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Abstract

Hyperthyroidism is characterized by increased vascular relaxation and decreased vascular contraction and is associated with
augmented levels of triiodothyronine (T3) that contribute to the diminished systemic vascular resistance found in this
condition. T3 leads to augmented NO production via PI3K/Akt signaling pathway, which in turn causes vascular smooth
muscle cell (VSMC) relaxation; however, the underlying mechanisms involved remain largely unknown. Evidence from
human and animal studies demonstrates that the renin-angiotensin system (RAS) plays a crucial role in vascular function
and also mediates some of cardiovascular effects found during hyperthyroidism. Thus, in this study, we hypothesized that
type 2 angiotensin Il receptor (AT2R), a key component of RAS vasodilatory actions, mediates T3 induced-decreased vascular
contraction. Marked induction of AT2R expression was observed in aortas from T3-induced hyperthyroid rats (Hyper). These
vessels showed decreased protein levels of the contractile apparatus: a-actin, calponin and phosphorylated myosin light
chain (p-MLC). Vascular reactivity studies showed that denuded aortic rings from Hyper rats exhibited decreased maximal
contractile response to angiotensin Il (Angll), which was attenuated in aortic rings pre-incubated with an AT2R blocker.
Further study showed that cultured VSMC stimulated with T3 (0.1 umol/L) for 24 hours had increased AT2R gene and
protein expression. Augmented NO levels and decreased p-MLC levels were found in VSMC stimulated with T3, both of
which were reversed by a PI3K/Akt inhibitor and AT2R blocker. These findings indicate for the first time that the AT2R/Akt/
NO pathway contributes to decreased contractile responses in rat aorta, promoted by T3, and this mechanism is
independent from the endothelium.
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as a specific target of T'3, which may represent an important factor
for local control of vascular function.

Several lines of evidence suggest an important contribution of
the renin-angiotensin system (RAS) to the actions of the thyroid

Introduction

Thyroid diseases, which are estimated to affect 10% of the
population [1,2] are accompanied by profound cardiovascular

changes. In particular, hyperthyroidism induces a high-output
state, with a marked decrease (up to a 50 percent) in systemic
vascular resistance (SVR), possibly due to local release of
vasodilators in peripheral tissues as a consequence of the elevated
tissue metabolism [3]. The diminished SVR seen in hyperthy-
roidism has been attributed to a direct effect of T3, the biologically
active form of thyroid hormone, on vascular endothelium [4].
However, the underlying mechanisms associated with the T3
actions on the vascular smooth muscle cell (VSMC) are still
unclear. Our group has demonstrated that T3 promoted marked
NO production in VSMC by rapid nongenomic actions, which in
turn contributed to vascular relaxation [5], suggesting the VSMC
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hormones (TH) [6-9]. Two isoforms for angiotensin II receptor
have been identified in VSMC: type 1 receptor (AT1R) and type 2
receptor (AT2R) [10,11]. AT2R is upregulated in certain
pathological conditions such as hypertension, vascular injury,
inflammation [12] and also in hyperthyroidism [8]. The AT2R
mediates cellular differentiation and growth, and in some
circumstances opposes the actions of AT1R stimulation [13-15]
and therefore, it is important in reducing tissue remodeling and
disease progression. In addition, AT2R promotes relaxation in rat
isolated resistance arteries and aortas [16,17] via activation of
a vasodilatory cascade involving bradykinin (BK), nitric oxide
(NO), and guanosine cyclic 3',5'-monophosphate (cGMP),
counteracting AT1R-induced contraction [18,19].
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Based on evidence that AT2R stimulates NO production [20]
and that NO production is increased in VSMC by nongenomic
action of T3 [5], as well as data showing that thyroid hormone
induces an upregulation of AT?2 receptor in cardiac myocytes [8],
we hypothesized that AT2R contributes to the decreased VSMC
contraction observed during hyperthyroidism condition, which
may represent an important mechanism to vascular relaxation
observed in this pathology. In this study we evidenced for the first
time that AT2R/Akt/NO pathway represents a novel mechanism
associated with the decreased VSMC contraction promoted by
thyroid hormone.

Methods

Ethics Statement

All procedures were performed in accordance with the Guiding
Principles in the Care and Use of Animals, approved by Ethics
Committee for Animal Research of the Institute of Biomedical
Sciences, University of Sao Paulo- Brazil and also by Georgia
Health Sciences University Committee on the Use of Animals in
Research and Education published by the US National Institutes
of Health.

Animals and Experimental Procedures

Adult, male Wistar rats weighing 200-260 g were housed under
a temperature-and light-controlled environment (22*1°C on
a 12 h light/dark cycle at 60% humidity) and were given free
access to standard rat chow diet and water ad lbitum. Rats were
randomized into two groups: control and hyperthyroid (Hyper).
Rats were induced to hyperthyroidism by daily injections of T3
(7 ug/100 g BW in 0.01 mM NaOH, ip.) for 14 days, while
control rats received a daily injection of vehicle. Unless otherwise
stated, the rats were killed by decapitation 24 h after the last dose
of T3 (Sigma, St Louis, MO). Blood samples were collected in
order to evaluate the serum levels of thyroid hormone (TH) and
confirm the hyperthyroid status of the animals. The ratio between
heart weight (HW) and tibial length (TL) (in mg/mm) was used as
an index of cardiac hypertrophy, usually observed in hyperthyroid
condition.

Thoracic aortas were isolated and used for functional studies
and molecular assays.

Hemodynamic Parameters

To fully characterize our animal model of hyperthyroidism,
body weight (BW) was evaluated daily and indirect systolic blood
pressure (SBP) and heart rate (HR) were determined at the same
time of day by tail-cuff plethysmography (Kent Scientific,
Litchfield, CT). Rats were familiarized with the apparatus for
a total of 7 days before the measurements were taken. The final
determinations of SBP and BW were made immediately before the
animals were sacrificed.

Serum TH Measurements

Trunk blood was collected without anticoagulant, centrifuged at
3,000 rpm for 15 min at 4°C, and stored at —20°C.. Levels of free
T3 and thyroxine were determined in the serum of control and
hyper group using a commercial radioimmunoassay kit (CIS Bio
International, Gif-sur-Yvette, France).

Vascular Functional Studies

In one set of experiments, after euthanasia with isoflurane (via
nasal 5% in 100% O,, thoracic aortas were removed and cleaned
from fat tissue in Krebs solution (130 mmol/L NaCl, 14.9 mmol/
L NaHCO3, 4.7 mmol/L KCI, 1.18 mmol/L KH2PO4,
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1.17 mmol/L MgSO,4-7H,O, 1.56 mmol/L  CaCly-2H,0,
0.026 mmol/L EDTA, 5.5 mmol/L glucose). Aortas were cut
into rings (2 mm in length), were carefully mounted in a myograph
for isometric tension recordings and were equilibrated in Krebs
solution for 30 min, gassed with 5% COy in Oy to maintain a pH
of 7.4, as described previously [5]. Aortas rings were placed under
resting tension (30 mN, previously determined) for 1 hour with
frequent buffer changes until equilibrated. In all experiments the
endothelium was mechanically removed by gently rolling the
lumen of the vessel on a thin metallic wire. The absence of the
endothelium was verified using acetylcholine (ACh) in phenyleph-
rine (PE) pre-contracting aortic ring preparations. Aortic rings
producing less than 10% relaxation to Ach were regarded as
indication of successful denudation. Cumulative concentration-
response curves to angiotensin II (Ang II, 0.1 nM - 0.1 uM) were
performed in the absence or presence of AT2R  blocker,
PD123319 (0.1 uM, 30 min incubation). This blocker has a high
affinity for AT2R and a low affinity for the AT1R [21].

Cell Cultures

Isolation, characterization and maintenance of cultured rat
aortic VSMC have been previously described [5,22]. Briefly, cells
were maintained in DMEM containing 10% FBS and antibiotics.
After reaching confluence, VSMC were made quiescent by serum-
deprivation for 24 hours and then stimulated with T3 (0.1 uM) for
24 hours. In some experiments cells were pretreated with
PD123319 (0.1 uM) [23], or with Wortmannin (100 nM),
a selective inhibitor of PI3K/Akt [24] for 30 min.

mMRNA and Protein Expression

Total RNA from cultured VSMC was isolated with Trizol
Reagent (Invitrogen, CA, USA). For reverse transcription, we
employed 1 ug of total RNA wusing SuperScript II Reverse
Transcriptase (Invitrogen). Real-time RT-PCR was performed in
a thermocycler (Corbett Research, Sydney, Australia) using the
SYBR Green PCR master mix (Invitrogen) according to the
manufacturer’s recommendations. The following primer se-
quences were used for AT2R: 5’- CCT TCT TGG ATG CTC
TGA CC -3" and 5'- TGG AGC CAA GTA ATG GGA AC -3/,
while those for B-actin were: 5'- TAT GCC AAC ACA GTG
CTG TCT GG -3 and 5'- TAC TCC TGC TTC CTG ATC
CAC AT -3’. Samples were run in duplicate, and the real-time
RT-PCR data were normalized to [-actin, since we have
previously confirmed that variations in TH levels do not alter B-
actin mRNA levels [8].

Immunoblottings were performed as previously described [5].
Extracted protein (30 pg) from aorta or cultured VSMC was
subjected to SDS-PAGE (10%) gel electrophoresis and transferred
to a nitrocellulose membrane. The membranes were incubated
with primary antibodies (Santa Cruz Biotechnology, except for a-
actin, from Sigma) overnight at 4°C and a mouse monoclonal o-
actinin specific antibody was used as an internal control. The
primary antibodies used in this study were against RAS
components (Angl/Angll, ATIR, AT2R), contractile proteins
(o-actin, calponin, p-MLC and Total MLC), and Akt signaling
pathway (Thr®®®-Akt, Ser*”*-Akt, Total Akt). Bound proteins were
detected using a chemi-luminescence reaction kit (Amersham
Pharmacia Inc., Uppsala, Sweden).

NO Detection Assay

The release of NO from VSMC stimulated with T3 (0.1 uM)
for 24 hours was measured as nitrite (NOy ) accumulation in the
culture media and media from untreated VSMC was used as
control, as previously described [25]. The blocker of AT2R or
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PI3K inhibitor (PD123319, 0.1 pM or Wortmannin, 0.1 uM,
respectively), were added 30 minutes before T3 stimulation. We
analyzed the chemi-luminescence reaction between ozone and the
NO generated by reduction of the sample with vanadium chloride
in acid at 95°C using an NO analyzer (Model 208A; Sievers
Instruments Inc., Boulder, CO) according to the manufacturer
protocols. NOy ™~ levels were corrected for total protein content of
VSMC extracts determined by Bradford method [26]. The rates of
NO, accumulation were expressed as micromol per gram of
protein.

In other experiments, non destructive NO was detected using
the NO-specific fluorescent dye, 4,5-diaminofluorescein diacetate
(DAF-2, Sigma, St. Louis, MO, USA) as previously reported [3].
VSMC were loaded with DAF-2 (10 pM) for 30 min and then
treated with T3 (0.1 uM) for 24 hours. To investigate the
participation of PI3K/Akt pathway in T3 induced-NO pro-
duction, VSMC were pre-incubated with wortmannin (0.1 uM)
for 30 min. Images were obtained by fluorescence microscope
(Axioskop, Zeiss, Gottigen, Germany). Fluorescence intensity in
each cell was quantified by pixel intensity of the cell using image
software (KS-300 Software, Zeiss). Background subtraction was
performed for each image prior to the quantification. The intensity
of fluorescence is directly proportional to NO concentration
present in the media [27].

Statistical Analysis

All data are expressed as mean * SD, unless otherwise
indicated. Contractions were recorded as changes in the displace-
ment (mN) from baseline. Concentration-response curves were
fitted using a nonlinear interactive fitting program (Graph Pad
Prism 4.0; GraphPad Software Inc.), and two pharmacological
parameters were obtained: the maximal effect generated by the
agonist (or E,,,,) and —log EC5q (or pDy). Statistical analyses were
performed using One-way ANOVA or Student’s test. Post-hoc
comparisons were performed using Bonferroni’s test. Statistical
significance was accepted at p<<0.05.

Results

Validation of Hyperthyroidism Experimental Model in
Rats

To determine whether the T3-treated rats were induced
successfully to hyperthyroidism, the serum levels of free T3 and
T4 were measured. Additionally, some of the typical alterations
present in hyperthyroidism [28] such as cardiac hypertrophy,
systolic blood pressure, heart rate, and body weight were also
determined (Table 1). T3-treated rats exhibited increased 13 and
decreased T4 serum levels, which confirms the hyperthyroid
status. Similar to humans, hyperthyroid rats showed an augmented
metabolic condition characterized by decreased body weight and
also tachycardia. T3 treatment led to cardiac hypertrophy
determined by an increase in the heart weight to tibia length
ratio. No changes were observed in systolic blood pressure in
control animals during treatment, while T3 induced a significant
increase (approximately 15%) after 14 days of treatment. Taken
together these results confirm the efficiency of T3 treatment
inducing hyperthyroidism in these rats.

T3-treatment Decreases Contractile Protein Levels in
Aortas

One likely explanation for the vascular relaxation present in
hyperthyroidism is a reduction in proteins related to smooth
muscle contraction. Indeed, phosphorylated MLC levels (p-MLC),
a well-known marker of contraction, were decreased by 30% in
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Table 1. Experimental groups at baseline and after 14 days of
T3-treatment.

Co Control Hy Hyperthyroid
Parameter 0 Day 14 Days 0 Day 14 Days
Body weight (g) 271.5+9.8 368.3+16.8 268.5+14.2
272.1%12.4*
SBP (mmHg) 121.3%6.2 126.6*+7.1 123.6%6.3 139.7£7.7%
HR (beats/min)  374+17 383%15 37220 448*12%
HW/TL (mg/mm) 18.8+1.3 28.6+2.1%
Free T3 (ng/ml) 0.42+0.11 1.31+£0.56*
Free T4 (ng/ml) 31.9£3.35 8.8+£0.68*%

Values are expressed as mean * SD; n=12 per group. BP indicates blood
pressure; HW, heart weight; BW, body weight; TL, tibial length; T3,
triiodothyronine; T4, thyroxine.

*p<<0.05, vs. Control.

doi:10.1371/journal.pone.0061982.t001

aortas from T3-treated rats compared to vehicle treated
(Figure 1A). Moreover, decreased expression of o-actin and
calponin, both essential proteins in the contractile mechanism of
smooth muscle, were observed in the aortas from T3-treated rats
(Figure 1B).

T3-treatment Promotes Upregulation of AT2R

Since it has been demonstrated that AT2R play a physiological
role in the hypertrophy of cardiac myocytes under hyperthyroid-
ism conditions [8] and because AT2R is directly associated with
the production of the vasodilatory cascade composed by
bradykinin, nitric oxide and guanosine cyclic 3’,5'-monopho-
sphate (cGMP) that mediates vasodilatation [18,29] we evaluated
the Angl/Angll and AT2R levels in aortas from hyperthyroid
animals. Hyper group presented a significant upregulation of
AT2R expression (Figure 1C) and increased local Angl/Angll
levels compared to control (Figure 1D).

T3-treatment Decreases Contraction to Ang Il in the
Aorta via AT2R

In order to determine whether the upregulation of AT2R
contributes to T3-induced relaxation, concentration-response
curves to angiotensin II (Ang II) were performed in endotheli-
um-denuded aortic rings from Hyper and control rats, in the
presence or absence of PD123319, a specific AT2R blocker. Ang
II produced concentration-dependent contraction in all tested
aortic rings. Aortas from Hyper rats displayed decreased
contraction to Ang II compared with control aortas (E.x
6.73%0.37 vs. 15.2%£0.56 mN, p<<0.03, respectively) and this
effect was attenuated in the aortas pre-incubated with PD123319
(12.45%0.41 mN, p<0.05) (Figure 2). No differences were
observed in the pDy, among the groups. These data suggest
AT2R is involved in decreased contraction to AnglI in hyperthy-
roid rats.

T3 Increases AT2R Gene and Protein Expression Levels in
Cultured VSMC

Based on the effects of hyperthyroidism on AT2R expression in
aortas, we examined the effect of T'3 treatment in cultured VSMC.
The AT2R mRNA levels were significantly increased in a T3
concentration-dependent manner (from 0.001 UM to 1.0 uM)
(Figure 3A). Further, VSMC stimulated with T3 (0.1 uM) for 24
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hours showed augmented AT2R and unchanged ATIR protein
expression (Figure 3B), which was accompanied by increased
Angl/II levels (Figure 3C). These results indicate that T3 plays
important role in local activation of RAS.

AT2R Mediates the T3-induced Diminution of Contractile
Protein Expression in Cultured VSMC

In order to investigate whether AT2R contributes to T3-
induced vascular relaxation, cells were treated for 24 hours with
T3 (0.1 uM) and/or pre-incubated with AT2R blocker. T3
induced a significant decrease in p-MLC and o-actin levels in
cultured VSMC, which was partially reversed in cells pre-
incubated with PD123319 for 30 min. These data support the
previous results found in aortas from T'3-treated rats and also show
that the direct effect of T3 in diminishing the contractile apparatus
proteins is mediated by AT2R (Figure 4).

T3-induced NO Production Occurs via AT2R/Akt Pathway

We previously reported that T3 rapidly stimulates NO pro-
duction in VSMC [5]. Using nitrite (NO®7) levels assay, we
observed that the levels of NO?™ were augmented by 2 fold in
supernatants of cultured VSMC stimulated with T3. This effect
was diminished in cells pre-incubated with PD123319 (Figure 4C).
Because the PI3K/Akt signaling pathway is downstream of AT2R
[30] and is involved in the vascular NO production [24], we next
examined the effects of wortmannin (W), a selective inhibitor of
PI3K, in T3-induced NO production. The increased levels of NO
in VSMC stimulated with T3 were partially reversed in the
presence of wortmannin (Figure 4D). To confirm whether T3-
induced PISK/Akt activation occurs via AT2R, we measured
activation of PISK/Akt by phosphorylation in the presence of
PD123319. We observed increased levels of phosphorylation Akt
at Ser473 and Thr308 in VSMC stimulated with T'3; however, in
the presence of PD123319, this effect was reduced, showing that
T3 activates PI3k/Akt signaling via AT2R (Figure 5). Together
these results support the hypothesis that T3 stimulates AT2R in
VSMC, which in turn activates PI3k/Akt signaling pathway that
triggers NO production leading to vascular relaxation. Thus, we
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Il (C) protein expression. Data represent mean * SD in %, considering Discussion
the control situation as 100% (n=>5 per group, *p<<0.05 vs. control).

doi:10.1371/journal.pone.0061982.g003 The novel finding of the current study was that AT2R present

in VSMC plays a key role in the hyperthyroidism-induced
decrease in contractile response accompanied by an increase in
Akt/NO pathway signaling. This is based on the following results:
a) Decreased contractile response to Angll in denuded aortas from
hyperthyroid rats was attenuated by AT2R blocker; b) Decreased

propose a new model to explain the decreased vascular
contraction observed in the hyperthyroidism (Figure 6).
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doi:10.1371/journal.pone.0061982.g004

PLOS ONE | www.plosone.org 6 April 2013 | Volume 8 | Issue 4 | 61982



Cc T3 PD

T3+PD

T _

total-Akt (60KDa)

9‘:6&%@ ( .’ OJKDa) _

3 Serd73
2.5- @ Thr3os
*
T 2.0- %
2
- * :
zé 1.54 # T#
q4c
Qv 1.0-
kel
£ 0.54
0.0
Control T3 PD T3+PD

Figure 5. AT2R mediates T3-induced PI3K/Akt activation.
Cultured VSMC stimulated with T3 (0.1 uM for 24 hours) display
increased levels of p-Akt in both residues (thr308 and ser473), which is
partially reversed by the specific blockade of AT2R with PD123319
(0.1 uM for 30 min prior to T3 treatment). Data are expressed as mean
+ SD (n=6 per group, *p<<0.05 vs. control, #p<0.05 vs. T3).
doi:10.1371/journal.pone.0061982.g005

vascular contraction during hyperthyroidism was associated with
increased levels of NO and activation of PI3K/Akt, both of which
were attenuated through use of an AT2R blocker.

Unlike the well-known contribution of endothelium on vascular
relaxation in hyperthyroidism [4,31], there is a paucity of data on
the role of VSMC in this field. Since thyroid hormone receptors
(TLRs, TR-alpha and beta) have been identified in the coronary
and aorta from human VSMC [32], the key question raised by
these findings is whether TH has a direct effect in VSMC.

We recently showed that T3 rapidly leads to augment NO
production in VSMC via PISK/Akt pathway [5]; however the
underlying mechanisms involved are still unknown. In addition,
we and others investigators have previously demonstrated that
cardiovascular actions promoted by TH occur with participation
of local RAS [33,34]. RAS is one of the most important regulators
of vascular function and AT2R represents a crucial component
responsible for vasodilation. Considering the possibility that AT2R
might act as an upstream effector of NO production which in turn
leads to decreased vascular contraction under hyperthyroidism
condition, we hypothesized that AT2R in VSMC mediates the
diminished vascular contraction in hyperthyroidism.

Herein, we used an experimental model of hyperthyroidism, in
which the animals received daily an 1.p. injection of T'3 (20-fold the
physiological dose) for 14 days. Initially, we confirmed the
hyperthyroid status of the animals, who presented with a significant
increase in heart rate. The tachycardia observed in hyperthyroid-
ism occurs in part due to higher sensitivity of the cardiac tissue to
catecholamines, since T3 induces an increase of B-adrenergic
receptor expression [35-37]. Also, the positive chronotropic effect
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of TH is associated with altered expression of ion channels/
transporters in the heart, such as Kv1.5, Kv4.2, hyperpolarization-
activated cyclic nucleotide-gated channel 2 (HCN2), HCN4, Na-
Ca?* exchanger, and Na™-K*-ATPase [38-40]. As expected,
systolic blood pressure (SBP) levels were increased in hyperthyroid
animals, corroborating data of literature [41]. Consistent with the
decrease in SVR observed in hyperthyroidism, we investigated the
expression of contractile proteins in endothelium-denuded aorta
from T3-treated animals. Aortas from hyperthyroid animals
showed a significant decrease of phosphorylated myosin light
chain (p-MLC) levels, a marker of vascular contractile status
[42,43]. Similarly, alpha-actin and calponin, essential proteins of
contractile vascular machinery [44,45], exhibited a significant
reduction, indicating that hyperthyroidism alters the levels of these
proteins and may contribute to changes in vascular tone leading to
an increased vascular relaxation.

AT2R-mediated vasodilatation has been reported in both
endothelium-dependent and independent manners [18,19,46,47].
Based on AT2R upregulation observed in cardiomyocytes from
the hearts of rats induced to hyperthyroidism [8] we evaluated the
possible involvement of this receptor in VSMC with increased
vascular relaxation observed in this pathology. We observed
increased levels of AT2R in the aortas from hyperthyroid animals,
corroborating with our initial hypothesis that AT2R might be
mvolved in vascular relaxation found in hyperthyroidism. In
addition, Angl/Angll protein expression levels were also signifi-
cantly increased in aortas from hyperthyroid animals, indicating
that T3 also increased the levels of the ligand AnglI. The action of
TH increasing local Ang II levels has already been described in
other cell types [8,9].

We also assessed the direct effect of T3 on cultured VSMC in
order to investigate the possible molecular mechanisms involved in
hormone action on relaxation response. According to the
observations in endothelium-denuded aortas, AT2R was present
under basal conditions in VSMC and its mRNA and protein
expression levels were upregulated after T3 treatment with no
changes on ATIR levels. Similarly, treatment of VSMC with T3
promoted a reduction in p-MLC levels in parallel with a decrease
on alpha-actin levels, confirming the effect of T3 on reducing
contractile proteins. This effect of TH on the contractile protein
levels in VSMC has not been demonstrated previously in the
literature. Taking into account recent evidence showing that
AT2R stimulation could act on the contractile machinery
modulating processes such as depolymerization of actin [48], we
tested the hypothesis of a possible correlation between upregula-
tion of AT2R and decreased contractile proteins found in VSMC
stimulated with T3. Interestingly, VSMC treated previously with
AT2R blocker (PD123319) partially reversed the effect of T3,
showing for the first time an involvement of this receptor in the
action of T3 in the reduction of contractile proteins, possibly to
increase the vascular relaxation found in the hyperthyroidism.

Based on results obtained @ vitro we performed functional
studies using vascular reactivity experiments in order to evaluate
the role of AT2R on relaxation induced by T3. Endothelium-
denuded aorta rings from hyperthyroid animals presented a lower
response to Ang II, compared to control. This effect was partially
reversed when the rings were pre-incubated with PD123319,
indicating that the lower contractile response occurs at least in part
to the involvement of AT2R. In fact, previous studies demon-
strated that AT2R located in smooth muscle may directly mediate
vasodilatation effects, but also may minimize the contraction
promoted by Ang II [49]. Besides the morphological arrangement
and all the vessel contractile components, aorta is responsive to
numerous vascular modulators including TH, which makes it
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Figure 6. Schematic representation of the proposed model. T3 induces a sustained increase in AT2R and Angl/Il levels, which in turn causes
the activation of PI3K pathway with the consequent increment in Akt phosphorylation that finally leads to an augmentation in NO production.
Besides, T3 also causes a diminution in contractile protein levels. Altogether, these effects promote an increase in vascular relaxation. On the other
hand, the specific blockade of AT2R (with PD123319) is able to partially or completely abolish the effects of T3, culminating in the prevention of the
increase of vascular relaxation and evidencing the role of AT2R/PI3K/Akt pathway in these processes.

doi:10.1371/journal.pone.0061982.9g006

a good model to study vascular contractile or relaxation
phenomena. In addition, this vessel serves as an important tool
to obtain primary cultures of VSMC [50].

One of the mechanisms by which AT2R promotes vasodilata-
tion is through nitric oxide production (NO) [18,29], which seems
to occur after stimulation of bradykinin by AT2R [51,52]. Thus,
an assay to indirectly evaluate the NO levels through the nitrite
concentrations determination [25] was performed in cultured
VSMC submitted to T3 treatment in the presence or absence of
AT2R blocker. T3 promoted an increase in nitrite concentration
which was partially reversed after pretreatment with the AT2
blocker. Increased vascular NO production has been reported in
rats in hyperthyroid states or after treatment with T3 for 3—4
months [4]. In addition, both nNOS and eNOS have been
identified as targets for the actions of TH [53].

Based on studies showing activation of Akt signaling by TH in
other cell types [9] and a non-genomic effect of TH in increasing
NO levels [5], we also found impairment in the NO production
induced by T3 when an Akt inhibitor (wortmannin) was used. It
has been recently demonstrated that the Akt pathway, classically

References

1. Caldwell KL, Makhmudov A, Ely E, Jones RL, Wang RY (2008) Iodine status of
the U.S. population, National Health and Nutrition Examination Survey, 2005~
2006 and 2007-2008. Thyroid 21: 419-427.

2. Canaris GJ, Manowitz NR, Mayor G, Ridgway EC (2000) The Colorado
thyroid disease prevalence study. Arch Intern Med 160: 526-534.

PLOS ONE | www.plosone.org

activated by AT1IR [54], may also be stimulated upon AT2R
activation [30]. In the present study we showed that the AT2R
blockade partially prevented the increase on Akt phosphorylation
levels promoted by T'3. Although we didn’t have analyzed which
NOS is involved in this process, it is possible that T3-induced NO
production by VSMCs may occur with expressive participation of
inducible and neuronal NOS as showed previously [5].

In summary, this study demonstrated by @ vivo and w vitro
assays a novel mechanism associated with the decreased vascular
contraction promoted by thyroid hormone demonstrating a role of
AT2R/Akt/NO pathway. We showed in the present study an
interaction between TH and vascular RAS mediating vascular
function.

Author Contributions

Conceived and designed the experiments: MAC-S ZB-F MHC FRL RCT
RCW MLMB-C. Performed the experiments: MAC-S GSC CRF PSM.
Analyzed the data: MAC-S GSC RCT RCW MLMB-C. Contributed
reagents/materials/analysis tools: ZB-F MHC FRL. Wrote the paper:
MAC-S CRF MLMB-C.

3. Klein I, Ojamaa K (2001) Thyroid hormone and the cardiovascular system.
N Engl ] Med 344: 501-509.

4. McAllister RM, Albarracin I, Price EM, Smith TK, Turk JR, et al. (2005)
Thyroid status and nitric oxide in rat arterial vessels. J] Endocrinol 185: 111-119.

8 April 2013 | Volume 8 | Issue 4 | 61982



6.

22.

23.

24.

27.

28.

29.

30.

. Carrillo-Sepulveda MA, Ceravolo GS, Fortes ZB, Carvalho MH, Tostes RC, et

al. (2010) Thyroid hormone stimulates NO production via activation of the
PI3K/Akt pathway in vascular myocytes. Cardiovasc Res 85: 560-570.

Hu LW, Benvenutti LA, Liberti EA, Carneiro-Ramos MS, Barreto-Chaves ML
(2003) Thyroxine-induced cardiac hypertrophy: influence of adrenergic nervous
system versus renin-angiotensin system on myocyte remodeling. Am J Physiol

Regul Integr Comp Physiol 285: R1473-R1480.

. Fukuyama K, Ichiki T, Takeda K, Tokunou T, Lino N, et al. (2003)

Downregulation of vascular angiotensin II type 1 receptor by thyroid hormone.
Hypertension 41: 598-603.

. Carneiro-Ramos MS, Diniz GP, Nadu AP, Almeida J, Vieira RL, et al. (2010)

Blockage of angiotensin II type 2 receptor prevents thyroxine-mediated cardiac
hypertrophy by blocking Akt activation. Basic Res Cardiol 105: 325-335.

. Diniz GP, Carneiro-Ramos MS, Barreto-Chaves ML (2009) Angiotensin type 1

receptor mediates thyroid hormone-induced cardiomyocyte hypertrophy
through the Akt/GSK-3beta/mTOR signaling pathway. Basic Res Cardiol
104: 653-667.

. Murphy TJ, Takeuchi K, Alexander RW (1992) Molecular cloning of AT1

angiotensin receptors. Am J Hypertens 5: 236S-2428S.

. Kambayashi Y, Bardhan S, Takahashi K, Tsuzuki S, Inui H, et al. (1993)

Molecular cloning of a novel angiotensin II receptor isoform involved in
phosphotyrosine phosphatase inhibition. J Biol Chem 268: 24543-24546.

. Akishita M, Horiuchi M, Yamada H, Zhang L, Shirakami G, et al. (2000)

Inflammation influences vascular remodeling through AT?2 receptor expression
and signaling. Physiol Genomics 2: 13-20.

. Carey RM (2005) Cardiovascular and renal regulation by the angiotensin type 2

receptor: the AT2 receptor comes of age. Hypertension 45: 840-844.

. Hannan RE, Davis EA, Widdop RE (2003) Functional role of angiotensin II

AT2 receptor in modulation of ATI1 receptor-mediated contraction in rat
uterine artery: involvement of bradykinin and nitric oxide. Br J Pharmacol 140:
987-995.

. Horiuchi M, Akishita M, Dzau VJ (1999) Recent progress in angiotensin II type

2 receptor research in the cardiovascular system. Hypertension 33: 613-621.

. Widdop RE, Jones ES, Hannan RE, Gaspari TA (2003) Angiotensin AT2

receptors: cardiovascular hope or hype? Br J Pharmacol 140: 809-824.

. You D, Loufrani L, Baron C, Levy BI, Widdop RE, et al. (2005) High blood

pressure reduction reverses angiotensin II type 2 receptor-mediated vasocon-
striction into vasodilation in spontaneously hypertensive rats. Circulation 111:
1006-1111.

Siragy HM, Carey RM (1996) The subtype-2 (AT2) angiotensin receptor
regulates renal cyclic guanosine 3', 5’-monophosphate and AT1 receptor-
mediated prostaglandin E2 production in conscious rats. J Clin Invest 97: 1978~
1982.

Siragy HM, Carey RM (1997) The subtype 2 (AT2) angiotensin receptor
mediates renal production of nitric oxide in conscious rats. J Clin Invest 100:
264-269.

. Abadir PM, Carey RM, Siragy HM (2003) Angiotensin AT, receptors directly

stimulate renal nitric oxide in bradykinin B2-receptor-null mice. Hypertension

42: 600-604.

. Macari D, Whitebread S, Cumin F, De Gasparo M, Levens N (1994) Renal

actions of the angiotensin AT2 receptor ligands CGP 42112 and PD 123319
after blockade of the renin-angiotensin system. Eur J Pharmacol 259: 27-36.
Ross R (1971) The smooth muscle cell. II. Growth of smooth muscle in culture
and formation of elastic fibers. J Cell Biol 50: 172-186.

Siragy HM, Inagami T, Carey RM (2007) NO and cGMP mediate angiotensin
AT?2 receptor-induced renal renin inhibition in young rats. Am ] Physiol Regul
Integr Comp Physiol 293: R1461-1467.

Foster FM, Traer CJ, Abraham SM, Fry MJ (2003) The phosphoinositide (PI) 3-
kinase family. J Cell Sci 116: 3037-3040.

. Alves GM, Bario MA, Odo LN, Nascimento Gomes G, Franco Md Mdo C, et

al. (2002) L-Arginine effects on blood pressure and renal function of intrauterine
restricted rats. Pediatr Nephrol 17: 856-862.

5. Bradford MM (1976) A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem 72: 248-254.

Nakatsubo N, Kojima H, Kikuchi K, Nagoshi H, Hirata Y, et al. (1998) Direct
evidence of nitric oxide production from bovine aortic endothelial cells using
new fluorescence indicators: diaminofluoresceins. FEBS Lett 427: 263-266.
Vargas I, Moreno JM, Rodriguez-Gomez I, Wangensteen R, Osuna A, et al.
(2006) Vascular and renal function in experimental thyroid disorders.
Eur J Endocrinol 154: 197-212.

Gohlke P, Pees C, Unger T (1998) AT2 receptor stimulation increases aortic
cyclic GMP in SHRSP by a kinin-dependent mechanism. Hypertension 31:
349-355.

Caruso-Neves C, Kwon SH, Guggino WB (2005) Albumin endocytosis in
proximal tubule cells is modulated by angiotensin II through an AT2 receptor-

PLOS ONE | www.plosone.org

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

AT2R Mediates T3-Induced VSMC Relaxation

mediated protein kinase B activation. Proc Natl Acad Sci USA 102: 17513
17518.

Hiroi Y, Kim HH, Ying H, Furuya F, Huang Z, et al. (2006) Rapid nongenomic
actions of thyroid hormone. Proc Natl Acad Sci USA 103: 14104-14109.
Mizuma H, Murakami M, Mori M (2001) Thyroid hormone activation in
human vascular smooth muscle cells: expression of type II iodothyronine
deiodinase. Circ Res 88: 313-318.

Barreto-Chaves ML, de Souza Monteiro P, Fiirstenau CR (2011) Acute actions
of thyroid hormone on blood vessel biochemistry and physiology. Curr Opin
Endocrinol Diabetes Obes 18: 300-303.

Barreto-Chaves ML, Carrillo-Sepulveda MA, Carneiro-Ramos MS, Gomes DA,
Diniz GP (2010) The crosstalk between thyroid hormones and the Renin-
Angiotensin System Vascul Pharmacol 52: 166-170.

. Biondi B, Palmieri EA, Lombardi G, Fazio S (2002) Effects of thyroid hormone

on cardiac function: the relative importance of heart rate, loading conditions,
and myocardial contractility in the regulation of cardiac performance in human
hyperthyroidism. J Clin Endocrinol Metab 87: 968-974.

Danzi S, Klein I (2004) Thyroid hormone and the cardiovascular system.
Thyroid hormone and the cardiovascular system. Minerva Endocrinol 29: 139
150.

Kahaly GJ, Dillmann WH (2005) Thyroid hormone action in the heart. Endocr
Rev 26: 704-728.

Abe A, Yamamoto T, Isome M, Ma M, Yaoita E, et al. (1998) Thyroid hormone
regulates expression of shaker-related potassium channel mRNA in rat heart.
Biochem Biophys Res Commun 245: 226-230.

Gloss B, Trost S, Bluhm W, Swanson E, Clark R, et al. (2001) Cardiac ion
channel expression and contractile function in mice with deletion of thyroid
hormone receptor alpha or beta. Endocrinology 142: 544-550.

Boerth SR, Artman M (1996) Thyroid hormone regulates Na(+)-Ca2+
exchanger expression during postnatal maturation and in adult rabbit
ventricular myocardium. Cardiovasc Res 31: E145-E152.

Rodriguez-Gomez I, Sainz J, Wangensteen R, Moreno JM, Duarte J, et al.
(2003) Increased pressor sensitivity to chronic nitric oxide deficiency in
hyperthyroid rats. Hypertension 42: 220-225.

Hashimoto T, Kihara M, Ishida J, Imai N, Yoshida S, et al. (2006) Apelin
stimulates myosin light chain phosphorylation in vascular smooth muscle cells.
Arterioscler Thromb Vasc Biol 26: 1267-1272.

Watanabe M, Oike M, Ohta Y, Nawata H, Ito Y (2006) Sustained contraction
and loss of NO production in TGFbetal-treated endothelial cells. Br ] Pharmacol
149: 355-364.

Skalli O, Bloom WS, Ropraz P, Azzarone B, Gabbiani G (1986) Cytoskeletal
remodeling of rat aortic smooth muscle cells in vitro: relationships to culture
conditions and analogies to in vivo situations. J Submicrosc Cytol 18: 481-493.
Owens GK, Loeb A, Gordon D, Thompson MM (1986) Expression of smooth
musclespecific alpha-isoactin in cultured vascular smooth muscle cells: relation-
ship between growth and cytodifferentiation. J Cell Biol 102: 343-352.
Dimitropoulou C, White RE, Fuchs L, Zhang H, Catravas JD, et al. (2001)
Angiotensin II relaxes microvessels via the AT(2) receptor and Ca(2+)-activated
K(+) (BK(Ca)) channels. Hypertension 37: 301-307.

Fukada SY, Tirapelli CR, de Godoy MA, de Oliveira AM (2005) Mechanisms
underlying the endothelium-independent relaxation induced by angiotensin IT in
rat aorta. J Cardiovasc Pharmacol 45: 136-143.

Kilian P, Campbell S, Bilodeau L, Guimond MO, Roberge C, et al. (2008)
Angiotensin II type 2 receptor stimulation increases the rate of NG108-15 cell
migration via actin depolymerization. Endocrinology 149: 2923-2933.

Lee JH, Xia S, Ragolia L (2008) Upregulation of AT2 receptor and iNOS
impairs angiotensin II-induced contraction without endothelium influence in
young normotensive diabetic rats. Am J Physiol Regul Integr Comp Physiol 295:
R144-R154.

Carrillo-Sepulveda MA, Barreto-Chaves ML (2010) Phenotypic modulation of
cultured vascular smooth muscle cells: a functional analysis focusing on MLC
and ERK1/2 phosphorylation. Mol Cell Biochem 341: 279-289.

Batenburg WW, Garrelds IM, Bernasconi CC, Juillerat-Jeanneret L, van Kats
JP, et al. (2004) Angiotensin II type 2 receptor-mediated vasodilation in human
coronary microarteries. Circulation 109: 2296-2301.

Tsutsumi Y, Matsubara H, Masaki H, Kurihara H, Murasawa S, et al. (1999)
Angiotensin II type 2 receptor overexpression activates the vascular kinin system
and causes vasodilation. J Clin Invest 104: 925-935.

Ojamaa K, Kenessey A, Klein I (2000) Thyroid hormone regulation of
phospholamban phosphorylation in the rat heart. Endocrinology 141: 2139
2144.

Takahashi T, Taniguchi T, Konishi H, Kikkawa U, Ishikawa Y, et al. (1999)
Activation of Akt/protein kinase B after stimulation with angiotensin II in
vascular smooth muscle cells. Am J Physiol 276: H1927-H1934.

April 2013 | Volume 8 | Issue 4 | 61982



