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Increased adiposity in perivascular adipose tissue (PVAT) has been related to vascular
dysfunction. High-fat (HF) diet-induced obesity models are often used to analyze the
translational impact of obesity, but differences in sex and Western diet type complicate
comparisons between studies. The role of PVAT was investigated in small mesenteric
arteries (SMAs) of male and female mice fed a HF or a HF plus high-sucrose (HF + HS) diet
for 3 or 5 months and compared them to age/sex-matched mice fed a chow diet. Vascular
responses of SMAs without (PVAT-) or with PVAT (PVAT+) were evaluated. HF and HF +
HS diets increased body weight, adiposity, and fasting glucose and insulin levels without
affecting blood pressure and circulating adiponectin levels in both sexes. HF or HF + HS
diet impaired PVAT anticontractile effects in SMAs from females but not males. PVAT-
mediated endothelial dysfunction in SMAs from female mice after 3 months of a HF + HS
diet, whereas in males, this effect was observed only after 5 months of HF + HS diet.
However, PVAT did not impact acetylcholine-induced relaxation in SMAs from both sexes
fed HF diet. The findings suggest that the addition of sucrose to a HF diet accelerates PVAT
dysfunction in both sexes. PVAT dysfunction in response to both diets was observed early
in females compared to age-matched males suggesting a susceptibility of the female sex
to PVAT-mediated vascular complications in the setting of obesity. The data illustrate the
importance of the duration and composition of obesogenic diets for investigating sex-
specific treatments and pharmacological targets for obesity-induced vascular
complications.
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INTRODUCTION

Excessive body fat storage (i.e., increased intake energy with reduced energy expenditure) is a major
feature of obesity. This condition results in chronic low-grade inflammation presenting a more
complex resolution and represents a risk factor for the development and/or worsening of several
chronic diseases, including cardiovascular diseases (CVDs) (Caballero et al., 2008; World Health
Organization, 2019). Over time (1975–2016), the prevalence of obesity has increased in both sexes;
however, women have shown a higher prevalence of obesity than men (Abarca-Gómez et al., 2017).
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Conversely, men have a higher prevalence of increased blood
pressure than women (Zhou et al., 2017). Despite the knowledge
of sex-specific differences in the development of obesity and
CVDs, few studies have covered obesity-related vascular (dys)
function in males and females.

Adipose tissue is recognized as a secretory organ, and its
anatomical location may predict modulation of adjacent tissues/
organs during the development of obesity (Lim and Meigs, 2014;
Vishvanath and Gupta, 2019). Perivascular adipose tissue (PVAT), a
fat depot evolving almost all vessels, modulates vascular function,
and thus, changes in morphology and vasoactive factors synthesized
or secreted by PVATmay result in altered vascular function. Studies
have demonstrated that obesity in humans is correlated with an
increase in the volume of PVAT (Schlett et al., 2009; Wagner et al.,
2012) and results in loss of the PVAT anticontractile effect
(Greenstein et al., 2009). Using experimental models of male
obesity, several studies have reported an impaired anticontractile
effect of PVAT (da Costa et al., 2017; Gil-Ortega et al., 2014; Han
et al., 2018; Ma et al., 2010; Withers et al., 2017; Xia et al., 2016; Xu
et al., 2012), although an increased PVAT anticontractile effect has
also been demonstrated in response to high-calorie diets (Gil-Ortega
et al., 2010; Dos Reis Costa et al., 2021). In addition to the
controversial data in male obesity experimental models, much
less is known about PVAT function in females, especially in the
setting of obesity (Victorio et al., 2020). Sexual dimorphism in PVAT
immune cell content in response to a high-fat (HF) diet was recently
demonstrated (Kumar et al., 2021), but it is still unclear whether
obesogenic diets differentially impact PVAT anticontractile function
in males and females over time.

Animal models are key tools for understanding and treating
obesity comorbidities (Barrett et al., 2016). A HF diet with 45% or
60% of calories from fat is the most commonly used obesogenic
diet in rodents. Although 60% fat diets induce a faster and more
obese model, a 45% fat diet seems to be more relevant for human
physiology (Speakman, 2019). In addition, a diet with 60% fat has
less sucrose than a diet with 45% fat, and differences in total sugar
and sugar sourcesmay influence cardiovascular outcomes (Xi et al.,
2015; Narain et al., 2016). Comparisons between sexes suggest that
Western diets (high-fat and high-sucrose diets) eliminate the
protective effect of female sex on endothelial function (Hunter
et al., 2017; Davel et al., 2018b), but the impact on PVAT control of
vascular tone is still unknown. The present study investigated
whether two differentHF obesogenic diets (60%HF versus 45%HF
plus high sucrose) impact PVAT anticontractile function
differentially in males and females over time.

METHODS

Animal Model
Male and female C57Bl6/J mice were purchased from the
Multidisciplinary Center for Biological Investigation on Laboratory
Animal Science of the University of Campinas. Animals were
maintained in a room with controlled humidity and temperature
(22 ± 2°C) under a 12 h:12 h light/dark cycle and received water and a
chow diet (CD) ad libitum. At 2months of age, the mice were divided
to receiveCD (3.86 kcal/g), a veryHF (60% calories from fat; 5.55 kcal/

g) diet, or aHF plus high-sucrose (HF +HS, 45% calories from fat and
30% from sucrose; 4.85 kcal/g) diet purchased from Quimtia©

(Colombo, PR, Brazil) and PragSoluções© (Jaú, SP, Brazil),
respectively, for a period of 3 or 5months. Nutritional information
for each diet is available in the supplementary material
(Supplementary Table S1). Measurement of food consumption
was performed weekly during the feeding protocol.

This study was approved by the Ethics Committee on Animal
Use of the University of Campinas (protocol no. 4914-1/2018,
5474-1/2020) and carried out in accordance with the National
Board of Animal Experimentation Control (CONCEA).

Blood Pressure Measurement
Systolic blood pressure (SBP) was assessed via tail-cuff
plethysmography (LE5001 Pressure meter, Panlab, Harvard
Apparatus, Barcelona, Spain) on the day before tissue
collection and vascular function was assessed. Animals were
restrained for 2 min before the first SBP measurement, which
was considered successful when the mouse did not move, and a
clear pulse was observed. Ten sequential measurements from
each animal were registered. The SBP is expressed as the average
of the ten measurements.

Body Parameters, Tissue Collection, and
Biochemical Profile
Final body weight was obtained at each period. The day before
tissue collection and vascular study performance and after SBP
measurement, fasting glucose was measured in 4 h fasted mice by
cutting the tail tip and using OneTouch Ultra® and reactive strips.
At the end of each time point in the diet protocol, animals were
anesthetized with a superdose of anesthesia (ketamine, 240 mg/kg;
xylazine, 30 mg/kg). On the day we conducted the vascular study,
blood samples were collected from fed animals by cardiac puncture
and centrifuged to obtain serum samples, which were stored at
−80°C until analyzing insulin and adiponectin levels. The
peritoneal cavity was opened, and the mesenteric bed,
perigonadal adipose tissue, and sex organs (testes/uterus) were
removed. The fat pads and sex organs were weighed. The
mesenteric bed was placed in ice-cold Krebs–Henseleit solution
(KHS; in mM: NaCl 115; KCl 4.6; CaCl2·2H2O 2.5; KH2PO4 1.2;
MgSO4·7H2O 12.4; NaHCO3 25; glucose 5.5) for vascular study.

Vascular Study
The second- and third-order mesenteric arteries (artery diameter
∼130 µm) were dissected in ice-cold KHS. In some segments,
adjacent PVAT was left intact (PVAT+), whereas, in others,
PVAT was dissected out (PVAT-). Arteries were cut into 1–2mm
rings, mounted on a 20 µm diameter wire in a multichannel
myograph (Model 610M, DMT A/S, Aarhus NA, Denmark), and
left to equilibrate for at least 20min before normalization using a
standardized procedure (Mulvany and Halpern, 1977; Wenceslau
et al., 2021). A normalization protocol that considers the inner
circumference and wall tension was performed (Saxton et al.,
2018). After normalization, the arteries were left for an additional
20min equilibration period at 37°C and bubbled at 95% O2/5% CO2

to maintain a pH of 7.4. Next, arteries were contracted with 60mM
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KCl twice, first for 3min following 15min of equilibration and a
second time for 10min, to establish the maximum contractile
response to KCl and confirm that the removal of PVAT did not
damage the vascular smooth muscle. The maximum KCl response
was similar in arteries with or without PVAT in males and females
(Supplementary Figure S1). After a 30min equilibration period,
PVAT+ and PVAT- arteries were precontracted (50% of maximum
KCl contraction) with phenylephrine (1 µM for PVAT- arteries and
10 µM for PVAT+ arteries); then, concentration-response curves to
acetylcholine (0.1 nM–30 µM) were obtained to evaluate
endothelium-dependent relaxation. To evaluate the anticontractile
effect of PVAT, arteries were contracted with phenylephrine
(1 nM–0.1 mM).

MATERIALS

Acetylcholine and phenylephrinewere obtained from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany). Salts for KHS were obtained
from Labsynth (Diadema, Brazil). A mouse insulin ELISA was
obtained from Merck (Merck KGaA; cat. #EZRMI-13K). A
mouse adiponectin/Acrp30 DuoSet ELISA (DY1119) was
obtained from R&D Systems (Minneapolis, United States).

Statistical Analysis
The results are expressed as the mean ± SEM and were analyzed
via one-way or two-way ANOVA with a Bonferroni multiple
comparison test for data that satisfied the Shapiro–Wilk
normality test. When data did not pass the normality test,
Mann–Whitney or Kruskal–Wallis tests were applied. p values
<0.05 were considered to indicate a significant difference. The
contractile response to phenylephrine is expressed in mN/mm.
Relaxation responses are expressed as a percentage (%) of the
precontraction with phenylephrine. The maximum response
(Rmax) and potency (the negative logarithm to base 10 of the
molar concentration of an agonist producing 50% of the maximal
effect; pEC50) were calculated in each concentration-response
curve. In figures, PVAT- data are represented by white symbols
and PVAT+ data by blue shapes for males and pink for females.
Statistical analysis was performed with GraphPad Prism 8.4.3
software (GraphPad Software, San Diego, CA, United States).

RESULTS

HF and HF + HS Obesity Models in Males
and Females
In both sexes, energy intake was similar between the HF and CD
groups, while food consumption was lower in the HF group than
that in the CD group (Supplementary Table S2). In contrast,
compared to the CD group, males and females fed a HF + HS diet
exhibited increased energy intake, while food consumption
remained reduced in males and similar in females
(Supplementary Table S2). In male and female mice fed with
HF + HS diet, food consumption was higher than that in mice fed
with HF diet (Supplementary Table S2), suggesting that adding
sugar to a HF diet could result in a more palatable diet.

Feeding of a HF or HF + HS diet for 3 or 5 months increased
body weight and perigonadal fat adiposity in males and females
compared to those mice in the respective sex-matched CD group
(Supplementary Table S2). The HF and HF + HS diets increased
fasting glucose in both sexes at 3 and 5 months. The HF + HS diet
induced a time-dependent increase in fasting glucose in males
and females and in adiposity in females (Supplementary Table
S2). Five months of HF diet feeding resulted in a significant
threefold increase in insulin levels, and although the insulin levels
doubled in the HF + HS group compared to the CD group, the
difference did not reach significant values (male: CD � 0.92 ± 0.1;
HF � 3.05 ± 0.2*; HF +HS � 1.96 ± 0.6 ng/ml; n � 3–4/group; *p <
0.05 vs. CD). Female obese mice showed doubled plasma insulin
levels after 5 months of a HF or HF + HS diet compared to female
CD-fed mice (female: CD � 0.57 ± 0.08; HF � 1.18 ± 0.01*; HF +
HS � 1.23 ± 0.19* ng/ml; n � 3–4/group; *p < 0.05 vs. CD).
Adiponectin levels were not changed by the diet protocol (male:
CD � 366 ± 164; HF � 266 ± 69; HF + HS � 210 ± 23 pg/ml;
female: CD � 212 ± 23; HF � 228 ± 31; HF +HS � 300 ± 90 pg/ml;
n � 4/group; p > 0.05). SBP and testis and uterine weight did not
differ between groups (Supplementary Table S2).

Anticontractile PVAT Function was
Preserved in Males but Impaired in Females
Following HF or HF + HS Diet Feeding
The anticontractile effect of PVAT was analyzed by comparing the
contraction induced by phenylephrine in small mesenteric arteries
with and without adjacent PVAT. Inmales fed aHF orHF +HS diet
for 3 months, the anticontractile effect of PVAT was similar to that
in CD sex-matched mice, as demonstrated by a similar LogEC50

(pEC50) and a reduced Rmax to phenylephrine in PVAT + arteries
from the HF + HS groups compared to those from the CD group
(Figures 1A–D; Supplementary Table S3). When male mice were
fed a HF or HF + HS diets for 5 months, the anticontractile effect of
PVAT was greater than that observed in CD mice (Figures 1E–H;
Supplementary Table S3). In contrast, in females, the anticontractile
effect of PVATwas impaired by both obesogenic diets, evidenced by
a reduction in pEC50 to phenylephrine in PVAT+ arteries of HF and
HF + HS diet mice compared to the matched CD group at 3 and
5 months (Figures 2A–H). Rmax did not differ between female
groups (Supplementary Table S3).

The HF + HS Diet Resulted in PVAT-
Mediated Endothelial Dysfunction Faster in
Females than in Males
Next, we evaluated PVAT modulation of acetylcholine-induced
endothelium-dependent relaxation. The presence of PVAT did
not impact the acetylcholine response in mesenteric arteries from
CD or HF diet male mice (Figures 3A–H). Otherwise, following
5 months of a HF + HS diet, PVAT+ arteries exhibited impaired
acetylcholine-induced relaxation compared to PVAT- arteries
(Figure 3G), as demonstrated by the reduced pEC50 (Figure 3H)
and Rmax to acetylcholine in PVAT+ arteries (Rmax in 5-month
HF +HSmales: PVAT- � 93.5 ± 1.5 vs. PVAT+ � 56.5 ± 7.1%, n �
3–4; p < 0.05).
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FIGURE 1 | Obesogenic diets did not impair the anticontractile effect of mesenteric PVAT in male mice. Concentration-response curves to phenylephrine in
mesenteric arteries without PVAT (PVAT-; white symbols) or in the presence of adjacent PVAT (PVAT +; blue filled symbols) of male mice fed a chow diet (CD; A,E; circle
symbols), high-fat diet (HF; B,F; triangle symbols) or HF plus high-sucrose diet (HF + HS; C,G; square symbols) for 3 (left panel) or 5 (right panel) months. Bar graphs
show the potency of the response to phenylephrine (pEC50) (D,H) in PVAT- (white bars) and PVAT+ (blue filled bars) arteries. The experimental number used is in
parenthesis. **p < 0.01; ***p < 0.001 vs. PVAT- arteries (Mann–Whitney U test).
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FIGURE 2 | The anticontractile effect of mesenteric PVAT is reduced by high-fat and high-fat plus high-sucrose diets in female mice. Concentration-response
curves to phenylephrine in mesenteric arteries without PVAT (PVAT-; white symbols) or in the presence of adjacent PVAT (PVAT +; pink filled symbols) from female mice
fed a chow diet (CD; A,E; circle symbols), high-fat diet (HF;B,F; triangle symbols), or HF plus high-sucrose diet (HF + HS;C,G; square symbols) for 3 (left panel) or 5 (right
panel) months. Bar graphs show the potency of the response to phenylephrine (pEC50) (D,H) in PVAT- (white bars) and PVAT+ (pink filled bars) arteries. The
experimental number used is in parenthesis. ****p < 0.0001 vs. PVAT- (pEC50 3 months) (Mann–Whitney U test). *p < 0.05, ****p < 0.0001 vs. PVAT- (pEC50 5 months)
(two-way ANOVA).
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FIGURE 3 | Effect of adjacent PVAT on acetylcholine-induced relaxation of mesenteric arteries from male mice. Concentration-response curves to acetylcholine in
mesenteric arteries without PVAT (PVAT-; white symbols) or in the presence of adjacent PVAT (PVAT +; blue filled symbols) from male mice fed a chow diet (CD; A,E;
circle symbols), high-fat diet (HF; B,F; triangle symbols) and HF plus high-sucrose diet (HF + HS; C,G; square symbols) for 3 (left panel) or 5 (right panel) months. Bar
graphs show the potency of the response to acetylcholine (pEC50) (D,H) in PVAT- (white bars) and PVAT+ (blue filled bars) arteries. The experimental number used
is in parenthesis. *p < 0.05 (two-way ANOVA).
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FIGURE 4 | Effect of adjacent PVAT on acetylcholine-induced relaxation of mesenteric arteries from female mice. Concentration-response curves to acetylcholine
in mesenteric arteries without PVAT (PVAT-; white symbols) or in the presence of adjacent PVAT (PVAT +; pink filled symbols) from female mice fed a chow diet (CD; A,D;
circle symbols), high-fat diet (HF; B,E; triangle symbols), and HF plus high-sucrose diet (HF + HS; C,F; square symbols) for 3 (left panel) or 5 (right panel) months. Bar
graphs show the potency of the response to acetylcholine (pEC50) (D,H) in PVAT- (white bars) and PVAT+ (pink filled bars). The experimental number used is in
parenthesis. p > 0.05 (two-way ANOVA).
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Similar to males, the presence of PVAT did not impact the
acetylcholine response in mesenteric arteries from the CD or HF
diet groups (Figures 4A–H). Nevertheless, the HF + HS diet
impacted acetylcholine-induced relaxation earlier in females
(Figures 4A–C); after 3 months of a HF + HS diet, PVAT+
arteries exhibited a reduced Rmax to acetylcholine compared to
PVAT- arteries (Rmax in 3-month HF + HS females: PVAT- �
97.4 ± 0.6 vs. PVAT+ � 78.3 ± 5.3%, n � 5; p < 0.05) with no
changes in pEC50 (Figure 4D). When the HF + HS diet was
prolonged for up to 5 months, PVAT+ arteries presented the
same acetylcholine response as PVAT- arteries with no changes
in pEC50 or Rmax (Figures 4G,H). Notably, small mesenteric
arteries in the female 5-month HF + HS diet group exhibited
endothelial dysfunction independent of the presence of PVAT,
since in this group, the acetylcholine-induced relaxation curve
was shifted to the right in PVAT- arteries (pEC50 PVAT-:
3 months � 7.8 ± 0.1 vs. 5 months � 6.8 ± 0.2, n � 5–6; p < 0.05).

DISCUSSION

In this study, we evaluated the prolonged effects of two obesogenic
HF diets (HF and HF + HS diets) on small mesenteric PVAT
function in male and female mice. In males, 3 and 5months of
obesogenic diet feeding resulted in similar anticontractile effects of
PVAT. In contrast to males, in females, we found that prolonged HF
orHF +HS diet feeding resulted in an impaired anticontractile effect
of PVAT. The HF + HS diet resulted in PVAT-mediated endothelial
dysfunction as early as 3months after obesogenic feeding in females
but only after 5 months in males. The presence of PVAT did not
impact acetylcholine-induced endothelial relaxation in mice fed a
HF diet alone, suggesting that the addition of sucrose accelerates
PVAT dysfunction in response to obesogenic diets. PVAT
dysfunction in response to the HF and HF + HS diets was
observed early in females compared to age-matched males,
suggesting a susceptibility of the female sex to PVAT-mediated
vascular complications in the setting of obesity. The data highlight
the importance of an obesogenic diet and the duration of the feeding
protocol for investigating treatments and pharmacological targets for
obesity-induced vascular complications in males and females.

The anticontractile effect of PVAT was first described in rat
thoracic aorta (Soltis and Cassis, 1991), followed by other vascular
beds, including small mesenteric arteries (Aoqui et al., 2014; Gil-
Ortega et al., 2014; Withers et al., 2017). It has been suggested that
the presence of cardiometabolic risk factors, such as obesity, alters
the secretory pattern of PVAT and might result in vascular
dysfunction (Victorio and Davel, 2019). PVAT-dependent
vascular dysfunction has been demonstrated in the aorta (da
Costa et al., 2017; Ketonen et al., 2010) and mesenteric resistance
arteries (Agabiti-Rosei et al., 2014; Gil-Ortega et al., 2014; Withers
et al., 2017) in rat and mouse obese models. Several mechanisms
have been described to be involved in PVAT dysfunction associated
with obesity, which seems to depend on PVAT location and the
duration of obesogenic diets and local/circulating adipokines
(Victorio and Davel, 2019; Victorio et al., 2020). Adiponectin was
demonstrated to act as a PVAT-derived anticontractile factor and
could be a promising mediator of PVAT function in female mice.

Here, we observed similar plasma adiponectin levels between the
obese and control groups, independent of sex. Plasma adiponectin in
male obesity has been demonstrated to be increased (Saxton et al.,
2021), unchanged (Sousa et al., 2019), or reduced (Han et al., 2018).
Adiponectin levels can differ with the time of induced obesity, with
increased levels in early phases and reduced levels in prolonged
phases (Victorio and Davel, 2019). Moreover, plasma adiponectin
cannot represent what happens in local modulation of vascular
function by PVAT, as demonstrated by Saxton and collaborators
who have observed increased plasma adiponectin in obesity but
reduced adiponectin content in PVAT (Saxton et al., 2021).
Therefore, more studies are needed to evaluate the effects of
different diets on PVAT adipokines, especially in females in the
setting of obesity.

Time-dependent resistance of PVAT to dysfunction was
observed in male obese mice. An increased anticontractile
effect of PVAT associated with adaptative nitric oxide (NO)
overproduction was found in the mesenteric arteries from
male mice fed a high-fat diet (45% fat) for 8 weeks (Gil-Ortega
et al., 2010) and in the aortas from mice fed a carbohydrate-
enriched diet for 4 weeks (Dos Reis Costa et al., 2021). However,
after 32 weeks of a 45% fat diet, altered redox status resulted in
PVAT dysfunction in mesenteric arteries (Gil-Ortega et al., 2010;
Gil-Ortega et al., 2014). In the present study, 3 or 5 months of a
very HF diet (60% fat) did not impair either the anticontractile
effect of PVAT in response to phenylephrine or the endothelium-
dependent relaxation in response to acetylcholine. PVAT-
dependent endothelial dysfunction was observed only after
5 months of the HF + HS diet in males. This suggests that the
association of a HF and HS diet (i.e., Western diet) may accelerate
PVAT and vascular dysfunction compared to a HF diet.

Since discovering the anticontractile effect of PVAT, it was
expected that PVAT could increase acetylcholine-induced
relaxation, but in our study, we did not observe an effect of
PVAT in response to acetylcholine in male and female control
mice. Similar to what was observed here, several studies have
demonstrated that the presence of PVAT does not affect
acetylcholine-induced relaxation in the aorta (Victorio et al.,
2016; Hou et al., 2017; Simplicio et al., 2017; Sousa et al., 2019)
or mesenteric arteries (Briones et al., 2012; Kagota et al., 2017).
However, we cannot exclude the possibility that PVAT can act as a
mechanical obstacle or diffusion limitation to agonists (Li et al., 2013;
Mendizabal et al., 2013). In the setting of obesity, previous studies
have demonstrated that PVAT-mediated impaired acetylcholine-
induced relaxation in mice fed HF diet seems to be endothelium-
dependent since relaxation to sodium nitroprusside was not altered
(Sousa et al., 2019; Sousa et al., 2021). Both NO and endothelium-
dependent hyperpolarization factor (EDH) seem to contribute to the
endothelium-dependent relaxation in small mesenteric arteries from
male and female mice (Hwa et al., 1994; Davel et al., 2018b).
Nevertheless, NO has a greater contribution than EDH in males,
while EDH contributes more than NO to endothelial relaxation
induced by acetylcholine in females (Davel et al., 2018b). In the
setting of HF-induced obesity, there is a reduction in endothelial NO
contribution, which compensates for increased EDH participation;
however, in females, an impaired EDH participation results in
impaired acetylcholine-induced relaxation (Davel et al., 2018b).
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Previous studies using HF or cafeteria diet have suggested that
impaired aortic PVAT-derived NO is associated with a reduction
in acetylcholine-induced relaxation in male mice (Xia et al., 2016;
Lang et al., 2019). Further studies are needed to investigate the relative
contribution of NO/EDH in the PVAT-mediated endothelial
dysfunction in resistance arteries of males and females in response
not only to obesity but also to other cardiovascular risk factors.

Reduced Rmax to phenylephrine in arteries with adjacent PVAT
was observed following prolonged HF or HF + HS diet feeding in
males. Silva and collaborators (Silva et al., 2016) have previously
demonstrated that a high sugar diet, in addition to inducing
endothelial dysfunction, upregulates the TNFα and iNOS
pathways, decreasing vascular contractility in the aortas of obese
male animals. Therefore, we cannot exclude a proinflammatory effect
of a prolonged HF + HS diet on PVAT function. Lang and
collaborators have demonstrated that a Western diet containing
high sugar and dense foods accessible in Western societies
impacted the aortic PVAT function more profoundly than a HF
diet (45% fat) (Lang et al., 2019). Although a cafeteria diet has been
demonstrated to be similar to a human diet and induced obesity, it
can change feeding behavior (Martire et al., 2015); thus, it may be
difficult to compare results in the literature because there is no
standard protocol (Lang et al., 2019). Here, we used a chow diet as a
standard diet, but a nonfat diet has been proposed for use as a control
for fat-enriched diets (Lang et al., 2019), which may represent a
limitation. However, as we meant to compare the effect of PVAT
function after HF diet consumption to that a healthy/lean situation,
we believe that the chow diet represented a better control.

Sugar consumption has been correlated with adverse effects on
HDL and triglyceride levels, which can accelerate atherosclerosis
(Howard and Wylie-Rosett, 2002). In addition, high sugar
consumption may worsen diabetes control, and the
combination of sugar with high fat promotes AGEs formation,
which is involved in vascular complications associated with
diabetes (Yonekura et al., 2005; Delbin et al., 2012). In women,
a diet high in refined carbohydrates was associated with an
increased risk of developing coronary heart disease (Liu et al.,
2000). These previous studies have reinforced the importance of
investigating the influence of high-calorie diets associated with
high sugar content on the mechanisms that modulate vascular and
PVAT function, especially in females.

In comparison to males, far less is known about functional
PVAT changes in vascular tone in the setting of female obesity,
which was a focus of the current study. A recent study revealed that
sex-specific changes in the number of immune cells in mesenteric
PVAT occurring with a HF diet (60% fat) became more prominent
with the development and progression of obesity (Kumar et al.,
2021). Here, we found that prolonged obesogenic diet feeding
differentially impacted PVAT regulation of vascular responses in
mesenteric arteries in males and females. HF and HF + HS diet
feeding impaired the anticontractile effect of PVAT in females but
not in males. In addition, 3 months of a HF + HS diet resulted in
PVAT-mediated endothelial dysfunction in females, which was
observed in males after 5 months of the same diet. Therefore, our
data suggest that mesenteric PVAT in females is more susceptible
to obesity-induced dysfunction than that in males. This is
consistent with previous studies demonstrating that the female

sex is more affected by endothelial dysfunction and vascular
stiffness caused by obesity and type-2 diabetes (DeMarco et al.,
2015; Jia et al., 2016; Davel et al., 2018a). Although we did not
evaluate the levels of sex hormones, gonad weights (uterus and
tests) were not significantly altered by either the HF or HF + HS
diet, consistent with previous studies (Bruder-Nascimento et al.,
2017; Faulkner et al., 2021). Loss of female sex hormones was not
reported as a mechanistic switch for cardiovascular complications
in obese female mice (Barris et al., 2021). A limitation of our study
is that we did not investigate the mechanisms or anatomical
differences underlying the sex differences in PVAT-mediated
vascular complications in obesity, which need to be addressed
in future investigations.

CONCLUSION

The results suggest that prolonged obesogenic diets impact
mesenteric PVAT function more profoundly in females than
in males, as after 3 and 5 months of HF or HF + HS feeding,
impairment in the anticontractile PVAT effect was only observed
in females. Our data also revealed that the combination of a HF
diet with high sucrose accelerated PVAT dysfunction compared
to a HF diet alone, resulting in PVAT-mediated endothelial
dysfunction in males and females. PVAT-mediated endothelial
dysfunction with a HF + HS diet occurs earlier in females than in
males. Taken together, the data suggest a susceptibility of the
female sex to PVAT-mediated vascular complications in the
setting of obesity and highlight the importance of an
obesogenic diet and the duration of the feeding protocol for
investigating treatments and pharmacological targets for obesity-
induced vascular complications in males and females.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee on Animal Use of the University of Campinas
(protocol no. 4914-1/2018, 5474-1/2020) and carried out in
accordance with the National Board of Animal
Experimentation Control (CONCEA).

AUTHOR CONTRIBUTIONS

JV and AD contributed to the conception and design of the study.
JV, DG, IF, TA, and AD were responsible for acquisition and/or
interpretation of data. JV and AD wrote the draft of the
manuscript. All authors contributed to the manuscript revision
and approved the submitted version.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7202249

Victorio et al. Sex Differences and PVAT Function

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FUNDING

This work was supported by Fundação de Amparo à Pesquisa do
Estado de São Paulo (FAPESP grants 2018/00543-8, 2018/16505-
8, and 2013/07607-8).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.720224/
full#supplementary-material

REFERENCES

Abarca-Gómez, L., Abdeen, Z. A., Hamid, Z. A., Abu-Rmeileh, N. M., Acosta-
Cazares, B., and Acuin, C. E. A. (2017). Worldwide Trends in Body-Mass index,
Underweight, Overweight, and Obesity from 1975 to 2016: a Pooled Analysis of
2416 Population-Based Measurement Studies in 128·9 Million Children,
Adolescents, and Adults. Lancet 390, 2627–2642. doi:10.1016/S0140-
6736(17)32129-3

Agabiti-Rosei, C., De Ciuceis, C., Rossini, C., Porteri, E., Rodella, L. F., Withers, S.
B., et al. (2014). Anticontractile Activity of Perivascular Fat in Obese Mice and
the Effect of Long-Term Treatment with Melatonin. J. Hypertens. 32,
1264–1274. doi:10.1097/hjh.0000000000000178

Aoqui, C., Chmielewski, S., Scherer, E., Eissler, R., Sollinger, D., Heid, I.., et al.
(2014). Microvascular Dysfunction in the Course of Metabolic Syndrome
Induced by High-Fat Diet. Cardiovasc. Diabetol. 13, 31. doi:10.1186/1475-
2840-13-31

Barrett, P., Mercer, J. G., and Morgan, P. J. (2016). Preclinical Models for Obesity
Research. Dis. Model. Mech. 9, 1245–1255. doi:10.1242/dmm.026443

Barris, C., Faulkner, J., and de Chantemele, E. B. (2021). Loss of Female Sex
Hormones Does Not Induce a Mechanistic Switch for Development of
Hypertension in Obese Female Mice - Barris - 2021. Experimental Biology
2021 Meeting abstracts. 35(S1), doi:10.1096/fasebj.2021.35.S1.04280

Briones, A. M., Nguyen Dinh Cat, A., Callera, G. E., Yogi, A., Burger, D., He, Y.,
et al. (2012). Adipocytes Produce Aldosterone through Calcineurin-dependent
Signaling Pathways: Implications in Diabetes Mellitus-Associated Obesity and
Vascular Dysfunction. Hypertension 59, 1069–1078. doi:10.1161/
HYPERTENSIONAHA.111.190223

Bruder-Nascimento, T., Ekeledo, O. J., Anderson, R., Le, H. B., and Belin de
Chantemele, E. J. (2017). Long Term High Fat Diet Treatment: An Appropriate
Approach to Study the Sex-Specificity of the Autonomic and Cardiovascular
Responses to Obesity in Mice. Front. Physiol. 8, 32. doi:10.3389/
fphys.2017.00032

Caballero, A. E., Bousquet-Santos, K., Robles-Osorio, L., Montagnani, V., Soodini,
G., Porramatikul, S., et al. (2008). Overweight Latino Children and Adolescents
Have Marked Endothelial Dysfunction and Subclinical Vascular Inflammation
in Association with Excess Body Fat and Insulin Resistance. Diabetes care 31,
576–582. doi:10.2337/dc07-1540

da Costa, R. M., Fais, R. S., Dechandt, C. R. P., Louzada-Junior, P., Alberici, L. C.,
Lobato, N. S., et al. (2017). Increased Mitochondrial ROS Generation Mediates
the Loss of the Anti-contractile Effects of Perivascular Adipose Tissue in High-
Fat Diet Obese Mice. Br. J. Pharmacol. 174, 3527–3541. doi:10.1111/bph.13687

Davel, A. P., Jaffe, I. Z., Tostes, R. C., Jaisser, F., and Belin de Chantemele, E. J.
(2018a). New Roles of Aldosterone and Mineralocorticoid Receptors in
Cardiovascular Disease: Translational and Sex-specific Effects. Am.
J. Physiol. Heart Circ. Physiol. 315, H989–h999. doi:10.1152/
ajpheart.00073.2018

Davel, A. P., Lu, Q., Moss, M. E., Rao, S., Anwar, I. J., DuPont, J. J., et al. (2018b).
Sex-SpecificMechanisms of Resistance Vessel Endothelial Dysfunction Induced
by Cardiometabolic Risk Factors. J. Am. Heart Assoc. 7 (4), e007675.
doi:10.1161/jaha.117.007675

Delbin, M. A., Davel, A. P., Couto, G. K., de Araújo, G. G., Rossoni, L. V., Antunes,
E., et al. (2012). Interaction between Advanced Glycation End Products
Formation and Vascular Responses in Femoral and Coronary Arteries from
Exercised Diabetic Rats. PloS one 7 (12), e53318. doi:10.1371/
journal.pone.0053318

DeMarco, V. G., Habibi, J., Jia, G., Aroor, A. R., Ramirez-Perez, F. I., Martinez-
Lemus, L. A., et al. (2015). Low-Dose Mineralocorticoid Receptor Blockade
Prevents Western Diet-Induced Arterial Stiffening in Female Mice.
Hypertension 66, 99–107. doi:10.1161/hypertensionaha.115.05674

Dos Reis Costa, D. E. F., Silveira, A. L. M., Campos, G. P., Nóbrega, N. R. C., de
Araújo, N. F., de Figueiredo Borges, L., et al. (2021). High-Carbohydrate Diet
Enhanced the Anticontractile Effect of Perivascular Adipose Tissue through
Activation of Renin-Angiotensin System. Front. Physiol. 11, 628101.
doi:10.3389/fphys.2020.628101

Faulkner, J. L., Harwood, D., Kennard, S., Antonova, G., Clere, N., and Belin de
Chantemèle, E. J. (2021). Dietary Sodium Restriction Sex Specifically Impairs
Endothelial Function via Mineralocorticoid Receptor-dependent Reduction in
NO Bioavailability in Balb/CMice. Am. J. Physiol. Heart circulatory Physiol. 320
(1), H211–H220. doi:10.1152/ajpheart.00413.2020

Gil-Ortega, M., Condezo-Hoyos, L., García-Prieto, C. F., Arribas, S. M., González,
M. C., Aranguez, I., et al. (2014). Imbalance between Pro and Anti-oxidant
Mechanisms in Perivascular Adipose Tissue Aggravates Long-Term High-Fat
Diet-Derived Endothelial Dysfunction. PLoS One 9, e95312. doi:10.1371/
journal.pone.0095312

Gil-Ortega, M., Stucchi, P., Guzmán-Ruiz, R., Cano, V., Arribas, S., González, M.
C., et al. (2010). Adaptative Nitric Oxide Overproduction in Perivascular
Adipose Tissue during Early Diet-Induced Obesity. Endocrinology 151,
3299–3306. doi:10.1210/en.2009-1464

Greenstein, A. S., Khavandi, K., Withers, S. B., Sonoyama, K., Clancy, O., Jeziorska,
M., et al. (2009). Local Inflammation and Hypoxia Abolish the Protective
Anticontractile Properties of Perivascular Fat in Obese Patients. Circulation
119, 1661–1670. doi:10.1161/CIRCULATIONAHA.108.821181

Han, F., Li, K., Pan, R., Xu, W., Han, X., Hou, N., et al. (2018). Calycosin Directly
Improves Perivascular Adipose Tissue Dysfunction by Upregulating the
adiponectin/AMPK/eNOS Pathway in Obese Mice. Food Funct. 9,
2409–2415. doi:10.1039/c8fo00328a

Hou, N., Du, G., Han, F., Zhang, J., Jiao, X., and Sun, X. (2017). Irisin Regulates
Heme Oxygenase-1/Adiponectin Axis in Perivascular Adipose Tissue and
Improves Endothelial Dysfunction in Diet-Induced Obese Mice. Cell Physiol
Biochem 42, 603–614. doi:10.1159/000477864

Howard, B. V., and Wylie-Rosett, J. (2002). Sugar and Cardiovascular Disease: A
Statement for Healthcare Professionals from the Committee on Nutrition of the
Council on Nutrition, Physical Activity, andMetabolism of the American Heart
Association. Circulation 106 (4), 523–527. doi:10.1161/
01.cir.0000019552.77778.04

Hunter, I., Soler, A., Joseph, G., Hutcheson, B., Bradford, C., Zhang, F. F., et al.
(2017). Cardiovascular Function in Male and Female JCR:LA-cp Rats: Effect of
High-Fat/high-Sucrose Diet. Am. J. Physiol. Heart circulatory Physiol. 312 (4),
H742–H751. doi:10.1152/ajpheart.00535.2016

Hwa, J. J., Ghibaudi, L., Williams, P., and Chatterjee, M. (1994). Comparison of
Acetylcholine-dependent Relaxation in Large and Small Arteries of Rat
Mesenteric Vascular Bed. Am. J. Physiol. 266 (3 Pt 2), H952–H958.
doi:10.1152/ajpheart.1994.266.3.H952

Jia, G., Bender, S. B., and Sowers, J. R. (2016). Uncovering a Mineralocorticoid
Receptor-dependent Adipose-Vascular Axis: Implications for Vascular
Dysfunction in Obesity? Diabetes 65, 2127–2129. doi:10.2337/dbi16-0028

Kagota, S., Iwata, S., Maruyama, K., McGuire, J. J., and Shinozuka, K. (2017). Time-
Dependent Differences in the Influence of Perivascular Adipose Tissue on
Vasomotor Functions in Metabolic Syndrome. Metab. Syndr. Relat. Disord. 15
(5), 233–239. doi:10.1089/met.2016.0146

Ketonen, J., Shi, J., Martonen, E., and Mervaala, E. (2010). Periadventitial Adipose
Tissue Promotes Endothelial Dysfunction via Oxidative Stress in Diet-Induced
Obese C57Bl/6 Mice. Circ. J. 74, 1479–1487. doi:10.1253/circj.cj-09-0661

Kumar, R. K., Yang, Y., Contreras, A. G., Garver, H., Bhattacharya, S., Fink, G. D.,
et al. (2021). Phenotypic Changes in T Cell and Macrophage Subtypes in
Perivascular Adipose Tissues Precede High-Fat Diet-Induced Hypertension.
Front. Physiol. 12, 616055. doi:10.3389/fphys.2021.616055

Lang, P., Hasselwander, S., Li, H., and Xia, N. (2019). Effects of Different Diets
Used in Diet-Induced Obesity Models on Insulin Resistance and Vascular

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 72022410

Victorio et al. Sex Differences and PVAT Function

https://www.frontiersin.org/articles/10.3389/fphar.2021.720224/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.720224/full#supplementary-material
https://doi.org/10.1016/S0140-6736(17)32129-3
https://doi.org/10.1016/S0140-6736(17)32129-3
https://doi.org/10.1097/hjh.0000000000000178
https://doi.org/10.1186/1475-2840-13-31
https://doi.org/10.1186/1475-2840-13-31
https://doi.org/10.1242/dmm.026443
https://doi.org/10.1096/fasebj.2021.35.S1.04280
https://doi.org/10.1161/HYPERTENSIONAHA.111.190223
https://doi.org/10.1161/HYPERTENSIONAHA.111.190223
https://doi.org/10.3389/fphys.2017.00032
https://doi.org/10.3389/fphys.2017.00032
https://doi.org/10.2337/dc07-1540
https://doi.org/10.1111/bph.13687
https://doi.org/10.1152/ajpheart.00073.2018
https://doi.org/10.1152/ajpheart.00073.2018
https://doi.org/10.1161/jaha.117.007675
https://doi.org/10.1371/journal.pone.0053318
https://doi.org/10.1371/journal.pone.0053318
https://doi.org/10.1161/hypertensionaha.115.05674
https://doi.org/10.3389/fphys.2020.628101
https://doi.org/10.1152/ajpheart.00413.2020
https://doi.org/10.1371/journal.pone.0095312
https://doi.org/10.1371/journal.pone.0095312
https://doi.org/10.1210/en.2009-1464
https://doi.org/10.1161/CIRCULATIONAHA.108.821181
https://doi.org/10.1039/c8fo00328a
https://doi.org/10.1159/000477864
https://doi.org/10.1161/01.cir.0000019552.77778.04
https://doi.org/10.1161/01.cir.0000019552.77778.04
https://doi.org/10.1152/ajpheart.00535.2016
https://doi.org/10.1152/ajpheart.1994.266.3.H952
https://doi.org/10.2337/dbi16-0028
https://doi.org/10.1089/met.2016.0146
https://doi.org/10.1253/circj.cj-09-0661
https://doi.org/10.3389/fphys.2021.616055
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Dysfunction in C57BL/6 Mice. Sci. Rep. 9, 19556. doi:10.1038/s41598-019-
55987-x

Li, R., Andersen, I., Aleke, J., Golubinskaya, V., Gustafsson, H., and Nilsson, H.
(2013). Reduced Anti-contractile Effect of Perivascular Adipose Tissue on
Mesenteric Small Arteries from Spontaneously Hypertensive Rats: Role of
Kv7 Channels. Eur. J. Pharmacol. 698, 310–315. doi:10.1016/
j.ejphar.2012.09.026

Lim, S., and Meigs, J. B. (2014). Links between Ectopic Fat and Vascular Disease in
Humans. Arteriosclerosis, Thromb. Vasc. Biol. 34 (9), 1820–1826. doi:10.1161/
ATVBAHA.114.303035

Liu, S., Willett, W. C., Stampfer, M. J., Hu, F. B., Franz, M., Sampson, L., et al.
(2000). A Prospective Study of Dietary Glycemic Load, Carbohydrate Intake,
and Risk of Coronary Heart Disease in US Women. Am. J. Clin. Nutr. 71 (6),
1455–1461. doi:10.1093/ajcn/71.6.1455

Ma, L., Ma, S., He, H., Yang, D., Chen, X., Luo, Z., et al. (2010). Perivascular Fat-
Mediated Vascular Dysfunction and Remodeling through the AMPK/mTOR
Pathway in High-Fat Diet-Induced Obese Rats. Hypertens. Res. 33, 446–453.
doi:10.1038/hr.2010.11

Martire, S. I,, Westbrook, R. F., and Morris, M. J. (2015). Effects of Long-Term
Cycling between Palatable Cafeteria Diet and Regular Chow on Intake, Eating
Patterns, and Response to Saccharin and Sucrose. Physiol. Behav. 139, 80–88.
doi:10.1016/j.physbeh.2014.11.006

Mendizabal, Y., Llorens, S., and Nava, E. (2013). Vasoactive Effects of
Prostaglandins from the Perivascular Fat of Mesenteric Resistance Arteries
inWKY and SHROB Rats. Life Sci. 93, 1023–1032. doi:10.1016/j.lfs.2013.10.021

Mulvany, M. J., and Halpern, W. (1977). Contractile Properties of Small Arterial
Resistance Vessels in Spontaneously Hypertensive and Normotensive Rats.
Circ. Res. 41 (1), 19–26. doi:10.1161/01.res.41.1.19

Narain, A., Kwok, C. S., and Mamas, M. A. (2016). Soft Drinks and Sweetened
Beverages and the Risk of Cardiovascular Disease and Mortality: a Systematic
Review and Meta-Analysis. Int. J. Clin. Pract. 70 (10), 791–805. doi:10.1111/
ijcp.12841

Saxton, S. N., Ryding, K. E., Aldous, R. G., Withers, S. B., Ohanian, J., and Heagerty,
A. M. (2018). Role of Sympathetic Nerves and Adipocyte Catecholamine
Uptake in the Vasorelaxant Function of Perivascular Adipose Tissue.
Arterioscler Thromb. Vasc. Biol. 38, 880–891. doi:10.1161/
ATVBAHA.118.310777

Saxton, S. N., Toms, L. K., Aldous, R. G., Withers, S. B., Ohanian, J., and Heagerty,
A. M. (2021). Restoring Perivascular Adipose Tissue Function in Obesity Using
Exercise. Cardiovasc. Drugs Ther. doi:10.1007/s10557-020-07136-0

Schlett, C. L., Massaro, J. M., Lehman, S. J., Bamberg, F., O’Donnell, C. J., Fox, C. S.,
et al. (2009). Novel Measurements of Periaortic Adipose Tissue in Comparison
to Anthropometric Measures of Obesity, and Abdominal Adipose Tissue. Int.
J. Obes. (Lond) 33, 226–232. doi:10.1038/ijo.2008.267

Silva, J. F., Correa, I. C., Diniz, T. F., Lima, P. M., Santos, R. L., Cortes, S. F., et al.
(2016). Obesity, Inflammation, and Exercise Training: Relative Contribution of
iNOS and eNOS in the Modulation of Vascular Function in the Mouse Aorta.
Front. Physiol. 7, 386. doi:10.3389/fphys.2016.00386

Simplicio, J. A., Gonzaga, N. A., Nakashima, M. A., De Martinis, B. S., Cunha, T.
M., Tirapelli, L. F., et al. (2017). Tumor Necrosis Factor-α Receptor 1
Contributes to Ethanol-Induced Vascular Reactive Oxygen Species
Generation and Hypertension. J. Am. Soc. Hypertens. 11, 684–696.e683.
doi:10.1016/j.jash.2017.07.008

Soltis, E. E., and Cassis, L. A. (1991). Influence of Perivascular Adipose Tissue on
Rat Aortic Smooth Muscle Responsiveness. Clin. Exp. Hypertens. A. 13,
277–296. doi:10.3109/10641969109042063

Sousa, A. S., Sponton, A. C. S., and Delbin, M. A. (2021). Perivascular Adipose
Tissue and Microvascular Endothelial Dysfunction in Obese Mice: Beneficial
Effects of Aerobic Exercise in Adiponectin Receptor (AdipoR1) and peNOS
Ser1177. Clin. Exp. Pharmacol. Physiol. 1–11. doi:10.1111/1440-1681.13550

Sousa, A. S., Sponton, A. C. S., Trifone, C. B., and Delbin, M. A. (2019). Aerobic
Exercise Training Prevents Perivascular Adipose Tissue-Induced Endothelial
Dysfunction in Thoracic Aorta of Obese Mice. Front. Physiol. 10, 1009.
doi:10.3389/fphys.2019.01009

Speakman, J. R. (2019). Use of High-Fat Diets to Study Rodent Obesity as a Model
of Human Obesity. Int. J. Obes. 43 (8), 1491–1492. doi:10.1038/s41366-019-
0363-7

Victorio, J. A., da Costa, R. M., Tostes, R. C., and Davel, A. P. (2020). Modulation of
Vascular Function by Perivascular Adipose Tissue: Sex Differences. Curr.
Pharm. Des. 26, 3768–3777. doi:10.2174/1381612826666200701211912

Victorio, J. A., and Davel, A. P. (2019). Perivascular Adipose Tissue Oxidative
Stress on the Pathophysiology of Cardiometabolic Diseases. Curr. Hypertens.
Rev. 10, 2174. doi:10.2174/1573402115666190410153634

Victorio, J. A., Fontes, M. T., Rossoni, L. V., and Davel, A. P. (2016). Different Anti-
contractile Function and Nitric Oxide Production of Thoracic and Abdominal
Perivascular Adipose Tissues. Front. Physiol. 7, 295. doi:10.3389/
fphys.2016.00295

Vishvanath, L., and Gupta, R. K. (2019). Contribution of Adipogenesis to Healthy
Adipose Tissue Expansion in Obesity. J. Clin. Invest. 129 (10), 4022–4031.
doi:10.1172/JCI129191

Wagner, R., Machann, J., Lehmann, R., Rittig, K., Schick, F., Lenhart, J., et al.
(2012). Exercise-induced Albuminuria Is Associated with Perivascular Renal
Sinus Fat in Individuals at Increased Risk of Type 2 Diabetes. Diabetologia 55,
2054–2058. doi:10.1007/s00125-012-2551-z

Wenceslau, C. F., McCarthy, C. G., Earley, S., England, S. K., Filosa, J. A.,
Goulopoulou, S., et al. (2021). Guidelines for the Measurement of Vascular
Function and Structure in Isolated Arteries and Veins. Am. J. Physiol.
Heart circulatory Physiol. 321 (1), H77–H111. doi:10.1152/
ajpheart.01021.2020

Withers, S. B., Forman, R., Meza-Perez, S., Sorobetea, D., Sitnik, K., Hopwood,
T., et al. (2017). Eosinophils Are Key Regulators of Perivascular Adipose
Tissue and Vascular Functionality. Sci. Rep. 7, 44571. doi:10.1038/
srep44571

World Health Organization (2019). Obesity and Overweight. Available at: https://
www.who.int/en/news-room/fact-sheets/detail/obesity-and-overweight.

Xi, B., Huang, Y., Reilly, K. H., Li, S., Zheng, R., Barrio-Lopez, M. T., et al. (2015).
Sugar-sweetened Beverages and Risk of Hypertension and CVD: a Dose-
Response Meta-Analysis. Br. J. Nutr. 113 (5), 709–717. doi:10.1017/
S0007114514004383

Xia, N., Horke, S., Habermeier, A., Closs, E. I., Reifenberg, G., Gericke, A., et al.
(2016). Uncoupling of Endothelial Nitric Oxide Synthase in Perivascular
Adipose Tissue of Diet-Induced Obese Mice. Arterioscler Thromb. Vasc.
Biol. 36, 78–85. doi:10.1161/ATVBAHA.115.306263

Xu, X., Liu, C., Xu, Z., Tzan, K., Wang, A., Rajagopalan, S., et al. (2012). Altered
Adipocyte Progenitor Population and Adipose-Related Gene Profile in Adipose
Tissue by Long-Term High-Fat Diet in Mice. Life Sci. 90, 1001–1009.
doi:10.1016/j.lfs.2012.05.016

Yonekura, H., Yamamoto, Y., Sakurai, S., Watanabe, T., and Yamamoto, H. (2005).
Roles of the Receptor for Advanced Glycation Endproducts in Diabetes-
Induced Vascular Injury. J. Pharmacol. Sci. 97 (3), 305–311. doi:10.1254/
jphs.cpj04005x

Zhou, B., Bentham, J., Di Cesare, M., Bixby, H., Danaei, G., and Cowan, M. J. E. A.
(2017). Worldwide Trends in Blood Pressure from 1975 to 2015: a Pooled
Analysis of 1479 Population-Based Measurement Studies with 19·1 Million
Participants. The Lancet 389 (10064), 37–55. doi:10.1016/S0140-6736(16)
31919-5

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Victorio, Guizoni, Freitas, Araujo and Davel. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 72022411

Victorio et al. Sex Differences and PVAT Function

https://doi.org/10.1038/s41598-019-55987-x
https://doi.org/10.1038/s41598-019-55987-x
https://doi.org/10.1016/j.ejphar.2012.09.026
https://doi.org/10.1016/j.ejphar.2012.09.026
https://doi.org/10.1161/ATVBAHA.114.303035
https://doi.org/10.1161/ATVBAHA.114.303035
https://doi.org/10.1093/ajcn/71.6.1455
https://doi.org/10.1038/hr.2010.11
https://doi.org/10.1016/j.physbeh.2014.11.006
https://doi.org/10.1016/j.lfs.2013.10.021
https://doi.org/10.1161/01.res.41.1.19
https://doi.org/10.1111/ijcp.12841
https://doi.org/10.1111/ijcp.12841
https://doi.org/10.1161/ATVBAHA.118.310777
https://doi.org/10.1161/ATVBAHA.118.310777
https://doi.org/10.1007/s10557-020-07136-0
https://doi.org/10.1038/ijo.2008.267
https://doi.org/10.3389/fphys.2016.00386
https://doi.org/10.1016/j.jash.2017.07.008
https://doi.org/10.3109/10641969109042063
https://doi.org/10.1111/1440-1681.13550
https://doi.org/10.3389/fphys.2019.01009
https://doi.org/10.1038/s41366-019-0363-7
https://doi.org/10.1038/s41366-019-0363-7
https://doi.org/10.2174/1381612826666200701211912
https://doi.org/10.2174/1573402115666190410153634
https://doi.org/10.3389/fphys.2016.00295
https://doi.org/10.3389/fphys.2016.00295
https://doi.org/10.1172/JCI129191
https://doi.org/10.1007/s00125-012-2551-z
https://doi.org/10.1152/ajpheart.01021.2020
https://doi.org/10.1152/ajpheart.01021.2020
https://doi.org/10.1038/srep44571
https://doi.org/10.1038/srep44571
https://www.who.int/en/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/en/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1017/S0007114514004383
https://doi.org/10.1017/S0007114514004383
https://doi.org/10.1161/ATVBAHA.115.306263
https://doi.org/10.1016/j.lfs.2012.05.016
https://doi.org/10.1254/jphs.cpj04005x
https://doi.org/10.1254/jphs.cpj04005x
https://doi.org/10.1016/S0140-6736(16)31919-5
https://doi.org/10.1016/S0140-6736(16)31919-5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Effects of High-Fat and High-Fat/High-Sucrose Diet-Induced Obesity on PVAT Modulation of Vascular Function in Male and Fema ...
	Introduction
	Methods
	Animal Model
	Blood Pressure Measurement
	Body Parameters, Tissue Collection, and Biochemical Profile
	Vascular Study

	Materials
	Statistical Analysis

	Results
	HF and HF + HS Obesity Models in Males and Females
	Anticontractile PVAT Function was Preserved in Males but Impaired in Females Following HF or HF + HS Diet Feeding
	The HF + HS Diet Resulted in PVAT-Mediated Endothelial Dysfunction Faster in Females than in Males

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


