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Cardiac angiotensin Il type | and type Il receptors
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This study assessed the behaviour of angiotensin II (AngII) receptors in an experimental
hypothyroidism model in male Wistar rats. Animals were subjected to thyroidectomy and resting
for 14 days. The alteration of cardiac mass was evaluated by total heart weight (HW), right
ventricle weight (RVW), left ventricle weight (LVW), ratio of HW, RVW and LVW to body
weight (BW) and atrial natriuretic factor (ANF) expression. Cardiac and plasma AngII levels
and serum T; and T, were determined. The mRNA and protein levels of AngII receptors were
investigated by RT-PCR and Western blotting, respectively. Functional analyses were performed
using binding assays. T; and T, levels and the haemodynamic parameters confirmed the
hypothyroid state. HW/BW, RVW/BW and LVW/BW ratios and the ANF expression were lower
than those of control animals. No change was observed in cardiac or plasma Ang II levels. Both
AT1/AT2 mRNA and protein levels were increased in the heart of hypothyroid animals due to
a significant increase of these receptors in the RV. Experiments performed in cardiomyocytes
showed a direct effect promoted by low thyroid hormone levels upon AT1 and AT?2 receptors,
discarding possible influence of haemodynamic parameters. Functional assays showed that both
receptors are able to bind Ang II. Herein, we have identified, for the first time, a close and direct
relation of elevated AngII receptor levels in hypothyroidism. Whether the increase in these
receptors in hypothyroidism is an alternative mechanism to compensate the atrophic state of
heart or whether it may represent a potential means to the progression of heart failure remains
unknown.
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It is now clear that the renin—angiotensin system (RAS)
acts globally to control blood pressure, and that RAS
components act locally within individual organs and
under differential regulation (Bader, 2002). The biological
actions of RAS are largely related to the effects of the
octapeptide angiotensin II (AngII) and its binding to
specific AngII receptors (Dillmann, 1990; De Gasparo
et al. 2000). In addition to these well-known actions,
circulating and locally generated Angll exert other
non-haemodynamic effects, stimulating cardiomyocyte
growth and fibrosis in adult myocardium, modulating
the cardiac hypertrophy process (Morgan & Baker,
1991).

Two pharmacologically distinct subclasses of AnglII
receptor, type I (AT1) and type II (AT2), have been
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identified based on their inhibition by the non-peptide
antagonists losartan (AT1) and PD 123319 (AT2)
(Chiu et al. 1989). Although both receptors have a
seven-transmembrane domain structure typical of G
protein-coupled receptors, AT1 and AT2 receptors have
different functional properties and signal transduction
mechanisms (Ichihara et al. 2001).

While almost all the known physiological effects of
Ang IT are mediated through the AT1 receptor (Sadoshima
& Izumo, 1993), the biological effects associated with
the AT2 receptor remain largely unknown. In the
heart, Angll affects cardiac remodelling, contractility
and cell growth, most of which can be attributed to
activation of the AT1 receptor (Berry et al. 2001; Booz,
2004). In contrast, the growth-inhibitory effects of the
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AT2 receptor are at least partially mediated by the
activation of phosphotyrosine phosphatases that inactivate
mitogen-activated protein kinases (MAPK) (Tsuzuki et al.
1996; Horiuchi et al. 1999). However, certain studies
have shown that both AT1 and AT2 receptors can act
similarly, promoting cardiac hypertrophy, cellular growth
and apoptosis (Schelling et al. 1991; Marchant et al.
1993).

Recent data suggest that the tissue RAS may be
importantin the regulation of local tissue function and can
be modulated depending on the specific stimulus, such as
hormonal or external signals (Klein, 2003). Some authors
reported that the local RAS plays a primary role in the
development of cardiac hypertrophy in hyperthyroidism
(Kobori et al. 1997). In addition, we recently demonstrated
that RAS inhibitors prevent the cardiac hypertrophy
induced by thyroid hormone (Hu et al. 2003) and that the
thyroid hormone modulates in a tissue specific manner
other components of RAS such as angiotensin-converting
enzyme (Carneiro-Ramos et al. 2006), providing further
evidence for a close relationship between the RAS and
thyroid hormones.

Hypothyroidism has been associated with a reduced
cardiac performance and consequent decrease in cardiac
mass, due to a both diminished gene expression and
cytoplasmatic protein levels (Klein, 1988; Sernia et al.
1993). Although the hypothyroidism is a rare pathology,
growing evidence suggests a strong link between low
thyroid function and worsening outcome in patients with
heart disease (Hak et al. 2000; Biondi et al. 2002; Iervasi
et al. 2003). Therefore, depending on the severity of
hypothyroidism, heart failure (HF) may be incurred and
might represent a determining factor directly implicated
in the evolution and prognosis of these patients. At
this moment, several potential mechanisms by which
low thyroid function may contribute to HF have been
identified. Hypothyroidism may lead to (1) altered blood
lipids and accelerated atherosclerosis, (2) stimulation
of myocardial fibrosis, (3) vasoconstriction, and
(4) induction of a gene programme resembling that of
pathological hypertrophy. Although certain studies have
demonstrated that the absence of circulating thyroid
hormone correlates to a decrease in angiotensin converting
enzyme and renin activities in plasma (Sernia et al. 1993;
Kobori et al. 1999), the impact of hypothyroidism upon
of local RAS in the heart is still unknown. The aim
of the present study was to investigate the effect of
hypothyroidism on cardiac AngII levels and its receptor
expression in rats. We have observed an increase on AT1
and AT?2 receptors levels in the heart of hypothyroid
animals which was not accompanied by AngII changes.
Primary cultures of cardiomyocytes were assessed and
confirmed in vivo results, showing a direct effect promoted
by low thyroid hormone levels and discarding possible
influence of haemodynamic parameters.
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Methods
Animals and experimental procedures

All surgical procedures and protocols were performed
in accordance with the Ethical Principles in Animal
Research, set forth by the Brazilian College of Animal
Experimentation, and were approved by the Biomedical
Sciences Institute/USP Ethics Committee for Animal
Research. Animals were handled according to the National
Institutes of Health guidelines. Wistar rats weighing
220-250 g were obtained from the University of Sao Paulo,
Institute of Biomedical Sciences in Sao Paulo, Brazil. The
rats were given free access to standard rat chow and water
until the time of the experiment and were housed in a
temperature- and light-controlled (24°C; 12 h light—dark
cycle) environment. All groups were studied concurrently
and atthe same age. Rats were randomized into two groups:
control and hypothyroid (Hypo). Control animals did not
receive any treatment and, in the Hypo group, the rats were
surgically thyroidectomized after ketamine (25 mgml™)
and xylazine (5mgml~!) anaesthesia subcutaneously
administrated and treated with methimazole (0.05%) plus
calcium chloride (4.5 mm) added to their drinking water
during 14 days (Giannocco et al. 2004). Thyroidectomy
was simulated in the control group, without removal of
the thyroid gland.

All rats were killed after 14 days of hypothyroidism by
decapitation. The methimazole and calcium chloride were
purchased from the Sigma Chemical Company (St Louis,
MO, USA).

Hemodynamic parameters

In all rats, indirect systolic blood pressure (SBP) and heart
rate (HR) were determined daily atapproximately the same
time of day by tail-cuff plethysmography (Kent Scientific,
Litchfield, CT, USA). In addition, BW was measured daily,
and SBP and BW were determined last immediately before
kill. Rats were familiarized with the apparatus for a total
of 7 days prior to the measurements being taken.

Tissue preparation

Rats were killed by decapitation. Trunk blood was collected
without anticoagulant, centrifuged at 3000 r.p.m. for
15min at 4°C, and then stored at —20°C. Hearts were
weighed, right and left ventricle were obtained, and all
samples were frozen in liquid nitrogen and stored at —80°C
for later analysis of RNA and protein levels.

Determination of cardiac mass and microscopic
studies

Cardiac mass was assessed by the measurement of
wet right and left ventricle weight (RVW and LVW,
respectively). The RVW or LVW to body weight (BW)
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ratio was calculated in milligrams/grams. The cardiac
mass was confirmed by analysing ventricles weight as
dry weight (data not shown). Moreover, we analysed
atrial natriuretic factor (ANF) mRNA expression by
RT-PCR, considering that ANF is a usual cardiac hyper-
trophy marker (Ladenson et al. 1988; Wong et al. 1989;
Eppenberger-Eberhardt et al. 1997). To evaluate the
cardiac morphology in both groups, the hearts were
transversely sectioned at the midportion between apex
and base. A cross-sectional slice was removed and fixed
in neutral formalin (10%) at room temperature for
48-72 h. The slice was dehydrated in an increasing alcohol
series, immersed in benzene for 20 min, and embedded
in paraffin. The samples were sectioned at 5 um, and 12
non-consecutive sections were collected and stained with
haematoxylin and eosin. The images were performed with
a magnifying glass of x4 (MZ6 — Leica).

Serum hormone measurements

Determination of the levels of free triiodothyronine (T;)
and free Ty, in the serum of control and hypothyroid
groups, was performed by a commercial assay using a
radioimmunoassay kit (Schering Cis Bio International,
France).

Angiotensin Il measurements

Hearts were homogenized with 0.045~ HCI in ethanol
(10mlg™' of tissue) containing p-hydroxymercury
benzoate 0.9 uMm, 1,10-phenanthroline  131.5 um,
phenylmethylsulphonyl  fluoride (PMSF) 0.9 um,
pepstatin A 1.75 um, EDTA 0.032%, and protease-free
bovine serum albumin (BSA) 0.0043% and evaporated.
After evaporation, the samples were dissolved in 0.003%
trifluoroacetic acid (TFA). Blood samples for AnglIl
peptide measurements were collected in polypropylene
tubes containing p-hydroxymercury benzoate 1 mwm,
1,10-phenanthroline 30 mm, PMSF 1mwm, pepstatin
A 1mwym, and EDTA 7.5% (50 ul (mlblood)™!). After
centrifugation, plasma samples were frozen and stored
at —80°C. Peptides were extracted onto a Bond-Elut
phenylsilica cartridge (Varian, Palo Alto, CA, USA). The
columns were preactivated by sequential washes with
10 ml 0f 99.9% acetonitrile—0.1% heptafluorobutyric acid
(HFBA) and 10 ml of 0.1% HFBA. Sequential washes with
10 ml of 99.9% acetonitrile—0.1% HFBA, 10 ml of 0.1%
HFBA, 3 ml of 0.1% HFBA containing 0.1% BSA, 10 ml of
10% HFBA and 3 ml of 0.1% HFBA were used to activate
the columns. After sample application, the columns were
washed with 20 ml of 0.1% HFBA and 3 ml of 209% HFBA.
The adsorbed peptides were eluted with 3 ml of 99.9%
acetonitrile-0.1% HFBA into polypropylene tubes rinsed
with 0.1% BSA. After evaporation, angiotensin peptide
levels were measured by radioimmunoassay (RIA), as
previously described. Protein concentration in the crude
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homogenates was determined by the Bradford method
(Bradford, 1976).

Primary cultures of cardiomyocytes

Primary cultures of neonatal rat ventricular cardiac
myocytes were prepared by enzymatic disaggregation, as
previously described by us (Barreto-Chaves ef al. 2000).
Briefly, hearts from neonatal (1-3 days old) Wistar rats
were excised and ventricles were minced and subjected to
multiple enzymatic digestions at 37°C using a mixture of
collagenase type 2 (Worthington) and pancreatin (Life
Technologies). Four to five subsequent digestions, each
lasting a period of 30 min, were performed. The solution
obtained in each digest was transferred to a tube containing
1 ml newborn calf serum (NCS; Life Technologies) and
centrifuged. Each cell pellet was resuspended in NCS.
Dissociated cells were pooled. To segregate myocytes from
non-myocytes, this cell suspension was layered onto a
discontinuous Percoll (Pharmacia LKB Biotechnology
Inc.) density gradient, consisting of two phases. Myocytes
were migrated to the interface of the discontinuous layers,
and non-myocytes were migrated to the surface of the
layer of Percoll. The cells were collected and washed
to remove all traces of Percoll. Cellular viability was
estimated by the Trypan blue method and after that, the
cells were counted and plated. Myocytes were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies) containing 5% NCS and 10% horse serum
(HS; Life Technologies), supplemented with antibiotics
(penicillin, streptomycin; Life Technologies). Cell
preparations contained over 95% myocytes, as judged
by morphology and spontaneous contraction. After
preparation, cells were allowed to adhere to the dishes for
48 h and maintained in DMEM containing 5% NCS and
10% HS. To induce the hypothyroidism in vitro, some
cultures were maintained for 24 h in medium containing
hypothyroid HS and NCS obtained by charcoal stripped
serum method (Cataldo et al. 1982). After that, both
control and hypothyroid cultures were maintained in
medium containing serum 0.5% for 24 h. Total protein
was obtained and the concentrations analysed by the
Bradford method (Bradford, 1976). One hundred and
fifty micrograms of total protein were resolved by
electrophoresis according to Western blot analysis.

RT-PCR analysis

Total RNA from adult rat right and left ventricles or from
cardiomyocytes cultures wasisolated with Trizol LS reagent
(Life Technologies) in accordance with the manufacturer’s
instructions. The ¢cDNA species were synthesized with
SuperScript II (Life Technologies) from 2 g of total RNA
in a total volume of 20 ul with an oligo (dT) primer in
accordance with the manufacturer’s instructions. cDNA
reactions were performed for 1 h at 42°C and stopped by
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boiling for 5 min. Two microlitres of cDNA was used as a
template for PCR with specific primers for angiotensin II
receptors. B-Actin-PCR was performed as a control for
cDNA synthesis. Two microlitres of the RT reaction mix
was used for PCR in a total volume of 25 ul using
the concentration of 0.5 um of each primer indicated
below and 50 um of ANTP and 1 U Taq polymerase (Life
Technologies) in the supplied reaction buffer. To find
the ideal conditions for the PCR reactions, we initially
constructed a curve of the number of cycles performed for
each gene studied and another temperature curve and then
points that were always localized in the linear phase were
chosen.

The PCR cycling conditions were as follows. For the AT1
receptor: 1 min at 94°C, 1.5 min at 59.6°C, 1 min 30 s at
72°C (494 bp amplification product in 32 cycles); for the
AT?2 receptor: 1 min at 94°C, 1.5 min at 60°C, 1 min 30 s at
72°C (325 bp amplification product in 40 cycles); for ANF:
1 min at 94°C, 1 min at 54°C, 1 min 30 s at 72°C (458 bp
amplification product in 16 cycles); and for B-actin: 1 min
at 94°C, 1.5 min at 59.8°C, 1 min 30s at 72°C (210 bp
amplification product in 34 cycles). All PCRs were carried
out for an initial 3 min denaturation step at 94°C and
a final 10 min extension at 72°C. Ten microlitres of the
PCR reaction was analysed on a 1.5% agarose gel. The
following sets of primers were used: for AT1: 5'-CCC GGG
GGC CAC TAG CAC CTC A-3" and 5-GCC TGG ACC
ACG GGA ACC TT-3'; for AT2: 5'-CCC ATA GCT ATT
GGT CTT CAG CAG ATG-3' and 5'-GCA TGA GTG TTG
ATA GGT ACC AAT CGG-3'; for ANF: 5-GGC TCC TTC
TCC ATC ACC AA-3" and 5'-TGT TAT CTT CGG TAC
CG-3' and for B-actin: 5'-TAT GCC AAC ACA GTG CTG
TCT GG-3' and 5'-TAC TCC TGC TTC CTG ATC CAC
AT-3'. Oligonucleotides were obtained from Invitrogen,
Brazil. Using an image analysis system, the densitometric
intensity related to AT1, AT2, ANF and f-actin bands were
converted to numerical values. The mRNA expression was
expressed as mRNA of the gene of interest and mRNA
B-actin ratio in arbitrary units (densitometric intensity).

Western blot analysis

Proteins from total heart, and right and left ventricles
or from cell cultures were obtained using digestion
buffer (KCl 90 mm, Hepes 10 mm, MgCl, 3 mm, EDTA
5mM, glycerol 1%, DTT 1mwm, SDS 0.04%). Protein
concentrations were analysed by the Bradford method
(Bradford, 1976). One hundred and fifty micrograms
of total protein were resolved by electrophoresis on 5%
stacking 15% polyacrylamide-SDS gels, and the resolved
proteins were transferred to nitrocellulose membrane
(Bio-Rad). The membrane was stained with Ponceau
solution, to demonstrate that the protein concentration
was similar in the different lanes. The membrane was then
washed with TBST (Tris 50 mm, NaCl 150 mm, pH 7.5 and
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Tween-20 2%) for 10 min at room temperature. After this,
the membrane was incubated at 37°C for 1 h 30 min with
polyclonal antibody against AT1 (1:1000), AT2 (1:250)
and a-actinin (1 : 1000) (SC-1173,SC-7420and SC-15335,
respectively) in TBST. The antibody against AT1 used in the
present study recognizes both AT1la and AT1b subtypes.
After washing the membrane, the secondary antirabbit
IgG antibody conjugated with peroxidase (Amersham
Biosciences) at a 1:1000 dilution in TBST was added
for 1 h at room temperature. The membrane was washed
again with TBST and was incubated with ECL detection
reagents (Amersham Biosciences), which produced a
chemiluminescence signal that was detected by exposure
to X-ray film. The protein bands were quantified by
densitometry and the band density was then calculated.

Binding assays

Sections (9 um) were serially cut starting from the central
area of the right and left ventricle, mounted onto 1%
gelatinized slides and dried at 4°C. The slices were
preincubated in the assay buffer (1 x PBS plus BSA 0.2%,
bacitracin 0.005%, 2.5 x 107> M phenylmethylsulphonyl
fluoride and 6 x 10~* m 1,10-phenanthroline) for 10 min
at 4°C. Slices were subsequently incubated with
the assay buffer containing fluorescent-labelled AngII
(rhodamine-AngII) for 1h at 4°C (total binding). For
AT1 receptor binding, 107> M of losartan was added to
the rhodamine—Ang II solution. For AT2 receptor binding
107> M of PD123319 were added to the Rhodamine-Ang I1
solution. After incubation, sections were rinsed (three
times for 30s each in assay buffer) succeeded by one
quick dip in distilled water. Slices were dried under a
stream of air at 22-24°C. All the steps were performed
in a dark room. Relative fluorescence measurements were
performed on a confocal microscope (Zeiss 510 Meta)
using a 40 x oil-immersion objective lens.

Statistical analysis

Data are presented as means =+ s.E.M. and, in some cases,
they are expressed as the percentage of variation in
relation to the control group. n represents the number
of animals or the number of different cardiomyocytes
preparations. Statistical analysis was performed using
one-way ANOVA, and P-values < 0.05 were considered
statistically significant. Tukey’s post hoc test was used to
make individual comparisons between groups when a
significant change was observed in the ANOVA.

Results

Haemodynamic parameters

Table 1 shows the effect of thyrodectomy on body weight
(BW), heart weight (HW), and haemodynamic parameters
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Table 1. Body weight (BW), heart weight (HW) and haemodynamic parameters in control and hypothyroid

217

groups
Groups n Body weight (Day 0) Body weight (End) Heart weight Systolic blood pressure  Heart rate
(9) (9) (mmHg) (beats min—")
Control 7 250.57 + 4.41 283.92 £6.75 0.79 £ 0.015 129 +£ 1.1 392 +34
Hypo 7 256.37 +£5.75 241.18 £ 7.03* 0.57 + 0.007* 96 + 2.6* 315+ 4.7*

Values are expressed as means =+ s.e.M.; n, number of rats; *P < 0.001 versus control.

Table 2. Serum thyroid hormone and angiotensin Il measurements

Group Plasma Ang Il T3 Ts Cardiac Ang Il
(%) (ng mI=1) (ng mi~") (%)

Control 1.4 + 0.05* (6) 47.49 + 2.6 (6) 100 (11) 100 (10)

Hypo 0.64 + 0.02* (6) 5.37 £ 0.35* (6) 87.27 £7.72 (10) 107.89 + 8.07 (6)

Values are expressed as means =+ s.e.M.; number of rats shown in parentheses. *P < 0.001 versus control.

including systolic blood pressure (SBP) and heart rate
(HR). BW at the beginning of the experiment was the same
in both groups. However, 14 days after thyroidectomy,

the hypothyroid group showed a significant decrease in e
BW, compared to the control group (241.18 &= 7.03 versus
283.92 £ 6.75 gin control, P < 0.001). Heart weight (HW) 24 - "

was lower in the hypothyroid rats than in control animals
(0.79 £ 0.015 versus 0.57 +0.007 g in hypothyroid rats,
P <0.001). SBP was also significantly lower in the
hypothyroid group (96+2.6 mmHg) than in the
control group (129 &+ 1.1 mmHg, P < 0.001), as was HR
(315 £ 4.7 in hypo versus 392 + 3.4 beats min™~! in control
group, P < 0.001).

Serum concentrations of T5 and T, aswell as cardiacand
plasmatic Ang II levels, are summarized in Table 2. Levels

Cardiac Mass Weight/Body Weight (mg/g) >

of T, were lower in thyroidectomized rats in relation to (7112) (5/10)
control animals (5.37 & 0.35 versus 47.49 +2.6 ngml ™', W Control O Hypothyroid
respectively, P <0.001). Serum T; levels were also
significantly lower in hypothyroid rats compared to B Control  Hypo Control
control animals (0.64 £ 0.02 versus 1.4 +0.05ngml !,
respectively, P < 0.001). Alterations in serum hormone ANE

! . ) . . 458 bp
concentration, associated with the loss in cardiac mass g

210 bp

Hypothyroid Control

miRNA ANF/mRNA B-actin
{Arbitrary units)
L= =L -
!sc-

Right Ventricle Left Ventri
W Control (n=4) O Hypothyroid (n=4)

E
1.6
08 %

Total Ventricles  Right Ventricle  Left Ventricle

1

(5/10)

Hypo

cle

b v Figure 2
300pm A, cardiac weight to body weight ratio (in mg/g) in total ventricles,
right (RV) and left ventricle (LV) in control and hypothyroid groups.
Figure 1. Hearts transversely sectioned at the midportion *P < 0.001 versus control. B, ANF mRNA levels evaluated by ANF
between apex and base in control and hypothyroid group mRNA/ﬂ-aCtln MRNA ratio in RV and LV in control and hypotherId
Non-consecutive sections of 5 um were stained with haematoxylin groups. *P < 0.01 versus control, #P < 0.001 versus RV control.
and eosin. Values expressed as means =+ s..M.
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and the decrease in the RH and SBP haemodynamic
parameters, served as an index of the hypothyroid state of
the animals. The cardiac AngII levels in the hypothyroid
group were not significantly different from the control
group. Similarly, plasma angiotensin II levels in thyro-
dectomized rats were not significantly different from the
control group.

Cardiac mass and ANF expression

In relation to cardiac morphology, we observed an
important atrophy in both right and left ventricles shown

A
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AT1 y ’

494bp ]

f-actin
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F 400 s
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Figure 3
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in Fig. 1. Heart weight (HW) to body weight (BW) ratio
and ANF mRNA levels are presented in Fig. 2. The HW/BW
ratio was considerably lower in thyroidectomized rats
when compared to the control group (2.1 £ 0.05 versus
2.9 4+ 0.08 in control) (Fig. 2A). Besides, the decrease on
cardiac mass was observed in both ventricles (12% in RV
and 11% in LV). To confirm the cardiac atrophy induced
by absence of thyroid hormone levels we also evaluated
the ANF gene expression, using semiquantitative RT-PCR
(Fig. 2B). A decrease in the ANF mRNA/SB-actin mRNA
ratio was observed in hearts from thyroidectomized rats.
ANF levels in the RV were 55.08% lower than the control

Control Hypo

AT1a52kDa SRR
AT1b 47 kDa [ —

c-actinin
100 kDa

80000

ek

Control (n=3)

AT1 protein levels
(Arbitrary units)

Hypo (n=3)

AT2
50 kDa

c-actinin
100 kDa

10000 oo
7500 -
5000 4
2500 4
0 4 -

Control (n=3) Hypo (n=3)

AT2 protein kevels
(Arbitrary units)

A, angiotensin type 1 receptor mRNA expression given by AT1 mRNA/B-actin mRNA ratio and protein level evaluated
by AT1 levels in control and hypothyroid groups. AT1 protein levels refer to AT1a plus AT1b densitometric values.
**P < 0.05 versus control. B, angiotensin type 2 receptor mRNA expression given by AT2 mRNA/B-actin mRNA
ratio and protein level evaluated by AT2 levels in control and hypothyroid groups. **P < 0.05 versus control. Values

expressed as means = S.E.M.

© 2007 The Authors. Journal compilation © 2007 The Physiological Society



J Physiol 583.1

animals and 41.51% in LV. These results showed that the
privation of thyroid hormone promoted as expected a
significant decrease in cardiac muscle mass.

Angiotensin Il receptors — gene expression, protein
levels and functional assays

Gene expression and protein levels of cardiac AngII
receptors in both experimental groups are shown in Fig. 3.
The AT1 gene expression in the hypothyroid group was
significantly increased compared to the control group

(313.73 = 53.71% versus 100% in control) (P < 0.05). The
increase in AT1 gene expression in the hearts of thyro-
idectomized rats was accompanied by an elevation in
AT1 protein levels (23.25%), represented by ATla plus
AT1Db subtype levels, as demonstrated by Western blotting
(Fig. 3A). With regard to the AT2 receptor (Fig. 3B), the
Hypo animals also presented a significant increase in
mRNA expression (193.94%) and protein levels (37.10%)
when compared to control animals (100%). Because the
thyroid hormone promotes a different degree of the
myocyte hypertrophy in the right and left ventricles
(Gerdes et al. 1987), we analysed in the experimental
hypothyroidism the Ang II receptors expression separately
in both ventricles (Fig. 4). Surprisingly, there was a
significant increase on AT1 and AT2 receptors only in right
ventricle, we did not observe any change in left ventricle.
Considering that the total AT1/AT2 protein content may
not have any functional consequences, binding assays
were performed in right and left ventricle (Fig. 5). This
qualitative method showed that both receptors were
able to bind AngIl in right (Fig.5A) and left (Fig. 5B)
ventricles.

In order to rule out a possible effect of thyroid hormone
absence on haemodynamic parameters influencing the
results, experiments using primary cultures of cardio-
myocytes were performed. AT1 and AT2 receptors
expression was significantly increased after the cells had
been submitted to T3 and T, depleted medium for 24 h.
In this condition, there was a 131.5 + 5.02% increase in
AT1 expression and 150.4 £ 11.17% in AT2 expression,
consistent with the results obtained in vivo after thyroxine
deprivation (Fig. 6A and B).

Discussion

Thyroid disorders are the most common of all endo-
crine diseases. In adults, the symptoms may be reversible
through adjustment of circulating thyroid hormone
levels (Kahaly & Dillmann, 2005). However, the thyro-
xine replacement therapy remains unsettled since some
beneficial and some disadvantageous consequences have
been identified (McDermott et al. 2001; Meier et al.
2001). The effects of hypothyroidism on the cardio-
vascular system include changes in cardiac physiology such
as decreased cardiac output and contractility, increased
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systemic vascular resistance and decreased heart rate
(Biondi et al. 2002; Ohga et al. 2002; Pantos et al. 2003). In
contrast to hyperthyroidism, the contribution of local RAS
to function and structure maintenance for normal cardiac
activity, in the face of low levels of thyroid hormone, has
notbeen studied yet. Then, in this work we observed that in
the hypothyroid cardiac state, the plasma Ang Il levels were
unaffected whereas both Ang Il receptor subtypes, AT1 and
AT?2, were up-regulated at the mRNA and protein levels.
This effect was independent of simple changes in systemic
actions, since increased levels of Ang II receptor expression
were also observed in TH deprived cardiomyocytes.
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A, angiotensin type 1 receptor protein level in right ventricle (RV) and
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Thyroid hormones appear to be one of the important
endocrine factors involved in the maintenance of basal
plasma angiotensinogen levels, since hyperthyroidism
increases and hypothyroidism decreases angiotensinogen
production, as observed in rats (Bouhnik et al. 1981; Dzau
& Herrmann, 1982). Moreover, Marchant et al. (1993)
showed that hypothyroid rats presented a significant
decrease in plasma renin activity, but not in plasma renin
concentration, establishing a positive correlation between
thyroid hormone levels and the renin—angiotensin system.

The role of RAS in the development of the cardiac hyper-
trophy induced by thyroid hormone has been previously
studied by us and other authors (Kuzmits et al. 1985;
Kobori et al. 1999; Hu et al. 2003; Carneiro-Ramos et al.
2006). However, the behaviour of RAS in a T, privation
condition is not completely understood yet. As previously
described, although certain studies have presented a close
relationship between the thyroid hormone levels and
the activation of RAS, in this study we demonstrated,
for the first time, that in the condition of hypo-
thyroidism, the AngII receptors are markedly increased
in the heart due to an important increased expression in
right ventricle. Hypothyroidism was proven by decreased
serum thyroid hormonelevels, haemodynamic parameters
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and by ANF gene expression analysis. These data are in
agreement with previous observations, in hypothyroidism,
of a reduced gene transcription and translation with
consequent loss of cardiac mass and contractile machinery
(Kahaly & Dillmann, 2005). In addition, results confirm
that basal levels of thyroid hormone are very important
for cardiac tissue development and for maintenance of
haemodynamic parameters.

Regarding AngII levels and receptors expression after
thyroidectomy, there are important issues to highlight.
Firstly, both plasma and cardiac AngII levels did not
change after thyroidectomy. Thus, hypothyroidism did
not alter the AngIl concentration compared to that
of control animals. Furthermore, data obtained in our
laboratory show that surgically thyroidectomized rats that
were treated with methimazole for 14 days presented a
significant decrease in serum and pulmonary angiotensin
converting enzyme (ACE) activity compared with the
control group. On the other hand, the cardiac ACE activity
was significantly increased in hypothyroid animals (data
not shown). Thus, it is clear that local AngII generation
depends on ACE, in part, since other enzymes are able
to convert angiotensin I into angiotensin II, such as
chymases and elastase-2 (Balcells et al. 1997; Santos et al.

Ang Il +
PD123319

Ang Il +

PD123319

Figure 5. Receptor binding assays used to
evaluate the functional state of
angiotensin Il receptors (AT1 and AT2) in
control and hypothyroid groups

A, sections (9 um) from the central area of the
right ventricle (RV) showing rhodamine—
angiotensin I specific binding total and in the
presence of specific inhibitor of AT1 (losartan)
or AT2 (PD123319). B, sections (9 um) from the
central area of the left ventricle (LV) showing
rhodamine—-angiotensin Il specific binding total
and in the presence of specific inhibitor of AT1
(losartan) or AT2 (PD123319).
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2002). Secondly, cardiac AT1 and AT?2 receptors showed a
significant increase in mRNA and protein levels in thyro-
idectomized rats. Moreover, the animals that had been
thyroidectomized for 14 days and that were supplemented
with T, at 0.100 mg (kg BW) ™! for 14 days subsequently
presented a normal HW/BW ratio (2.98 +0.26, n=>5)
and AT1 (98.1245.15, n=4) and AT2 (109.26 + 8.15,
n=4) receptor levels returned to control levels. These
data and those obtained in cardiomyocytes cultures after
TH privation show that the changes observed in hypo-
thyroid hearts reflect a loss of a direct effect of T;/T, on
the cardiac cells and not an indirect consequence of change
in haemodynamic parameters. Therefore, although we did
not find any changes in cardiac AngII concentrations
during the hypothyroid state, we clearly observed that the
final components of this system — Ang II receptors — are
augmented and under thyroid hormone level regulation.
It is well known that AnglIl exerts other
non-haemodynamic effects, which have been implicated
in cardiac cell proliferation, including cardiomyocyte
hypertrophy (Aceto & Baker, 1990) and fibroblast
hyperplasia (Schelling et al. 1991). Considering the
trophic actions of AngII, one might predict that thyroid
hormone deprivation would increase AT1 and AT2
receptor expression in order to compensate the response
to limited amounts of thyroid hormone. In fact, in hypo-
thyroidism many key enzymes involved in intracellular
Ca?* regulation and thus related to heart contractility
and to trophism of cardiac muscle are increased as a
compensatory mechanism. Recently, van Rooij et al.
(2007) showed elegantly that a cardiac-specific microRNA
(miR-208), encoded by an intron of the «-MHC gene,
is required for cardiomyocyte hypertrophy, fibrosis and
expression of B-MHC in response to hypothyroidism.
Thus, the «-MHC gene, in addition to encoding a major
cardiac contractile protein, regulates cardiac growth
and gene expression in response to hormonal signalling
via miR-208. Furthermore, it has been recently shown
that protein kinase C (PKC) increases thyroid hormone
receptor expression in heart (Kenessey et al. 2006). Given
that PKC is activated by the angiotensin type 1 receptor
after AngII binding, we postulate that AngII, available
in cardiac tissue, can bind to its receptors, activating
PKC and, thus, this kinase could be responsible for the
elevation in thyroid hormone receptor transcription.
Taking together, we hypothesize that the increase in Ang II
receptors in hypothyroidism is an alternative mechanism
to increase the thyroid hormone sensitivity in cardiac
tissue, since this hormone can exert a trophic action on
cardiac tissue to compensate the atrophic state of the
hypothyroid heart. On the other hand, recently Tang
et al. (2005) showed in rats that low thyroid function
alone has the potential to cause heart failure, in part
due to promoting heart dilatation as consequence of
elongation of contracting muscle cells, a specific change
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typical of heart failure. In this case, the increased AngII
receptor levels may adversely represent a potential and
direct means of influencing AngII-induced changes in
the growth and structure of the myocardium and thereby
its contribution to the progression of heart failure.
Although the functional significance of a differential
distribution of AngIl receptors in right ventricle in
comparison to left ventricle requires further investigation,
some hypothesis may be elicited. The hypothyroidism
is associated with RV systolic and diastolic dysfunction
(Turhan et al. 2006) and these disorders may be associated
with changes in the proportion and distribution of Ang II
receptors in cardiac tissue (Rogg et al. 1996). In contrast,
in the hyperthyroidism, right ventricular pressure is
increased by a much greater percentage than systemic
blood pressure (Alpert et al. 1983), which may result
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A, angiotensin type 1 receptor protein level evaluated by AT1
expression levels in control cells and under T3/T4 deprivation. AT1
protein levels refer to AT1a plus AT1b densitometric values.

B, angiotensin type 2 receptor protein level evaluated by AT2
expression levels in control cells and under T3/T4 deprivation.

**P < 0.05 versus control. Values expressed as mean = s.E.M.
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in pulmonary hypertension. In addition, it should be
also appreciated that there is a differential distribution
of thyroid hormone receptors (TRs) in the heart and
the differences in response to T; action between both
ventricles or cardiac conduction system could be related
to the regional expression of both TR isoforms (Stoykov
et al. 2006). Then, TRa1 and TRa2 are the predominant
TRs expressed in the heart and the TH withdrawal results
in a decrease in TRo1 and an increase in TRa2. This TRa2
isoform does not bind TH and acts predominantly to
suppress expression of genes containing TH response
elements (TREs) by forming heterodimers with the
TH-binding TR isoforms (Lazar, 1990). Therefore, in
heart, TH withdrawal results in lower TR« 2, which would
possibly enhance the action of TH when levels are low
(Sadow et al. 2003).

In the present study, using in vivo and in vitro approaches
we have identified, for the first time, a close and direct
relation of elevated AngII receptors levels in the absence
ofthyroid hormones. Does this also occur in humans? If so,
what is the clinical impact on progression of heart disease
in hypothyroidism? Clearly, additional studies are needed
to better understand the consequences of low thyroid
function in heart and the role of renin—angiotensin system
under these conditions.
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