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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
unexplored. Here, we hypothesized that CETP impacts the perivascular adipose tissue (PVAT) phenotype and function in a
sex-specific manner. PVAT 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). PVAT exerted its
anticontractile effect in aortas from NTg males, NTg females, and CETP females, but not in CETP males. CETP male PVAT
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 PVAT displayed increased NO and phospho-eNOS levels with
unchanged NOX expression. NOX inhibition and the antioxidant tempol restored PVAT anticontractile function in CETP
males. Ex vivo estrogen treatment also restored PVAT function in CETP males. Moreover, CETP males, but not female PVAT,
show increased inflammatory markers. PVAT lipid content increased in CETP males but decreased in CETP females, while
PVAT cholesterol content increased in CETP females. CETP male PVAT exhibited elevated leptin and reduced Prdm16 (brown
adipocyte marker) expression. These findings highlight CETP sex-specific impact on PVAT. In males, CETP impaired PVAT
anticontractile function, accompanied by oxidative stress, inflammation, and whitening. Conversely, in females, CETP
expression increased NO levels, induced an anti-inflammatory phenotype, and preserved the anticontractile function. This
study reveals sex-specific vascular dysfunction mediated by CETP.
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Introduction

Perivascular adipose tissue (PVAT) surrounds most blood ves-
sels and is considered a fourth layer of the arterial wall.
PVAT can synthesize and release various autocrine and
paracrine factors, such as adipokines, many of which pos-
sess vasoactive properties. In a healthy state, thoracic aor-
tic PVAT secretes anti-inflammatory adipokines and nitric
oxide (NO), promoting vasodilation and maintaining vascu-
lar homeostasis, thus assisting the prevention of cardiovascu-
lar diseases (CVD).23 The anti-contractile function from PVAT
was first demonstrated in rat thoracic aorta,* and then con-
firmed in mouse® and human vessels.® PVAT from large arter-
ies, such as the thoracic aorta, is characterized by a pre-
dominance of brown adipocytes, typically expressing ther-
mogenic genes, including Ucp-1, Prdm16, and Cidea, while
less white adipocytes are found in comparison to abdominal
PVAT.” 8

Cholesteryl ester transfer protein (CETP) is a hydrophobic gly-
coprotein secreted by many tissues, mainly liver and adipose tis-
sue.®10 Plasma CETP facilitates the transfer of esterified choles-
terol from HDL to VLDL and LDL in exchange for triglycerides,
ultimately reducing the plasma levels of HDL-cholesterol.!!
HDL particles have well-characterized antiatherogenic effects,
including driving cholesterol to hepatic excretion, stimulat-
ing endothelial NO release, anti-inflammatory, antioxidant, and
anti-thrombotic effects.’? Because CETP reduces HDL choles-
terol, itis considered a pro-atherogenic protein. CETP transgenic
mouse models have been useful to study atherosclerosis suscep-
tibility. Experimental evidence from these genetically modified
mice supports the concept that CETP is indeed pro-atherogenic
when expressed in a hyperlipidemic atherosclerosis-prone
background, such as the Ldl receptor or Apoe knockout mice.
On the other hand, CETP may have a protective role against
atherosclerosis in conditions where LDL receptor function is
preserved, even in the presence of other risk factors.!® In
addition, CETP may have tissue-specific HDL-independent local
effects such as anti-adipogenic,’*?* anti-inflammatory,'®*® and
antioxidant.'®

Studies focusing on CETP have rarely compared both sexes.
In adult (premenopausal) women, plasma CETP activity has
been reported to be higher than in men.?’-?! Interestingly, CETP
expression protects female but not male mice from high-fat
diet-induced insulin resistance by increasing muscle glycol-
ysis?? and reducing hepatic glucose production.?®* Therefore,
CETP seems to have beneficial metabolic effects on females.
We previously reported contrasting sex effects of CETP on the
aorta vascular reactivity in transgenic mice. Male CETP mice
showed impaired endothelium-mediated vascular relaxation,
which was associated with vascular oxidative stress.?* Con-
versely, female CETP mice displayed preserved endothelium-
dependent relaxation, reduced vasocontractile response, and
improved relaxation response to 17p-estradiol (E2).** How-
ever, these previous studies were conducted in aorta without
PVAT.
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PVAT dysfunction is characterized by an adipokine pro-
file shift towards a pro-inflammatory and vasoconstrictive
type, often present in pathological conditions such as obesity,
insulin resistance, hypertension, and atherosclerosis.»»?® The
altered adipokine profile impairs PVAT anticontractile properties
through macrophage activation, inflammatory cytokine release,
and ROS production.??” Although CETP activity modulates
plasma lipid metabolism and cardiovascular risk, it remains
unclear whether CETP expression could modify PVAT pheno-
type and function in a sex-specific manner. Hence, the present
study aims to investigate CETP effects on the PVAT function of
male and female transgenic mice and explore underlying mech-
anisms.

Materials and Methods

Animals

All experimental procedures were approved by the Committee
for Ethics in Animal Experimentation of the State Univer-
sity of Campinas (CEUA/UNICAMP; protocols #5105-1/2019
and #6010-1/2022). These experiments follow the ethical
principles of the National Council for the Control of Animal
Experimentation (CONCEA, Brazil) and conform to the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines.
Male and female mice, aged 4-6 months, were housed in a
temperature-controlled conventional room, maintained at
22 + 2°C, with a 12-h light/dark cycle, and 15 air changes per
hour. The mice had free access to filtered water and were fed
a standard laboratory rodent chow diet (Nuvital CR1, Colombo,
Brazil). We utilized hemizygous CETP transgenic (Tg) mice,
which expressed a human CETP transgene driven by its natural
promoter (line 5203, The Jackson Laboratory, Bar Harbor, ME,
USA, RRID: 4 IMSRJAX:003 904), as well as mice expressing
a simian CETP transgene controlled by the mouse metalloth-
ionein (MT1) promoter (The Jackson Laboratory, Bar Harbor, ME,
USA, RRID: IMSRJAX:001 929). These mice were maintained
at UNICAMP through crossbreeding with C57BL6/JUnib mice
(RRID: MGL:7 264 953, Multidisciplinary Center for Biological
Investigation on Laboratory Animal Science, CEMIB/UNICAMP,
Campinas, Brazil) to generate human CETP-Tg (hCETP) (>20
generations), simian CETP-Tg (sCETP) (>8 generations), and
non-transgenic (NTg) littermate controls. CETP genotyping
was performed using polymerase chain reaction (PCR) with
tail tip DNA following the Jackson Laboratory protocols. Mice
were anesthetized with isoflurane (Cristalia, Aguas de Lindéia,
Brazil) and decapitated. Body weights of mice in the present
study were not affected by the CETP expression regardless of
sex (males: NTg = 2941 vs. hCETP = 28+1 g, P = .408; females:
NTg = 2541 vs. hCETP = 25+1 g, P = .999).

The influence of estrous cycle phase on the PVAT anticon-
tractile function was determined in a separated cohort. The
estrous cycle was monitored daily through vaginal smears col-
lected between 8:00 and 9:00 aM and observed under light
microscopy.
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Anticontractile Effect of Aortic PVAT

The thoracic aorta was immersed in ice-cold Krebs-Henseleit
solution (KHS) containing the following concentrations (in mM):
118 NaCl, 4.7 KCl, 2.5 CaCl,-2H,0, 1.2 KH,PO,, 1.2 MgS04-7H,0,
25 NaHCOs, 11 glucose, and 0.01 EDTA, adjusted to a pH of
7.4. Aortic rings, measuring 3 mm in length, were prepared
with intact perivascular adipose tissue (PVAT+) or with PVAT
carefully removed using ophthalmic scissors on a microscope
(PVAT-).28 Isometric tension was measured using a force trans-
ducer (MLT0420, AD Instruments, Sydney, Australia) connected
to a PowerLab 8/30 data acquisition system (LabChart 7, AD
Instruments, Sydney, Australia). Aortas were exposed to potas-
sium chloride (100 mM KCl) to confirm the integrity of smooth
muscle and establish maximum contraction responses. Subse-
quently, the aortic rings were rinsed with KHS, and relaxation
responses to acetylcholine (ACh, 0.1 nM to 30 M) or sodium
nitroprusside (SNP, 0.01 nM to 10 uM) were assessed in PVAT—
and PVAT+ aortic rings pre-contracted with the thromboxane
A, analogue U-46619 (to reach a contraction level of 50-70% of
the maximum induced by 100 mM KCl). Contraction response
to phenylephrine (PE, 0.1 nM to 10 M) was investigated in
both PVAT+ and PVAT - rings. Additional experiments were per-
formed using the NOX inhibitor diphenyleneiodonium (DPI, 10
uM) for 30 min, NOX-2-specific inhibitor GSK2795039 (GSK, 25
uM) for 30 min, the antioxidant Tempol (100 pM) for 30 min,
and E2 (10 uM) for 1 h. Vehicles of DPI, GSK, and E2 (DMSO)
had no effect on contraction in both groups (data not shown)
and Tempol where diluted in distilled water. All drugs were
obtained from Sigma-Aldrich, Saint Louis, MO, USA. Potency
(LogECso) and maximum response (Emax) to the agonists at each
concentration-response curve were calculated using GraphPad
Prism®) 7.

Plasma Lipoprotein Profile and CETP Activity

Plasma lipoproteins were isolated by fast protein liquid chro-
matography (FPLC) using an AKTA Purifier Liquid Chromatogra-
phy System (Cytiva, Marlborough, MA, USA). A total of 100 uL of
plasma was injected onto an HR10/30 Superose 6 column and
elution was performed at a constant flow rate of 0.5 mL/min
using tris buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, and
0.03% NaN3, pH 7.0). Fractions of 0.2 mL were collected in 96-
well plates. Cholesterol levels from 60 fractions were determined
using an enzymatic-colorimetric method (Labtest Diagnostica,
Lagoa Santa, Minas Gerais, Brazil), following the manufacturer’s
instructions. This process allowed for the identification of the
peaks corresponding to VLDL (fractions 10-25), LDL + IDL (frac-
tions 26—40), and HDL (fractions 41-60). CETP activity in plasma
samples was measured using a commercial fluorometric assay
following the manufacturer’s instructions (CETP Activity Assay
Kit, MAK106, Sigma-Aldrich, Saint Louis, MO, USA).

PVAT Nitric Oxide (NO) and Reactive Oxygen Species
(ROS) Levels

Transverse PVAT slices measuring 15 pm in thickness were
obtained from OCT frozen tissue (Optimal Cutting Tempera-
ture Compound, Tissue-Tek, Sakura Finetek, Torrance, CA, USA)
using a cryostat (Leica CM1860, Leica Biosystems, Nufdloch, Hei-
delberger, Germany) set at —20°C. For NO content analysis,
PVAT slices were incubated in phosphate-buffered saline (PBS)
supplemented with CaCl, (0.45 mM), pH = 7.5, 37°C, for 10
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min. Subsequently, the tissues were treated with the probe 4,5-
diaminofluorescein diacetate (DAF-2DA, 8 uM, Sigma-Aldrich,
Saint Louis, MO, USA) for 30 min. Tissues were further incubated
with DAPI (5 min, 1:5000, Sigma-Aldrich, Saint Louis, MO, USA)
to stain the cell nuclei. For ROS analysis, PVAT slices were first
incubated in PBS, pH = 7.5, 37°C, for 10 min and then exposed
to dihydroethidium (DHE, 2 uM, Sigma-Aldrich, Saint Louis, MO,
USA) for 30 min, which becomes fluorescent when oxidized.
Some PVAT slices were incubated with N(G)-Nitro-L-arginine
methyl ester (L-NAME, 1 mM, Sigma-Aldrich, Saint Louis, MO,
USA) to assess the involvement of nitric oxide synthase (NOS).
Images were captured in a microscope (Nikon Eclipse, Shina-
gawa, Tokyo, Japan) equipped with a fluorescence reader using a
20x objective. Subsequently, these images were analyzed using
the ImageJ software, version 1.53k (US National Institutes of
Health, Bethesda, MD, USA, http://imagej.nih.gov/ij).

PVAT Gene Expression

Thoracic aorta and adjacent PVAT (10 mg) were used separately
to extract total RNA. Tissues were disrupted using stainless steel
beads of 5 mm diameter in a TissueLyser LT (Qiagen 85 600,
Venlo, The Netherlands). The resulting tissue homogenates
were purified using the RNeasy Plus Mini Kit (Qiagen 74 134,
Venlo, The Netherlands). The total RNA was quantified using
a NanoDropTM 2000/2000c spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA) and 1 ug was reverse tran-
scribed using the High-Capacity cDNA Reverse Transcription Kit
(ThermoFisher Scientific 4 368 814, Waltham, MA, USA) and a
GeneAmp PCR System 9700 device (Applied Biosystems, Fos-
ter City, CA, USA). Reverse transcription was performed in four
steps: 25°C for 10 min, 37°C for 120 min, 85°C for 5 min, and
then maintenance at 4°C. Target gene amplification was car-
ried out using Fast SYBR Green Master Mix (ThermoFisher Sci-
entific 4 385 612, Waltham, MA, USA) or QuantiNova SYBR
Green PCR kit (Qiagen 208 054, Venlo, The Netherlands). cDNA
(200 ng) and forward and reverse oligonucleotide primers (300
nM) (Supplementary Table S1) were used for the reaction carried
out in the 7500 Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA), following the steps: 95°C for 20 s, and 40
cycles of denaturation at 95°C for 3 s and annealing/extension at
60°C for 30 s. Gene expression was normalized using the internal
control RplpO (ribosomal protein lateral stalk subunit P0), and the
relative abundance of mRNA was quantified using the threshold
cycle method (AACT).

PVAT Western Blot

Frozen thoracic aorta PVAT samples were pulverized and
homogenized in cold RIPA lysis buffer containing phenylmethyl-
sulfonyl fluoride (1 mM PMSF), NasVO, (10 mM), and a pro-
tease inhibitor cocktail. The protein extracts (30 pg) were then
separated by SDS-PAGE (7.5%) and transferred to PVDF mem-
branes (GE HealthCare, Chicago, IL, USA), with a Mini Trans-
Blot Cell System (Bio-Rad, Hercules, CA, USA) containing 25 mM
Tris, 190 mM glycine, 20% methanol, and 0.05% SDS. The mem-
branes were blocked (90 min) with 5% albumin in Tris buffer
(10 mM Tris, 100 mM NacCl, and 0.1% Tween 20) and incubated
overnight at 4°C with primary antibodies: anti-eNOS (1:500,
610297, BD, Franklin Lakes, NJ, USA), anti-phospho-eNOS at Ser-
inel177 (1:500, AB75639, Abcam, Cambridge, UK), and B-actin
as internal control (1:1000, 8H10D10, Cell Signaling, Danvers,
MA, USA). After washing, membranes were incubated (90 min)
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with secondary antibodies conjugated with horseradish per-
oxidase. Immunocomplexes were detected using an enhanced
horseradish peroxidase-luminol detection system (Pierce ECL
Western 32 106, ThermoFisher Scientific, Waltham, MA, USA),
and band intensities were quantified using the Image]J software,
version 1.53k (US National Institutes of Health, Bethesda, MD,
USA, http://imagej.nih.gov/ij).

Histological Analysis

Segments of thoracic aorta PVAT were fixed in 10% buffered
formalin for 24 h. Subsequently, the tissues were washed and
kept in 70% alcohol, and later embedded in paraffin (Sigma-
Aldrich, Saint Louis, MO, USA). Tissues were sliced (5 um sec-
tions) using an automatic microtome (LEICA RM 2155, Leica
Biosystems, Nufsloch, Heidelberger, Germany) and stained with
hematoxylin and eosin (Sigma-Aldrich, Saint Louis, MO, USA).
Sections were then dehydrated and mounted on glass slides
with entellan (Merck, Saint Louis, MO, USA) for image capturing
with an optical microscope (Nikon Eclipse, Shinagawa, Tokyo,
Japan) at 20x magnification. The images were quantified using
the ImageJ software, version 1.53k (US National Institutes of
Health, Bethesda, MD, USA, http://imagej.nih.gov/ij). The per-
centage of fat present in the section area was quantified using
the method of Parlee and colleagues.?®

PVAT Cholesterol Content

PVAT cholesterol content was assessed using gas chromatog-
raphy coupled with mass spectrometry (GCMS) (Shimadzu
GCMS-QP2010 Plus, Kyoto, Japan) and GCMS solution software,
version 2.5, as previously described.®® Lipids were extracted
using chloroform:methanol (2:1), and an internal standard
(5-alpha-cholestane) was added to the lipid extracts. Saponi-
fication was carried out with 1 mL of 1 M KOH dissolved in
ethanol at 60°C for 1 h. Afterward, 1 mL of water was added,
and the mixture was extracted twice with hexane. The hexane
phase was dried under nitrogen and derivatized using a solution
consisting of pyridine (100 pL) and BSTFA with 1% TMCS (1:1,
v/v), followed by incubation for 1 h at 60°C. A one-microliter
sample was then injected into the GCMS equipment with a split
ratio of 1:3. Sterol separation occurred within a Restek capillary
column (100% dimethyl polysiloxane-Rxi13323) measuring 30
m in length and 0.25 mm in internal diameter. Helium served
as the mobile phase, maintaining a constant linear velocity
of 45.8 cm/s, with an oven temperature held at 280°C. The
mass spectrometer operated in the electron impact mode
at an ionization voltage of 70 eV, with a source temperature
of 300°C for the ions and the interface. lon monitoring was
conducted in SIM mode (single ion monitoring), with selected
ions at m/z = 217, 149, and 109 for 5-alpha-cholestane and
m/z = 121, 129, and 329 for cholesterol. Quantitation relied on
the total ion chromatogram (TIC) and identification was based
on the comparison with retention times and mass spectra of
standards, adjusted for the internal standard, and tissue mass.

Statistical Analysis

The data are expressed as mean =+ standard error (SE) and were
analyzed using GraphPad Prism®?7 software. Outliers were iden-
tified and removed using the Grubb’s test (alpha = 0.05). The nor-
mal distribution of the data was tested with Shapiro-Wilk test,
and parametric or non-parametric statistical tests were chosen

depending on the data distribution. Student’s t-test or Mann-
Whitney was employed to compare two experimental groups,
and two-way ANOVA with Sidak’s post-test was used for multi-
ple comparisons in concentration-response curves. P < .05 was
considered statistically significant.

Results

CETP Expression Impairs PVAT Function in Male But
Not in Female Mice

The anticontractile effect of PVAT from thoracic aorta was eval-
uated by the reduction in the maximal contraction (Emax) to
phenylephrine (PE) in NTg male and NTg female mice (Figure 1A
and B). In male mice expressing human CETP (hCETP), this anti-
contractile effect of PVAT was impaired (Figure 1A), while it was
preserved in the aorta from hCETP females (Figure 1B). This
indicates that the expression of hCETP affects PVAT function
in a sex-specific manner. To confirm these results, we evalu-
ated aorta contraction to PE in an independent line of transgenic
mice expressing simian CETP (sCETP). Similar to the hCETP,
sCETP male mice showed impaired anticontractile function of
PVAT compared to NTg (Supplementary Figure S1A), whereas
aorta with PVAT from sCETP female mice exhibited a preserved
anticontractile effect (Supplementary Figure S1B). No differ-
ences were observed in the PVAT effect on the aorta relaxation
response to ACh or SNP in both hCETP and sCETP lines and in
both sexes (Supplementary Figure S2). The anticontractile func-
tion of PVAT was similar in estrus and diestrus phases in both
NTg control and CETP female mice (Supplementary Figure S3).

Next, we evaluate the plasma phenotype of CETP-transgenic
mice of both sexes. As expected, plasma CETP activity and
aortic and PVAT CETP mRNA were detected only in male and
female hCETP transgenic mice (Figure 2A). Lipoprotein profile
showed reduced HDL-cholesterol and no changes in VLDL and
LDL in both sexes of hCETP mice (Figure 2B). Since sCETP trans-
genic mice carry a high transgene copy number,*! they show a
stronger phenotype, that is, high CETP activity (~300 pmoles)
(Supplementary Figure S4A and C) and marked reductions in
HDL-cholesterol and enhanced LDL-cholesterol levels in both
male and female sCETP mice (Supplementary Figure S4B and D).
These results suggest that the sex differences found in PVAT
function in both lines of transgenic mice expressing CETP do not
depend on their lipoprotein profiles.

PVAT Dysfunction in Males Expressing CETP is
Associated with Reduced NO Production and Oxidative
Stress

PVAT-derived NO is important for regulating vascular tone and
atheroprotection.?®:32 Here, we observed a 25% reduction in NO
levels (DAF-2DA) in male hCETP PVAT, accompanied by reduced
eNOS (Nos3) mRNA (Figure 3A) and total- and phospho-eNOS
protein expression (Figure 3B). In contrast, female hCETP PVAT
showed a 43% increase in NO levels, without changes in eNOS
mRNA expression (Figure 3C) and increased phospho-eNOS lev-
els (Figure 3D). As eNOS uncoupling is a mechanism involved
in PVAT dysfunction associated with reduced NO and increased
ROS,*:3* we investigated the ROS production sensitive to the
NOS inhibitor L-NAME. We found an increase in DHE fluores-
cence, indicative of ROS production, in PVAT from hCETP male
mice, that was abolished by the presence of L-NAME (Figure 4A).
In contrast, no changes in DHE were found in the PVAT of hCETP
female mice (Figure 4C). NADPH oxidases (NOX) are important
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Figure 1. CETP expression impairs the anticontractile effect of PVAT in male but not in female mice. Concentration-response curves to phenylephrine (PE) in aortas
with (PVAT+, empty circles) or without PVAT (PVAT—, filled circles) from male NTg to hCETP mice (A) and from 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.

sources of ROS and decrease NO bioavailability. Accordingly, the
gene expression of NOX-1 and 2 is enhanced in the PVAT of
hCETP male, but not in hCETP female mice (Figure 4B and D).
The mRNA levels of superoxide scavenger enzymes superoxide
dismutase (SOD) 1 and 2 were reduced in males, while SOD2
expression was higher in hCETP female mice (Figure 4B and D).
To evaluate the contribution of NOXs and overall oxidative
stress to the PVAT dysfunction in hCETP males, we used NOX
inhibitors, DPI and GSK2795039, and the SOD mimetic Tempol
(Figure 4E and F). In NTg males, the incubation of aorta rings
with DPI, GSK, and Tempol did not affect the anticontractile
effect of PVAT, while DPI, GSK, and Tempol treatments restored
the anticontractile function of PVAT in hCETP males (Figure 4
E and F). These data indicate that inhibiting ROS-generating
enzymes or scavenging ROS with a general antioxidant it is pos-
sible to correct PVAT dysfunction in male CETP mice. We also ver-
ified that ex vivo pretreatment with estradiol restored the anti-
contractile function of PVAT in hCETP males (Figure 4E and F).

Sex Differences in PVAT Inflammation, Phenotype, and
Adipose Markers in Response to CETP Expression

Oxidative stress and inflammation in PVAT are related to
vascular dysfunction.>®> We thus examined the gene expres-
sion of inflammatory markers within the PVAT. In hCETP

males, we observed a reduction in total macrophage Cd68
marker (—17%), reduced anti-inflammatory M2 macrophage
marker Cd163 (—16%), increased proinflammatory cytokine
TNFa (+93%), and reduced anti-inflammatory IL-10 (—39%) and
Arg-1 (—30%) gene expression (Figure 5A). Conversely, hCETP
female PVAT showed a reduction in the expression of pro-
inflammatory M1 macrophage markers (—25% in Cd11c/Itgax
and —29% in Cd80) and increased gene expression of the anti-
inflammatory IL-10 (+43%) and Arg-1 (+46%) (Figure 5B).

We also examined adipose histology, lipid and cholesterol
content, and gene expression in the aortic PVAT of both sexes.
As expected, thoracic-aortic PVAT resembles the phenotype
of brown adipocytes.?® However, aortic PVAT of hCETP male
mice exhibit larger lipid droplets, whereas hCETP female PVAT
showed a reduction in lipid content when compared with their
sex-matched NTg PVAT (Figure 6A and B). The cholesterol con-
tent in PVAT was higher in hCETP females compared to NTg,
while no significant differences in cholesterol content were
observed in hCETP males (Figure 6A and B). The reduction in
adiposity accompanied by an increase in cholesterol content
in the female hCETP PVAT was similar to what was previously
observed in the brown adipose tissue of female hCETP mice.?
Thoracic PVAT total mass was not significantly modified by
hCETP expression in both sexes (males: NTg = 26.5 + 2.5 vs.
hCETP = 31.3 + 4.1 mg, P = 0.336; females: NTg = 25.6 + 3.2 vs.
hCETP = 20.2 + 1.7 mg, P = 0.171).


art/zqae024_f1.eps

6 | Function, 2024, Vol. 5, No. 4

A Male
200+ 15005  *** ® NTg
- « e hCETP
T [ ]
> £ 150 _H# z
— ,2 E 1000 L™ *kkk
= n .
B g 2
© S 1004 =
(=" x
we f‘_- 5004
Ug 50 ]
s o
— £
- 0_
NTg hCETP Aorta  PVAT
B VLDL-C LDL-C  HDL-C
0.3 — NTg
— hCETP
8 0.2+
8
2
0.4+
u'u T T T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Fraction
1007 o NTg #
e HhCETP
— 80+ °
X
S 60
D
»
@ 40
o
S
20+ .
oL ae®e
VLDL LDL HDL

Female
200+ 15007 e NTg
= *kkk < e hCETP *%%
3 —_— =
> & 150 - r .
s g £ 1000
- J 2
@ S 1004 =
&y 3
oo o 500
o g 50+ &
s 2
0- 0
NTg hCETP Aorta PVAT
VLDL-C LDL-C  HDL-C
0.3 i — NTg
— hCETP

Absorbance
o
N
1

o
-
1

u'n T T T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Fraction
1007 o NTg *kk

® hCETP
= 80+ v
S 60
)
»
o 404
2

°
© 204 °
M. T
VLDL LDL HDL

Figure 2. Male and female hCETP-transgenic mice present similar phenotypes. Plasma CETP activity and hCETP mRNA expression in aorta and PVAT 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.
#xP < .01, skxP < .001, and s##xP < .0001 by Student’s t-test. #P < .05 and ##P < .01 by Mann-Whitney.

The phenotypic change in hCETP male PVAT was accom-
panied by a marked increase in the expression of the gene
encoding Leptin (+86%) and a decrease in the brown adipocyte
markers Prdm16 (—33%) and Cidea (—39%) (Figure 6C). hCETP
female PVAT showed only a reduction in Cidea (—32%). Expres-
sion of various genes involved in lipid accumulation and deple-
tion did not vary in response to CETP expression regardless the
sex (Supplementary Figure S5 A and B). The same is observed
for genes encoding sex hormone receptors, as CETP expression
did not alter their expression in PVAT of male and female mice
(Supplementary Figure S5 A and B).

Discussion

The predominance of males in clinical, epidemiological,
experimental, and behavioral studies can introduce biases
or ambiguous responses in the investigation targets.”’ We
previously reported a sexual dimorphism in the endothelial
dependent vascular reactivity and vascular redox status in
mice expressing CETP.?*%> The aorta of male CETP transgenic
mice exhibited impaired endothelium-dependent relaxation
to ACh, associated with increased vascular ROS production.?*
Conversely, the opposite effect was observed in female CETP

mice: decreased ROS and increased NO production, preserved
vascular relaxation to ACh, and increased relaxation response
to estrogen. These findings were associated with the activation
of the ERe non-genomic pathway.?® Here, we demonstrate
that this sexual dimorphism mediated by CETP extends to the
PVAT function. Since CETP-induced systemic phenotypes (CETP
plasma activity and lipoprotein profile) are similar in both
sexes, the sex-dependent CETP effects on the PVAT function are
likely locally defined and independent of CETP plasma action,
such as decreased HDL-C levels.

Male CETP mice exhibit a substantial loss of PVAT anticon-
tractile effect. This effect was associated with local reduced
NO levels and eNOS gene and protein expression, as well as
oxidative stress. Conversely, female CETP mice did not display
any impairment of the PVAT anticontractile function and
showed increased NO and phospho-eNOS, and no changes in
DHE fluorescence. It is possible that, in male CETP mice, eNOS
uncoupling occurs, since the non-selective NOS inhibitor L-
NAME abolished the elevation of DHE fluorescence in PVAT from
male CETP mice. Uncoupled eNOS generates superoxide anion
(02*"), which rapidly reacts with NO to form the hazardous
peroxynitrite radical (ONOO-).38:% The functional significance
of the adipocyte eNOS for vascular function was recently
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elucidated. Man and colleagues*® generated adipocyte-specific
eNOS knockout mice and observed exacerbated vascular dys-
function and remodeling, as well as increased expression of
inflammation markers in the PVAT.

Uncoupling of NOS may be triggered by ROS, such as O,°*"
from other sources, such as NOX2, and thus, a vicious cycle of
ROS production takes place driving local disturbances.*!*> We
have previously reported elevated NOX2 in the aortas of males?*
and decreased NOX?2 in females? expressing CETP compared
to their respective NTg controls. Here, we observed increased
NOX-1 and 2 expression and decreased SOD 2 and 3 expression
in the CETP male PVAT, but not in the CETP female PVAT, sug-
gesting a participation of NOX in the oxidative stress detected
in males. Functional ex vivo experiments showed that inhibition
of ROS-generating enzymes, particularly NOX2 and scavenging
ROS, restored PVAT anticontractile function in males. NOX2
activity was shown to mediate increases in ROS and TNF-«
release and subsequent aortic dysfunction and stiffness in
obese males.®® Therefore, PVAT NOX2 may act as an important
ROS source in PVAT-mediated vascular complications of CETP
male mice. Ex vivo pretreatment with estrogen also restored

the PVAT anticontratile function in male CETP mice. The mech-
anisms are likely to involve antioxidant, anti-inflammatory,
and NO production stimulation actions of estrogens.** These
results suggest that CETP male PVAT may have diminished
ER sensitivity compared to NTg males, since the estrogen
receptors expression are not different in CETP and NTg
males.

CETP expression has been shown to favor the M2
macrophage anti-inflammatory phenotype in peritoneal
and bone marrow-derived macrophages.'’>* Considering that,
we searched for indicators of inflammation in the PVAT of
males and females expressing CETP. PVAT from male CETP mice
showed reduced general markers of macrophages (CD68), but
increased expression of pro-inflammatory factors (TNFa and
iNOS) and reduced anti-inflammatory markers (CD63, IL-10, and
Arg-1). In agreement, a previous study showed that activation
of macrophages into the M1 pro-inflammatory state during
inflammation was associated with the loss of the anticontractile
effect of PVAT in small arteries of male mice.? In contrast, the
PVAT of CETP female mice displayed decreased expression of
pro-inflammatory markers (CD11c and CD80) and increased
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expression of anti-inflammatory effectors (Arg-1 and IL-10).
This anti-inflammatory PVAT profile in females is possibly
induced by estrogens. In aortas from atherosclerotic-prone
Apoe knockout female mice, ovariectomy upregulates gene
expression of F4/80 macrophage marker and proinflamma-
tory markers NF-«B, IL6R, VCAM1, and ICAM1.** In addition,
aortic PVAT from female Sprague-Dawley rats expresses more
M2-like macrophages than males in response to a high-fat
diet.*®

By comparing morphology, lipid content, and key adipose tis-
sue markers in the PVAT from male to female mice expressing
CETP, we observed contrasting sex effects of CETP. PVAT from
male CETP mice shows increased lipid droplet size and lipid con-
tent, while PVAT from female CETP mice presents reduced lipid
and increased cholesterol contents. The female PVAT phenotype
is in accordance with a previous report of diminished overall
body adiposity due to increased lipolysis in white and brown
(BAT) adipose tissue and increased cholesterol content of BAT of
CETP female mice.’> Membrane cholesterol content is reduced
in enlarged adipocytes, such as those from obese models, and
increased in lean adipocytes.” Reduced membrane cholesterol
was associated with large adipocyte dysfunction by modulating
the expression of genes involved not only in cholesterol traf-
fic, but also in genes involved in energy metabolism (fatty acid
synthase, GLUT 4, and UCP3) and in adipocyte-derived secretion
products (TNFe, angiotensinogen, and IL-6).%

Increased lipid content observed in the PVAT from male CETP
mice is confirmed by the marked elevation in the expression of
the leptin gene. Chronically elevated leptin levels show several
detrimental effects on the cardiovascular system. These include
oxidative stress, susceptibility to thrombus formation, vascular
inflammation, and atherosclerosis.*®=° Upregulation of leptin
and pro-inflammatory genes have been found in the aortic PVAT
of obese male mice, together with eNOS uncoupling, reduced NO
levels, oxidative stress, and loss of the anticontractile action of
PVAT,?? similar to the results observed in male CETP mice in the
present study. The increase in leptin expression was not found
in PVAT from female CETP mice. As ovariectomy causes a sig-
nificant increase in aortic PVAT leptin expression,* and CETP
increases vascular effects of estrogen,? it is plausible to specu-
late that female hormones limit PVAT leptin expression.

Since CETP mediates sex-specific alterations in PVAT lipid
content, we screened for the expression of key genes involved
in lipid accumulation or depletion processes, such as adipo-
genesis and lipolysis. However, no sex-specific changes in the
chosen genes were detected. Regarding gene markers of BAT,
we observed a reduction of Cidea in the PVAT of both sexes
expressing CETP, and a decrease in the Prdm16 was observed
in CETP males only. Cidea encodes a lipid droplet-associated
protein and permits their enlargement. In cells that do not
express this protein, various small lipid droplets are observed.>!
This finding is, thus, associated with CETP expression and not
with CETP sex-specific effects. This is also in agreement with
the previous report on the attenuating effect of CETP on adi-
posity.’® In male CETP PVAT, the decrease of Prdm16 may be
responsible for the attenuation of the BAT-like phenotype of
this tissue. The Prdml16 gene serves as a transcriptional co-
regulator crucial for the development of brown adipocytes®? and
is considered a hallmark in beige adipose tissue.”’>* Silencing
Prdm16 induces “whitening” phenotype and exacerbates inflam-
mation with macrophage activation in PVAT, impairing vascular
remodeling following injury in male and ovariectomized female
mice.>®> Consequently, the reduction of Prdm16 expression in
male CETP PVAT suggests that CETP induces “whitening” of this
tissue in males.
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Altogether, these data indicate that the effect of CETP on
the PVAT phenotype and function is sex dependent. While CETP
males exhibit impaired PVAT anti-contractile function, accom-
panied by oxidative stress, inflammation, and whitening, in
females, CETP expression induced increased NO levels, anti-
inflammatory phenotype, and preserved anti-contractile func-
tion. Thus, CETP imposes a sexual dimorphism on the PVAT reg-
ulation of vascular tonus, increasing CVD risk in males.
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