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Adipose tissue can affect the metabolic control of the cardiovascular system, and its anatomic location can affect the vascular
function differently. In this study, biochemical and phenotypical characteristics of adipose tissue from periaortic fat were
evaluated. Periaortic and subcutaneous adipose tissues were obtained from areas surrounding the ascending aorta and
sternotomy incision, respectively. Adipose tissues were collected from patients undergoing myocardial revascularization or
mitral valve replacement surgery. Morphological studies with hematoxylin/eosin and immunohistochemical assay were
performed in situ to quantify adipokine expression. To analyze adipogenic capacity, adipokine expression, and the levels of
thermogenic proteins, adipocyte precursor cells were isolated from periaortic and subcutaneous adipose tissues and induced to
differentiation. The precursors of adipocytes from the periaortic tissue accumulated less triglycerides than those from the
subcutaneous tissue after differentiation and were smaller than those from subcutaneous adipose tissue. The levels of proteins
involved in thermogenesis and energy expenditure increased significantly in periaortic adipose tissue. Additionally, the
expression levels of adipokines that affect carbohydrate metabolism, such as FGF21, increased significantly in mature adipocytes
induced from periaortic adipose tissue. These results demonstrate that precursors of periaortic adipose tissue in humans may
affect cardiovascular events and might serve as a target for preventing vascular diseases.

1. Introduction

Several studies have reported that the function of adipose
tissue is partly determined by its anatomical location and
the influence of adjacent tissues. Perivascular adipose tissue,
which surrounds most blood vessels in the body, has recently
received much attention [1]. Due to its proximity to the
cardiovascular system, perivascular adipose tissue is a deter-
mining factor for cardiovascular complications, including
atherosclerosis and hypertension [2–4]. Perivascular adipose
tissue also secretes adipokines that might affect the function
of arteries [5, 6]. Several in vivo studies have shown high-
calorie diets to reduce adiponectin expression in perivascular
adipose tissue, while the levels of proinflammatory cytokines
tumor necrosis factor, plasminogen activator inhibitor-1, and

monocyte chemoattractant protein-1 increased [3, 4, 7].
Studies in lower mammals have also shown that perivascular
fat possesses characteristics of both white adipose tissue
(WAT) and brown adipose tissue (BAT) [8, 9]. Periaortic
adipose tissue (PAT) is especially important because its ana-
tomical location can affect the characteristics and function of
vascular metabolism [10, 11]. Other studies have reported
that adipose tissue surrounding the ascending aorta artery
expresses proteins involved in energy expenditure, such as
uncoupling protein 1 (UCP-1), indicating that it probably is
similar to BAT [12], although PAT in the abdominal aorta
does not express UCP-1 [13, 14]. Pathophysiological condi-
tions, such as obesity, hypertension, and diabetes, may
induce an imbalance in the production of bioactive molecules
by perivascular adipose tissue and promote cardiovascular
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disease [6]. Other recent evidence indicates that cold temper-
atures can activate PAT and increase thermogenesis, thus
improving endothelial function and protecting against ath-
erosclerosis in mice [15].

However, the role of PAT in humans remains elusive. For
example, the properties of PAT along the length of different
arteries have not yet been defined. Additionally, the presence
of metabolically active adipose tissue in the thoracic region
remains to be described [16–18]. Although BAT might be
present in adults, adipocytes with properties of BAT are char-
acterized as BAT-like or beige [19]. Beige adipocytes might
prevent vascular complications in obese patients or those
with diabetes mellitus type 2 [20–22]. In this study, we
evaluated the morphological, biochemical, and metabolic
characteristics of adipose tissue from the ascending aorta
(PAT) of patients undergoing myocardial revascularization
or mitral valve replacement. The findings were compared
with those of subcutaneous adipose tissue (SAT) obtained
from the same patients. The increased expression of proteins
involved in energy expenditure indicates that the phenotype
of PAT resembled beige adipose tissue. Due to the capacity
of adipocytes from PAT to increase the thermogenesis
activity, this adipose tissue might serve as a target for pre-
venting vascular diseases [9].

2. Material and Methods

2.1. Patient Characteristics. The study included six women
(64± 6 years old) and eight men (58± 8 years old) with a
body mass index (BMI) of 26.6± 4.5 kg/m2 in women and
27± 5.0 kg/m2 in men. Only one patient had a diagnosis of
type 2 diabetes mellitus. Eight patients were taken to myocar-
dial revascularization, and 3 patients had HTA. Thyroid
function, which was assessed by the thyroid-stimulating hor-
mone level, was 3.5± 2mU/L. The average presurgical blood
glucose level was 103mg/dL. Six patients developed postop-
erative hyperglycemia (41%) with an average of fasting blood

glucose of 129mg/dL. Renal function, which was assessed by
the creatinine level, was normal in all patients (Table 1).

All patients were operated on by cardiovascular surgeons
at the Cardio-Infantil Foundation in Bogota. PAT was
obtained from the area surrounding the ascending aorta,
and SAT was removed from the area of the sternotomy inci-
sion. All participants reviewed and signed the informed con-
sent prior to the surgical procedure. The study was approved
by the ethics committee of the University of La Sabana and
Cardio-Infantil Foundation.

2.2. Cell Cultures. Adipose tissues were washed in phosphate-
buffered saline (PBS) and digested in 250U/mL type I colla-
genase, 20mg/mL bovine serum albumin, and 60μg/mL gen-
tamicin in PBS for 60min in a shaking incubator set at 37°C.
Thereafter, the cells were centrifuged at 200×g for 5min and
incubated in lysis buffer (154mM NH4Cl, 5.7mM K2HPO4,
and 0.1mM EDTA (pH7.3)) for 10min. The cells were
filtered through a 150μm nylon mesh, followed by centrifu-
gation at 200×g for 10min. To induce proliferation, the
cells were cultured in DMEM/F12 supplemented with
15% fetal bovine serum and 50μg/mL gentamicin for
24 h. After washing, the cells were cultured to confluency in
DMEM/F12 supplemented with 10% fetal bovine serum
and 50μg/mL gentamicin.

2.3. Induction of Cell Differentiation and Quantification of
Lipids. Precursor adipose cells (PAC) were induced to differ-
entiate into mature adipocytes (MAT) in DMEM/F12 sup-
plemented with 66 nM insulin, 1 nM triiodo-L-thyronine,
10μg/mL transferrin, 0.5mM isobutyl-methylxanthine,
100 nM dexamethasone, and 1μM rosiglitazone for 72 h.
The medium was then replaced with preadipocyte basal
medium containing the same concentrations of insulin,
triiodo-L-thyronine, and transferrin, and the cells were cul-
tured for 15 days. The cells were examined under a Carl Zeiss
microscope (Germany), and ZEN-lite 2012 software (blue

Table 1: Blood biochemical levels of the patients.

Patient Sex Age BMI HbA1c Glycem pre-Qx. Glycem post-Qx. T. cholest. HDL cholest. TSH Creat.

1 Female 66 22 5.50 92 99 159 45 4.69 0.8

2 Female 76 29 7.70 123 140 121 38 3.30 1.3

3 Female 79 27 5.20 96 111 205 41 3.90 1.3

4 Female 71 32 5.60 100 105 253 49 2.03 0.5

5 Female 54 22 5.30 92 110 220 29 4.20 0.8

6 Female 48 20 5.60 97 145 210 41 3.80 1

7 Male 59 31 5.60 99 98 190 28 7.37 1.5

8 Male 57 30 5.30 88 150 177 30 2.03 0.9

9 Male 39 21 5.30 92 94 218 42 1.90 0.7

10 Male 57 28 5.92 103 145 189 29 5.88 1.2

11 Male 65 27 5.40 97 130 210 33 1.31 0.7

12 Male 74 22 5.50 95 170 193 42 2.59 0.7

13 Male 52 29 5.30 84 81 193 32 3.00 0.9

14 Male 58 27 5.80 83 86 146 40 3.36 1.2

BMI: body mass index; HbA1c: glycosylated haemoglobin; Glycem pre-Qx.: glycaemia before surgery; Glycem post-Qx.: glycaemia after surgery; T. cholest.:
total cholesterol; HDL cholest.: high-density cholesterol; TSH: thyrotropin; Creat.: serum creatinine.
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edition) was used to quantify the lipid area. Images were
divided into four quadrants, and the surface area of accumu-
lated lipids was quantified in five areas in each quadrant.
Data were submitted to analysis, and the differences between
the two groups (SAT versus PAT) were evaluated. Adipocyte
differentiation was also observed by staining with oil red O,
mature adipocyte cells were previously fixed in 10% formal-
dehyde in PBS for 15min at 37°C, and the solution of red
oil in isopropanol was then added for 2 hours at room
temperature. It was subsequently removed and washed with
water to remove residual dye. To quantify triglyceride,
0.5μL mL of isopropanol was added for 5min, to distain
the fat deposits. Absorbance was measured at 510nm wave-
length, and the relative value of triglycerides was determined.

2.4. Histological and Immunohistochemical Analysis. SAT
and PAT were fixed in 10% formaldehyde in PBS (pH7.4)
at room temperature, dehydrated in ethanol, cleared in
xylene, and embedded in paraffin. The tissue blocks were sec-
tioned with a microtome to obtain 4μm thick sections
(American Optical). The sections were incubated with anti-
FGF21 (1 : 500, Abcam, Cambridge MA, USA, cat. number
ab171941), anti-von Willebrand factor (1 : 100, Novocastra/
Leica Biosystems, Wetzlar, Germany), and anti-smooth
muscle actin (1 : 100, Novocastra/Leica Biosystems, Wetzlar,
Germany) antibodies. The sections were then incubated with
anti-rabbit IgG (Novocastra/Leica Biosystems) at 1 : 200 for
FGF21 and 1 : 300 for anti-von Willebrand factor for
30min. The sections were then incubated with 3′,3′-diamino-
benzidine hydrochloride (Sigma-Aldrich, St. Louis, MO,
USA) for 20min, followed by three 10min washes with
PBS. Thereafter, the sections were stained with hematoxylin
solution (33% solution) for 20 s and washed with PBS for
3min. The slides were examined under an Olympus BX43
microscope at a magnification of 40x. The results were con-
sidered positive when brown precipitates were visible. The
capillary number was determined according to the number
of adipocytes in the field at a magnification of 40x. Images
of adipocytes from SAT and PAT were used to determine
the surface area with ImageJ software (National Institutes
of Health, Bethesda, MD, USA).

2.5. qPCR. Samples of the adipose tissue were frozen in liquid
nitrogen, and RNA extraction was performed from 90mg of
SAT and PAT. Samples were treated with lysis solution to
isolate RNA using the RNase-Free DNase Kit (Qiagen ref.
79254). SYBER Green was used for real-time reverse tran-
scription polymerase chain reaction (RT-PCR) detection.
The purity and the concentration of each sample were
measured using a NanoDrop (Thermo Scientific). Briefly,
total RNA (1μg) of each sample was reverse-transcribed in
20μL using qScript™ cDNA SuperMix (Quanta ref. 84034).
Amplification was carried out in a total volume of 10μL con-
taining 0.5μM of each primer and 2μL of 1 : 10 diluted
cDNA and PerfeCTa® SYBR® Green FastMix® Low ROX
at 1x final concentration (Quanta ref. 84073). qPCR was
performed for the detection of PGC-1α and UCP1 with
primers Fw 5′CTGTGTCACCACCCAAATCCTTAT3′ and
Rev 5′TGTGTCGAGAAAAGGACCTTGA3′ and Fw 5′

GTGTGCCCAACTGTGCAATG3′ and Rev 5′CCAGGAT
CCAAGTCGCAAGA3′, respectively. Quantitative analysis
was standardized with the corresponding levels of GAPDH
primers Fw 5′ACCCACTCCTCCACCTTTGAC3′ and Rev
5′TGTTGCTGTAGCCAAATTCGTT3′ and analyzed by
the ΔΔCt method.

2.6. Western Blotting. Proteins were isolated in RIPA buffer
(Abcam, Cambridge, MA, USA, cat. number ab156034) sup-
plemented with 1 g of protease inhibitors (Roche, cat. num-
ber 04693159001). The concentration was measured by the
Bradford method, and 50μg was used for gel electrophoresis.
After denaturation at 95°C, the proteins were separated on an
8% polyacrylamide gel and then transferred to PVDF mem-
branes pretreated with absolute methanol for 2min. The
membranes were blocked with 5% skimmed milk in 1x PBS
containing 0.1% Tween 20 (PBS-T) and incubated with pri-
mary antibodies against proteins involved in thermogenesis
or antibodies against adipokines as follows: rabbit anti-
PGC-1α (1 : 1000, Abcam, Cambridge, MA, USA, cat. num-
ber ab54481), rabbit anti-TFAM (1 : 1000, Cell Signaling,
Beverly, MA, USA, cat. number ab155117), rabbit anti-
CITED1 (1 : 1000, Abcam, Cambridge, MA, USA, cat. num-
ber ab87978), rabbit anti-UCP-1 (1 : 1000, Abcam, cat. num-
ber ab155117), adiponectin (1 : 3000, Abcam, Cambridge,
MA, USA, cat. number ab92501), FGF21 (1 : 2000, Abcam,
Cambridge, MA, USA, cat. number ab171941), and FABP4
(1 : 3000, Abcam, Cambridge, MA, USA, cat. number
ab92501). The membranes were then incubated with rabbit
IgG conjugated to horseradish peroxidase at a dilution of
1 : 5000. The proteins were detected by chemilumines-
cence using the Luminata Crescendo (Millipore) kit, and
images were captured and analyzed with myECL Imager
software (Thermo Scientific). Quantitative analysis of three
independent experiments was performed by densitometry
with the Image Analysis program. Data were analyzed by
Student’s t-test. Differences were considered statistically
significant when the value of the mean with standard error
was p < 0 05.

2.7. Immunofluorescent Assays. PAC were cultured on cover-
slips. The cells were treated with 0.2% Triton X-100 in PBS
and fixed in 3.7% formaldehyde in PBS for 15min. The fixed
cells were then permeabilized with 0.5% Triton X-100 in PBS,
blocked in 3% bovine serum albumin in PBS for 1 h, and
incubated with an anti-PGC-1α antibody (1 : 500, Abcam,
cat. number ab54481) overnight at 4°C. After washing
twice in 0.01% Triton X-100 in PBS, the cells were incu-
bated in Alexa Fluor 488 (1 : 500; Abcam, cat. number
150077) for 1 h. To stain the cell nuclei, the cells were
washed twice and mounted in ProLong Diamond Antifade
Mountant containing 4′6-diamidino-2-phenylindole (Life
Technologies, Eugene, OR, USA). Images were captured
with an Eclipse Ni-E microscope (Nikon) and analyzed with
ImageJ software.

2.8. Statistical Analysis. Data are expressed as mean± stan-
dard deviation (SD). Statistical significance was determined
for normally distributed data by using two-tailed Student’s
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t-test. Significance was set at ∗p < 0 05. Statistical analyses
were performed with Graph software and SPSS statistics ver-
sion 22 (IBM).

3. Results

3.1. Histological Features and the Size of Adipocytes. SAT and
PAT were processed for histological analysis, and the mor-
phology of adipocytes was investigated. Adipocytes from
PAT were significantly smaller than adipocytes from SAT
(average area: 8608 versus 9592μm2, p < 0 05). Compared
to adipocytes from SAT, adipocytes from PAT were hetero-
geneous in size (Figure 1(a)). Several studies have reported
increased endocrine activity in highly microvascularized
adipose tissue [12, 13]. To determine the capillary number,
an anti-von Willebrand Factor antibody was used for immu-
nohistochemistry. The results were considered positive when
brown precipitates were visible only in the intima
(Figure 1(b)). On the other hand, the capillary number was
determined in relation with the number of adipose cells in
both tissues at a magnification of 40x (Figures 1(a) and
1(b)). To quantify the surface area of accumulated lipids, adi-
pocyte precursors from SAT and PAT were induced to differ-
entiate for 2 weeks. Consistent with adipocyte size results, the

adipogenic capacity was lower in PAT than in SAT; in this
determination, a quantification of triglycerides was included
(Figures 2(a) and 2(b)).

3.2. Expression of Proteins Involved in Thermogenesis in PAT.
Due to striking similarities in the morphology and adipo-
genic capacity of adipocytes from PAT with the characteris-
tics of brown adipocytes, we isolated and analyzed mRNA
and proteins from precursor adipose cells and mature adipo-
cytes from SAT and PAT. Compared to SAT, the levels of
PGC-1α, UCP-1, CITED1, and TFAM, which play major
roles in mitochondrial activity and energy expenditure in
brown adipocytes, increased significantly (Figures 3(a),
3(b), and 3(c)).

3.3. Expression of PGC-1α and the Relationship between SAT
and PAT. To confirm the increase in the PGC-1α level
(Figures 3(a) and 3(b)), we isolated and immunostained pre-
cursor cells from PAT and SAT. As expected, the fluorescent
intensity was higher in precursor cells from PAT than
from SAT, indicating increased expression of PGC-1α
(Figure 4(a)). To investigate the possible divergence between
SAT and PAT, the PGC-1α level was quantified by densitom-
etry. The scatter plot shows the differences in the Western
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Figure 1: Histological features and the size of adipocytes from PAT and SAT. (a) PAT and SAT were fixed in 10% formaldehyde and used for
morphological analysis and the determination of adipocyte size and capillary number. Immunohistochemistry revealed brown
intracytoplasmic precipitates only in the intima marked by von Willebrand factor staining (red arrow). (b) Adipocyte size was determined
by analyzing five quadrants in each image by ImageJ software. The capillary number was determined by counting 15 random fields in
three different plates at a magnification of 40x. ∗p < 0 05 indicates a statistically significant difference in the size of adipocytes from PAT
versus SAT.
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Figure 2: Adipogenic capacity from precursors of PAT and SAT. (a) Precursor cells from PAT and SAT adipocytes were induced to
differentiate into mature adipocytes. Images were acquired after 15 days of differentiation. (b) The surface area of accumulated lipids was
determined by dividing the image into four quadrants, which were further subdivided into five zones per quadrant. Data are expressed as
means± SD (n = 4). ∗p < 0 05 indicates the differences in the accumulation of triglycerides between SAT and PAT. ∗∗∗p < 0 001 indicates a
statistically significant difference in lipid accumulation in differentiated adipocytes from PAT versus SAT. Relative levels of triglycerides in
SAT and PAT were evaluated after the cells reached differentiation. To quantify triglycerides, 1mL of isopropanol was added for 5min, to
distain the fat deposits. Absorbance was measured at 510mm wavelength.
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Figure 3: PAT expressed proteins involved in thermogenesis. (a) Samples from SAT and PATwere obtained and immediately frozen in liquid
nitrogen. mRNA was extracted and the detection of PGC-1α and UCP-1 was performed by qPCR. (b) Precursor adipose cells (PAC) from
SAT and PAT were induced to differentiate into mature adipocytes (MAT), and proteins were extracted to quantify the levels of PGC-1α,
UCP-1, CITED1, and TFAM by Western blotting. (c) Relative intensity of the protein bands was determined by densitometry. Data were
normalized to the housekeeping protein GAPDH and expressed as means± SD (n = 4). ∗p < 0 05, in three different studies, indicates a
statistically significant difference in protein levels in precursor adipose cells (SAT versus PAT) and mature adipocyte cells (SAT versus
PAT). ∗∗p < 0 01 indicates the difference between PAT and SAT both in precursor adipocytes and mature adipocytes. ∗∗∗p < 0 01 indicates
the difference between PAT and SAT in mature adipocytes.
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blot intensity in each patient showing that the PGC-1α level
was significantly higher in PAT than in SAT (Figure 4(b)).

3.4. Expression of Adipokines in PAT.One of the biggest chal-
lenges involving the anatomical location of adipose tissue is
to accurately quantify adipokine levels and to correctly define
their metabolic effects [14]. To quantify adipokine levels in
different adipose tissues, progenitor cells were isolated and
induced to differentiate into mature adipocytes. An increase
in the adiponectin level reached significant differences in
PAT with respect to SAT. However, the level of FGF21,
which regulates glucose metabolism, insulin sensitivity, and
energy expenditure [15, 16], increased in adipocytes from
PAT compared to those from SAT, reaching the most robust
differences (Figures 5(a) and 5(b)). After inducing differenti-
ation, the level of fatty acid-binding protein 4 (FABP4), a
marker of lipid accumulation, was significantly higher in adi-
pocytes from SAT than in those from PAT (Figures 5(a) and
5(b)). To confirm the observations about the high expression
of FGF21 in adipocytes induced from PAT, we fixed samples

from SAT and PAT to perform an immunohistochemistry
assay with FGF21 antibody (Figure 5(c)).

4. Discussion

In this study, we investigated the structure and function of
human perivascular adipose tissue from areas adjacent to
the ascending aorta and established that perivascular adipose
tissue resembles beige adipose tissue. The levels of proteins
involved in energy expenditure (PGC-1α, UCP-1, CITED1,
and TFAM) increased in adipocytes from PAT compared to
those from SAT. Additionally, the levels of adipokines
(FGF21 and adiponectin) that have beneficial effects on car-
bohydrate and lipid metabolism increased in adipocytes from
PAT compared to those from SAT.

Adipocytes from PAT were smaller than those from SAT,
which is consistent with adipogenic capacity results. After the
adipocytes were induced for differentiation, precursor cells
from PAT had less lipid accumulation than those from SAT
(Figure 2). Capillary vascularization is higher in PAT than
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Figure 4: PGC-1α expression and the relationship between PAT and SAT. (a) Adipocyte precursor cells were isolated from PAT and SAT,
induced to proliferate, fixed in 10% formaldehyde, and stained for the presence of PGC-1α by immunofluorescence. The fluorescent intensity
was quantified with ImageJ software. Data are expressed as means± SD. ∗p < 0 05 indicates the differences in the fluorescent intensity between
SAT and PAT. Data correspond to the three different studies. (b) The scatter plot shows the relationship for the PGC-1α level in precursor
cells from PAT and SAT. Each data point represents a patient. The y-axis (Y) shows the trend toward PAT expression, and the x-axis (X)
shows the trend toward SAT expression (n = 13). The bars indicate intensity levels as determined by densitometry of the bands between
SAT and PAT from each patient using paired Student’s t-test of Western blot analysis of PGC-1α. ∗∗p < 0 01 indicates significative
differences in PGC-1α protein expression between SAT and PAT.

6 International Journal of Endocrinology



in SAT, indicating that it has increased metabolic activity.
Previous studies have described the importance of the micro-
vasculature in the control of metabolic function. For exam-
ple, studies in obese mice have reported a reduction in
capillary density accompanied by hypoxia in WAT, contrary
to the highly vascularized and thermogenic BAT [5, 23, 24].
Although the number of patients was limited and the dif-
ferences were not significant, a reduction of TFAM was
observed in obese patients. The increase in postoperative
glycaemia was not related to morphological or functional

change in the periaortic fat, nor was the observed differ-
ences in relation to sex.

In recent years, researchers have aimed to characterize
the role of the perivascular adipose tissue in cardiovascular
metabolism. Its anatomical location may affect its phenotype.
For example, epicardial and pericoronary adipocytes are
brown-like [17–19]. Studies in rats have reported that
adipose tissue from an area adjacent to the ascending aorta
possesses morphological and functional characteristics that
are identical to those of BAT, while adipose tissue from an
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Figure 5: Expression of adipokines in PAT. (a) Adipocyte precursor cells (PAC) from SAT and PAT were induced to differentiate into mature
adipocytes (MAT). Proteins were extracted to quantify the levels of adiponectin, FGF21, and FABP4 by Western blotting. (b) Relative
intensity of the protein bands was determined by densitometry. Data were normalized to the housekeeping protein GAPDH and
expressed as means± SD (n = 4). (c) Specimens were fixed in 10% formaldehyde and stained for the presence of FGF21 by
immunohistochemistry. Brown precipitates were indicative of FGF21 within adipocytes. Data were normalized to the housekeeping gene
GAPDH. ∗p < 0 05 indicates differences between PAT mature cells in relation to SAT mature cells. ∗∗∗p < 0 01 indicates differences
between PAT mature cells and SAT mature cells.
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area surrounding the abdominal aorta is similar to WAT
[25]. Additionally, the increased levels of PGC-1α, UCP-1,
CITED1, and TFAM in adipocytes isolated from adipose tis-
sue surrounding the ascending aorta stimulate mitochondrial
activity and heat production. The expression of these pro-
teins is similar to what is observed in previous studies into
adipocyte beige; in fact, CITED 1 has been shown as a specific
marker of beige adipocytes [26, 27]. It is possible that the
mechanism of the development of perivascular adipose cells
is like arterial smooth muscle cells. An in vivo study has
shown that ectopic expression of the transcriptional coregu-
lator PR domain containing 16 (PRDM16) induces the devel-
opment of smooth muscle cells into beige adipose cells, and
the PPARγ deletion ablates the perivascular depot [28]. It is
also possible that brain and atrial natriuretic peptides, which
induce differentiation of white adipose cells to brown adipose
cells, affect perivascular adipocytes at the level of the ascend-
ing aorta [29].

Adipocytes with BAT-like properties showed a better
capacity for glucose utilization and circulating lipid manage-
ment, which might be mediated by increased expression of
FGF21 and adiponectin, because both proteins can regulate
the function of the aorta. Adiponectin reduces muscle cell
proliferation in vitro and in vivo via an AMPK-dependent
pathway and induces vasodilatation by promoting eNOS
activity [30, 31]. The production of FGF21 by BAT also
increases the transdifferentiation of WAT into brown-like
adipocytes. FGF21 might also reduce the levels of triglyc-
erides and LDL-C cholesterol, induce adiponectin produc-
tion, and increase insulin activity [32, 33]. These effects on
brown-like adipocytes should be further investigated to
determine if different circumstances in humans, such as
obesity, lipid alterations, and diabetes mellitus type 2,
can affect thermogenesis and metabolism in these cells
[19, 34]. Adipocytes from BAT can protect the cardiovas-
cular system from atherosclerosis by preventing lipid accu-
mulation and vascular inflammation. Mice subjected to a
diet high in cholesterol under thermoneutral conditions
develop atherosclerosis, while mice exposed to a cold envi-
ronment activate thermogenesis and generate a protective
effect against vascular damage. In this study, we found that
PAT expresses proteins, such as the adipokine FGF21, which
activates thermogenesis and confers a brown-like phenotype.
Our data has provided insights into the metabolism of
adipose tissue at the level of the ascending aorta in
humans because PAT possesses a BAT-like phenotype.
Additional studies are needed to determine whether mod-
ulation of this phenotype can prevent pathological events
such as atherosclerosis.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

Thanks are due to DIN (Research Department) and the
School of Medicine from Universidad de La Sabana and the
Department of Cardiovascular Medicine from the Cardio-

Infantil Foundation. This research was supported by
Colciencias Grant no. 123065740713 and RC no. 574-2014.

References

[1] M. Gil-Ortega, B. Somoza, Y. Huang, M. Gollasch, and M. S.
Fernandez-Alfonso, “Regional differences in perivascular adi-
pose tissue impacting vascular homeostasis,” Trends in Endo-
crinology & Metabolism, vol. 26, no. 7, pp. 367–375, 2015.

[2] A. J. Houben, E. C. Eringa, A. M. Jonk, E. H. Serne, Y. M.
Smulders, and C. D. Stehouwer, “Perivascular fat and the
microcirculation: relevance to insulin resistance, diabetes,
and cardiovascular disease,” Current Cardiovascular Risk
Reports, vol. 6, no. 1, pp. 80–90, 2012.

[3] E. C. Eringa, W. Bakker, and V. W. van Hinsbergh, “Paracrine
regulation of vascular tone, inflammation and insulin sensitiv-
ity by perivascular adipose tissue,” Vascular Pharmacology,
vol. 56, no. 5-6, pp. 204–209, 2012.

[4] R. M. Lee, J. G. Dickhout, and S. L. Sandow, “Vascular struc-
tural and functional changes: their association with causality
in hypertension: models, remodeling and relevance,” Hyper-
tension Research, vol. 40, no. 4, pp. 311–323, 2016.

[5] H. K. Sung, K. O. Doh, J. E. Son et al., “Adipose vascular
endothelial growth factor regulates metabolic homeostasis
through angiogenesis,” Cell Metabolism, vol. 17, no. 1,
pp. 61–72, 2013.

[6] M. V. Dodson, M. Du, S. Wang et al., “Adipose depots differ in
cellularity, adipokines produced, gene expression, and cell sys-
tems,” Adipocyte, vol. 3, no. 4, pp. 236–241, 2014.

[7] C. E. Bussey, S. B. Withers, R. G. Aldous, G. Edwards, and
A. M. Heagerty, “Obesity-related perivascular adipose tissue
damage is reversed by sustained weight loss in the rat,” Arte-
riosclerosis, Thrombosis, and Vascular Biology, vol. 36, no. 7,
pp. 1377–1385, 2016.

[8] A. Gomez-Hernandez, N. Beneit, O. Escribano et al., “Severe
brown fat lipoatrophy aggravates atherosclerotic process in
male mice,” Endocrinology, vol. 157, no. 9, pp. 3517–3528,
2016.

[9] N. Xia and H. Li, “The role of perivascular adipose tissue in
obesity-induced vascular dysfunction,” British Journal of Phar-
macology, vol. 174, no. 20, pp. 3425–3442, 2016.

[10] M. E. Kranendonk, J. A. van Herwaarden, T. Stupkova
et al., “Inflammatory characteristics of distinct abdominal
adipose tissue depots relate differently to metabolic risk
factors for cardiovascular disease: distinct fat depots and vas-
cular risk factors,” Atherosclerosis, vol. 239, no. 2, pp. 419–
427, 2015.

[11] M. Folkesson, E. Vorkapic, E. Gulbins et al., “Inflammatory
cells, ceramides, and expression of proteases in perivascular
adipose tissue adjacent to human abdominal aortic aneu-
rysms,” Journal of Vascular Surgery, vol. 65, no. 4, pp. 1171–
1179, 2016.

[12] T. E. Brinkley, X. Leng, H. L. Chughtai et al., “Periaortic fat and
cardiovascular risk: a comparison of high-risk older adults and
age-matched healthy controls,” International Journal of Obe-
sity, vol. 38, no. 11, pp. 1397–1402, 2014.

[13] A. Giordano, A. Smorlesi, A. Frontini, G. Barbatelli, and
S. Cinti, “Mechanisms in endocrinology: white, brown and
pink adipocytes: the extraordinary plasticity of the adipose
organ,” European Journal of Endocrinology, vol. 170, no. 5,
pp. R159–R171, 2014.

8 International Journal of Endocrinology



[14] B. Feng, T. Zhang, and H. Xu, “Human adipose dynamics and
metabolic health,” Annals of the New York Academy of
Sciences, vol. 1281, no. 1, pp. 160–177, 2013.

[15] X. Y. Tian, K. Ganeshan, C. Hong et al., “Thermoneutral
housing accelerates metabolic inflammation to potentiate
atherosclerosis but not insulin resistance,” Cell Metabolism,
vol. 23, no. 1, pp. 165–178, 2016.

[16] P. Maurovich-Horvat, K. Kallianos, L. C. Engel et al., “Rela-
tionship of thoracic fat depots with coronary atherosclerosis
and circulating inflammatory biomarkers,” Obesity, vol. 23,
no. 6, pp. 1178–1184, 2015.

[17] J. Toczek, A. Broisat, P. Perret et al., “Periaortic brown adipose
tissue as a major determinant of [18F]-fluorodeoxyglucose
vascular uptake in atherosclerosis-prone, apoE−/− mice,”
PLoS One, vol. 9, no. 7, article e99441, 2014.

[18] N. Wakana, D. Irie, M. Kikai et al., “Maternal high-fat diet
exaggerates atherosclerosis in adult offspring by augmenting
periaortic adipose tissue-specific proinflammatory response,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 35,
no. 3, pp. 558–569, 2015.

[19] F. Lizcano and D. Vargas, “Biology of beige adipocyte and pos-
sible therapy for type 2 diabetes and obesity,” International
Journal of Endocrinology, vol. 2016, Article ID 9542061,
10 pages, 2016.

[20] W. Wang and P. Seale, “Control of brown and beige fat devel-
opment,” Nature Reviews Molecular Cell Biology, vol. 17,
no. 11, pp. 691–702, 2016.

[21] Y. Chen, R. Pan, and A. Pfeifer, “Fat tissues, the brite and the
dark sides,” Pflügers Archiv - European Journal of Physiology,
vol. 468, no. 11-12, pp. 1803–1807, 2016.

[22] S. Y. Min, J. Kady, M. Nam et al., “Human ‘brite/beige’ adipo-
cytes develop from capillary networks, and their implantation
improves metabolic homeostasis in mice,” Nature Medicine,
vol. 22, no. 3, pp. 312–318, 2016.

[23] I. Shimizu, T. Aprahamian, R. Kikuchi et al., “Vascular
rarefaction mediates whitening of brown fat in obesity,”
Journal of Clinical Investigation, vol. 124, no. 5, pp. 2099–
2112, 2014.

[24] Y. Xue, N. Petrovic, R. Cao et al., “Hypoxia-independent
angiogenesis in adipose tissues during cold acclimation,” Cell
Metabolism, vol. 9, no. 1, pp. 99–109, 2009.

[25] J. Padilla, N. T. Jenkins, V. J. Vieira-Potter, and M. H.
Laughlin, “Divergent phenotype of rat thoracic and abdom-
inal perivascular adipose tissues,” American Journal of Phys-
iology - Regulatory, Integrative and Comparative Physiology,
vol. 304, no. 7, pp. R543–R552, 2013.

[26] S. R. Farmer, “Molecular determinants of brown adipocyte for-
mation and function,” Genes & Development, vol. 22, no. 10,
pp. 1269–1275, 2008.

[27] S. Corvera and O. Gealekman, “Adipose tissue angiogenesis:
impact on obesity and type-2 diabetes,” Biochimica et Biophy-
sica Acta (BBA) - Molecular Basis of Disease, vol. 1842, no. 3,
pp. 463–472, 2014.

[28] J. Z. Long, K. J. Svensson, L. Tsai et al., “A smooth muscle-like
origin for beige adipocytes,” Cell Metabolism, vol. 19, no. 5,
pp. 810–820, 2014.

[29] L. Chang, L. Villacorta, R. Li et al., “Loss of perivascular adi-
pose tissue on peroxisome proliferator–activated receptor-γ
deletion in smooth muscle cells impairs intravascular thermo-
regulation and enhances atherosclerosis,” Circulation, vol. 126,
no. 9, pp. 1067–1078, 2012.

[30] M. Takaoka, D. Nagata, S. Kihara et al., “Periadventitial
adipose tissue plays a critical role in vascular remodeling,”
Circulation Research, vol. 105, no. 9, pp. 906–911, 2009.

[31] M. Margaritis, A. S. Antonopoulos, J. Digby et al., “Interac-
tions between vascular wall and perivascular adipose tissue
reveal novel roles for adiponectin in the regulation of endothe-
lial nitric oxide synthase function in human vessels,” Circula-
tion, vol. 127, no. 22, pp. 2209–2221, 2013.

[32] M. J. Hanssen, E. Broeders, R. J. Samms et al., “Serum FGF21
levels are associated with brown adipose tissue activity in
humans,” Scientific Reports, vol. 5, article 10275, 2015.

[33] G. Gaich, J. Y. Chien, H. Fu et al., “The effects of LY2405319,
an FGF21 analog, in obese human subjects with type 2 diabe-
tes,” Cell Metabolism, vol. 18, no. 3, pp. 333–340, 2013.

[34] G. Hoeke, S. Kooijman, M. R. Boon, P. C. Rensen, and J. F.
Berbee, “Role of brown fat in lipoprotein metabolism and
atherosclerosis,” Circulation Research, vol. 118, no. 1,
pp. 173–182, 2016.

9International Journal of Endocrinology



Submit your manuscripts at
https://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


