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Abstract 

Cholesteryl ester transfer protein (CETP) increases the atherosclerosis risk by lowering HDL-cholesterol levels. It also 

exhibits tissue-specific effects independent of HDL. However, sexual dimorphism of CETP effects remains largely 
unexplor ed. Her e , w e hypothesized that CETP impacts the peri v ascular adipose tissue (PV A T) phenotype and function in a 
sex-specific manner. PV A T function, gene and protein expression, and morphology were examined in male and female 
transgenic mice expressing human or simian CETP and their non-transgenic counterparts (NTg). PV A T exerted its 
anticontractile effect in aortas from NTg males, NTg females, and CETP females, but not in CETP males. CETP male PV A T 

had reduced NO levels, decreased eNOS and phospho-eNOS levels, oxidative stress, increased NOX1 and 2, and decreased 

SOD2 and 3 expressions. In contrast, CETP-expressing female PV A T displayed increased NO and phospho-eNOS levels with 

unchanged NOX expression. NOX inhibition and the antioxidant tempol r estor ed PV A T anticontractile function in CETP 
males. Ex vivo estrogen treatment also restored PV A T function in CETP males. Moreover, CETP males, but not female PV A T, 
show increased inflammatory markers. PV A T lipid content increased in CETP males but decreased in CETP females, while 
PV A T cholesterol content increased in CETP females. CETP male PV A T exhibited elevated leptin and reduced Prdm16 (brown 

adipocyte marker) expression. These findings highlight CETP sex-specific impact on PV A T. In males, CETP impaired PV A T 

anticontractile function, accompanied by oxidati v e str ess, inflammation, and whitening. Conv ersel y, in females, CETP 
expr ession incr eased NO lev els, induced an anti-inflammator y phenotype, and pr eserv ed the anticontractile function. This 
study r ev eals sex-specific v ascular dysfunction mediated by CETP. 
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ntroduction 

eri v ascular adipose tissue (PV A T) surrounds most blood ves-
els and is considered a fourth layer of the arterial wall. 1 

V A T can synthesize and release various autocrine and
aracrine factors, such as adipokines, many of which pos-
ess v asoacti v e pr operties. In a healthy state , thor acic aor-
ic PV A T secr etes anti-inflammator y adipokines and nitric
xide (NO), promoting vasodilation and maintaining vascu-
ar homeostasis, thus assisting the pr ev ention of car dio vascu-
ar diseases (CVD). 2 , 3 The anti-contractile function from PV A T
as first demonstrated in rat thoracic aorta, 4 and then con-
rmed in mouse 5 and human vessels. 6 PV A T from large arter-

es, such as the thoracic aorta, is c har acterized by a pre-
ominance of brown adipocytes, typicall y expr essing ther-
og enic g enes, including Ucp-1 , Prdm16 , and Cidea , while

ess white adipocytes are found in comparison to abdominal
V A T. 7 , 8 

Cholesteryl ester transfer protein (CETP) is a hydrophobic gly-
opr otein secr eted b y man y tissues, mainly liver and adipose tis-
ue. 9 , 10 Plasma CETP facilitates the transfer of esterified choles-
er ol fr om HDL to VLDL and LDL in exchange for triglycerides,
ltimatel y r educing the plasma lev els of HDL-cholester ol. 11 

DL particles have w ell-c har acterized antiatherogenic effects,
ncluding dri ving cholester ol to he patic excr etion, stim ulat-
ng endothelial NO release, anti-inflammatory, antioxidant, and
nti-thrombotic effects. 12 Because CETP reduces HDL choles-
erol, it is considered a pro-atherogenic protein. CETP transgenic

ouse models have been useful to study ather oscler osis susce p-
ibility. Experimental evidence from these genetically modified

ice supports the concept that CETP is indeed pr o-ather ogenic
hen expressed in a hyperlipidemic atherosclerosis-prone 
ac kground, suc h as the Ldl r eceptor or Apoe knoc kout mice .
n the other hand, CETP may have a protective role against
ther oscler osis in conditions where LDL receptor function is
r eserv ed, ev en in the presence of other risk factors. 13 In
ddition, CETP may have tissue-specific HDL-independent local
ffects such as anti-adipogenic, 14 , 15 anti-inflammatory, 16–18 and 

ntioxidant. 19 

Studies focusing on CETP have rarely compared both sexes.
n adult (premenopausal) women, plasma CETP activity has
een r e ported to be higher than in men. 20 , 21 Inter estingl y, CETP
xpr ession pr otects female but not male mice fr om high-fat
iet-induced insulin resistance by increasing muscle glycol-
sis 22 and reducing hepatic glucose production. 23 Therefore,
ETP seems to have beneficial metabolic effects on females.
e pr eviousl y r e ported contrasting sex effects of CETP on the

orta v ascular r eacti vity in tr ansgenic mice . Male CETP mice
howed impaired endothelium-mediated vascular relaxation, 
hich was associated with vascular oxidative stress. 24 Con-
 ersel y, female CETP mice displayed pr eserv ed endothelium-
e pendent r elaxation, r educed v asocontractile r esponse, and

mpr ov ed r elaxation r esponse to 17 β-estradiol (E2). 25 How-
v er, these pr evious studies wer e conducted in aorta without
V A T. 
PV A T dysfunction is c har acterized by an adipokine pro-
le shift to war ds a pr o-inflammator y and v asoconstricti v e
ype, often present in pathological conditions such as obesity,
nsulin resistance, hypertension, and ather oscler osis. 1 , 26 The
ltered adipokine profile impairs PV A T anticontractile properties
hr ough macr opha ge acti v ation, inflammator y cytokine r elease,
nd R OS pr oduction. 26 , 27 Although CETP activity modulates
lasma lipid metabolism and car dio vascular risk, it remains
nclear whether CETP expression could modify PV A T pheno-
ype and function in a sex-specific manner. Hence, the present
tudy aims to investigate CETP effects on the PV A T function of
ale and female transgenic mice and explore underlying mech-

nisms. 

aterials and Methods 

nimals 

ll experimental pr ocedur es wer e appr ov ed by the Committee
or Ethics in Animal Experimentation of the State Uni v er-
ity of Campinas (CEUA/UNICAMP; protocols #5105-1/2019
nd #6010-1/2022). These experiments follow the ethical
rinciples of the National Council for the Control of Animal
xperimentation (CONCEA, Brazil) and conform to the ARRIVE
Animal Resear c h: Reporting of In Vivo Experiments) guidelines.

ale and female mice, aged 4–6 months, were housed in a
emperatur e-contr olled conv entional r oom, maintained at
2 ± 2 ◦C, with a 12-h light/dark cycle, and 15 air changes per
our. The mice had free access to filtered water and were fed
 standard la borator y r odent chow diet (Nuvital CR1, Colombo,
razil). We utilized hemizygous CETP transgenic (Tg) mice,
hich expressed a human CETP transgene dri v en by its natural
romoter (line 5203, The Jackson Laboratory, Bar Harbor, ME,
SA, RRID: 4 IMSR JAX:003 904), as well as mice expressing
 simian CETP transgene controlled by the mouse metalloth-
onein (MT1) promoter (The Jackson Laboratory, Bar Harbor, ME,
SA, RRID: IMSR JAX:001 929). These mice were maintained
t UNICAMP thr ough cr ossbr eeding with C57BL6/JUnib mice
 RRID: MGI:7 264 953, Multidisciplinary Center for Biological
nvestigation on Laboratory Animal Science, CEMIB/UNICAMP,
ampinas, Brazil) to generate human CETP-Tg (hCETP) ( > 20
enerations), simian CETP-Tg (sCETP) ( > 8 generations), and
on-transgenic (NTg) littermate controls. CETP genotyping
as performed using polymer ase c hain reaction (PCR) with

ail tip DNA following the Jackson La borator y pr otocols. Mice
ere anesthetized with isoflurane (Crist ́alia, Águas de Lind ́oia,
razil) and decapitated. Body weights of mice in the present
tudy were not affected by the CETP expr ession r egardless of
ex (males: NTg = 29 ±1 vs. hCETP = 28 ±1 g, P = .408; females:
Tg = 25 ±1 vs. hCETP = 25 ±1 g, P = .999). 

The influence of estrous cycle phase on the PV A T anticon-
ractile function was determined in a separated cohort. The
str ous cycle w as monitor ed dail y thr ough v a ginal smears col-
ected between 8:00 and 9:00 am and observed under light

icroscopy. 

art/zqae024_gra.eps
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nticontractile Effect of Aortic PV A T 

he thoracic aorta was immersed in ice-cold Krebs–Henseleit 
olution (KHS) containing the following concentrations (in mM): 
18 NaCl, 4.7 KCl, 2.5 CaCl 2 ·2H 2 O, 1.2 KH 2 PO 4 , 1.2 MgSO 4 ·7H 2 O,
5 NaHCO 3 , 11 glucose, and 0.01 EDTA, adjusted to a pH of 
.4. Aortic rings, measuring 3 mm in length, were prepared 

ith intact peri v ascular adipose tissue (PV A T + ) or with PV A T
ar efull y r emov ed using ophthalmic scissors on a micr oscope 
PV A T −). 28 Isometric tension w as measur ed using a for ce tr ans-
ucer (MLT0420, AD Instruments, Sydney, Australia) connected 

o a PowerLab 8/30 data acquisition system (LabChart 7, AD 

nstruments, Sydney, Australia). Aortas were exposed to potas- 
ium chloride (100 mM KCl) to confirm the integrity of smooth 

uscle and establish maximum contraction responses. Subse- 
uently, the aortic rings were rinsed with KHS, and relaxation 

esponses to acetylcholine (ACh, 0.1 nM to 30 μM) or sodium 

itroprusside (SNP, 0.01 nM to 10 μM) were assessed in PV A T −
nd PV A T + aortic rings pr e-contracted with the thr omboxane 
 2 analogue U-46619 (to reach a contraction level of 50–70% of 

he maximum induced by 100 mM KCl). Contraction response 
o phenylephrine (PE, 0.1 nM to 10 μM) w as inv estigated in 

oth PV A T + and PV A T − rings. Additional experiments were per- 
ormed using the NOX inhibitor diphenyleneiodonium (DPI, 10 
M) for 30 min, NOX-2-specific inhibitor GSK2795039 (GSK, 25 
M) for 30 min, the antioxidant Tempol (100 μM) for 30 min, 
nd E2 (10 μM) for 1 h. Vehicles of DPI, GSK, and E2 (DMSO) 
ad no effect on contraction in both groups (data not shown) 
nd Tempol where diluted in distilled water. All drugs were 
btained from Sigma-Aldrich, Saint Louis, MO, USA. Potency 

LogEC 50 ) and maximum response (Emax) to the agonists at each 

oncentration-r esponse curv e wer e calculated using GraphPad 

rism 

R © 7. 

lasma Lipoprotein Profile and CETP Activity 

lasma lipopr oteins wer e isolated by fast pr otein liquid chr o- 
atography (FPLC) using an AKTA Purifier Liquid Chromatogra- 

hy System (Cyti v a, Marlbor ough, MA, USA). A total of 100 μL of
lasma was injected onto an HR10/30 Superose 6 column and 

lution was performed at a constant flow rate of 0.5 mL/min 

sing tris buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, and 

.03% NaN3, pH 7.0). F r actions of 0.2 mL were collected in 96- 
ell plates. Cholester ol lev els fr om 60 fr actions w ere determined 

sing an enzymatic-colorimetric method (Labtest Diagnostica, 
agoa Santa, Minas Ger ais, Br azil), following the man ufactur er’s 
nstructions. This process allowed for the identification of the 
eaks corresponding to VLDL (fractions 10–25), LDL + IDL (frac- 
ions 26 −40), and HDL (fractions 41–60). CETP activity in plasma 
amples was measured using a commercial fluorometric assay 
ollowing the man ufactur er’s instructions (CETP Activity Assay 
it, MAK106, Sigma-Aldrich, Saint Louis, MO, USA). 

V A T Nitric Oxide (NO) and Reacti v e Oxygen Species 
ROS) Levels 

 ransverse PV A T slices measuring 15 μm in thic kness w ere 
btained from OCT frozen tissue (Optimal Cutting Tempera- 
ure Compound, Tissue-Tek, Sakura Finetek, Torrance, CA, USA) 
sing a cryostat (Leica CM1860, Leica Biosystems, Nußloch, Hei- 
elberger, Germany) set at −20 ◦C. For NO content analysis, 
V A T slices were incubated in phosphate-buffered saline (PBS) 
upplemented with CaCl 2 (0.45 mM), pH = 7.5, 37 ◦C, for 10 
in. Subsequently, the tissues were treated with the probe 4,5- 
iaminofluorescein diacetate (D AF-2D A, 8 μM, Sigma-Aldrich, 
aint Louis, MO, USA) for 30 min. Tissues were further incubated 

ith DAPI (5 min, 1:5000, Sigma-Aldrich, Saint Louis, MO, USA) 
o stain the cell nuclei. For R OS anal ysis, PV A T slices were first
ncubated in PBS, pH = 7.5, 37 ◦C, for 10 min and then exposed
o dihydroethidium (DHE, 2 μM, Sigma-Aldrich, Saint Louis, MO, 
SA) for 30 min, which becomes fluorescent when oxidized. 
ome PV A T slices wer e incubated with N(G)-Nitr o-L-arginine 
ethyl ester (L-NAME, 1 mM, Sigma-Aldrich, Saint Louis, MO, 
SA) to assess the inv olv ement of nitric oxide synthase (NOS). 

ma ges wer e captur ed in a micr oscope (Nikon Eclipse, Shina-
aw a, Tok yo, J apan) equipped with a fluor escence r eader using a
0 × objecti v e. Subsequentl y, these ima ges wer e anal yzed using
he Ima geJ softw ar e, v ersion 1.53k (US National Institutes of
ealth, Bethesda, MD, USA, http://imagej.nih.gov/ij ). 

V A T Gene Expression 

horacic aorta and adjacent PV A T (10 mg) were used separately 
o extract total RNA. Tissues were disrupted using stainless steel 
eads of 5 mm diameter in a TissueLyser LT (Qiagen 85 600, 
enlo, The Netherlands). The resulting tissue homogenates 
ere purified using the RNeasy Plus Mini Kit (Qiagen 74 134, 
enlo, The Netherlands). The total RNA was quantified using 
 NanoDr opTM 2000/2000c spectr ophotometer (ThermoFisher 
cientific, Waltham, MA, USA) and 1 ug w as r ev erse tran-
cribed using the High-Capacity cDN A Reverse Tr anscription Kit 
ThermoFisher Scientific 4 368 814, Waltham, MA, USA) and a 
eneAmp PCR System 9700 device (Applied Biosystems, Fos- 

er City, CA, USA). Reverse transcription was performed in four 
teps: 25 ◦C for 10 min, 37 ◦C for 120 min, 85 ◦C for 5 min, and
hen maintenance at 4 ◦C. Target gene amplification was car- 
ied out using Fast SYBR Green Master Mix (ThermoFisher Sci- 
ntific 4 385 612, Waltham, MA, USA) or QuantiNova SYBR 

reen PCR kit (Qiagen 208 054, Venlo, The Netherlands). cDNA 

200 ng) and forward and reverse oligonucleotide primers (300 
M) ( Supplementar y Ta b le S1 ) wer e used for the reaction carried
ut in the 7500 Fast Real-Time PCR System (Applied Biosystems, 
oster City, CA, USA), following the steps: 95 ◦C for 20 s, and 40
ycles of denaturation at 95 ◦C for 3 s and annealing/extension at 
0 ◦C for 30 s. Gene expression was normalized using the internal 
ontrol Rplp0 (ribosomal protein lateral stalk subunit P0), and the 
 elati v e a bundance of mRNA w as quantified using the thr eshold
ycle method ( �� CT). 

V A T W estern Blot 

 rozen thor acic aorta PV A T samples wer e pulv erized and
omogenized in cold RIPA lysis buffer containing phen ylmeth yl- 
ulfonyl fluoride (1 mM PMSF), Na 3 VO 4 (10 mM), and a pro- 
ease inhibitor cocktail. The protein extracts (30 μg) were then 

eparated by SDS-PAGE (7.5%) and transferred to PVDF mem- 
r anes (GE HealthCare , Chicago, IL, USA), with a Mini Trans- 
lot Cell System (Bio-Rad, Hercules, CA, USA) containing 25 mM 

ris, 190 mM glycine, 20% methanol, and 0.05% SDS. The mem- 
r anes w er e b locked (90 min) with 5% albumin in Tris buffer

10 mM Tris, 100 mM NaCl, and 0.1% Tween 20) and incubated 

vernight at 4 ◦C with primary antibodies: anti-eNOS (1:500, 
10297, BD, F r anklin Lakes, NJ, USA), anti-phospho-eNOS at Ser- 
ne1177 (1:500, AB75639, Abcam, Cambridge, UK), and β-actin 

s internal control (1:1000, 8H10D10, Cell Signaling, Danvers, 
A, USA). After washing, membranes were incubated (90 min) 

http://imagej.nih.gov/ij
https://academic.oup.com/fun/article-lookup/doi/10.1093/fun/zqae24#supplementary-data
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ith secondary antibodies conjugated with horseradish per-
 xidase. Immunocomple xes were detected using an enhanced
orseradish peroxidase-luminol detection system (Pierce ECL 
estern 32 106, ThermoFisher Scientific, Waltham, MA, USA),

nd band intensities were quantified using the ImageJ software,
ersion 1.53k (US National Institutes of Health, Bethesda, MD,
SA, http://imagej.nih.gov/ij ). 

istological Analysis 

e gments of thor acic aorta PV A T were fixed in 10% buffered
ormalin for 24 h. Subsequently, the tissues were washed and
ept in 70% alcohol, and later embedded in paraffin (Sigma-
ldrich, Saint Louis, MO, USA). Tissues were sliced (5 μm sec-

ions) using an automatic microtome (LEICA RM 2155, Leica
iosystems, Nußloch, Heidelberger, Germany) and stained with
ematoxylin and eosin (Sigma-Aldrich, Saint Louis, MO, USA).
ections were then dehydrated and mounted on glass slides
ith entellan (Mer c k, Saint Louis, MO, USA) for image capturing
ith an optical microscope (Nikon Eclipse, Shina gaw a, Tok yo,

apan) at 20 × magnification. The images were quantified using
he Ima geJ softw ar e, v ersion 1.53k (US National Institutes of
ealth, Bethesda, MD, USA, http://imagej.nih.gov/ij ). The per-
entage of fat present in the section area was quantified using
he method of Parlee and colleagues. 29 

V A T Cholesterol Content 

V A T cholesterol content was assessed using gas chromatog-
aphy coupled with mass spectr ometr y (GCMS) (Shimadzu
CMS-QP2010 Plus, Kyoto, Japan) and GCMS solution software,
ersion 2.5, as previously described. 30 Lipids were extracted
sing chloroform:methanol (2:1), and an internal standard

5-alpha-cholestane) was added to the lipid extracts. Saponi-
cation was carried out with 1 mL of 1 M KOH dissolved in
thanol at 60 ◦C for 1 h. Afterward, 1 mL of w ater w as added,
nd the mixture was extracted twice with hexane. The hexane
hase was dried under nitrogen and deri v atized using a solution
onsisting of pyridine (100 μL) and BSTFA with 1% TMCS (1:1,
/v), followed by incubation for 1 h at 60 ◦C. A one-microliter
ample was then injected into the GCMS equipment with a split
atio of 1:3. Sterol separation occurred within a Restek capillary
olumn (100% dimethyl polysiloxane-Rxi13323) measuring 30 
 in length and 0.25 mm in internal diameter. Helium served

s the mobile phase, maintaining a constant linear velocity
f 45.8 cm/s, with an oven temperature held at 280 ◦C. The
ass spectrometer operated in the electron impact mode

t an ionization v olta ge of 70 eV, with a source temperature
f 300 ◦C for the ions and the interface. Ion monitoring was
onducted in SIM mode (single ion monitoring), with selected
ons at m/z = 217, 149, and 109 for 5-alpha-cholestane and

/z = 121, 129, and 329 for cholesterol. Quantitation relied on
he total ion c hromatogr am (TIC) and identification was based
n the comparison with retention times and mass spectra of
tandards, adjusted for the internal standard, and tissue mass. 

ta tistical Anal ysis 

he data are expressed as mean ± standard error (SE) and were
nalyzed using GraphPad Prism 

R ©7 software. Outliers were iden-
ified and r emov ed using the Grubb’s test (alpha = 0.05). The nor-

al distribution of the data was tested with Shapiro-Wilk test,
nd parametric or non-parametric statistical tests were chosen
epending on the data distribution. Student’s t -test or Mann-
hitney was employed to compare two experimental groups,

nd two-way ANOVA with Sidak’s post-test was used for multi-
le comparisons in concentration-r esponse curv es. P ≤ .05 was
onsider ed statisticall y significant. 

esults 

ETP Expression Impairs PV A T Function in Male But 
ot in Female Mice 

he anticontractile effect of PV A T from thoracic aorta was eval-
ated by the reduction in the maximal contraction (Emax) to
henylephrine (PE) in NTg male and NTg female mice ( Figure 1 A
nd B ). In male mice expressing human CETP (hCETP), this anti-
ontractile effect of PV A T w as impair ed ( Figure 1A ), while it w as
r eserv ed in the aorta from hCETP females ( Figure 1B ). This

ndicates that the expression of hCETP affects PV A T function
n a sex-specific manner. To confirm these results, we evalu-
ted aorta contraction to PE in an independent line of transgenic
ice expressing simian CETP (sCETP). Similar to the hCETP,

CETP male mice showed impaired anticontractile function of
V A T compared to NTg ( Supplementary Figure S1A ), whereas
orta with PV A T fr om sCETP female mice exhibited a pr eserv ed
nticontractile effect ( Supplementary Figure S1B ). No differ-
nces were observed in the PV A T effect on the aorta relaxation
esponse to ACh or SNP in both hCETP and sCETP lines and in
oth sexes ( Supplementary Figure S2 ). The anticontractile func-
ion of PV A T was similar in estrus and diestrus phases in both
Tg control and CETP female mice ( Supplementary Figure S3 ). 

Next, we evaluate the plasma phenotype of CETP-transgenic
ice of both sexes. As expected, plasma CETP activity and

ortic and PV A T CETP mRNA were detected only in male and
emale hCETP transgenic mice ( Figure 2A ). Lipoprotein profile
howed reduced HDL-cholesterol and no changes in VLDL and
DL in both sexes of hCETP mice ( Figure 2B ). Since sCETP trans-
enic mice carry a high transgene copy number, 31 they show a
tronger phenotype, that is, high CETP activity ( ∼300 pmoles)
 Supplementar y Figur e S4A and C ) and marked r eductions in
DL-cholesterol and enhanced LDL-cholesterol levels in both
ale and female sCETP mice ( Supplementar y Figur e S4B and D ).

hese results suggest that the sex differences found in PV A T
unction in both lines of transgenic mice expressing CETP do not
epend on their lipoprotein profiles. 

V A T Dysfunction in Males Expressing CETP is 
ssociated with Reduced NO Production and Oxidati v e 
tress 

V A T-deri v ed NO is important for r egulating v ascular tone and
ther opr otection. 28 , 32 Here, we observed a 25% reduction in NO
evels (D AF-2D A) in male hCETP PV A T, accompanied by reduced
NOS ( Nos3 ) mRNA ( Figure 3A ) and total- and phospho-eNOS
r otein expr ession ( Figure 3B ) . In contrast, female hCETP PV A T
howed a 43% increase in NO levels, without changes in eNOS
RNA expression ( Figure 3C ) and increased phospho-eNOS lev-

ls ( Figure 3D ) . As eNOS uncoupling is a mechanism inv olv ed
n PV A T dysfunction associated with reduced NO and increased
OS, 33 , 34 we investigated the R OS pr oduction sensiti v e to the
OS inhibitor L-NAME. We found an increase in DHE fluores-
ence, indicati v e of R OS pr oduction, in PV A T from hCETP male
ice, that was abolished by the presence of L-NAME ( Figure 4A ).

n contrast, no changes in DHE were found in the PV A T of hCETP
emale mice ( Figure 4C ). NADPH oxidases (NOX) are important

http://imagej.nih.gov/ij
http://imagej.nih.gov/ij
https://academic.oup.com/fun/article-lookup/doi/10.1093/fun/zqae24#supplementary-data
https://academic.oup.com/fun/article-lookup/doi/10.1093/fun/zqae24#supplementary-data
https://academic.oup.com/fun/article-lookup/doi/10.1093/fun/zqae24#supplementary-data
https://academic.oup.com/fun/article-lookup/doi/10.1093/fun/zqae24#supplementary-data
https://academic.oup.com/fun/article-lookup/doi/10.1093/fun/zqae24#supplementary-data
https://academic.oup.com/fun/article-lookup/doi/10.1093/fun/zqae24#supplementary-data
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Figure 1. CETP expression impairs the anticontractile effect of PV A T in male but not in female mice . Concentr ation-r esponse curv es to phenyle phrine (PE) in aortas 
with (PV A T + , empty circles) or without PV A T (PV A T −, filled circles) fr om male NTg to hCETP mice (A) and fr om female NTg to hCETP mice (B) . PE-induced contraction 
is expressed as millinewton (mN) per aorta length in millimeters (mm). Bar graphs represent maximum responses (Emax) to PE in males (A) and females (B) . Data are 
mean ± SE; the number of animals in each group is in parenthesis. ∗P ≤ .05 and ∗∗P ≤ .01 by ANOVA two-way. 
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ources of ROS and decrease NO bioavailability. Accordingly, the 
ene expression of NOX-1 and 2 is enhanced in the PV A T of 
CETP male, but not in hCETP female mice ( Figure 4B and D ). 
he mRNA levels of superoxide scavenger enzymes superoxide 
ismutase (SOD) 1 and 2 were reduced in males, while SOD2 
xpr ession w as higher in hCETP female mice ( Figure 4B and D ). 

To evaluate the contribution of NOXs and overall oxidative 
tress to the PV A T dysfunction in hCETP males, we used NOX 

nhibitors, DPI and GSK2795039, and the SOD mimetic Tempol 
 Figure 4 E and F ). In NTg males, the incubation of aorta rings
ith DPI, GSK, and Tempol did not affect the anticontractile 

ffect of PV A T, while DPI, GSK, and Tempol tr eatments r estor ed
he anticontractile function of PV A T in hCETP males ( Figure 4 
 and F ). These data indicate that inhibiting ROS-generating 
nzymes or scavenging ROS with a general antioxidant it is pos- 
ible to correct PV A T dysfunction in male CETP mice. We also ver- 
fied that ex vivo pr etr eatment with estradiol r estor ed the anti- 
ontractile function of PV A T in hCETP males ( Figure 4 E and F ). 

ex Differences in PV A T Inflammation, Phenotype, and 

dipose Markers in Response to CETP Expression 

xidati v e str ess and inflammation in PV A T ar e r elated to
ascular dysfunction. 35 We thus examined the gene expres- 
ion of inflammatory markers within the PV A T. In hCETP 
ales, we observed a reduction in total macrophage Cd68 
arker ( −17%), r educed anti-inflammator y M2 macr opha ge 
arker Cd163 ( −16%), incr eased pr oinflammator y cytokine 

NF α ( + 93%), and reduced anti-inflammatory IL-10 ( −39%) and 

rg-1 ( −30%) gene expression ( Figure 5A ). Conv ersel y, hCETP
emale PV A T showed a reduction in the expression of pro- 
nflammatory M1 macrophage markers ( −25% in Cd11c / Itgax 
nd −29% in Cd80 ) and increased gene expression of the anti- 
nflammatory IL-10 ( + 43%) and Arg-1 ( + 46%) ( Figure 5B ). 

We also examined adipose histology, lipid and cholesterol 
ontent, and gene expression in the aortic PV A T of both sexes.
s expected, thoracic-aortic PV A T r esemb les the phenotype 
f bro wn adipoc ytes. 36 Ho wever, aortic PV A T of hCETP male
ice exhibit larger lipid droplets, whereas hCETP female PV A T 

howed a reduction in lipid content when compared with their 
ex-matched NTg PV A T ( Figure 6 A and B ). The cholesterol con-
ent in PV A T was higher in hCETP females compared to NTg,
hile no significant differences in cholesterol content were 
bserved in hCETP males ( Figure 6 A and B) . The reduction in
diposity accompanied by an increase in cholesterol content 
n the female hCETP PV A T was similar to what was previously
bserved in the brown adipose tissue of female hCETP mice. 15 

horacic PV A T total mass w as not significantl y modified by
CETP expression in both sexes (males: NTg = 26.5 ± 2.5 vs. 
CETP = 31.3 ± 4.1 mg, P = 0.336; females: NTg = 25.6 ± 3.2 vs.
CETP = 20.2 ± 1.7 mg, P = 0.171). 

art/zqae024_f1.eps
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Figure 2. Male and female hCETP-transgenic mice present similar phenotypes. Plasma CETP activity and hCETP mRNA expression in aorta and PV A T from males 
to females (A) . Plasma lipoprotein profile and quantification in male and female NTg, male and female hCETP mice (B) . Bars show mean ± SE of individual values. 

∗∗P ≤ .01, ∗∗∗P ≤ .001, and ∗∗∗∗P ≤ .0001 by Student’s t -test. # P ≤ .05 and ## P ≤ .01 by Mann-Whitney. 
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The phenotypic change in hCETP male PV A T was accom-
anied by a marked increase in the expression of the gene
ncoding Leptin ( + 86%) and a decrease in the brown adipocyte
arkers Prdm16 ( −33%) and Cidea ( −39%) ( Figure 6C ). hCETP

emale PV A T showed onl y a r eduction in Cidea ( −32%). Expr es-
ion of various genes involved in lipid accumulation and deple-
ion did not v ar y in r esponse to CETP expr ession r egardless the
ex ( Supplementar y Figur e S5 A and B ). The same is observed
or genes encoding sex hormone r ece ptors, as CETP expr ession
id not alter their expression in PV A T of male and female mice
 Supplementar y Figur e S5 A and B ). 

iscussion 

he predominance of males in clinical, epidemiological,
xperimental, and behavioral studies can introduce biases
r ambiguous responses in the investigation targets. 37 We
r eviousl y r e ported a sexual dimorphism in the endothelial
e pendent v ascular r eacti vity and v ascular r edox status in
ice expressing CETP. 24 , 25 The aorta of male CETP transgenic
ice exhibited impaired endothelium-dependent relaxation 

o ACh, associated with increased vascular ROS production. 24 

onv ersel y, the opposite effect was observed in female CETP
ice: decr eased R OS and incr eased NO pr oduction, pr eserv ed
 ascular r elaxation to ACh, and incr eased r elaxation r esponse
o estrogen. These findings were associated with the activation
f the ER α non-genomic pathway. 25 Here, we demonstrate
hat this sexual dimorphism mediated by CETP extends to the
V A T function. Since CETP-induced systemic phenotypes (CETP
lasma activity and lipoprotein profile) are similar in both
exes, the sex-dependent CETP effects on the PV A T function are
ikel y locall y defined and inde pendent of CETP plasma action,
uch as decreased HDL-C levels. 

Male CETP mice exhibit a substantial loss of PV A T anticon-
ractile effect. This effect was associated with local reduced
O levels and eNOS gene and pr otein expr ession, as well as
xidati v e str ess. Conv ersel y, female CETP mice did not display
ny impairment of the PV A T anticontractile function and
howed increased NO and phospho-eNOS, and no changes in
HE fluorescence. It is possible that, in male CETP mice, eNOS
ncoupling occurs, since the non-selecti v e NOS inhibitor L-
AME abolished the elevation of DHE fluorescence in PV A T from
ale CETP mice. Uncoupled eNOS generates superoxide anion

O 2 
•– ), whic h r apidl y r eacts with NO to form the hazardous

eroxynitrite radical (ONOO −). 38 , 39 The functional significance
f the adipocyte eNOS for vascular function was recently

art/zqae024_f2.eps
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Figure 3. CETP expression modulates NO levels, eNOS expression, and phosphorylation in a sex-dependent way. NO production and eNOS mRNA expression in PV A T 
from male (A) to female (C) NTg and hCETP mice. Re pr esentati v e ima ge and quantification of eNOS and phospho-eNOS pr otein expr ession in PV A T from male (B) 
to female (D) NTg and hCETP mice. Nuclei were stained with DAPI. Scale bar = 100 μm. Gene expression data ar e corr ected by Rplp0 internal control and protein 

expression by β-actin protein levels. Data are mean ± SE, expressed relative to NTg controls (fold change). ∗P ≤ .05, ∗∗P ≤ .01 and ∗∗∗P ≤ .001 by the Student’s t test. 
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Figure 4. CETP expression induces oxidati v e str ess in PV A T fr om males onl y, while NOX inhibition as well as SOD mimetic and 17 β-estradiol r estor e the PV A T anticon- 
tractile function in CETP male mice. DHE fluor escence w as ev aluated in PV A T with or without the NOS inhibitor (L-NAME) in male (A) and female (C) NTg and hCETP 
mice . mRN A expression of N ADPH oxidase subunits NO X1, NO X2 ( Cybb ), and NO X4, as well as super oxide dism utase (SOD) 1, 2, and 3, wer e ev aluated in PV A T from 

male (B) and female (D) NTg and hCETP mice. Concentration-r esponse curv es to phenylephrine (PE) in aortas with PV A T + , with or without NOX nonspecific inhibitor 
DPI, NOX2 specific inhibitor GSK2795039, SOD mimetic TEMPOL, and 17 β-Estradiol in male NTg (E) and male hCETP mice (F) . Bar graphs r e pr esent maxim um r esponses 
(Emax) to PE in NTg (E) and hCETP (F) males. Nuclei were stained with DAPI. Scale bar = 100 μm. Gene expression data are corrected by the Rplp0 internal control. 
Data are mean ± SE, expressed relative to NTg controls (fold change). A to D ∗P ≤ .05 and ∗∗∗P ≤ .001 by Student’s t -test. E and F ∗∗∗P ≤ .001 by one-way ANOVA. 

art/zqae024_f4.eps


Lazaro et al. 9 

Figure 5. CETP expression induces sex-specific effects on the expression of pro- and anti-inflammatory markers in the PV A T of male and female mice . mRN A expression 
of markers of general macr opha ges (F4/80, CD68), pr o-inflammator y markers (CD11c, CD80, TNF- α, and iNOS), and anti-inflammatory markers (CD163, CD206, IL-10, 

and ARG1) in male NTg and hCETP mice (A) and female NTg and hCETP mice (B) . Gene expression was corrected by the Rplp0 internal control. Data are mean ± SE, 
expr essed r elati v e to NTg (fold change). ∗P ≤ .05 and ∗∗P ≤ .01 by the Student’s t -test. 
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lucidated. Man and colleagues 40 generated adipocyte-specific 
NOS knockout mice and observed exacerbated vascular dys- 
unction and remodeling, as well as increased expression of 
nflammation markers in the PV A T. 

Uncoupling of NOS may be triggered by ROS, such as O 2 
•– 

rom other sources, such as NOX2, and thus, a vicious cycle of 
 OS pr oduction takes place driving local disturbances. 41 , 42 We 
av e pr eviousl y r e ported elev ated NOX2 in the aortas of males 24 

nd decreased NOX2 in females 25 expr essing CETP compar ed 

o their r especti v e NTg contr ols. Her e , w e observ ed incr eased
OX-1 and 2 expression and decreased SOD 2 and 3 expression 

n the CETP male PV A T, but not in the CETP female PV A T, sug-
esting a participation of NOX in the oxidati v e str ess detected 

n males. Functional ex vivo experiments showed that inhibition 

f ROS-generating enzymes, particularly NOX2 and scavenging 
 OS, r estor ed PV A T anticontractile function in males. NOX2 
cti vity w as shown to mediate incr eases in R OS and TNF- α
elease and subsequent aortic dysfunction and stiffness in 

bese males. 43 Ther efor e, PV A T NOX2 may act as an important 
OS source in PV A T-mediated vascular complications of CETP 
ale mice. Ex vivo pr etr eatment with estrogen also r estor ed 
he PV A T anticontr atile function in male CETP mice . The mec h-
nisms are likely to involve antioxidant, anti-inflammatory, 
nd NO pr oduction stim ulation actions of estr ogens. 44 These 
esults suggest that CETP male PV A T ma y ha ve diminished
R sensiti vity compar ed to NTg males, since the estrogen 

 ece ptors expr ession ar e not differ ent in CETP and NTg
ales. 

CETP expression has been shown to favor the M2 
acr opha ge anti-inflammator y phenotype in peritoneal 

nd bone marr ow-deri v ed macr opha ges. 17 , 19 Considering that, 
 e sear c hed for indicators of inflammation in the PV A T of
ales and females expressing CETP. PV A T from male CETP mice 

how ed reduced gener al markers of macr opha ges (CD68), but 
ncr eased expr ession of pr o-inflammator y factors (TNF α and 

NOS) and reduced anti-inflammatory markers (CD63, IL-10, and 

rg-1). In a gr eement, a pr evious stud y sho wed that acti v ation
f macr opha ges into the M1 pr o-inflammator y state during 

nflammation was associated with the loss of the anticontractile 
ffect of PV A T in small arteries of male mice. 27 In contrast, the
V A T of CETP female mice displayed decr eased expr ession of
r o-inflammator y markers (CD11c and CD80) and increased 
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Figure 6. CETP expression induces sex-dependent alterations in PV A T morphology and adipose markers. PV A T adipocyte morphology by HE staining and quantification 
of fat area from male NTg to hCETP mice (A) and female NTg and hCETP mice (B) . Gene expression of adipokines and its r ece ptors and markers of brown (BAT) and 
white (WAT) adipocytes in PVAT from male NTg to hCETP mice (C) and female NTg to hCETP mice (D) . Scale bar = 50 μm. Typical images obtained with a 40 × objective. 

Gene expression is relative to Rplp0 control. Data are mean ± SE in % area or fold-c hange . ∗P ≤ .05 and ∗∗P ≤ .01 by the Student’s t -test. ##P ≤ .01 by Mann-Whitney. 
Abbreviations: Adipoq : adiponectin, Lep : leptin, Retn : resistin, Adipor1 : adiponectin receptor 1, Ob-rb ( Lepr ): leptin receptor long form, Ucp-1 : uncoupling Protein 1, Prdm16 : 
PR/SET Domain 16, Cidea : cell death inducing DFFA like effector A, Nrip1 : nuclear receptor interacting protein 1, Tmem26 : tr ansmembr ane protein 26, Tbx1 : tata-box 
transcription factor 1. 
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xpression of anti-inflammatory effectors (Arg-1 and IL-10). 
his anti-inflammatory PV A T profile in females is possibly 

nduced by estrogens. In aortas from atherosclerotic-prone 
poe knockout female mice, ovariectomy upregulates gene 
xpression of F4/80 macrophage marker and proinflamma- 
ory markers NF- κB, IL6R, VCAM1, and ICAM1. 45 In addition, 
ortic PV A T fr om female Spra gue-Da wle y rats expr esses mor e
2-like macr opha ges than males in response to a high-fat 

iet. 46 

By comparing morphology, lipid content, and key adipose tis- 
ue markers in the PV A T from male to female mice expressing 
ETP, we observed contrasting sex effects of CETP. PV A T from 

ale CETP mice shows increased lipid droplet size and lipid con- 
ent, while PV A T from female CETP mice presents reduced lipid 

nd incr eased cholester ol contents. The female PV A T phenotype 
s in accordance with a previous report of diminished overall 
ody adiposity due to incr eased lipol ysis in white and brown 

BAT) adipose tissue and incr eased cholester ol content of BAT of 
ETP female mice. 15 Membrane cholesterol content is reduced 

n enlarged adipocytes, such as those from obese models, and 

ncreased in lean adipocytes. 47 Reduced membrane cholesterol 
as associated with lar ge adipoc yte d ysfunction by modulating 

he expression of genes involved not only in cholesterol traf- 
c, but also in genes inv olv ed in energy meta bolism (fatty acid 

ynthase, GLUT 4, and UCP3) and in adipocyte-deri v ed secr etion 

roducts (TNF α, ang iotensinog en, and IL-6). 47 

Increased lipid content observed in the PV A T from male CETP 
ice is confirmed by the marked elevation in the expression of 

he leptin gene. Chronically elevated leptin levels show several 
etrimental effects on the car dio vascular system. These include 
xidati v e str ess, susce ptibility to thr ombus formation, v ascular 
nflammation, and ather oscler osis. 48–50 Upr egulation of leptin 

nd pr o-inflammator y genes hav e been found in the aortic PV A T
f obese male mice, together with eNOS uncoupling, reduced NO 

ev els, oxidati v e str ess, and loss of the anticontractile action of 
V A T, 33 similar to the results observed in male CETP mice in the 
resent study. The increase in leptin expression was not found 

n PV A T from female CETP mice. As ovariectomy causes a sig- 
ificant increase in aortic PV A T leptin expression, 45 and CETP 

ncr eases v ascular effects of estr ogen, 25 it is plausib le to specu- 
ate that female hormones limit PV A T leptin expression. 

Since CETP mediates sex-specific alterations in PV A T lipid 

ontent, we screened for the expression of key genes inv olv ed 

n lipid accumulation or depletion processes, such as adipo- 
enesis and lipolysis. However, no sex-specific changes in the 
 hosen genes w ere detected. Re garding gene markers of BAT, 
e observed a reduction of Cidea in the PV A T of both sexes 

xpressing CETP, and a decrease in the Prdm16 was observed 

n CETP males only. Cidea encodes a lipid droplet-associated 

rotein and permits their enlargement. In cells that do not 
xpr ess this pr otein, v arious small lipid dr oplets ar e observ ed. 51 

his finding is, thus, associated with CETP expression and not 
ith CETP sex-specific effects. This is also in a gr eement with 

he previous report on the attenuating effect of CETP on adi- 
osity. 15 In male CETP PVAT, the decrease of Pr dm16 ma y be 
 esponsib le for the attenuation of the BAT-like phenotype of 
his tissue. The Prdm16 gene serves as a transcriptional co- 
egulator crucial for the development of bro wn adipoc ytes 52 and 

s considered a hallmark in beige adipose tissue. 52–54 Silencing 
rdm16 induces “whitening” phenotype and exacerbates inflam- 
ation with macr opha ge acti v ation in PV A T, impairing vascular 

 emodeling following injur y in male and ov ariectomized female 
ice. 55 Consequently, the reduction of Prdm16 expression in 

ale CETP PV A T suggests that CETP induces “whitening” of this 
issue in males. 
Altogether, these data indicate that the effect of CETP on 

he PV A T phenotype and function is sex dependent. While CETP 
ales exhibit impaired PV A T anti-contractile function, accom- 

anied by oxidati v e str ess, inflammation, and whitening, in 

emales, CETP expression induced increased NO levels, anti- 
nflammatory phenotype, and preserved anti-contractile func- 
ion. Thus, CETP imposes a sexual dimorphism on the PV A T reg-
lation of vascular tonus, increasing CVD risk in males. 
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1. F ̈orstermann U, M ünzel T. Endothelial nitric oxide syn- 

thase in vascular disease: from marvel to menace. Circulation 
2006; 113 (13):1708–1714. 

2. Judkins CP, Diep H, Broughton BR, et al. Direct evidence 
of a role for Nox2 in superoxide production, reduced nitric 
oxide bioav aila bility, and earl y ather oscler otic plaque for- 
mation in ApoE-/- mice. Am J Physiol Heart Circ Physiol 
2010; 298 (1):H24–H32. 

3. DeVallance E, Br any an KW, Lemaster K, et al. Aortic dysfunc- 
tion in metabolic syndrome mediated by peri v ascular adi- 
pose tissue TNF α- and NOX2-dependent pathway. Exp Phys- 
iol 2018; 103 (4):590–603. 
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