mg/mouse). After 24 h, mice were killed and liver, gastrocnemius mus-
cle and perigonadal, subcutaneous and interscapular brown fat depots
were excised and weighed. Tissue lipids were extracted using the
Folch method and beta radiation was counted with scintillation liquid
(GE Healthcare-Amersham, United Kingdom) in a Beckman - LS
6000TA Beta counter.

2.14. Citrate synthase activity

The citrate synthase (CS) activity assay was based on the original
protocol from Shepherd and Garland [25], where the conversion of ox-
aloacetate and acetyl-CoA to citrate and SH-CoA catalyzed by CS ismon-
itored by the colorimetric product thionitrobenzoic acid.

2.15. iBAT mitochondria isolation

Interscapular BAT (iBAT) depots were pooled from 3 mice and
placed in ice-cold medium 1 containing 250 mM sucrose, 10 mM
HEPES and 1 mM EGTA. Preparations from wild-type and sCETP trans-
genic mice were made and run in parallel. The BAT was finely minced
with scissors and homogenized in a Potter homogenizer. Throughout
the isolation process, tissues were kept on ice. Mitochondria were iso-
lated by differential centrifugation. BAT homogenates were centrifuged
at 8500 ×g for 10 min at 4 °C. The resulting supernatant, containing
floating fat, was discarded. The pellet was resuspended in ice-cold me-
dium 1. The resuspended homogenate was centrifuged at 800 ×g for
10 min, and the resulting supernatant was centrifuged at 8500 ×g for
10 min. The resulting mitochondrial pellet was resuspended in ice-
cold medium 2 containing 100 mM KCl, 20 mM Hepes (pH 7.2), 1 mM
EDTA, and 0.6% fatty-acid-free BSA and centrifuged at 8500 ×g for 10
min. The final mitochondrial pellets were resuspended in the sameme-
dium. The concentration of mitochondrial protein was measured using
the Bradford method with BSA as the standard. Procedure adapted
from Shabalina et al. [26].

2.16. iBAT mitochondrial oxygen consumption

Oxygen consumption rates were monitored using a Clark-type oxy-
gen electrode coupled to a high-resolution Oroboros respirometry
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system at 37 °C [27]. Brown-fat mitochondria (0.0625 mg protein/
mL) were incubated in a medium consisting of 125 mM sucrose, 20
mM Hepes (pH 7.2), 2 mM MgCl2, 1 mM EDTA, 4 mM KH2PO4, and
0.1% fatty-acid-free BSA. The respiratory activity of mitochondria
was measured in the presence of 5 mM pyruvate plus 3 mM malate.
UCP1-linked respiration was measured as the difference between
the initial respiration rate (basal) and the residual respiration fol-
lowing the addition of 1 mM GDP. Maximal oxygen consumption
rates were obtained by the addition of CCCP to a final concentration
of 5 μM.

2.17. iBAT biopsy oxygen consumption rates

Briefly, tissue explants (3–4 mg) were incubated in DMEM (25
mM glucose, 2 mM glutamine, 1 mM pyruvate) supplemented with
4% fatty-acid-free BSA (w/v). Oxygen consumption rates were mon-
itored using a Clark-type oxygen electrode coupled to a high-
resolution Oroboros respirometry system at 37 °C under continuous
stirring [27,28]. Recordings after 10 min of the experiment (5-min
window), when respiration rates were stable, were analyzed and
normalized by tissue weight.

2.18. Gene expression analysis

Adipose tissue RNA was extracted from 100 mg of tissue using
the RNeasy Lipid Tissue Mini Kit (QIAGEN, Germany) according to
the manufacturers' instructions. The RNA integrity was evaluated
using Tris-borate 1.2% agarose gels stained with GelRed Nucleic
Acid Gel Stain (Biotium). The amount and purity of the RNA were
determined by optical density readings at 260 and 280 nm
(NanoVue Plus Spectrophotometer, GE Healthcare). Genomic DNA
contamination was ruled out by running a polymerase chain reac-
tion (PCR) on the RNA samples. Reverse transcription into cDNA
was performed using 2 μg of RNA by reverse transcription using
an Applied Biosystems kit (High-Capacity cDNA reverse transcrip-
tion kit) according to the manufacturer's instructions. Real-time
RT-PCR was carried out on a sequence detection system (7500
fast Real-time PCR System, Applied Biosystems, Foster City, CA,
USA) using a SYBR Green PCR master mix and specific primer se-
quences shown in Table S2 (Supplemental material). The cycle
thresholds of genes of interest were normalized to β-actin levels
by the ΔΔCt method.

2.19. Western blot

Adipose tissue samples were homogenized in urea lysis buffer (2
M thiourea, 5 mM EDTA, 1 mM sodium fluoride, 1 mM sodium
orthovanadate, 1 mM sodium pyrophosphate, 1% aprotinin, 2 mM
PMSF, and 1% Triton-X 100), and protein concentrations were deter-
mined using the Bradford method. Fifty-microgram samples of pro-
tein lysate were resolved on 10% SDS-polyacrylamide gels and
transferred to nitrocellulose membranes. The membranes were
blocked with 5% albumin in Tris-HCl, pH 7.6, containing 150 mM so-
dium chloride and 0.1% Tween-20 (TBST) and incubated for 2 h at
room temperature with primary antibodies against HSL and pHSL
(1:1000, Cell Signaling #4107, #4126) and UCP1 (1: 500, Santa
Cruz Biotechnology #6529). An antibody against tubulin was used
as an internal control (1:30,000, Sigma #T6074).

2.20. Adipose tissue macrophage phenotyping by flow cytometry

Perigonadal adipose stromal vascular fraction was resuspended
in PBS containing 2% FBS and stained with saturating concentrations
of fluorescent monoclonal antibodies for surface markers. Intracellu-
lar stainingwas performed followed a 5 h in vitro stimulation at 37 °C
under 5% CO2 using a leukocyte activation cocktail (BD Biosciences)
4

as previously described [29]. Cells were permeabilized using the BD
kit Cytofix/Cytoperm Fixation/Permeabilization kit as recommended
by the manufacturer (BD Biosciences). Data were acquired in FACS
Galios (Beckman Counter) and analyzed with the software FlowJo
9.5.3 (Treestar). The following monoclonal antibodies were used:
F4/80 (CI:A3-1, Biolegend), IL-1β (NJTEN3, eBioscience), TNF
(MP6-XT22, Biolegend), CD11c (N418, Biolegend), CD206 (C068C2,
Biolegend).

2.21. Adipose tissue cholesterol content by GCMS

Cholesterol content was determined by gas chromatography
coupled with mass spectrometry (GCMS) (Shimadzu GCMS-QP2010
plus, Kioto, Japão), using the software GCMS solution, version 2.5. Lipids
were extracted with chloroform:methanol (2:1). The internal standard
5-alpha-cholestane was added to the lipid extracts and then subjected
to saponification with 1 mL of 1 M KOH (dissolved in ethanol) at 60 °C
for 1 h. One mL of water was added, and the mixture was extracted
twice with hexane. The hexane phase was dried under nitrogen and
derivatized with 200 μL of a solution containing pyridine (100 μL) and
BSTFA with 1% TMCS (1:1, v/v) (100 μL) and incubated 1 h at 60 °C.
One microliter was then injected into the GC–MS with a split rate of
1:3. The sterol separation was achieved in a Restek capillary column
(100% dimethyl polysiloxane-Rxi13323) that was 30 m long with an
internal diameter of 0.25 mm, contained helium as the mobile
phase, and had a constant linear velocity of 45.8 cm/s with an
oven temperature maintained at 280 °C. The mass spectrometer op-
erated on the electron impact mode at an ionization voltage of 70 eV
with a source temperature of 300 °C for the ions and the interface.
Ions were monitored at SIM mode (single ion monitoring). The se-
lected ions were m/z = 217, 149 e 109 for 5-alpha-cholestane and
m/z = 121, 129 e 329 for cholesterol. The quantitation was based
on the total ions chromatogram (TIC) and the identification was
based on the comparison with the retention times and mass spectra
of standards with correction for the internal standard and tissue
mass [30].

2.22. Cold exposure

NTg and sCETP mice (female, 5-month-old) were exposed to
cold (4 °C) for 24 h, singly caged, no bedding, in a 12 h light/
dark cycle. No food was offered during the first 6 h but with free
access to chow diet thereafter. Body temperature (rectal tempera-
ture) was measured every 2 h during the first 6 h and at the end of
24 h.

2.23. Statistical analyses

The results are presented as the mean ± standard error for the
number of determinations (n) indicated. Student's t-test was used
for two-group comparisons and two-way ANOVA with Bonferroni
posttest for spontaneous physical activity. Statistical significance
was defined as p ≤ 0.05.

3. Results

3.1. CETP expression reduces adiposity

To investigate the effect of CETP on adiposity, we studied heterozy-
gous transgenic mice for the human CETP (hCETP) minigene under
the control of its natural promoter compared with their nontransgenic
(NTg) littermates. The study was performed in females because initial
experiments showed a more prominent reduction in white visceral ad-
ipose tissue in female hCETP mice than in males (22% vs 52% in males
and females, respectively, Fig. S1B vs Fig. 1B). Although body weight is
not modified by CETP expression (Fig. 1A, B), adipose mass is reduced
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by ~50% in perigonadal and perirenal depots and by ~40% in inguinal
subcutaneous adipose tissue (Fig. 1C). In terms of carcass composition,
relative lean mass is increased by 4% and relative fat mass is decreased
by 37% (Fig. 1D). Consistently, plasma levels of the adipokines leptin
and adiponectin were decreased (40%) and increased (20%), respec-
tively, in hCETPmice (Fig. 1E, F).We also show that there is no evidence
of ectopic lipid deposition in the liver and muscle (gastrocnemius) of
the hCETPmice, since both groups show similar fat contents in these tis-
sues (Fig. 1G). Morphology and adipocyte areas of WAT and iBAT are
shown in Supplementary Fig. S2. hCETP pgWAT adipocytes area is de-
creased compared to NTg adipocytes, while iBAT lipid content is similar
between groups.

To verify whether these data were a feature of this particular trans-
genic mouse model, we immunologically inhibited CETP in a natural
CETP-expressing species, the Golden Syrian hamster. One-month-old
female hamsters were injected subcutaneously three times a week
with the monoclonal antibody anti-CETP (TP2) or irrelevant antibody
(nonimmunogenic IgG) for one month. The antibody accomplished po-
tent in vivo inhibition of plasma CETP activity (Fig. 2A). CETP immuno-
logical inhibition did not change body weight gain or body weight
(Fig. 2B, C) but increased perigonadal adipose mass (Fig. 2D, 40%) and
adipocyte area (Fig. 2E, 30%).

3.2. Exclusion of possible mechanisms responsible for differential adiposity
in CETP-expressing mice

We investigated the eating and activity behavior of hCETP and
NTg mice but verified no significant differences in food intake, fat
5

excretion, stimulated physical activity (running wheel in the cage),
or rectal temperature (Fig. 3A–D) between the mouse groups. Exog-
enous (diet) lipid retention capacity was tested after oral adminis-
tration of 3H-triolein. However, both groups had similar labeled
lipid retention capacity in adipose tissue, liver and muscle 24 h
after the oral load (Fig. 3E). De novo lipid synthesis was examined
in vivo and in isolated adipocytes (Fig. 3F, G). hCETP and NTg mice
showed similar incorporation of 3H2O into lipids of both lipogenic
tissues, namely, adipose depots and liver. This method is considered
an index of the flux of total precursors converted to fatty acids, inde-
pendent of the carbon source [31], and is thus ideal for comparing
in vivo lipogenesis in distinctive tissues (Fig. 3F). Carbon incorpora-
tion into lipids was also verified using the 14C-acetate precursor in
isolated adipocytes, and no differences in adipose lipogenesis were
observed between groups (Fig. 3G).

3.3. CETP expression increases lipolysis and energy expenditure

Considering that hCETP transgenic mice had similar lipid inges-
tion, excretion, synthesis and retention rates, the reduction in adi-
posity could be explained by an increase in the lipolysis rates. We
used glycerol levels as an indicator of lipolysis since lipolysis-
released fatty acids are promptly (re)taken up by tissues [32]. Thus,
by measuring plasma and cell media glycerol levels, we verified an
increase in basal lipolysis in vivo (55%) and in isolated adipocytes
(50%) in hCETP-expressing mice and adipose cells, respectively
(Fig. 4A, B). In addition, we verified that hCETP-expressing mice ex-
hibit increased whole-body energy expenditure (EE) rates (12%)
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(Fig. 4C), measured during the light (morning) period of the day. In-
creased oxygen consumption and carbon dioxide production in
hCETP are shown in Supplementary Fig. S3. In addition, the response
of body oxygen consumption to isoproterenol, an indicator of brown
adipose tissue activity [33], was 20% higher in hCETP-expressing
mice than in NTg mice (Fig. 4D).

Consistent with these data, measurements of mRNA expression
in white perigonadal (pWAT) and interscapular brown (iBAT) adi-
pose tissue of hCETP mice showed an increase in lipolytic and ther-
mogenic genes, including adipose triglyceride lipase (ATGL), beta-
3 adrenergic receptor (B3AR), hormone sensitive lipase (HSL), and
uncoupling protein 1 (UCP1) (Fig. 5A, B). While ATGL is the rate-
limiting step for TG hydrolysis in basal lipolysis, HSL is the most
important lipase in catecholamine-stimulated lipolysis [34]. Inter-
estingly, fatty acid transport protein 1 (FATP1) mRNA expression
was also increased in CETP WAT and BAT, suggesting stimulation
of fatty acid (re)uptake (Fig. 5A, B). Protein content analysis con-
firmed that HSL is increased in both WAT and iBAT of hCETP
mice, but the UCP1 protein content was not altered in iBAT
(Fig. 5C, D). The plasma levels of lipolytic hormones such as corti-
costerone, thyroxine, epinephrine and norepinephrine were not
elevated in hCETP mice (Fig. S4 A–D), nor was the adipose content
of catecholamines (epinephrine and norepinephrine) (Fig. S4 E, F).
The expression of genes related to “browning” of white adipose tis-
sue (PR domain containing 16 - PRDM16, cell death inducing DFFA
like effector A (Cidea), zinc finger protein 516 (Zfp516) and
6

peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGC1a) was not modified in the inguinal WAT of the
hCETP mice (Fig. S4 G).

3.4. CETP expression reduces adiposity and increasesWAT lipolysis and BAT
activity in an independent line of transgenic mice (simian CETP)

To confirm and expand the results described above, we studied
another independent CETP transgenic mouse line that expresses
simian CETP cDNA (sCETP) under the control of the metallothionein
promoter. Similar to hCETP, the body weights of sCETP mice did not
differ from those of NTg littermates (Fig. 6A), but sCETPmice showed
a reduction in the mass of white adipose tissue depots (Fig. 6B), total
body adipose volume (approximately 30%) (Fig. 6C) and leptin
plasma level (33%) (Fig. 6D). The spontaneous physical activity was
similar in both groups (Fig. 6E). Respiratory analyses also indicated
an increase in the energy expenditure rate in sCETP-expressing
mice (Fig. 6F). Increased oxygen consumption and carbon dioxide
production in sCETP are shown in Supplementary Fig. S3. The
in vivo lipolysis in sCETP mice was increased in both basal and stim-
ulated (isoproterenol) conditions (Fig. 7A). Although rectal temper-
ature was similar in both groups of mice (Fig. 7B), the maximum
temperature of the interscapular area (iBAT temperature) was in-
creased in sCETP-expressing mice (Fig. 7C). The protein levels of
phosphorylated HSL (pHSL) are elevated in adipose tissues of
sCETP mice (Fig. 7D, E), but iBAT UCP1 is not.
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To explain the higher iBAT activity, we next investigated UCP1 activ-
ity bymeasuringUCP1-linked respiration in iBAT-isolatedmitochondria
and the respiration rates of iBAT biopsies. UCP1-linked respiration was
measured as the difference between the basal respiration rate and the
residual respiration following the addition of a UCP1 inhibitor, GDP. In
isolated iBAT mitochondria, no differences were verified between
sCETP and NTg mice in basal, maximal and UCP1-linked respiration
rates (Fig. 8A); however, the basal oxygen consumption rate of iBAT bi-
opsies was significantly increased (~25%) in the sCETP group (Fig. 8B).
These findings show that CETP does not affect UCP1 activity per mi-
tochondrial unit, in agreement with the lack of changes in UCP1 pro-
tein expression in iBAT and the similar citrate synthase activity, an
indicator of mitochondrial amount, in the iBAT of both groups
(120.06 ± 2.29 vs 120.56 ± 3.18 OD412/min/mg protein, n = 6,
sCETP vs NTg, respectively). Thus, the increased oxygen consump-
tion verified in iBAT biopsies of sCETP mice reflects the presence of
local stimulating factors in situ, likely the lipolysis-derived sub-
strates activating energy consumption and dissipation. These find-
ings suggest that the effect of CETP on increasing body metabolism
is mediated, at least in part, by BAT activity (lipolysis, oxygen con-
sumption and heat production).

3.5. Exploring additionalmechanisms linking CETP expressionwith lipolysis
and thermogenesis: CETP expression increases iBAT heat production upon
cold exposure

Since membrane cholesterol content may regulate energy homeo-
stasis related gene expression [35], we determined total cholesterol
7

content of pgWAT and iBAT of CETP and NTg mice (Fig. 9). In fact, we
found increased cholesterol content in iBAT of hCETP mice but not in
sCETP mice. An evaluation of the isolated adipocyte membranes
would have been more sensitive.

Bile acids are known regulators of thermogenesis [36]. Thus, we
determined total bile acids plasma levels in mice but found no sig-
nificant differences between CETP and NTg groups (Table 1). How-
ever, this finding does not discard the possibility of an elevation of
a specific class of bile acids or increased turnover of bile acids in
CETP mice.

Yet another possibility was tested, named the macrophage infil-
tration into adipose tissue. Depending on the amount and type,
these cells can induce considerable adipose tissue remodeling
through inflammation and lipolysis [37]. However, no differences
between groups were found, thus ruling out a possible interference
of local inflammation or differential behavior of CETP expressing
macrophages within adipose tissue. This is somewhat expected
since we are comparing lean (NTg) and leaner (CETP) mice without
any pro-inflammatory challenge.

To go deeper into the BAT activity and possible browning of ingui-
nal WAT, we exposed sCETP mice to cold (4 °C) for 24 h and followed
rectal and iBAT temperature (Fig. 10). We observe that, although
leaner, sCETP mice were able to preserve their body temperature
within the 24 h similarly to NTg mice (Fig. 10A), meaning that their
metabolism is higher enough to sustain body temperature with less
insulation. Noteworthy, the iBAT maximal temperature after 24 h
of cold exposure was increased in sCETP mice (Fig. 10B). These data
indicate that iBAT activity is really higher in CETP expressing mice.
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Gene markers of browning of inguinal subcutaneous adipose were
not differentially modified (Fig. 10C) in sCETP and NTg after cold
exposure.

4. Discussion

Here, we showed that CETP expression reduces body adiposity,
revealing a new role of this protein and adding a relevant factor
to be considered in the context of obesity. We demonstrated that
CETP reduces adiposity without any effect on food intake, fat excre-
tion or physical activity. We also excluded the effect of CETP on de
novo lipogenesis and on dietary lipid retention capacity. Fatty
acid esterification and storage in adipose tissue is limited by glu-
cose uptake, which we previously demonstrated is not disturbed
by CETP expression [38]. We also demonstrated that CETP expres-
sion increases the WAT and BAT lipolysis rates, body metabolic
rate, and iBAT activity. The higher iBAT activity is the most robust
finding of this study that contribute to the leaner phenotype ob-
served in the CETP-expressing mice. This was demonstrated by
higher local heat production (iBAT temperature) at both 22 and 4
°C environment, higher oxygen consumption in vivo (post-isopro-
terenol stimulation) and ex-vivo (high resolution oximetry in
iBAT biopsies) and increased expression of lipolysis related genes
and proteins.

Some mechanisms to explain how CETP has these adiposity-
reducing and thermogenic stimulating effects can be hypothesized.
8

First, one could think of a central nervous signal to autonomic activa-
tion of adipose tissue triggering lipolysis and thermogenesis. We
measured the circulating levels and adipose content of catechol-
amines as indicative of this pathway but found no differences be-
tween CETP and NTg mice. Other plasma catabolic hormones, such
as thyroid hormones and corticosterone, were also not different be-
tween the groups.

An alternative hypothesis is related to the ability of CETP to in-
crease membrane cholesterol content and then indirectly modulate
gene expression and/or protein activation, promoting lipolysis and
thermogenesis. Accordingly, we detected increased cholesterol
content of hCETP iBAT. Our group had already demonstrated that
CETP expression increases adipose tissue uptake of cholesterol de-
rived from HDL [12], and others have demonstrated that CETP
raises the cholesterol content in adipose cell culture [10,11]. The
cholesterol content in adipocyte membranes modifies the expres-
sion of several energy metabolism-related genes [35]. In addition,
there is evidence that membrane cholesterol [39] and other lipids
[40], especially in lipid rafts, are responsible for the stability of
beta-adrenergic receptors (B3AR). The activation of B3AR starts li-
polysis signaling through protein kinase A phosphorylation of HSL
and perilipin [41]. In BAT, B3AR activation promotes both lipolysis
and thermogenesis [42]. The present data show that B3AR activated
by isoproterenol induced higher lipolysis and oxygen consumption
rates in CETP-expressing mice compared to NTg mice. Thus, we
could postulate that CETP increases adipocyte cholesterol uptake,



Fig. 5.CETP expression increases lipolysis and thermogenesis-related gene expression. Lipolysis- and thermogenic-related gene expression in (A) perigonadal adipose tissue (pgWAT) and
(B) interscapular brown adipose tissue (iBAT) (n = 8–12), hormone-sensitive lipase (total and phosphorylated) and UCP1 protein expression in (C) pgWAT and (D) iBAT (n = 6–7) of
nontransgenic (NTg) and human CETP (hCETP) mice. Mean ± SE. Student's t-test, * p ≤ 0.05; ** p ≤ 0.01.
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which stabilizes B3AR and intensifiesWAT and BAT lipolysis signal-
ing. We showed that CETP also increases ATGL and HSL expression
and activation. The availability of lipolysis-derived NEFAs may in-
crease UCP1 activity or other uncoupling mechanisms resulting in
heat production and energy dissipation in BAT. The increased ex-
pression of LPL and FATP1 in iBAT are also important for NEFA up-
take and further increase mitochondrial uncoupling mechanisms
in situ and in vivo.

Additional hypotheses to explain the impact of CETP on adiposity
may still be raised. For instance, elevation of bile acids are known
activators of thermogenesis [36]. We did not find higher total circu-
lating steady state levels of bile acids in CETP expressing mice, how-
ever, this finding does not discard possible increases of a specific
class of bile acids or increased turnover of bile acids [43,44]. In
fact, increased bile acid turnover was shown by Cappel et al. [43]
in female sCETP mice, stimulating BAT activity via TGR5 receptors
and iodothyronine deiodinase 2 activity. Finally, considering that
CETP may be involved in the modulation of inflammatory and/or
redox signaling [45–47], these pathways could also modulate lipid
accumulation in adipose tissue [48].

Studies in other animal models support the data presented here.
Zhou et al. [49] studied transgenic mice expressing CETP only in ad-
ipose tissue, but these mice exhibit physiological levels of plasma
CETP. Compared to nontransgenic mice, aP2-CETP transgenic
mice had smaller perigonadal adipocytes and reduced expression
of adipogenic genes (LPL, PPARγ and SREBP-1c). Rautureau et al.
9

[50] showed that CETP expression reversed the phenotype of in-
creased whole-body adipose tissue volume observed in adenylate
cyclase 9 inactivated mice. Intriguingly, Cappel et al. [43] studied
the same sCETP mice used here and reported no changes in global
adiposity, as measured by NMR. Differences in methodology or in
the strain background may explain these dissimilar results. We
studied hCETP and sCETP in the C57BL6/JUnib background with
preserved nicotinamide nucleotide transhydrogenase (NNT) ex-
pression, a mitochondrial enzyme that is mutated in C57BL6/J
mice from the Jackson Laboratory. This NNT mutation has been as-
sociated with impaired glucose tolerance [51], susceptibility to
obesity [52], fatty liver [53] and atherosclerosis [54].

Interestingly, in C. elegans, the inhibition of an orthologous CETP gene
(ZC513.1) results in increased fat content [55], as we observed in ham-
sterswith inhibition of CETP. In agreementwith our results of stimulated
lipolysis in CETP mice, Izem et al. [13] showed that overexpression of
CETP in human liposarcoma cells (SW872) increased TG hydrolysis by
2.6 times and reduced TG accumulation and synthesis by 50% and 26%,
respectively.

Some human studies support the association of CETP with adiposity
reduction. Subjects with reduced plasma CETP activity due to the CETP
polymorphism I405V showed a greater increase in visceral adipose
mass (130%) after overfeeding [56]. The same CETP polymorphism
screened in 295 eutrophic subjects showed an association of reduced
CETP activity with elevated body mass index (BMI) and waist circum-
ference [46]. According to Johansson et al. [57], obese subjects showed
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increased CETP expression along with weight loss. On the other hand,
studies point to the opposite direction. For the -629C/A polymor-
phism, CETP levels were higher in patients with metabolic syn-
drome than in the healthy group [58]. The D442G mutation of the
CETP gene that leads to reduced CETP mass and activity [59] was
associated with protection against metabolic syndrome [60]. A
comparison between normal-weight and abdominally obese men
showed a positive correlation of plasma CE transfer activity with
BMI and the waist-to-hip ratio [61]. Thus, studies in human popu-
lations are quite complex because of relevant differences in the
metabolic context, such as insulin sensitivity, genetic background
and epigenetic phenomena. Two independent groups studied the
interaction between epigenetics and obesity/adiposity, evaluating
the DNA methylation pattern specifically in adipose tissue. They
highlighted the CETP gene methylation pattern as a marker of
types of obesity (android/central vs. gynoid) [62] and as a marker
of weight loss response after surgical intervention [63]. A recent
cohort of Spanish children and adolescents identified the CETP
polymorphism (rs708272-CETP) among the top ten single nucleo-
tide polymorphisms that are important for predicting overweight-
obesity [64].

5. Conclusion

In summary, by comparing all or none (mice) and high and low
(hamsters) CETP-expressing models, under genetic homogeneous
backgrounds, we were able to show that CETP stimulates lipolysis
and thermogenesis, increasing body energy expenditure and
10
promoting a significant reduction in body fat. These findings indicate
a new anti-adipogenic role for CETP, highlighting a relevant factor to
be considered in the context of obesity.
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Fig. 10. CETP expressing mice exposed to cold sustain their body temperature and increases iBAT temperature. (A) Rectal temperature during 24 h at 4 °C; (B) interscapular temperature
(iBAT region); (C) inguinal subcutaneous adipose tissue (scWAT) expression of browning related genes after 7 days of exposure to 4 °C. Mean± SE (n= 5–6). Student's t-test, * p ≤ 0.05.
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