Treatment of subclinical hypothyroidism reverses
ischemia and prevents myocyte loss and progressive
LV dysfunction in hamsters with dilated
cardiomyopathy

Wissam I. Khalife, Yi-Da Tang, James A. Kuzman, Tracy A. Thomas, Brent E.
Anderson, Suleman Said, Patricia Tille, Evelyn H. Schlenker and A. Martin
Gerdes
AJP - Heart 289:2409-2415, 2005. First published Jul 15, 2005; doi:10.1152/ajpheart.00483.2005
You might find this additional information useful...
This article cites 38 articles, 21 of which you can access free at:
http://ajpheart.physiology.org/cgi/content/full/289/6/H2409#BIBL
Updated information and services including high-resolution figures, can be found at:
http://ajpheart.physiology.org/cgi/content/full/289/6/H2409

This information is current as of December 5, 2005 .

AJP - Heart and Circulatory Physiology publishes original investigations on the physiology of the heart, blood vessels, and
lymphatics, including experimental and theoretical studies of cardiovascular function at all levels of organization ranging from the
intact animal to the cellular, subcellular, and molecular levels. It is published 12 times a year (monthly) by the American
Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2005 by the American Physiological Society.
ISSN: 0363-6135, ESSN: 1522-1539. Visit our website at http://www.the-aps.org/.

Downloaded from ajpheart.physiology.org on December 5, 2005

Additional material and information about AJP - Heart and Circulatory Physiology can be found at:
http://www.the-aps.org/publications/ajpheart

Am J Physiol Heart Circ Physiol 289: H2409 –H2415, 2005.
First published July 15, 2005; doi:10.1152/ajpheart.00483.2005.

Treatment of subclinical hypothyroidism reverses ischemia and prevents
myocyte loss and progressive LV dysfunction in hamsters with
dilated cardiomyopathy
Wissam I. Khalife,1,2,* Yi-Da Tang,1,* James A. Kuzman,1 Tracy A. Thomas,1 Brent E. Anderson,1
Suleman Said,1 Patricia Tille,1 Evelyn H. Schlenker,1 and A. Martin Gerdes1,2
1

Cardiovascular Research Institute-South Dakota Health Research Foundation, University of South Dakota
School of Medicine and Sioux Valley Hospitals and Health Systems, and 2Department of Internal
Medicine, University of South Dakota School of Medicine, Sioux Falls, South Dakota
Submitted 11 May 2005; accepted in final form 13 July 2005

thyroid hormones; remodeling; fibrosis; blood flow
THE EFFECTS OF THYROID HORMONES (TH) on the cardiovascular
system have been well studied. It is clear that both hypothyroidism and hyperthyroidism can lead to deleterious changes in
cardiovascular function. Decreased TH levels have been reported in a variety of nonthyroidal illnesses (18), including
congestive heart failure (12) and myocardial infarction (6). The
decrease in TH levels also appears to be related to the severity
of heart failure (12). This is not a minor point, because low
3,5,3’-triiodothyronine (T3) concentrations are a strong, independent predictive marker of poor prognosis in cardiac patients
and might represent a determining factor directly implicated in
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the evolution and prognosis of these conditions (14). Growing
evidence also suggests that subclinical thyroid dysfunction
might play an important role in heart failure (10, 21). This is
highly relevant from a clinical standpoint because this patient
group does not typically receive TH treatment.
Development of heart failure is accompanied by a variety of
neuroendocrine changes. Cardiac failure was shown to be
associated with both a decline in circulating TH levels (11, 17)
and altered cardiac TH signaling, as evidenced by changes in
myocardial expression of TH nuclear receptor isoforms (15,
16). The observation that short-term TH administration improves cardiac performance, both in animal models (2, 23) of
cardiac dysfunction and in patients (11, 17, 22) suffering from
cardiac failure, agrees with this notion. At this time, our
understanding of the temporal adaptive response to TH supplementation in heart disease is very limited. Animal studies
examining the potential benefits of TH treatment of dilated
cardiomyopathy are limited to a single veterinary outpatient
study in dogs with dilated cardiomyopathy (31). Consequently,
no information is available regarding the pathophysiological
consequences of TH treatment in animals with dilated cardiomyopathy.
Our hypothesis is that treatment of low thyroid function in
dilated cardiomyopathy will prevent or attenuate progressive
pathophysiological alterations leading to heart failure. In the
present study, the effects of TH supplementation on the progression of left ventricular (LV) dysfunction and remodeling
were examined in the Bio T0-2 (cardiomyopathic, CM) hamster model of dilated cardiomyopathy. Although the related
14.6 strain develops overt hypothyroidism (19), our thyroid
assays in Bio T0-2 hamsters suggest that this model has subclinical hypothyroidism. We chose the CM model because it is a
widely accepted animal model of dilated cardiomyopathy, displays thyroid dysfunction, and progresses to heart failure more
rapidly than the 14.6 strain. The results of our study suggest an
important new mechanism, impairment of coronary blood flow,
by which low thyroid function may adversely alter the progression
of dilated cardiomyopathy to heart failure.
MATERIALS AND METHODS

Animal model. A cardiomyopathic Syrian hamster model was
chosen in the present study because it exhibits features resembling
The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

0363-6135/05 $8.00 Copyright © 2005 the American Physiological Society

H2409

Downloaded from ajpheart.physiology.org on December 5, 2005

Khalife, Wissam I., Yi-Da Tang, James A. Kuzman, Tracy A.
Thomas, Brent E. Anderson, Suleman Said, Patricia Tille, Evelyn
H. Schlenker, and A. Martin Gerdes. Treatment of subclinical
hypothyroidism reverses ischemia and prevents myocyte loss and
progressive LV dysfunction in hamsters with dilated cardiomyopathy.
Am J Physiol Heart Circ Physiol 289: H2409 –H2415, 2005. First
published July 15, 2005; doi:10.1152/ajpheart.00483.2005.—Growing evidence suggests that thyroid dysfunction may contribute to
progression of cardiac disease to heart failure. We investigated the
effects of a therapeutic dose of thyroid hormones (TH) on cardiomyopathic (CM) hamsters from 4 to 6 mo of age. CM hamsters had
subclinical hypothyroidism (normal thyroxine, elevated TSH). Left
ventricular (LV) function was determined by echocardiography and
hemodynamics. Whole tissue pathology and isolated myocyte size and
number were assessed. TH treatment prevented the decline in heart
rate and rate of LV pressure increase and improved LV ejection
fraction. The percentage of fibrosis/necrosis in untreated 4-mo-old
CM (4CM; 15.5 ⫾ 2.2%) and 6-mo-old CM (6CM; 21.5 ⫾ 2.4%)
hamsters was pronounced and was reversed in treated CM (TCM;
11.9 ⫾ 0.9%) hamsters. Total ventricular myocyte number was the
same between 4- and 6-mo-old controls but was reduced by 30% in
4CM and 43% in 6CM hamsters. TH treatment completely prevented
further loss of myocytes in TCM hamsters. Compared with agematched controls, resting and maximum coronary blood flow was
impaired in 4CM and 6CM hamsters. Blood flow was completely
normalized by TH treatment. We conclude that TH treatment of CM
hamsters with subclinical hypothyroidism normalized impaired coronary blood flow, which prevented the decline in LV function and loss
of myocytes.
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Histopathology and morphometry. Formalin-fixed transverse sections were stained with hematoxylin and eosin. The percentage of
ventricular myocytes and areas of fibronecrotic replacement were
determined morphometrically by point counting as described previously (7, 8). Histological sections were viewed under a microscope
with a color video camera, and data were collected from 20 randomly
selected fields from each animal.
Ventricular myocyte number (VMN) was calculated from isolated
myocyte volume and whole tissue morphometry as described previously but with some modifications (1). This method essentially determines VMN from the quotient of total ventricular myocyte volume
and mean ventricular myocyte volume (MV; Coulter Channelyzer
values) as follows: VMN ⫽ MVF ⫻ VTV/MV, where MVF is
myocyte volume percentage and VTV is ventricular tissue volume.
VTV can be calculated by dividing ventricular weight by the specific
gravity for myocardium (1.06). MVF cannot be reliably calculated
from routine histological preparations because of tissue shrinkage,
separation, and collapsed blood vessels. However, we showed previously (8) with multilevel morphometric sampling of 1-m plastic
sections of glutaraldehyde perfusion-fixed rodent heart that ⬃73% of
whole ventricle is occupied by myocytes. Because we could accurately identify areas of myocytes and myocyte replacement with
fibronecrosis in the hematoxylin and eosin preparations used here,
these values were multiplied by 0.73 to determine the ventricular
volume percentage of these components. VMN was calculated for
each heart used for isolated myocytes with the mean value for MVF
as determined above for each animal group. Because regional heart
weights may be affected by collagenase perfusion during cell isolation, ventricular weight for these hearts was estimated by multiplying
ventricular percentage of total heart weight (mean value from whole
heart preparations used) by heart weight.
Serum levels of thyroxine and TSH. Blood samples were separated
into serum aliquots and frozen. Thyroxine (T4) was assessed by
solid-phase radioimmunoassay according to the manufacturer’s protocol (Diagnostic Products, Los Angeles, CA). TSH levels were
determined with the rat TSH Biotrak EIA system (Amersham Biosciences, Piscataway, NJ) according to the manufacturer’s protocol.
Myocardial blood flow. A separate set of animals from each group
was used to obtain myocardial blood flow measurements. Under
ketamine (30 mg/kg) and xylazine (5 mg/kg) anesthesia, fluorescent
microspheres were injected into the LV via the right carotid artery
with a fluid-filled catheter attached to a transducer. Two different
colors of fluorescent microspheres (orange for resting and blue for
maximum blood flow after adenosine injection) with nonoverlapping
emission spectra (Molecular Probes, Eugene, OR; diameter 15 ⫾ 0.3
m, 100,000 microspheres 䡠 color⫺1 䡠 animal⫺1) were injected into the
LV. The left carotid artery was used for withdrawing a reference
blood sample from the descending aorta at a rate of 1 ml/min into a
heparinated syringe (starting 5 s before microsphere injection and
lasting for 60 s). The left jugular vein was used for injection of
adenosine (300 g 䡠 kg⫺1 䡠 min⫺1 over 10 s) to induce maximum
coronary blood flow, which was confirmed by a significant drop in LV
systolic blood pressure and heart rate (⬎20%) immediately after
injection of adenosine. Fluorescence was extracted from digested
tissue and reference blood sample by the method of Raab et al. (25).
Fluorescence intensity was measured with a luminescence spectrometer (model LS55B, PerkinElmer) at the optimal excitation-emission
wavelength pair for each dye (blue, 365 and 415 nm; orange, 520 and
560 nm) with excitation and emission slit widths of 4 nm in scanning
mode. Myocardial blood flow was subsequently calculated as outlined
in the product manual (Molecular Probes).
Terminal deoxynucleotide transferase-mediated dUTP nick-end labeling assay. An in situ cell death kit (Roche Diagnostics, Indianapolis, IN) was used to visualize nuclei with extensive DNA damage
characteristic of apoptosis. Formalin-fixed tissue slices were cryosectioned at 5 m (n ⫽ 4 for each group). For each experiment, a positive
control was produced by incubating sections from controls with

289 • DECEMBER 2005 •

www.ajpheart.org

Downloaded from ajpheart.physiology.org on December 5, 2005

those of dilated cardiomyopathy in humans (29). It is a reproducible,
spontaneously transmitted autosomal recessive, progressive model of
cardiac hypertrophy, dilation and failure. The mechanism for the
development of heart disease in CM hamsters is a genetic mutation of
␦-sarcoglycan (27). Life expectancy is 10 –12 mo in the CM hamster
(Bio T0-2 strain), as opposed to 2–21 ⁄ 2 yr in the Bio F1B hamster. The
necrotic phase of myocardial remodeling begins at ⬃2 mo of age in
Bio T0-2 hamsters. In our experiments, we elected to begin treatment
at a time when some pathology was present but the animals were not
yet sick. Our thoughts were that selection of such a starting point
might provide evidence regarding both reversibility and progression
of pathological changes. Four-month-old male CM hamsters of the
Bio T0-2 strain and four-month-old Bio F1B controls were obtained
from Bio Breeders (Watertown, MA). All procedures in this study
were approved by the University of South Dakota Animal Care and
Use Committee and followed institutional guidelines for animals.
Experimental design. We divided the animals into five groups:
4-mo-old Bio F1B (4C), 4-mo-old Bio T0-2 untreated (4CM), 4-moold Bio T0-2 treated with 0.08% desiccated TH [T5146, porcine grade
II; contains 0.17% organic iodine Liothyronine 0.14 mg/mg (dry) and
levothyroxine 0.57 g/mg (dry); Sigma-Aldrich, St. Louis, MO] in
ground food until 6 mo of age (i.e., 2-mo treatment; TCM), 6-mo-old
Bio T0-2 (6CM), and 6-mo-old Bio F1B (6C). All animals were
maintained in the same environment including temperature and humidity and free access to food and water. Oxygen consumption and
respiration rate were checked regularly to monitor the effects of the
treatment. On the basis of recently completed studies in rats (30), we
used a dose of TH that was unlikely to induce hyperthyroidism. In the
terminal experiment, echocardiography, hemodynamics, isolated
myocyte size, myocyte number, tissue histology, and tissue morphometry were assessed in each animal group. It was necessary to repeat the
experiment again to obtain the above data from an adequate number
of animals. On the basis of results of the above experiments, the
experiment was repeated a third time to collect data for myocardial
blood flow.
Measurement of oxygen consumption. Hamsters were placed into a
cylindrical Plexiglas chamber for measurement of oxygen consumption as described previously (28). Oxygen consumption was corrected
to STPD values and divided by body weight. Hamsters were weighed,
placed into the chamber, and exposed to air for 30 min of acclimatization and subsequent determination of oxygen consumption.
Echocardiography and hemodynamics. After body weight was
obtained and the chest was shaved, each hamster was placed on an
isothermic pad. Anesthesia was obtained by 1.5% isoflurane gas.
M-mode images were obtained from the short axis of the LV at the
level of the papillary muscles with a Hewlett-Packard Sonos 2000
echo machine with a 7.5-MHz transducer. From this image, LV free
wall thickness and internal ventricular diameter during systole and
diastole were determined. After echocardiography, the right carotid
artery was isolated and cannulated for assessment of hemodynamics
as described previously (20).
Myocyte isolation and morphology. After hemodynamic data were
collected, heparin (1 ml/100 g, 0.16%) was injected intraperitoneally.
Hearts were removed, blotted, weighed, and cannulated through the
aorta for perfusion with collagenase for isolation of myocytes as
described previously (8). Freshly isolated cardiac myocytes were fixed
immediately in 2% glutaraldehyde in 80 mM phosphate buffer for
subsequent determination of myocyte length (L; microscopy), volume
(V; Coulter Channelyzer), and cross-sectional area (CSA) as described previously (8).
Whole heart preparation. Hearts were trimmed and blotted, and
ventricular and atrial weights were determined. Hearts were then
cannulated and flushed with cold Joklik medium to remove blood.
From the middle third of the ventricles, two transverse slices of ⬃1–2
mm were taken and fixed in 10% formalin (n ⫽ 5 for TCM and 4 for
all other groups). The remaining basal and apical portions of the
ventricles were flash frozen.
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DNase (50 U/ml). For each sample, 10 fields at ⫻40 (⬃1,000
cells/heart) were analyzed and positive cells were counted. No distinction was made between cell types.
Statistical analyses. All data are presented as means (SD). Oneway ANOVA was used to compare data in each group. The Bonferroni test was used to examine statistically significant differences
observed with ANOVA. Results were considered significant when
P ⬍ 0.05.
RESULTS

Fig. 1. Changes in body weight (A) and heart weight (B) from all animals
included in the study. 4C, 4-mo-old controls (n ⫽ 18); 6C, 6-mo-old controls
(n ⫽ 17); 4CM, 4-mo-old cardiomyopathic (CM) hamsters (n ⫽ 19); 6CM,
6-mo-old cardiomyopathic hamsters (n ⫽ 18); TCM, 6-mo-old CM hamsters
treated with thyroid hormones for 2 mo (n ⫽ 20). *P ⬍ 0.05 vs. age-matched
controls; **P ⬍ 0.05 vs. 6CM. All values in Figs. 1– 4 are presented as means
(SD).
AJP-Heart Circ Physiol • VOL

Fig. 2. Serum thyroxine (T4; A) and TSH (B) levels in 4C (n ⫽ 8), 6C (n ⫽
10), 4CM (n ⫽ 11), 6CM (n ⫽ 11), and TCM (n ⫽ 7). *P ⬍ 0.05 vs. 6C and
6CM.

tended to be higher in 4CM vs. 4C hamsters, this did not reach
statistical significance (Fig. 2B). Weight-corrected oxygen consumption declined by 50% (P ⬍ 0.01) in CM hamsters between 4 and 6 mo of age, and the decline was largely prevented
by TH treatment [18% decline, not significant (NS); data not
shown].
Echocardiography. Echocardiographic assessment of cardiac function (Table 1) indicated that TH treatment significantly attenuated progressive LV systolic and diastolic chamber dilation. Ejection fraction was significantly improved in
TCM vs. 6CM hamsters. CM hamsters at both ages had
significantly dilated ventricles, thinner walls, and reduced ejection fractions compared with age-matched controls.
Hemodynamics. Hemodynamic alterations are summarized
in Table 2. There was a significant decline in heart rate, LV
end-systolic pressure (LVPes), maximum rate of LV pressure
increase (⫹dP/dt), and maximum rate of LV pressure reduction
(⫺dP/dt) in CM hamsters between 4 and 6 mo of age. TH
treatment prevented or attenuated decline in these parameters.
For instance, values for TCM hamsters were not significantly
different from those for 4CM hamsters for any of these parameters and values for heart rate and ⫹dP/dt in TCM hamsters
were significantly different from those in 6CM hamsters.
Although group differences did not reach statistical significance, values for ⫺dP/dt and LVPes in TCM hamsters were
intermediate between those of 4CM and 6CM hamsters, suggesting that treatment tended to attenuate decline in those
hemodynamic indexes.
Histopathology. We did not observe any areas of fibronecrosis in any of the control animals. There were significant
areas of myocardial fibronecrosis in 4CM hamsters, which
continued to increase with age. TH treatment prevented further
increase in ventricular fibronecrosis. There was, in fact, a
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Physical data. Changes in body and heart weight are summarized in Fig. 1. Typical of male rodents, C and CM hamsters
gained weight between 4 and 6 mo of age. Weight gain was
slightly, but significantly, attenuated in TH-treated CM hamsters. All CM hamsters had significantly lower body mass than
age-matched controls. Although there was likely some increase
in heart weight in both strains of hamsters because of body
mass increase from 4 to 6 mo, there was no effect of TH
treatment on heart weight.
Serum T4 and TSH and oxygen consumption. Serum levels
of T4 were similar for all untreated hamster groups. Mean
values for T4 were significantly elevated in the TCM group vs.
6C and 6CM hamsters (Fig. 2A). TSH was significantly elevated in 6CM vs. 6C hamsters and was reduced toward normal
values in TCM hamsters (Fig. 2B). Although TSH levels
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Table 1. Echocardiographic data
Groups

n

4C
4CM
6C
6CM
TCM
ANOVA
Bonferroni

12
12
9
15
11

LVIDd,
mm

LVIDs,
mm

PWTd,
mm

PWTs,
mm

3.8 (0.4)
5.2 (0.5)
4.5 (0.4)
6.6 (0.7)
5.9 (0.7)
Yes
4CM ⬎ 4C
6CM ⬎ 6C
6CM ⬎ TCM

1.9 (0.3)
3.9 (0.5)
2.2 (0.4)
5.1 (0.7)
4.1 (0.7)
Yes
4CM ⬎ 4C
6CM ⬎ 6C
TCM ⬎ 6C
6CM ⬎ TCM

1.9 (0.2)
1.0 (0.2)
1.6 (0.2)
1.1 (0.2)
1.3 (0.4)
Yes
4C ⬎ 4CM
6C ⬎ 6CM
4C ⬎ TCM

2.4 (0.3
1.1 (0.2)
2.2 (0.3)
1.5 (0.3)
2.0 (0.7)
Yes
4C ⬎ 4CM
6C ⬎ 6CM

EF, %

87 (6)
56 (6)
86 (5)
49 (7)
58 (10)
Yes
4C ⬎ 4CM
6C ⬎ 6CM
6C ⬎ TCM
TCM ⬎ 6CM

Values are means (SD). 4C, 4-mo-old Bio F1B hamsters; 4CM, 4-mo-old cardiomyopathic hamsters (CM) untreated; 6C, 6-mo-old Bio FIB; 6CM, 6-mo-old
CM untreated; TCM, 6-mo-old CM treated with thyroid hormones (TH); LVIDd, left ventricular (LV) internal diameter in diastole; LVIDs, LV internal diameter
in systole; PWTd, postwall thickness in diastole; PWTs, postwall thickness in systole; EF, ejection fraction; Yes, significantly different among the groups (P ⬍
0.05).

Myocardial blood flow. Changes in myocardial blood flow
are summarized in Fig. 4. Values for resting and maximum
myocardial blood flow were significantly reduced in CM hamsters at both 4 and 6 mo of age compared with age-matched
controls. TH treatment completely normalized resting and
adenosine-induced maximum myocardial blood flow.
DISCUSSION

This is the first laboratory animal study investigating the
pathophysiological consequences of TH therapy in an animal
model of dilated cardiomyopathy. The principal findings of our
study were that resting and maximum myocardial blood flow
was reduced in CM hamsters and this was associated with
cardiac myocyte loss and increased fibronecrosis. Although
cardiac function continued to deteriorate between 4 and 6 mo
of age in untreated CM hamsters, this decline was generally
prevented or attenuated by TH treatment. Additionally, treatment of CM hamsters with TH restored resting and maximum
myocardial blood flow to normal, prevented further loss of
myocytes, and reduced the extent of fibronecrosis. Serum
levels of T4 and TSH suggest that CM hamsters had subclinical
hypothyroidism and that the selected dose of TH was effective.
The results suggest that subclinical hypothyroidism may lead
to a reduction in the myocardial blood flow in dilated cardiomyopathy, with profound effects on cardiac structure and
function.

Table 2. Hemodynamics
Groups

n

4C
4CM
6C
6CM
TCM
ANOVA
Bonferroni

12
12
11
11
14

Heart Rate,
beats/min

LVPes,
mHg

LVPed,
mmHg

⫹dP/dt,
mmHg/s

⫺dP/dt,
mmHg/s

464 (38)
478 (66)
432 (70)
393 (38)
477 (37)
Yes
4C ⬎ 6CM
4CM ⬎ 6CM
TCM ⬎ 6CM

158 (12)
125 (9)
129 (14)
95 (14)
111 (14)
Yes
4C ⬎ 6C
4C ⬎ 4CM
6C ⬎ 6CM
4CM ⬎ 6CM

7.2 (2.4)
9.6 (2.7)
5.4 (2.5)
8.1 (3.1)
8.4 (3.4)
Yes
4CM ⬎ 6C

9,075 (1,210)
8,040 (1,660)
6,511 (908)
5,689 (1,011)
7,432 (1,228)
Yes
4C ⬎ 6C
4CM ⬎ 6CM
TCM ⬎ 6CM

6,363 (1607)
4,978 (910)
4,838 (997)
3,423 (537)
4,444 (566)
Yes
4C ⬎ 6C
4C ⬎ 4CM
4CM ⬎ 6CM
4C ⬎ TCM

Values are means (SD). LVPes, LV end-systolic pressure; LVPed, LV end-diastolic pressure; ⫹dP/dt, maximum rate of LV pressure increase; ⫺dP/dt,
maximum rate of LV pressure reduction; Yes, significantly different among the groups (P ⬍ 0.05).
AJP-Heart Circ Physiol • VOL
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tendency for reversal of fibronecrosis with TH in TCM vs.
4CM hamsters. Reduced fibronecrosis in TCM vs. 6CM hamsters was readily apparent by gross observation. Quantitative
data for fibronecrosis are shown in Fig. 3A.
Myocyte morphometry. LV isolated myocyte data are shown
in Table 3. V, L, and CSA tended to increase in controls as a
result of the age-related increase in body mass typical of male
rodents (NS). V, CSA, and L increased significantly in both
treated and untreated CM hamsters between 4 and 6 mo of age.
Although the increase in cellular dimensions between 4 and 6
mo tended to be less in TCM hamsters, there were no significant differences between TCM and 6CM hamsters in V, CSA,
or L.
There was no difference in myocyte number between 4- and
6-mo-old controls. 4CM hamsters had 30% fewer myocytes
than age-matched controls. There was a further loss of
myocytes in CM hamsters between 4 and 6 mo of age. This
loss of myocytes was completely prevented by TH treatment
(Fig. 3B).
Terminal deoxynucleotide transferase-mediated dUTP nickend labeling. Control hamsters displayed little or no terminal
deoxynucleotide transferase-mediated dUTP nick-end labeling
(TUNEL) at 4 or 6 mo of age (range 0 –1 positive cells per
1,000). In untreated CM hamsters, there was also very little
TUNEL labeling, with a range of 0 –2 per 1,000 cells at 4 mo
and 0 – 4 per 1,000 cells at 6 mo. Thyroid treatment had no
effect on labeling in CM hamsters (range 1– 4 per 1,000 cells).

SUBCLINICAL HYPOTHYROIDISM AND CONGESTIVE HEART FAILURE
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Fig. 4. Effects of thyroid hormone treatment on myocardial blood flow; n ⫽
6 for 4C, 6C, and TCM; n ⫽ 7 for 4CM and 6 CM. Open bars, resting blood
flow; filled bars, maximum blood flow. Resting and maximum blood flow was
significantly reduced in CM hamsters at both 4 and 6 mo (P ⬍ 0.05). *P ⬍
0.05 vs. 4CM and 6CM.

After initial experiments demonstrated that TH treatment
prevented myocyte loss and tended to reverse areas of fibronecrosis, we investigated the potential role of myocardial
ischemia in these changes. This decision was based on work by
Ryoke et al. (26), who concluded that ischemic myocyte loss
(oncosis), rather than apoptosis, was the likely explanation for
pathological changes found in CM hamsters. Because we did
not see an increase in TUNEL labeling in CM hamsters, our
findings agree with Ryoke et al. regarding the absence of an
apoptotic mechanism. Our fluorescent microsphere measurements confirmed that CM hamsters had a reduction in resting
myocardial blood flow. We expected to observe a larger
increase in adenosine-induced maximum myocardial blood
flow in TH-treated CM hamsters because hypothyroidism is
known to increase coronary resistance (9). In fact, the magnitude of the blood flow response to adenosine was similar in all
animal groups (approximate doubling). This finding suggests
that arterioles were responding normally in treated and unTable 3. Isolated myocyte morphology
Groups

n

4C
4CM
6C
6CM
TCM
ANOVA
Bonferroni

6
7
7
6
7

Cell Volume,
m3

Cell Length,
m

CSA,
m2

44,586 (6,295)
37,275 (4,262)
51,404 (7,483)
56,082 (5,842)
49,660 (2,372)
Yes
6CM ⬎ 4CM
6CM ⬎ 4C
6C ⬎ 4CM
TCM ⬎ 4CM

152.7 (8.7)
148.4 (8.9)
162.6 (9.2)
176.7 (10.1)
169.3 (7.8)
Yes
6CM ⬎ 4CM
TCM ⬎ 4CM
6CM ⬎ 4CM
TCM ⬎ 4CM
6C ⬎ 4CM

293 (41)
252 (37)
316 (35)
313 (26)
293 (9)
Yes
6C ⬎ 4CM
6CM ⬎ 4CM

Values are means (SD). CSA, cross-sectional area; Yes, significantly different among the groups (P ⬍ 0.05).
AJP-Heart Circ Physiol • VOL
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Fig. 3. A: effects of thyroid treatment on myocardial fibrosis; n ⫽ 5 for TCM
and 4 for all other groups. *P ⬍ 0.05 vs. 4CM; †P ⬍ 0.05 vs. 6CM. B: effects
of thyroid treatment on myocyte number; n as shown in Table 3. *P ⬍ 0.05 vs.
4C; †P ⬍ 0.05 vs. 4CM; ‡P ⬍ 0.05 vs. 6CM.

treated CM hamsters. However, the number of arterioles was
likely reduced in CM hamsters and restored to normal with TH
treatment. Although this appeared to be the case (e.g., arterioles were clearly easier to find in TCM than untreated CM
hamsters), this must be confirmed morphometrically in future
experiments. Alternatively, the possibility that TH treatment
led to an increase in arteriolar diameter cannot be excluded. It
should be noted that values for resting myocardial blood flow
in Bio T0-2 and Bio F1B hamsters obtained in our experiments
are virtually identical to those reported previously by Panchal
and Trippodo (24) for these strains.
The effects of TH on coronary microvasculature have been
examined by others. Several studies have shown that thyroxine
and the TH analog 3,5-diiodothyropropionic acid (DITPA)
stimulate angiogenesis and increase baseline and maximum
myocardial blood flow (4, 9, 32–34, 38). Another study by
Heron and Raksuan (13) showed that neonatal hypothyroidism
led to a reduction in myocardial arterioles. Consequently, there
is strong evidence that TH can alter the myocardial microcirculation both anatomically and functionally. In this study, we
report for the first time that TH dysfunction may have dramatic
adverse effects on the myocardial microcirculation in dilated
cardiomyopathy. Without quantitative assessment of arteriolar
changes, however, the underlying basis of altered coronary
blood flow and its reversal by TH in CM hamsters is not
certain. Although it appears that subclinical hypothyroidism
may have promoted a loss of arterioles in CM hamsters and
arteriogenesis with TH treatment, other possibilities should be
considered. TH treatment may have led to increased diameters
of resistance vessels. Blood flow measurements may also have
been affected by aortic perfusion pressure (flow ⫽ pressure/
resistance). Perfusion pressure was reduced in CM hamsters.
Coronary perfusion, which occurs primarily during diastole,
may also have been affected by the onset of bradycardia in the
6-mo-old untreated CM group. We suspect that TH treatment
promoted new vascular growth based on the above-mentioned
studies, but this has yet to be confirmed. The mechanism by
which TH exerts a proangiogenic effect is not clear at this time.
However, Davis et al. (5) demonstrated that TH-induced angiogenesis is MAP kinase dependent and mediated by FGF. A
recent study using DITPA, a thyroxine analog, also showed
upregulation of FGF, VEGF, angiopoietin, and Tie-2, factors
known to stimulate angiogenesis (34).

H2414

SUBCLINICAL HYPOTHYROIDISM AND CONGESTIVE HEART FAILURE

AJP-Heart Circ Physiol • VOL

TH are known to have direct effects on cardiac fibroblasts.
Cardiac fibroblasts grown in TH-depleted media show increased abundance of mRNA for procollagen and increased
nuclear incorporation of thymidine (3). T4 treatment of cultured cardiac fibroblasts leads to a decrease in procollagen
mRNA and induction of protooncogenes (37). In general,
TH-induced cardiac hypertrophy is distinguished by a lack of
LV cardiac fibrosis (37). In the CM hamster model used here,
we believe the key change with thyroid treatment is a reduction
in myocyte loss, which leads to a reduction in replacement
fibrosis. Direct effects of TH on myocardial collagen, however,
cannot be ruled out.
This is the first study to examine the effects of TH treatment
on myocyte shape and number in heart failure. Additionally,
this is the first time a method of proven reliability was used to
assess changes in ventricular myocyte number in heart failure.
The consistency of this method is again illustrated by our data
showing stable myocyte number in controls between 4 and 6
mo of age despite the presence of a considerable increase in
heart mass and myocyte size from physiological growth.
It should be stressed that these data are from an animal
model of dilated cardiomyopathy and must be confirmed in
humans. It is clear from many human studies, however, that
TH dysfunction, including subclinical hypothyroidism, is common in heart failure, is associated with increased mortality, and
often goes untreated. Cumulative data from humans and animals show that low thyroid function promotes atherosclerosis,
promotes myocardial fibrosis, increases coronary resistance,
reduces inotropy, and may also lead to the profound blood flow
alterations observed here. If untreated subclinical hypothyroidism in patients also leads to the microvascular changes observed here, the potential for improving outcome in heart
failure is obvious.
ACKNOWLEDGMENTS
The South Dakota Health Research Foundation is a partnership between the
University of South Dakota School of Medicine and Sioux Valley Hospital and
Health Systems in Sioux Falls.
GRANTS
This work was supported by National Institutes of Health Grants HL-62459
(A. M. Gerdes) and P20-RR-017662 (A. M. Gerdes) and the South Dakota
2010 Initiative Research Centers Program.
REFERENCES
1. Campbell SE and Gerdes AM. Regional differences in cardiac myocyte
dimensions and number in Sprague-Dawley rats from different suppliers.
Proc Soc Exp Biol Med 186: 211–217, 1987.
2. Chang KC, Figueredo VM, Schreur JH, Kariya K, Weiner MW,
Simpson PC, and Camacho SA. Thyroid hormone improves function and
Ca2⫹ handling in pressure overload hypertrophy. Association with increased sarcoplasmic reticulum Ca2⫹-ATPase and ␣-myosin heavy chain
in rat hearts. J Clin Invest 100: 1742–1749, 1997.
3. Chen WJ, Lin KH, and Lee YS. Molecular characterization of myocardial fibrosis during hypothyroidism: evidence for negative regulation of
the pro-␣1(I) collagen gene expression by thyroid hormone receptor. Mol
Cell Endocrinol 162: 45–55, 2000.
4. Chilian WM, Wangler RD, Peters KG, Tomanek RJ, and Marcus ML.
Thyroxine-induced left ventricular hypertrophy in the rat. Anatomical and
physiological evidence for angiogenesis. Circ Res 57: 591–598, 1985.
5. Davis FB, Mousa SA, O’Connor L, Mohamed S, Lin HY, Cao HJ, and
Davis PJ. Proangiogenic action of thyroid hormone is fibroblast growth
factor-dependent and is initiated at the cell surface. Circ Res 94: 1500 –
1506, 2004.

289 • DECEMBER 2005 •

www.ajpheart.org

Downloaded from ajpheart.physiology.org on December 5, 2005

Blood levels of T4 in 6CM hamsters were within the normal
range, but elevated TSH levels indicated the presence of
subclinical hypothyroidism by that time. TSH levels tended to
be elevated in 4CM, but this was not yet statistically significant. Because we have observed a significant increase in TSH
levels by 5 mo of age in Bio T0-2 hamsters (Gerdes AM,
unpublished observations), it appears that thyroid dysfunction
was developing by the time treatment was initiated. This also
suggests that thyroid dysfunction begins early in this model
and is not simply a consequence of developing heart failure.
Indeed, results from the current experiments suggest that earlier treatment with TH before the onset of pump dysfunction,
fibronecrosis, and myocyte loss may have prevented the pathophysiological changes from occurring.
It could be argued that hyperthyroidism was induced in
TCM based on the significant rise in T4 levels. However, all
other evidence suggests that the treatment dose did not produce
overt hyperthyroidism. If overt hyperthyroidism were induced
by treatment, one would expect TSH levels to be significantly
below normal, yet they tended to remain slightly above normal.
One should also note that treatment of CM hamsters did not
lead to an increase in any hemodynamic or functional parameters compared with values at the beginning of treatment.
Treatment did not produce tachycardia, cardiac hypertrophy,
myocyte hypertrophy, or increased oxygen consumption. Oxygen consumption, in fact, remained below control levels in
TCM hamsters. It should be appreciated that CM hamsters are
in a state of declining health and cardiovascular function. The
onset of bradycardia, decline in oxygen consumption, and rise
in TSH levels observed in untreated 6CM hamsters suggest the
emergence of thyroid dysfunction in this model. At this time,
we know very little about thyroid dysfunction in heart disease.
Optimum dosing is certainly something that should be addressed in future experiments. It seems intuitively obvious that
the lowest dose that provides optimum benefits would be most
desirable.
Although not measured in our experiments, it is possible that
increased activity of specific deiodinases may contribute to
hypothyroidism at the myocardial tissue level. Indeed, a recent
study by Wassen et al. (35) demonstrated a dramatic increase
in the type III deiodinase in ventricular tissue in a model of
hypertension and heart failure. This deiodinase converts T3 and
T4 to inactive metabolites. It is also possible that changes in the
transport of TH into myocardial tissues may be affected in
heart disease, but little is known about this. Importantly, no
data are available on myocardial tissue levels of TH in either
animals or humans with heart failure of any etiology. It is
likely that serum TH and TSH levels alone provide a limited
understanding of the extent of thyroid dysfunction in heart
disease. Clearly, more comprehensive investigations of metabolism of TH, their transport into myocardial tissue, and deiodinase activity in heart failure are needed.
Although the Bio F1B strain is commonly used for comparison to CM hamsters, it may not be an ideal control. The Bio
F1B hamster is prone to develop atherosclerosis when fed a
high-cholesterol diet (36). In our experiments, we also noted a
decline in LV function in this strain between 4 and 6 mo of age.
Of relevance to this study, however, the Bio F1B hamsters
displayed normal ventricular morphology, stable myocyte
number, and normal resting and maximum coronary blood
flow.

SUBCLINICAL HYPOTHYROIDISM AND CONGESTIVE HEART FAILURE

AJP-Heart Circ Physiol • VOL

24. Panchal BC and Trippodo NC. Systemic and regional haemodynamics
in conscious BIO T0 –2 cardiomyopathic hamsters. Cardiovasc Res 27:
2264 –2269, 1993.
25. Raab S, Thein E, Harris AG, and Messmer K. A new sample-processing unit for the fluorescent microsphere method. Am J Physiol Heart Circ
Physiol 276: H1801–H1806, 1999.
26. Ryoke T, Gu Y, Ikeda Y, Martone ME, Oh SS, Jeon ES, Knowlton
KU, and Ross J Jr. Apoptosis and oncosis in the early progression of left
ventricular dysfunction in the cardiomyopathic hamster. Basic Res Cardiol
97: 65–75, 2002.
27. Sakamoto A, Ono K, Abe M, Jasmin G, Eki T, Murakami Y, Masaki
T, Toyo-oka T, and Hanaoka F. Both hypertrophic and dilated cardiomyopathies are caused by mutation of the same gene, ␦-sarcoglycan, in
hamster: an animal model of disrupted dystrophin-associated glycoprotein
complex. Proc Natl Acad Sci USA 94: 13873–13878, 1997.
28. Schlenker EH, Tamura T, and Gerdes AM. Gender-specific effects of
thyroid hormones on cardiopulmonary function in SHHF rats. J Appl
Physiol 95: 2292–2298, 2003.
29. Sole MJ and Liew CC. Catecholamines, calcium and cardiomyopathy.
Am J Cardiol 62: 20G–24G, 1988.
30. Thomas TA, Kuzman JA, Anderson BE, Andersen SM, Schlenker
EH, Holder MS, and Gerdes AM. Thyroid hormones induce unique and
potentially beneficial changes in cardiac myocyte shape in hypertensive
rats near heart failure. Am J Physiol Heart Circ Physiol 288: H2118 –
H2122, 2005.
31. Tidholm A, Falk T, Gundler S, Svensson H, Ablad B, and Sylven C.
Effect of thyroid hormone supplementation on survival of euthyroid dogs
with congestive heart failure due to systolic myocardial dysfunction: a
double-blind, placebo-controlled trial. Res Vet Sci 75: 195–201, 2003.
32. Tomanek RJ, Connell PM, Butters CA, and Torry RJ. Compensated
coronary microvascular growth in senescent rats with thyroxine-induced
cardiac hypertrophy. Am J Physiol Heart Circ Physiol 268: H419 –H425,
1995.
33. Tomanek RJ, Zimmerman MB, Suvarna PR, Morkin E, Pennock GD,
and Goldman S. A thyroid hormone analog stimulates angiogenesis in the
post-infarcted rat heart. J Mol Cell Cardiol 30: 923–932, 1998.
34. Wang X, Zheng W, Christensen LP, and Tomanek RJ. DITPA stimulates bFGF, VEGF, angiopoietin, and Tie-2 and facilitates coronary
arteriolar growth. Am J Physiol Heart Circ Physiol 284: H613–H618,
2003.
35. Wassen FW, Schiel AE, Kuiper GG, Kaptein E, Bakker O, Visser TJ,
and Simonides WS. Induction of thyroid hormone-degrading deiodinase
in cardiac hypertrophy and failure. Endocrinology 143: 2812–2815, 2002.
36. Wilson TA, Nicolosi RJ, Lawton CW, and Babiak J. Gender differences
in response to a hypercholesterolemic diet in hamsters: effects on plasma
lipoprotein cholesterol concentrations and early aortic atherosclerosis.
Atherosclerosis 146: 83–91, 1999.
37. Yao J and Eghbali M. Decreased collagen gene expression and absence
of fibrosis in thyroid hormone-induced myocardial hypertrophy. Response
of cardiac fibroblasts to thyroid hormone in vitro. Circ Res 71: 831– 839,
1992.
38. Zheng W, Weiss RM, Wang X, Zhou R, Arlen AM, Lei L, Lazartigues
E, and Tomanek RJ. DITPA stimulates arteriolar growth and modifies
myocardial postinfarction remodeling. Am J Physiol Heart Circ Physiol
286: H1994 –H2000, 2004.

289 • DECEMBER 2005 •

www.ajpheart.org

Downloaded from ajpheart.physiology.org on December 5, 2005

6. Franklyn JA, Gammage MD, Ramsden DB, and Sheppard MC.
Thyroid status in patients after acute myocardial infarction. Clin Sci
(Lond) 67: 585–590, 1984.
7. Gerdes AM and Kasten FH. Morphometric study of endomyocardium
and epimyocardium of the left ventricle in adult dogs. Am J Anat 159:
389 –394, 1980.
8. Gerdes AM, Moore JA, Hines JM, Kirkland PA, and Bishop SP.
Regional differences in myocyte size in normal rat heart. Anat Rec 215:
420 – 426, 1986.
9. Graettinger JS, Muenster JJ, Checchia CS, Grissom RL, and Campbell JA. A correlation of clinical and hemodynamic studies in patients
with hypothyroidism. J Clin Invest 37: 502–510, 1958.
10. Hak AE, Pols HA, Visser TJ, Drexhage HA, Hofman A, and Witteman
JC. Subclinical hypothyroidism is an independent risk factor for atherosclerosis and myocardial infarction in elderly women: the Rotterdam
Study. Ann Intern Med 132: 270 –278, 2000.
11. Hamilton MA, Stevenson LW, Fonarow GC, Steimle A, Goldhaber JI,
Child JS, Chopra IJ, Moriguchi JD, and Hage A. Safety and hemodynamic effects of intravenous triiodothyronine in advanced congestive heart
failure. Am J Cardiol 81: 443– 447, 1998.
12. Hamilton MA, Stevenson LW, Luu M, and Walden JA. Altered thyroid
hormone metabolism in advanced heart failure. J Am Coll Cardiol 16:
91–95, 1990.
13. Heron MI and Rakusan K. Short- and long-term effects of neonatal
hypo- and hyperthyroidism on coronary arterioles in rat. Am J Physiol
Heart Circ Physiol 271: H1746 –H1754, 1996.
14. Iervasi G, Pingitore A, Landi P, Raciti M, Ripoli A, Scarlattini M,
L’Abbate A, and Donato L. Low-T3 syndrome: a strong prognostic
predictor of death in patients with heart disease. Circulation 107: 708 –
713, 2003.
15. Kinugawa K, Minobe WA, Wood WM, Ridgway EC, Baxter JD,
Ribeiro RC, Tawadrous MF, Lowes BA, Long CS, and Bristow MR.
Signaling pathways responsible for fetal gene induction in the failing
human heart: evidence for altered thyroid hormone receptor gene expression. Circulation 103: 1089 –1094, 2001.
16. Kinugawa K, Yonekura K, Ribeiro RC, Eto Y, Aoyagi T, Baxter JD,
Camacho SA, Bristow MR, Long CS, and Simpson PC. Regulation of
thyroid hormone receptor isoforms in physiological and pathological
cardiac hypertrophy. Circ Res 89: 591–598, 2001.
17. Klein I and Ojamaa K. Thyroid hormone and the cardiovascular system.
N Engl J Med 344: 501–509, 2001.
18. Klein I and Ojamaa K. Thyroid hormone and the cardiovascular system:
from theory to practice. J Clin Endocrinol Metab 78: 1026 –1027, 1994.
19. Kopecky J, Sigurdson L, Park IR, and Himms-Hagen J. Thyroxine
5⬘-deiodinase in brown adipose tissue of myopathic hamsters. Am J
Physiol Endocrinol Metab 251: E8 –E13, 1986.
20. Liu Z, Hilbelink DR, Crockett WB, and Gerdes AM. Regional changes
in hemodynamics and cardiac myocyte size in rats with aortocaval fistulas.
1. Developing and established hypertrophy. Circ Res 69: 52–58, 1991.
21. Manowitz NR, Mayor GH, Klepper MJ, and DeGroot LJ. Subclinical
hypothyroidism and euthyroid sick syndrome in patients with moderateto-severe congestive heart failure. Am J Ther 3: 797– 801, 1996.
22. Moruzzi P, Doria E, and Agostoni PG. Medium-term effectiveness of
L-thyroxine treatment in idiopathic dilated cardiomyopathy. Am J Med
101: 461– 467, 1996.
23. Ojamaa K, Kenessey A, Shenoy R, and Klein I. Thyroid hormone
metabolism and cardiac gene expression after acute myocardial infarction
in the rat. Am J Physiol Endocrinol Metab 279: E1319 –E1324, 2000.

H2415

