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ABSTRACT

Cardiac microvascular rarefaction appears to be involved in hyperthyroidism-

induced left ventricular hypertrophy and dysfunction. We investigated the effects

of losartan, an AT1 receptor antagonist; diltiazem, a calcium channel blocker; and

propranolol, a b-adrenergic receptor antagonist, on cardiac function and structural

microcirculatory cardiac alterations in an experimental model of L-thyroxin-

induced hyperthyroidism in rats. Hyperthyroidism (HYPER) was induced by intra-

peritoneal injections of L-thyroxin for 35 days (600 lg/kg/day; n = 32). The

euthyroid group was treated with distilled water (EUT + VEH; n = 8). On the 14th

day, the HYPER group was divided into four groups that received an oral treat-

ment for 21 days with saline (HYPER + VEH; n = 8), losartan (10 mg/kg/day;

HYPER + LOS, n = 8), diltiazem (10 mg/kg/day; HYPER + DILT, n = 8), or pro-

pranolol (10 mg/kg/day; HYPER + PROP, n = 8). An echocardiographic study was

performed at baseline, at the beginning and at the end of the pharmacological

treatment protocol (35th day). The structural capillary density in the left ventricle

(LV) was analyzed using histochemical analysis with fluorescein isothiocyanate-

conjugated Griffonia simplicifolia lectin. HYPER + VEH (182 � 5 mmHg;

P < 0.001) presented higher systolic blood pressure (SBP) compared with

EUT + VEH (132 � 3 mmHg). HYPER + LOS (144 � 2 mmHg), HYPER + DILT

(147 � 3 mmHg) and HYPER + PROP (153 � 4 mmHg) presented lower SBP

compared with HYPER + VEH (P < 0.001). Chronic treatment with losartan,

diltiazem, and propranolol reversed cardiac structural microvascular rarefaction

(HYPER + VEH 0.16 � 0.01; EUT + VEH 0.35 � 0.02; HYPER + LOS

0.46 � 0.03; HYPER + DILT 0.49 � 0.02; HYPER + PROP 0.58 � 0.04 (Vv

[cap]/Vv[fib]); P < 0.001) and enhanced the LV ejection fraction of hyperthyroid

rats (HYPER + VEH 71 � 3; EUT + VEH 85 � 2; HYPER + LOS 90 � 3;

HYPER + DILT 85 � 3; HYPER + PROP 86 � 2%; P < 0.05). In conclusion,

chronic treatment with losartan, diltiazem, and propranolol improved the cardiac

microcirculation and function in an experimental model of hyperthyroidism in

rats.

INTRODUCT ION

Hyperthyroid patients have a higher incidence of

embolic events, stroke, ischemic heart disease, and

congestive heart failure [1]. Although several studies

have characterized the cardiovascular alterations of

hyperthyroidism, cardiac microvascular dysfunction

has not received as much attention [2–4].
It has been proposed that microvascular changes

may play a substantial role in the development of

cardiac failure in hypertensive patients [5]. Changes at

the microvascular network level, such as arteriolar and
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capillary rarefaction, accompany many forms of hyper-

tension in humans and animals [6,7]. In fact, several

studies have emphasized the central involvement of the

microcirculation in many cardiovascular diseases

[6,8,9].

Thus, it seems important to investigate microvascu-

lar structure and function to improve our knowledge of

pathophysiological processes in many areas of cardio-

vascular disease, especially those involving hyperten-

sion, such as hyperthyroidism. Therefore, closer

attention to the microcirculation may improve the

treatment and prevention of cardiovascular events in

hyperthyroidism. In this context, we recently showed,

using an experimental model of hyperthyroidism in

rats, that left ventricular (LV) dysfunction, cardiac

hypertrophy, and myocardial fibrosis are associated

with cardiac microvascular rarefaction [10]. Therefore,

LV microcirculatory rarefaction may be involved in the

pathophysiology of hyperthyroidism-induced cardiovas-

cular alterations.

The sympathetic nervous system (SNS) and the

renin-angiotensin system (RAS) have been implicated

in the pathophysiology of cardiovascular changes

induced by hyperthyroidism [11–14]. In fact, it is

widely recognized that the alterations in hemodynamic

parameters, including blood pressure and heart rate,

resulting from enhanced SNS and RAS activity repre-

sent a central factor in cardiac hypertrophy induced by

hyperthyroidism [14,15] and thus may alter cardiac

microvascular function as well.

The SNS and RAS also induce cardiac remodeling in

hyperthyroidism by altering intracellular calcium han-

dling, suggesting that intracellular Ca2+ overload may

play an important role in the myocardial hypertrophy

induced by an excess of thyroid hormones [11,14,16].

In this context, it has been shown that Ca2+ channels

have an important role in microvascular dysfunction

in several animal models [17–20].
However, the effects of the SNS, the RAS, and cal-

cium channel modulations on hyperthyroidism-induced

microcirculatory rarefaction are not completely under-

stood, and a better understanding of the role of these

systems may contribute to a therapeutic strategy for

cardiovascular alterations in hyperthyroid patients.

Thus, the main purpose of the present study was

to investigate the effects of blockade of the RAS with

losartan and the SNS with propranolol as well the

effects of the calcium channel blocker diltiazem on

hyperthyroidism-induced cardiac structural capillary

rarefaction.

MATER IALS AND METHODS

Animals

Male Wistar rats weighing 170–250 g were used in

the present study. During the course of the experiment,

the animals were housed in Plexiglas cages under a

12-h light/dark cycle and received a diet of standard

rat pellets and water ad libitum. All surgical procedures

and protocols were approved by the Oswaldo Cruz

Foundation Animal Welfare Committee (CEUA license

# L-034/08) and in accordance with the internation-

ally accepted principles for the Care and Use of Labora-

tory Animals.

Experimental protocol

First, a rat model of hyperthyroidism was induced as

previously described [21]. Briefly, intraperitoneal injec-

tions of L-thyroxin (T4) (600 lg/kg/day; diluted in

0.9% NaCl) were administered in the afternoon period

(between 2 and 3 PM) for 14 consecutive days

(HYPER; n = 32). At the end of the 14th day, the

HYPER group was divided into four groups that

received, over the course of 21 days, an oral adminis-

tration by gavage of saline (HYPER + VEH; n = 8),

losartan (10 mg/kg/day; HYPER + LOS, n = 8), dil-

tiazem (10 mg/kg/day; HYPER + DILT, n = 8), or pro-

pranolol (10 mg/kg/day; HYPER + PROP, n = 8).

These hyperthyroid groups continued receiving daily

intraperitoneal injections of T4 until the end of the

experimental protocol, a total of 35 days. Animals in

the control group received daily intraperitoneal injec-

tions of saline 0.9% NaCl (EUT; n = 8), and on the

14th day also started to receive distilled water by

gavage for 21 days (EUT + VEH; n = 8).

The hemodynamic and echocardiography evaluation

was performed at baseline, on the 14th day and on the

35th day. At the end of the T4 treatment protocol, the

animals were anesthetized, and blood samples were col-

lected from the inferior vena cava for measurement of

the total triiodotironin (T3) in the serum. After the blood

collection, the animals were euthanized with an over-

dose of sodium pentobarbital, and the LV was immedi-

ately dissected, weighed, and placed in 4% neutrally

buffered paraformaldehyde for morphologic analysis.

Hemodynamic measurements

Systolic blood pressure (SBP) and heart rate (HR) were

measured using a computerized tail-cuff plethysmogra-

phy system (BP-2000; Visitech blood pressure analysis

system, Apex, NC, USA) in conscious animals in the
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morning (8–12 AM). One week before the blood pressure

measurement, the rats were familiarized with the pre-

warmed tail-cuff apparatus for three consecutive days to

acclimatize them to the experimental procedure. SBP

was measured at baseline, on the 14th day and at the

end of the experimental protocol (35th day) in sessions

of 5 min each with four animals per session.

Echocardiographic measurements

Echocardiographic analysis was performed in each ani-

mal at baseline, on the 14th day and at the end of the

experimental protocol (35th day) under anesthesia

(sodium pentobarbital, 50 mg/kg, i.p.). A homeothermic

blanket system was used to maintain normothermia

(Harvard Apparatus, Boston, MA, USA). Echocardiogra-

phy was performed with a commercially available ultra-

sound system (TitanTM; SonoSite, Bothell, WA, USA) and

a linear 10-MHz high-frequency transducer. Care was

taken to avoid excessive pressure on the thorax. The ani-

mals were placed in the left dorsal or lateral decubitus

position. Parasternal short-axis views were obtained

after the gain settings, and the angulation and rotation

of the transducer were optimized to enable the imaging

of both the epicardial and endocardial surfaces. Images

were recorded at a frame rate of 200 mm/s, and two-

dimensional echocardiograms were obtained from short-

axis views of the LV at the level of the papillary muscles

to measure and calculate thickness and ventricular

diameters. The investigator was blinded to the experi-

mental group, and all measurements were made from

the digital images captured at the time of the study.

The LV end-diastolic dimension, LV posterior wall

end-diastolic thickness, interventricular septal thickness,

LV fractional shortening (FS), and LV ejection fraction

were measured according to the recommendations of the

American Society of Echocardiography for 2D echocardi-

ography [22]. To determine the echocardiographic LV

mass, we used the standard cube function formula: LV

mass (mg) = 1.04 9 [(IVS + EDD + PWT)3�(EDD)3],

where 1.04 is the specific gravity of muscle [23], IVS

is the end-diastolic interventricular septal thickness, EDD

is the LV end-diastolic dimension, and PWT is the end-

diastolic posterior wall thickness.

Serum hormone measurements

Serum concentrations of T3 were measured using an

electrochemiluminescence immunoassay kit (Roche

Molecular Biochemical, Indianapolis, IN, USA). This

methodology has been frequently used in the assess-

ment of total serum levels of T3 [24,25].

Structural capillary density

The LV samples were dehydrated in a graded series of

ethanol (70, 95, and 100%) and embedded in paraffin.

The left ventricular structural capillary density was

determined as previously described [26]. Briefly, this

method generates isotropic, uniform, and random sec-

tions of biological specimens for the quantitative assess-

ment of three-dimensional anisotropic structures from

two-dimensional sections. Although the myocardium is

an anisotropic structure, isotropic sections are required

for stereological studies. Therefore, the organ was cut

using the ‘orthrip’ method [27], which creates uniform

isotropic sections by consecutively dividing the frag-

ment three times. The first section is random, the sec-

ond section is orthogonal to the first, and the third

section is orthogonal to the second. The paraffin blocks

were cut into 5-lm-thick sections and stained with

FITC-conjugated Griffonia simplicifolia I lectin (1 : 150

dilution) in a dark, humidified chamber at room tem-

perature for 30 min. For each rat, at least seven ran-

domly selected microscopic fields were examined for

three different tissue sections. The volume density of

the capillaries (Vv[cap]) was calculated as follows: Vv

[cap] = Pp/PT (%), where Pp is the number of points

coincident with a capillary and PT is the total number

of test points (PT = 56 in the present case). The fiber

volume density (Vv[fib]) was also calculated. The capil-

lary volume density divided by fiber volume density

(Vv[cap]/Vv[fib]) was calculated to overcome any influ-

ence of cardiac hypertrophy on the myocardial capil-

lary density.

Assessment of cardiac fibrosis by picrosirius red
staining

The LV was transversely sectioned one time at the mid-

point between apex and base, and a cross-sectional

slice from each sample was prepared and embedded in

paraffin wax [2]. Five-micrometer-thick sections were

cut, mounted onto glass slides, and stained with picros-

irius red. For each sample, at least ten randomly

selected microscopic fields from the LV were captured

at a magnification of 2009 (Olympus BX50 and Olym-

pus UC30 scanning unit; Olympus, Center Valley, PA,

USA), and the% area of collagen content was assessed

using Image Pro-Plus� software version 6.2 (Media

Cybernetics Inc., Bethesda, MD, USA). To determine

the% area of collagen deposition, we used the standard

formula: LV collagen deposition (%) = CA 9 100/TA,

where CA is the collagen area of each microscopic field

and TA is the total area of the microscopic field.
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Statistical analyses

The results were expressed as the mean � standard

error of the mean (SEM) for each group, and between-

group comparisons were made by analysis of variance

(ANOVA). When significant differences were detected by

ANOVA, the Bonferroni test was used to find statistically

significant differences. Differences with P values <0.05
were considered significant. All calculations were per-

formed by computerized analysis using commercially

available statistical programs (Graphpad Instat and

Graphpad Prism, Graphpad Software, Inc., La Jolla, CA,

USA).

Drugs

All drugs used were purchased from Sigma Chemical

Co., St. Louis, MO, USA, including sodium pentobarbi-

tal, L-thyroxin, losartan, diltiazem, and propranolol.

RESULTS

Body weight, echocardiographic, and
hemodynamic parameters on 14th day in
hyperthyroid rats

There were no significant differences in the basal val-

ues of body weight between EUT and HYPER groups

(Table I). At the baseline evaluation, SBP, HR, and

echocardiography parameters were not different among

the different experimental groups (data not shown).

The HYPER group showed LV hypertrophy, with a

marked increase in PWT and IVS (P < 0.001) com-

pared with the EUT group. The LV ejection fraction

was significantly reduced in the HYPER group com-

pared with the EUT group (P < 0.05). Finally, EDD and

FS were not modified in hyperthyroid rats (Table I).

L-thyroxin administration resulted in increases in

SBP and HR in the HYPER group compared with the

EUT group (P < 0.001). In the HYPER group, body

weight (14th day) (P < 0.01) was decreased, whereas

LV and heart mass were markedly increased, when

compared with the EUT group (P < 0.001; Table I).

Effects of chronic treatment with losartan,
diltiazem, and propranolol on body weight,
serum total triiodothyronine level, and
hemodynamic and echocardiographic parameters
on the 35th day in hyperthyroid rats

Body weight was decreased in all hyperthyroid groups

when compared with the EUT + VEH group, and the

treatment with losartan, diltiazem, or propranolol did

not modify body weight when compared with the

HYPER + VEH group (Table II). HYPER + VEH pre-

sented significantly elevated SBP (P < 0.001) and HR

(P < 0.01) compared with euthyroid rats. The treat-

ments with losartan, diltiazem, or propranolol for 21

days were able to reduce SBP in hyperthyroid rats

(P < 0.001). In contrast, when compared with

HYPER + VEH, HR was reduced only after propranolol

treatment (P < 0.05; Table II). L-thyroxin administra-

tion resulted in a marked increase of serum total T3 in

all hyperthyroid groups compared with euthyroid rats

that received saline injections for the same period

(P < 0.001; Table II). Serum total T3 did not differ in

hyperthyroid rats treated with losartan, diltiazem, or

propranolol when compared with the HYPER + VEH

group (Table II).

Table II shows that HYPER + VEH exhibited cardiac

hypertrophy, with a marked increase in heart and LV

mass (P < 0.01), PWT and IVS (P < 0.001) and a

reduced EDD (P < 0.05) compared with EUT + VEH.

Non-treated hyperthyroid rats presented a significantly

reduced LV ejection fraction compared with euthyroid

rats (P < 0.05). The treatment of hyperthyroid rats

with losartan, diltiazem, or propranolol was able to

reverse cardiac hypertrophy and restore LV EDD and

the ejection fraction in the echocardiographic assess-

ment, as shown in Table II. FS was not modified in any

group compared with euthyroid rats.

Table I Body weight, hemodynamic, and echocardiographic

parameters on the 14th day in hyperthyroid rats before treatment

with losartan, diltiazem, and propranolol.

Parameters EUT (n = 8) HYPER (n = 32)

BW day 0 (g) 284 � 13 280 � 5

BW day 14 (g) 317 � 10 288 � 3**

SBP (mmHg) 140 � 4 183 � 1***

HR (bpm) 358 � 10 438 � 7***

Heart mass (g) 0.97 � 0.01 1.16 � 0.02***

LV mass (g) 0.46 � 0.02 0.65 � 0.02***

PWT (mm) 1.5 � 0.1 2.1 � 0.1***

IVS (mm) 1.4 � 0.1 1.9 � 0.1***

EDD (mm) 5.5 � 0.3 5.4 � 0.1

FS (%) 47 � 1 51 � 1

LV EF (%) 85 � 1 75 � 3*

L-thyroxin treatment: 600 lg/kg/day i.p. for 14 days (HYPER). SBP, systolic

blood pressure; HR, heart rate; BW, body weight; EDD, left ventricular (LV)

end-diastolic dimension; FS, LV fractional shortening; EF, ejection fraction;

IVS, end-diastolic interventricular septal thickness; PWT, end-diastolic pos-

terior wall thickness. Animals in the control group received daily intraperi-

toneal injections of saline 0.9% NaCl (EUT).

Values represent the means � SEM.

*P < 0.05, **P < 0.01 and ***P < 0.001 vs. euthyroid rats.
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Effects of chronic treatment with losartan,
diltiazem, and propranolol on the left ventricular
structural capillary density of hyperthyroid rats

Hyperthyroid rats presented with myocardial capillary

rarefaction characterized by a 54% reduction in the LV

structural capillary density compared with euthyroid

rats (HYPER + VEH 0.16 � 0.01 vs. EUT + VEH

0.35 � 0.02 capillary volume density-to-fiber volume

density ratio (Vv[cap]/Vv[fib]); P < 0.001), as shown

in Figure 1a,b and f. Hyperthyroid rats treated with lo-

sartan (HYPER + LOS 0.46 � 0.03 Vv[cap]/Vv[fib];

P < 0.001), diltiazem (HYPER + DILT 0.49 � 0.02 Vv

[cap]/Vv[fib]; P < 0.001), or propranolol (HYPER +
PROP 0.58 � 0.04 Vv[cap]/Vv[fib]; P < 0.001) exhib-

ited a marked increase of 86, 95, and 120%, respec-

tively, in LV structural capillary density when

compared with non-treated hyperthyroid rats

(HYPER + VEH 0.16 � 0.01 Vv[cap]/Vv[fib]), as

shown in Figure 1c–f.

Effects of chronic treatment with losartan,
diltiazem, and propranolol on left ventricle
collagen deposition of hyperthyroid rats

In the picrosirius red-stained sections, we observed

extensive areas of collagen deposition in the LV of the

non-treated hyperthyroid rats compared with the

euthyroid rats (HYPER + VEH 9.8 � 1.3% vs.

EUT + VEH 4.3 � 0.4%; P < 0.001), as shown in

Figure 2a,b and f. The treatment of hyperthyroid rats

with losartan (3.6 � 0.4%; P < 0.001), diltiazem

(4.7 � 0.7%; P < 0.001), or propranolol (3.2 � 0.2%;

P < 0.001) significantly reduced the percentage of

fibrosis areas in the LV compared with non-treated

hyperthyroid rats, as shown in Figure 2c–f.

DISCUSS ION

The main findings of the present study are that chronic

treatment with losartan, diltiazem, and propranolol (i)

reverse cardiac structural microvascular rarefaction,

(ii) reduce cardiac hypertrophy, (iii) enhance LV func-

tion, and (iv) reduce collagen deposition in the LV of

hyperthyroid rats. We also demonstrated that chronic

thyroxin administration produces clinical, biochemical,

and pathological evidence of hyperthyroidism, includ-

ing tachycardia, systolic hypertension, body weight

loss, and increased serum levels of total T3.

We recently demonstrated that T4 treatment

(600 lg/kg/day, ip during 14 days) induces a hyper-

thyroidism state characterized by LV dysfunction

accompanied by cardiac microvascular rarefaction [10].

The influence of SNS and RAS on the cardiovascular

Table II Body weight, serum total triiodothyronine level, hemodynamic, and echocardiographic parameters in hyperthyroid rats after

chronic treatment with losartan, diltiazem, and propranolol

Parameters EUT + VEH HYPER + VEH HYPER + LOS HYPER + DILT HYPER + PROP

BW day 35 (g) 335 � 12 294 � 8* 279 � 4** 290 � 12* 300 � 3*

Total T3 (ng/dL) 106 � 3 319 � 20*** 295 � 23*** 308 � 27*** 299 � 14***

SBP (mmHg) 132 � 3 182 � 5*** 144 � 2### 147 � 3### 153 � 4###

HR (bpm) 446 � 2 533 � 21** 530 � 22* 499 � 16* 462 � 6#

Heart mass (g) 1.0 � 0.02 1.3 � 0.03** 1.1 � 0.03# 1.0 � 0.04# 1.1 � 0.06#

LV mass (g) 0.54 � 0.02 0.75 � 0.06** 0.60 � 0.02# 0.59 � 0.03# 0.57 � 0.03#

PWT (mm) 1.7 � 0.06 2.3 � 0.06*** 1.9 � 0.09## 1.8 � 0.06## 1.7 � 0.13##

IVS (mm) 1.4 � 0.06 2.1 � 0.03*** 1.6 � 0.07### 1.7 � 0.04## 1.5 � 0.06###

EDD (mm) 5.7 � 0.1 4.9 � 0.1* 5.8 � 0.2# 5.8 � 0.4# 5.9 � 0.1#

FS (%) 50 � 3 50 � 5 58 � 5 49 � 3 51 � 4

LV EF (%) 85 � 2 71 � 3* 90 � 3## 85 � 3# 86 � 2#

Intraperitoneal injections of L-thyroxin (600 lg/kg/day; diluted in 0.9% NaCl) were administered for 14 consecutive days. At the end of the 14th day, the

hyperthyroid rats were treated orally for 21 days with saline (HYPER + VEH; n = 8), losartan (10 mg/kg/day; HYPER + LOS, n = 8), diltiazem (10 mg/kg/day;

HYPER + DILT, n = 8), or propranolol (10 mg/kg/day; HYPER + PROP, n = 8). The hyperthyroid groups continued receiving daily intraperitoneal injections of

T4 until the end of the experimental protocol (35th day). The control group received daily intraperitoneal injections of saline 0.9% NaCl and on the 14th

day also started to receive distilled water by gavage for 21 days (EUT + VEH; n = 8). SBP, systolic blood pressure; HR, heart rate; BW, body weight; T3, triio-

dothyronine; EDD, left ventricular (LV) end-diastolic dimension; FS, LV fractional shortening; EF, ejection fraction; IVS, end-diastolic interventricular septal

thickness; PWT, end-diastolic posterior wall thickness.

Values are the means � SEM.

*P < 0.05, **P < 0.01, ***P < 0.001 vs. EUT + VEH; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. HYPER + VEH.
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alterations present in hyperthyroidism is well charac-

terized. However, no previous studies have investigated

the effects of losartan, diltiazem, and propranolol on

microcirculatory alterations in hyperthyroidism mod-

els. In this context, this is the first study to demon-

strate that chronic treatment with losartan, an AT1
receptor blocker; diltiazem, a calcium channel antago-

nist; and propranolol, a b-adrenoceptor antagonist is

able to reverse cardiac microvascular rarefaction in

experimental hyperthyroidism. We have previously

shown that RAS inhibition reverses the cardiac struc-

tural capillary rarefaction in different models of hyper-

tension, such as spontaneously hypertensive rats and

in diabetic hypertensive rats [26,28]. Calcium channel

blockers have been shown to increase microvessel

density in hypertension models [18,19]. However,

b-adrenergic receptor antagonists not always reverse

myocardial capillary rarefaction in hypertension [7].

In this context, due to the increase in myocardial

b-adrenergic responsiveness in hyperthyroidism [13],

the b-adrenergic receptor blockade in our study was

able to markedly increase left ventricular structural

capillary density in hyperthyroid rats.

It is widely recognized that the augmented hemody-

namic parameters resulting from higher SNS and RAS

activity represent a central factor in the cardiac remod-

eling in hyperthyroidism [15]. Moreover, the SNS and

RAS are involved in microvascular rarefaction in sev-

eral cardiovascular diseases and experimental models

of hypertension, diabetes, and metabolic syndrome

[28–31]. In addition, systemic microvascular rarefac-

tion might be a primary cardiovascular alteration in

essential hypertension [7]. In contrast, the structural

capillary rarefaction observed in our study may repre-

sent a downstream consequence of secondary hyper-

tension and cardiac hypertrophy in hyperthyroidism.

In hypertension, the mechanisms regulating vaso-

motor tone are altered, leading to enhanced vasocon-

striction or reduced vasodilator responses. Anatomic

alterations in the structure of individual precapillary

resistance vessels, such as an increase in their wall-to-

lumen ratio [7], may result in the temporary obstruction

(a) (b) (c) (d) (e)

(f)

Figure 1 Representative photomicrographs of left ventricle (LV) sections: FITC-conjugated Griffonia simplicifolia lectin staining of

capillaries in (a) euthyroid animals that received distilled water by gavage for 21 days (EUT + VEH; n = 8), (b) hyperthyroid rats treated

with saline 0.9% NaCl (HYPER + VEH), (c) hyperthyroid rats treated with losartan (10 mg/kg/day; HYPER + LOS, n = 8),

(d) hyperthyroid rats treated with diltiazem (10 mg/kg/day; HYPER + DILT, n = 8), and (e) hyperthyroid rats treated with propranolol

(10 mg/kg/day; HYPER + PROP, n = 8). Quantitative analysis of the LV capillary volume density-to-fiber volume density ratio (f). Values

are the means � SEM. *P < 0.05, ***P < 0.001 vs. EUT + VEH; ###P < 0.001 vs. HYPER + VEH.
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of blood flow (functional capillary rarefaction) followed

by a disappearance of the capillaries (structural capillary

rarefaction) by apoptosis [32]. Endothelial cell apoptosis

plays a critical role in the disruption of microcirculation.

The apoptosis of a relatively small proportion of endo-

thelial cells may be sufficient to mediate significant mi-

crovessel rarefaction [33].

In the present work, we demonstrated that 21-day

treatment with losartan, diltiazem, and propranolol sig-

nificantly reduced SBP in hyperthyroid rats. We have

previously shown that antihypertensive drugs from dif-

ferent pharmacological classes have distinct abilities for

reversing functional and/or structural microvascular

alterations in arterial hypertension [26]. In the present

study, using an experimental model of hyperthyroid-

ism-induced secondary hypertension, we showed that

different pharmacological classes of antihypertensive

drugs have similar effects on blood pressure that are

accompanied by a reversion of LV structural capillary

rarefaction. It is important to note that improvement

in capillary density can be attributed to blood pressure

reduction itself in normotensive and hypertensive sub-

jects [34]. Blood pressure reduction per se is accompa-

nied by a reduction in biomechanical and oxidative

stress [35] that can result in improvements of micro-

vascular function. Therefore, the lower SBP observed

in hyperthyroid rats treated with the drugs investigated

in the present study may be involved in the reversal of

cardiac microcirculatory rarefaction. Similarly, it has

been described in clinical and experimental studies that

long-term antihypertensive treatment with drugs from

different pharmacological classes results in the normali-

zation of capillary density, and, in some cases, the cap-

illary density of treated individuals is even superior to

that of control subjects [28,36,37].

The reduced myocardial capillary density observed in

our study may reflect a failure of microcirculatory

growth (angiogenesis) that would compensate the pro-

gressive increase in myocardial mass and cardiomyo-

cyte dimensions. These two processes are highly

influenced by the upregulation of RAS and SNS present

in hyperthyroidism [38]. In fact, the treatment with

(a) (b) (c)

(f)

(d) (e)

Figure 2 Representative photomicrographs of left ventricle (LV) sections: Picrosirius red staining for the evaluation of fibrosis in (a)

euthyroid animals that received distilled water by gavage for 21 days (EUT + VEH; n = 8), (b) hyperthyroid rats treated with saline 0.9%

NaCl (HYPER + VEH), (c) hyperthyroid rats treated with losartan (10 mg/kg/day; HYPER + LOS, n = 8), (d) hyperthyroid rats treated

with diltiazem (10 mg/kg/day; HYPER + DILT, n = 8), and (e) hyperthyroid rats treated with propranolol (10 mg/kg/day;

HYPER + PROP, n = 8). Quantitative analysis of the LV collagen deposition (f). Values are the means � SEM. ***P < 0.001 vs.

EUT + VEH; ###P < 0.001 vs. HYPER + VEH.
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losartan, diltiazem, and propranolol also reversed car-

diac hypertrophy, prevented the establishment of myo-

cardial fibrosis, and restored LV function in

hyperthyroid rats. In this context, it has described that

improvement of LV function induced by b-blockade is

also associated to the preservation of myocardial high-

energy phosphate intracellular levels in patients with

heart failure [39]. This pharmacological effect of b-
blockers could also be involved in the enhancement of

LV function in hyperthyroid rats. Finally, the reversal

of cardiac structural microvascular rarefaction in

hyperthyroid rats submitted to chronic treatment with

losartan, diltiazem, and propranolol may be explained

by the protective effect of these drugs on cardiac

remodeling.

The improvement in LV structural capillary density

demonstrated in our study by the elevated LV capil-

lary/fiber ratio might also explain the beneficial cardiac

effects of RAS and SNS blockade observed in hyperthy-

roidism. Microvascular rarefaction, especially in highly

perfused organs such as the heart, reduces oxygen sup-

ply and the exchange of metabolic substrates, which in

turn might contribute to organ dysfunction. Therefore,

the LV dysfunction observed in the hyperthyroid rats

in our study may be related to the combination of

reduced myocardial capillary density, arterial hyperten-

sion, and cardiac fibrosis. The improvement in cardiac

capillary density observed in hyperthyroid rats treated

with losartan, diltiazem, and propranolol may have

enhanced myocardial perfusion, thereby preventing tis-

sue hypoxia, cardiac fibrosis, and LV dysfunction.

It was previously demonstrated that both the SNS

and RAS can induce cardiac remodeling in hyperthy-

roidism by inducing intracellular Ca2+ overload, which

may have an important role in the cardiovascular

alterations induced by the excess of thyroid hormones

[11,14,16]. Additionally, Wu et al. [16] showed that

regulatory proteins involved in intracellular calcium

cycling, including cardiac ryanodine receptor 2 (RyR2)

and sarcoplasmic reticulum Ca2+-ATPase (SERCA)

mRNA, were overexpressed in the hearts of hyperthy-

roid rats. In addition, it has been suggested that the

upregulation of Ca2+ channels is associated with both

LV hypertrophy and diastolic heart failure in other

experimental models [40,41]. Su et al. [11] showed

that AT1 receptor blockade has beneficial effects on

hyperthyroid myocardial hypertrophy by altering intra-

cellular calcium handling. In addition, Wu et al. [16]

reported that treatment with propranolol and verapa-

mil, a calcium channel antagonist, inhibited both

RyR2 and SERCA mRNA over-expression and pre-

vented cardiovascular alterations in hyperthyroid rats.

However, the positive microcirculatory effects induced

by the blockade of the AT1 and the b-adrenergic recep-

tors, as well as of the calcium channels, as observed in

our study, have never been described. Our data are in

agreement with other studies that showed, in different

experimental models, that calcium channel blockers

have a pro-angiogenic effect in the heart [17,42]. In

fact, calcium antagonists have been shown to increase

microvessel density in several animal models [18–20].
Therefore, the regulation of intracellular calcium

handling and the modulation of Ca2+ channels may

underlie the induction of angiogenesis observed after

treatment with losartan, propranolol, and diltiazem in

our experimental model of hyperthyroidism. These fac-

tors may also explain the positive effects of the dil-

tiazem treatment, which, in addition to inhibiting

apoptosis, induces angiogenesis in the myocardial

microcirculation.

Clinically, hyperthyroidism influences hemodynamics

and can induce coronary vasospasm [43–47]. Even if

the mechanisms responsible for vasospasm in hyperthy-

roidism remain unknown, angina, myocardial ische-

mia, and infarction in hyperthyroid patients usually

occur in conjunction with preexisting coronary artery

disease due to a supply-and-demand imbalance [43–
47]. Nevertheless, in many clinical cases, the use of

calcium channel blockers is recommended in the treat-

ment of coronary spasm induced by hyperthyroidism

[43–47], suggesting that calcium metabolism might be

directly associated with the coronary microvascular

dysfunction induced by hyperthyroidism. It has also

been suggested that microvascular changes may make

a substantial contribution to the development of car-

diac failure in hypertensive patients [5]. Hence, struc-

tural changes of the myocardium, such as

microcirculatory rarefaction, may have profound effects

on the performance of the LV and on the long-term

prognosis of hyperthyroidism.

Finally, losartan, propranolol, and diltiazem could be

used as an adjuvant therapy in the treatment of hyper-

thyroidism considering their beneficial microcirculatory

effects and their ability to prevent cardiac capillary rar-

efaction resulting from chronic hyperthyroidism.
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