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ABSTRACT

Aims: To identify gene enzyme profile of rat thoracic aorta Perivascular
Adipose Tissue (PVAT) and correlate K+-induced contractile response of aortic
rings (TAR) with changes in its fatty acid composition.

Methods: TAR from normal male rats were suspended in a thermostatted force
transducer in KRB buffer and stimulated with K+80mM in the
absence/presence of Meclofenamic Acid (MA), including: intact aortic rings
(IAR), without PVAT (w/oPVAT), without endothelium (w/oE), and naked
Vascular Smooth Muscle (VSM). PVAT pieces were incubated in KRB buffer
with low and high K +; thereafter, lipids from PVAT and incubation medium
were extracted to determine fatty acid composition(c-GLC) and release. PVAT
UCP1/2, CIDEA, Wdnm1-like, TMEM26, and COX1/2 gene expression (qPCR)
and K+ -induced thromboxane B2 release were measured.

Results: PVATgene expression profile was compatible with a combination of
WAT and BAT characteristicstogether with beige cells. Contraction force and
relaxation time (T1) of IAR and w/oE rings were significantly greater than
those of w/oPVAT and VSM. Addition of PVAT pieces partially restored both
values to those measured in IAR.High K+ significantly decreased and
increased arachidonic acid content in PVAT and incubation medium,
respectively. MA significantly modified only the T1 in IAR, increasing COX-1 (p
<0.01) but not COX-2 gene expression.

Conclusion: PVAT gene enzyme profile comprises WAT, BAT, and beige
adipocyte types. PVAT enhanced high K+-induced contractility and T1 of
VSM, effect associated with significant changes in its fatty acid
composition/release, particularly arachidonic acid. Rest upon to demonstrate
the true link between these two phenomena.

Introduction

Much evidence demonstrates that adipose tissue is far more than energy
storage and thermoregulator: it is an active secretory organ of multiple
mediators known as adipokines [1]. These adipokines include hormones,
proinflammatory cytokines and other active metabolic and vascular mediators

[2,3].
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The thin-fat layeroutside vascular adventitia surrounding
most systemic blood vessels -commonly referred to as
Perivascular Adipose Tissue (PVAT)-possesses these
properties [4]. Several reports have demonstrated that
it may modulate vascular function through paracrine
mechanisms not fully identified. In fact, PVAT is a source
of relaxing factors such as hydrogen sulfide,
adiponectin, and Adipose-Derived Relaxing Factor
(ADRF) [5-9]; this anti-contractile activity is lost in obesity
despite an associated increase in perivascular adipose
tissue mass [10-14]. This fact suggests the existence of a
counteracting vasoconstriction mechanism that might be
activated when obesity is established.

Coincidentally, PVAT also promotes vasoconstriction in
response to stimuli by producing compounds (the
“perivascular adipocyte-derived constricting factor”)
whose activity is mediated through activation of tyrosine
kinase and MAPK/ERK pathways [15]. Therefore, PVAT
exerts a dual modulatory role in vessel function: it
attenuates vasoconstriction to agonists by producing
relaxing factors but also promotes constriction by
producing the opposite compounds [16]. This issue was
reviewed recently by Meyer MR et al. [17].

Striving to clarify some of these last issues, the present
study was designed to test the possible correlation
between the effect of PVAT on Vascular Smooth Muscle
(VSM) contractile properties and simultaneous changes in
its fatty acid composition under normal conditions.
Materials and Methods

1. Materials

organic and inorganic components for buffer
preparations were purchased from Sigma Chemical Co.
(St Louis, MO, USA). All solvents were HPLC-grade and
provided by Carlo Erba (Milan, Italy). Lipid standards
for c-gas liquid chromatography (c-GLC) were from
Serdary Research Laboratories (London, Ontario,
Canada). All of these were stored in appropriate
solvent solutions in a nitrogen atmosphere at -20° C.
Concentrations and purities were routinely checked by
HPLC and/or c-GLC. Other chemicals used were reagent
grade, obtained from local commercial sources.

2. Animals

LITERATURE

we used normal male Wistar rats weighing 340-370 g,
kept in a temperature-controlled environment (23°C)
with a fixed 12hour light/dark cycle and fed a
standard laboratory rat diet (Ganave, Argentina). The
composition analysis of this diet, described previously
[18], follows American Institute of Nutrition prescriptions
[19].The animals were killed by anesthesia inhalation
(Isofluorane, Piramal Critical Care, Inc., Bethlehem,
Pennsylvania, USA.). All experimental procedures
followed the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
[20] ond were approved by the Animal Welfare
Committee (CICUAL. Comité Institucional para el
Cuidado y Uso de Animales de Laboratorio) of the La
Plata University Medical School.

3. Enzyme characterization

3.1. RNA isolation: Total RNA was obtained from fat
tissue from different locations such as perivascular
(PVAT), abdominal (WAT), and interscapular region
(BAT) by modification of the single-step acid
guanidinium isothiocyanate-phenol-chloroform extraction
method (Trizol; Invitrogen, Life Tech.,, USA) [21].
Concentration and purity of isolated RNA was
determined by measuring the extinction coefficient at
260 and 280 nm and electrophoresis performed in
denaturing conditions on 1% agarose gel.

3.2. Quantitative Real-Time PCR: Tpg of total RNA
was used for reverse transcription with Super Script llI
Reverse Transcriptase (Invitrogen) and oligo-dT. Real-
time PCRs were run in triplicate using Fast Start SYBR
Green Master (Roche) in the iCycler 5 (BioRad). The
cycling profile used was: 1 cycle of 1 minute at 95° C,
40 cycles of 30 seconds at 95° C, 30 seconds at 60° C
and 30 seconds at 72° C followed by a melting curve
from 55° to 90° C. Quantified values were normalized
against the housekeeping gene [3 actin, using individual
efficiency calculated with a standard curve for each
gene.

4. Quantitative real-time PCR was performed using
the primers listed in (Table 1)

4.1. Vascular response studies: after the

animals’euthanasia, the thoracic aortas were quickly
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removed, trimmed, and immersed in cold Krebs-Ringer-
Bicarbonate (KRB) solution. The aortas were thereafter
cut into 2-3 mm wide rings under a light magnifier and
gently suspended between two stainless steel wires in a
water-jacketed organ bath containing KRB solution
continuously bubbled with a mixture of 5% CO2 and
95% 02, pH 7.4, and held at 37°C. The lower side was
fixed to a vertical plastic rod immersed in the organ
bath, while the upper side was rigidly attached to a
force transducer (Letica TRI-201). Initially, arterial rings
were stretched up to a force of Rg; thereafter, the rings
were allowed to stabilize for 60 min and washed with
fresh KRB every 20 min. VSM contraction was triggered
in all these rings by 80 mM K+-induced depolarization
for 20 min followed by relaxation induced by removal
of the high K+ solution.

Signals for the force transducers were amplified and
fed into an analog-digital board (DT16EZ, Data
Translation, Inc. Marlboro, MA, USA). On-line recordings
and files for subsequent processing were obtained with
appropriate  software  (Labtech  Note-book  Pro,
Laboratory Technology Corp., Wilmington, MA, USA).

To evaluate the potential modulatory role of adipose
tissue we used the following protocol: a) intact aorta
rings (IAR); b) aorta rings without the adherent PVAT
(w/o/PVAT);c) aorta rings without endothelium (removed
by carefully sliding the ring around a needle: w/o/E);
and d) aorta rings with neither PVAT nor endothelium
(VSM). To decrease data variability, in every
experiment we simultaneously tested the contractile
properties of the different rings (extracted from the
same animal) under identical experimental conditions.

In another series of experiments and using the same
protocol, PVAT from the aortic rings were removed and
weighed, and thereafter the resulting VSM were
incubated in the presence of different amounts of fresh
minced non incubated thoracic aortic PVAT (33 and 66%
of the total amount of PVAT removed).

Complementary, IAR were perifused with high K+ in the
medium either with or without meclofenamic acid (MA), a
cyclooxygenase inhibitor [16] in the perifusion media.

In all cases, at the end of the incubation period, each

LITERATURE

ring was removed, the PVAT separated, and its dry
weight recorded in order to express the contractile
response in g/mg of VSM.

To measure relaxation properties we used the formula: y
= Al*exp (-x/t1) + yO(OriginLab Program, Exponential
decay 1), where T1= decay constant.

4.2. PVAT lipid composition analysis and in vitro fatty
acid release: thin slices of isolated thoracic aorta PVAT
were incubated in KRB with low and high K+ at 370 C,
for 20 min. After incubation, tissue slices and incubation
medium were processed independently by c-GLC to
assess fatty acyl composition. Briefly, total lipids were
extracted by the Folch method [22], and ¢-GLC of Fatty
Acid Methyl Esters (FAME) was performed on extracts as
previously reported [23], except that in this case we
used a capillary column (Supelco, Avondale; PA, USA)
mounted on a Hewlett Packard HP 6890 Series GC
System Plus (Avondale, PA) equipped with a terminal
computer integrator system. FAME were identified by
comparison of individual relative retention times to
authentic  standards, and mass distribution was
calculated electronically by quantification of peak
areas.

4.3. Thromboxane release from isolated PVAT: to
demonstrate the potential role of thromboxane in the
mechanism by which PVAT modulates VSM contraction
properties, we measured thromboxane A2 (TXA2)
production in aliquots of PVAT pads incubated in Krebs
medium with glucose 1TmM and 4.7mM K+ (KRB
medium) in the presence or absence of 1 UM MA. The
incubation medium with or without MA was changed
every 20 minutes for 1 h. Thereafter, we added: 1) only
KRB medium; 2) KRB + MA; 3) KRB + 80 mM K+; and 4)
KRB + 80 mM K+ + MA. Incubation was stopped after
20 minutes and an aliquot of incubation medium was
held at -80°C for further measurement of TXB2 (a stable
metabolite of TXA2)concentration. After lyophilization
and appropriate dilution, TXB2 concentration was
measured in the samples using the TXB2 EIA commercial
assay kit following manufacturer’s instructions (Cayman,
MI, USA). The intra- and inter-assay variation coefficient

was 15% and 12%, respectively. TXB2 content was
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normalized to the amount of tissue in each incubation

sample and expressed as pg of TXB2/mg of PVAT.

Table 1: Forward and reverse primer sequence for quantitative real-time PCR.

Primer Sequence(5'—» 3’)
Gene Forward Reverse bp GenBank
UCP-1 CTGCCCTCCGAGCCAAGATG CCAGCGGGAAGGTGATGATGTC 120 | NMO012682,2
UCP-2 GGCTIGGCGGTGGTCGGAGATAC | CATTTCGGGCAACATTGGGAGAGG | 112 AB010743,1
CIDEA CAGCCTGCGGGAACTTATCA TTGCCCGGTGTCCATFTCTG 176 | NMO01170467
Wdnm1-like TGTCCCTCGTCACCCTCAG GGCCCACAGTCCCAGTC 11 EF122001
TMEM26 GGGACGGCGGCAGACATACT TCACTGAGGCGGGGCATACC 168 | NM001107623
COX-1 GGTTGCTCCCGGGTCTGATG AAGGATGAGGCGAGTGGTCTIGG | 131 NMO017043
COX-2 CGGAGGAGAAGTGGGTFITAGGA | GTCTTGGTAGGCTIGCGGGTCITG | 121 NMO017232
B-actin AGAGGGAAATCGTGCGTGAC CGATAGTGATGACCTGACCGT 138 NMO31144

Table 2: Contractile aortic ring response to different experimental conditions.

Maximum force T1
Aortic rings
(g/mg PVAT) (seconds)
IAR 0,865+ 0,11 694,6 + 69,3
wo/E 0,869 + 0,08 585,8 + 103,6
wo/PVAT | 0,495 + 0,041 | 144,9 * 41,1%
VSM 0,443 £ 0,071 | 203,9 + 39,2*

Results are expressed as the mean + SEM of 7 animals.

IAR vs. wo/PVAT and vs. VSM: * p <0.001; fp <0.01 (ANOVA one way and Dunnet 's multiple comparison test).

Table 3: Contractile aortic ring response to different amounts of PVAT.

PVAT
IAR wo/PVAT 33%* 66%*
Max. Force (g/mg PVAT) 0,81 £ 0,08 0,53 £ 0,05* 0,69 £ 0,05 0,61 £ 0,05
T1 (seconds) 561+ 0,24 | 455%0,15f | 4,70+0,22f | 4,70t 0,22}

Results are expressed as the mean + SEM of 8 animals.

Max. force: IAR vs. wo/PVAT: * p<0,05 (ANOVA one way and Dunnett's test).

Tl: these values were converted to their natural logarithm to perform statistical analysis. IAR vs. wo/PVAT, 33% and 66%: tp< 0,02
(ANOVA one way and Kruskal-Wallis test).

*Represents the percentage of total PVAT removed from the IAR (see material and methods).

Table 4: Aortic rings response to Meclofenamic acid.

IAR Meclofenamic acid 14M
Max. Force (g/mg PVAT) | 0,850+0,01 0,872+0,06
T1 (seconds) 676,9181,0 469,1+32,3*

Results are expressed as the mean + SEM of 8 animals.

IAR vs. Meclofenamic acid: * p <0.05 (Student's t-test).

Relation between Changes in Fatty Acid Composition and Release in Perivascular Adipose Tissue and Vascular Smooth Muscle Contractility. SL Nutr
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4.4. Statistical analysis: results are expressed as means
+ SEM. Statistical data analysis used SPSS (Statistical
Package for Social Sciences) version 15.0 for Windows
(SPSS Inc, Chicago, IL, US). This analysis included one-
way ANOVA followed by Dunnett’s, Bonferroni’s, or
Student’s t-test to establish statistically significant
differences between groups. We also used the non-
parametric Kruskal-Wallis test when the pattern of data
distribution was not normal. The test used is included in
tables and figures. Results were expressed as means *
SEM; in all cases, differences were considered significant
when P was < 0.05.

Results & Discussions

1. PVAT profile of different gene expressions

Analysis of mRNA from adipose tissue samples WAT,
BAT, and PVAT of the thoracic aorta by qPCR, showed
that UCP1 expression (characteristic of BAT tissue) was
significantly higher in BAT and in PVAT than in WAT
(Figure 1A). Conversely, UCP2 mRNA was similar in
WAT and PVAT whereas it was significantly lower in
BAT (Figure 1B).

CIDEA (a gene involved in up regulation of UCPI
expression and in activation of brown adipocytes) [24],
it also showed uneven expression in the tissues studied:
higher in BAT, lower in WAT, and intermediate
expression in PVAT (Figure 1C). TMEM26 (a marker for
beige adipocyte precursors in vivo and in vitro) [25] was
expressed in all three tissues studied, showing
comparable values in WAT and BAT but significantly
lower expression in PVAT (Figure 1D). Wdnm1-like (a
differentiation-dependent adipogenesis gene expressed
mainly in white adipose depots) [26] was largely
expressed in WAT, in smaller proportion in PVAT, and
very little in BAT tissue (Figure 1E). These data suggest
that in the thoracic aorta PVAT marker profiles share
WAT and BAT tissue characteristics. It has a gene
enzyme profile characteristic of WAT (UCP2, Wdnm1-
like differentiation-dependent adipogenesis gene
expressed 500 times more in white adipose depots than
in brown- [26]) and BAT (UCP1 and CIDEA, involved in
upregulation of UCP1 expression and in activation of

brown adipocytes [24]) as described previously in
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rodents [27-29]. The presence of TMEM26 gene
currently shown, a marker for beige adipocyte
precursors in both in vivo and in vitro conditions [25],
adds a new component of this tissue. These mixed gene
profile of PVAT - shared by rodent and human thoracic
aorta —demonstrates that it possess both energy storage
and thermoregulatory properties [4,30]. Regarding the
importance of the latter, Chang et al using a mouse
model lacking PVAT demonstrated that intravascular
temperature was regulated by PVAT [30]. It is also
known that a blood temperature gradient exists in
humans, vasculature closest to the heart having the
highest temperatures; therefore, PVAT thermogenesis
could help to maintain the normal blood temperature
gradient [27].

2. Different profile and magnitude of aortic ring
response to K+ stimulus

After the equilibrating period (3 cycles of 20 min each),
80 mM K+ stimulus induced a contraction in IAR followed
by a relaxation period when K+ concentration in the
bath returned to 5 mM (Figure 2a). The height of the
wave represents the maximum force developed by the
ring under stimulus, and the time needed to return to
basal tension corresponds to the relaxation period (T1).

Removal of PVAT significantly decreased both the
maximal force contraction and T1 values (Figure 2b),
whereas removal of the endothelium induced little
change in these two parameters (Figure 2c). Finally, the
profile and magnitude of high K+-induced response in
VSM closely resembles that recorded after removal of
PVAT alone (Figure 2d). Absolute values for maximal
force and T1 for each experimental condition are shown
in (Table 2).

3. Effect of addition of minced PVAT to incubation
medium on SMVT response

Addition of different amounts of minced isolated PVAT
to fat-deprived rings (w/o PVAT) tended to restore
contraction force and T1 values to those measured in IAR
(Table 3).

The fact that removal of PVAT significantly decreased
both contractile force and relaxation period and
addition of PVAT pieces to perfused isolated aortic VSM

partially restored, though not in a dose-response
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manner, its contractile response to K+, reinforces the
assumption that some PVAT compound/s mainly
modulate this response.

4. Effect of MA on K+-induced IAR contractility
Addition of MA to the perifusion medium only affect K+-
induced T1 values without affecting significantly the
maximum force response (Table 4)

Changes induced by K+ on PVAT fatty acid composition
and release

The FA composition of total lipids extracted from PVAT
and incubation medium was significantly affected by 80
mM K+ stimulus, as was their release pattern into the
incubation medium (Table 5). Although in both cases
these changes selectively affected the concentration of
some unsaturated fatty acids, the one affecting
arachidonic acid (20:4 n-6) was the largest and most
consistent: it decreased its concentration at tissue level

with a concomitant increase in the incubation media.

Table 5: Fatty acid composition of total lipids of PVAT and of the
incubation medium.

PVAT Incubation Medium

A AR K+ AR K+
(baseline) 80mM (baseline) 80mM
140 090 | 090% 2,90 * 0,50
: 0,10 0,05 0,10 0,01%
160 29,2 % 34,6 T 28,1 = 36,8 T
: 1,70 1,18 1,90 1,408
o 1,00 2,30 £ 5,00 1,30 +
: 0,10 0,10* 0,20 0,10*
180 10,1 £ 153 % 210+ 355+
: 0,30 030* 1,10 1,20%
., 377 % 320 % 19,8 710+
: 1,60 1,208 1,40 1,20%
- 136% | 900+ M3t 3,00 %
: 0,40 0,10% 0,20 0,10%
1833 0,J0f | 010% 0,10 * 0,10 *
: 0,03 0,02 0,02 0,03
020% | 020% 1,40 120

20:3n6 0,04 0,01 0,10 0,10
770 % 51 5,80 £ 103 %

20:4n6 0,40 0,20t 0,10 0,10%
020%f | 020+ 0,20 * 0,20 *

22:5n6 0,01 0,04 0,04 0,10
010% | 0,10% 13+ 1,00

22:5n3 0,02 0,03 0,10 0,20
020% | 020% 3,10 % 3,00 £

22:6n3 0,03 0,02 0,10 0,10
1,07 £ 1,48 £ 2,10% 899 %

2Sat/3Mono | 5, 0,10% 0,26 1,77§
5P 221 % 14,9 + 2327 18,8 +
ure 0,93 0,42* 0,64 0,73t
1,82 £ 3411 224 % 387 £

25at/3 Pufa 0,17 0,19* 0,19 0,29+

The values were represented the mean + SEM; n = 4 different
experiments.

FA are expressed as mol%. Sat saturated; Mono: monounsaturated;
PUFA: Polyunsaturated Fatty Acids. IAR vs. K+80mM *p< 0,001; t
0,005; £ 0,025; § 0,01; 1 0,05 (Student's t-test).

LITERATURE

These changes were associated with a significant
modification of the Msaturated /MMono and PUFA ratio
at both tissue and incubation media levels. In both cases
K+ stimulus induced a significant switch towards the
saturated fatty acid fraction.

In our model, K+ stimulus simultaneously induces a rapid
and significant change in PVAT fatty acid composition
and release as well as the saturated/unsaturated ratio
towards the former. The exact meaning of this change is
not yet clear, and merits further investigation. Because
dietary-induced change in PVAT fatty acid composition
significantly affects aortic ring contractility, we should in
the meantime consider that this composition is dynamic
rather that static, and it is significantly modified under
acute circumstances —such as the high K+stimulus in this
study- but also as an adaptative reaction to dietary
changes [17]. These evidences suggest that these
changes might play an important modulatory role on
VSM contractile properties.

5. Effect of Cyclooxygenase inhibitor on gene
expression and contractile properties of aorta rings

In incubated PVAT tissue pads, high K+ affected neither
COX-1 nor COX-2 mRNA level (Figure 3). Addition of
MA to the perfusion media, anon-specific inhibitor of
both cyclooxygenase pathways of arachidonic acid
metabolism [27], significantly enhanced both basal and
K+-stimulated COX-1 mRNA level to similar values
(Figure 3a). Conversely, COX-2 mRNA concentration
was affected by neither high K+nor MA treatment
(Figure 3b).

6. Tromboxane B2 release by PVAT

To assess the possible role of thromboxane
production/release in the mechanism by which PVAT
mediates its enhancing effect on vascular smooth muscle,
we measured K+-stimulated thromboxane B2 release by
isolated PVAT in the presence/absence of MA. High K+
stimulus decreasedTxB2 basal release though not
significantly; MA significantly decreased this release
under control conditions, but enhanced TxB2 release in
the presence of high K+ (Table 6).

Concerning the importance of PVAT metabolism in

vascular contractility regulation, Meyer et al. [16]
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reported that in obese mice, aortic PVAT produces an
Adipose-Derived Contracting Factor (ADCF) that
potentiates vascular contractile response, an activity
fully prevented by Cyclooxygenase (COX) inhibition
[16,31]. In view of these data and considering the close
association between aortic ring contractility and
arachidonic release just described, we assume that
ADCF could arguably form a link between these two
phenomena. In our model, however, COX1 and 2
inhibitions only partially affected both aortic ring
contractility and tromboxane B2 release from PVAT.
Therefore, we might accept that in our experimental
conditions COX metabolites were not the main mediator
of PVAT on smooth muscle contractility. In this regard, we
could assume that the previously reported peptide
chemerin could play such role in our model through a
receptor commonly described to function in immune cells
[32]. At this time we cannot discard that arachidonic
acid itself might have this modulatory role. Experiments
are in progress to test these possibilities.

It is not clear whether this PYAT modulation on aortic
VSM could play any role in blood pressure control. But
since the aortic is an elastic artery that directs and
controls systemic blood distribution, alteration of its
contractile properties could affect its wall stress and
thereafter blood avdailability to certain body sector/s

[33].

Table 6: Thromboxane B2 released by PVAT into the
incubation medium.

IAR A IAR High
(boseline) | ARHighK® | IAR +MA K+ MA
572+ 122+
+ ' +
8,48 + 2,54 o ponts 8,87 * 0,27+

Results are expressed in pg / mg tissue and as the mean *
SEM of 16 animals.

IAR vs. Meclofenamic acid * p <0.01; High K* vs. High
K++MAtp< 0,05 (ANOVA one way and Bonferroni’s
multiple comparison test).

In brief, we have demonstrated that PVAT in thoracic
aorta exerts a physiological role as an active modulator
of both contractility components: maximum force and
relaxation period. This effect was independent of
endothelial presence/activity as shown by the scanty

effect induced by its removal. Conversely, changes in
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contractility properties were closely associated with
PVAT fatty acid composition and release, mainly
affecting arachidonic acid; however in our experimental
conditions, blocking its enzymatic processing by COX
only partially affected smooth muscle contractility.
Therefore, it remains for us to demonstrate the main
mediator and intrinsic mechanism by which PVAT

metabolism enhances aortic VSM contractility.
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Figure 2: Different profile and magnitude of aortic ring
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and contractile properties of aorta rings.
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Conclusions

PVAT in the thoracic aorta has a gene enzyme profile
that comprises WAT, BAT, and beige adipocyte types,
thus possessing both energy storage and
thermoregulatory properties. The close association of
PVAT fatty acid composition and release in thoracic
aorta rings and changes occurring in its VSM contractile
properties strongly suggest that the former actively
modulates the latter. A compound derivative of
arachidonic acid processed by COX would not be the
main mediator of this effect, which remains to be
identified. Altogether, our data could open new avenues
to identify the main contractility enhancer of VSM, and
thereafter to develop potential therapeutic approaches
to control aortic vascular contractility by modifying PVAT
fatty acid composition/release.
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