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Abstract

 

We asked whether thyroid hormone (T

 

4

 

) would improve

heart function in left ventricular hypertrophy (LVH) in-

duced by pressure overload (aortic banding). After banding

for 10–22 wk, rats were treated with T

 

4

 

 or saline for 10–14 d.

Isovolumic LV pressure and cytosolic [Ca

 

2

 

1

 

] (indo-1) were

assessed in perfused hearts. Sarcoplasmic reticulum Ca

 

2

 

1

 

-

ATPase (SERCA), phospholamban, and 

 

a

 

- and 

 

b

 

-myosin

heavy chain (MHC) proteins were assayed in homogenates

of myocytes isolated from the same hearts. Of 14 banded

hearts treated with saline, 8 had compensated LVH with

normal function (LVH

 

comp

 

), whereas 6 had abnormal con-

traction, relaxation, and calcium handling (LVH

 

decomp

 

). In

contrast, banded animals treated with T

 

4

 

 had no myocardial

dysfunction; these hearts had increased contractility, and

faster relaxation and cytosolic [Ca

 

2

 

1

 

] decline compared with

LVH

 

comp

 

 and LVH

 

decomp

 

. Myocytes from banded hearts

treated with T

 

4

 

 were hypertrophied but had increased con-

centrations of 

 

a

 

-MHC and SERCA proteins, similar to

physiological hypertrophy induced by exercise. Thus thy-

roid hormone improves LV function and calcium handling

in pressure overload hypertrophy, and these beneficial ef-

fects are related to changes in myocyte gene expression. In-

duction of physiological hypertrophy by thyroid hormone-

like signaling might be a therapeutic strategy for treating

cardiac dysfunction in pathological hypertrophy and heart

failure. (

 

J. Clin. Invest.

 

 1997. 100:1742–1749.) Key words:

contractility 
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Introduction

 

The importance of heart failure as a clinical problem empha-
sizes the need to develop novel treatment strategies (1). One
approach focuses on myocardial hypertrophy, an invariant
pathological feature in the failing heart. Myocardial hypertro-
phy is a compensatory response to the increased load imposed
by hypertension, valve disease, or myocardial infarction. How-
ever, function in the hypertrophied heart eventually becomes
abnormal, the so-called transition from hypertrophy to failure
(2, 3). Because function eventually becomes abnormal, the
overall growth process in the setting of cardiac disease has
been called pathological hypertrophy (4).

Physiological processes such as exercise and development
also cause myocardial hypertrophy, but myocardial function is
normal or enhanced (4–6). Although the molecular mecha-
nisms underlying physiological versus pathological hypertro-
phy remain uncertain, one potential therapeutic strategy might
be to convert a pathological growth process to a physiological
one. Indeed, Scheuer and colleagues showed that swimming
exercise improved cardiac function in rats with pressure over-
load hypertrophy, even though heart weight was increased (7–9).

Thyroid hormone has the potential to mimic the ability of
exercise to convert pathological to physiological hypertrophy.
Thyroid treatment of normal animals induces a physiological
hypertrophy characterized by faster myocardial relaxation and
decline of the cytosolic calcium transient (10–13). Recently,
thyroid treatment was shown to improve myocardial function
in the postinfarction model of heart failure (14–17). However,
thyroid hormone may enhance cardiac function in the postin-
farct model partly by decreasing vascular resistance (13, 16).
Furthermore, the physiology and gene expression of nonin-
farcted myocardium in the postinfarct model may differ from
pressure overload models of pathological hypertrophy.

We asked whether thyroid hormone (T

 

4

 

) would improve
myocardial function in a model of pathological hypertrophy
induced by chronic, sustained pressure overload. Because
pressure overload was produced by banding of the aorta, vas-
cular effects of thyroid hormone were minimized. After 10–22
wk of banding, animals were randomized to receive thyroid
hormone or vehicle for 10–14 days. Left ventricle (LV)

 

1

 

 func-
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1. 

 

Abbreviations used in this paper:

 

 

 

t

 

Ca

 

, time constant of the exponen-

tial decline of the [Ca

 

2

 

1

 

] transient; KH, Krebs-Henseleit; LV, left

ventricle; LVDevP, left ventricular developed pressure; LVH, LV hy-

pertrophy; LVH

 

comp

 

, compensated LVH; LVH

 

decomp

 

, decompensated

LVH; MHC, myosin heavy chain; 

 

t

 

p

 

, time constant of the exponential

decline of LV pressure transient; SERCA, sarcoplasmic reticulum

Ca

 

2

 

1

 

-ATPase.
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tion and cytosolic [Ca

 

2

 

1

 

] (indo-1) were assessed in isovolumic
perfused hearts. Myocytes were isolated from these same hearts
to quantify important calcium handling and myofilament pro-
teins: sarcoplasmic reticulum Ca

 

2

 

1

 

-ATPase (SERCA), phos-
pholamban, and the 

 

a

 

- and 

 

b

 

-myosin heavy chain (MHC)
isoforms. Studies in many models have found a general corre-
lation between induction of 

 

a

 

-MHC and SERCA and a more
physiological hypertrophy (4, 5, 12, 18). However, it is not
known whether SERCA and 

 

a

 

-MHC can be upregulated in
the presence of persistent pressure overload.

We report that thyroid hormone improves LV function and
calcium handling in the model of chronic, sustained pressure
overload, and that the functional benefit is related to changes
in the expression of SERCA and 

 

a

 

-MHC in cardiac myocytes.
We conclude that induction of physiological hypertrophy by
thyroid hormone-like signaling in myocytes should be consid-
ered as a therapeutic strategy for treating cardiac dysfunction
in pathological hypertrophy and heart failure.

 

Methods

 

Animal preparation. 

 

Pressure overload was created in male rats

(Sprague-Dawley, 200–220 grams; Simonsen Co., Gilroy, CA) by

banding of the aorta above the renal arteries (19). Either a Weck

hemoclip (Edward Weck & Co., Inc., Research Triangle Park, NC) or

a silk suture were used to reduce internal diameter of the aorta to 0.6

mm for 20–22 wk (

 

n

 

 

 

5

 

 5) or to 0.3 mm for 10–12 wk (

 

n

 

 

 

5

 

 9). These

two different banding protocols induced equivalent degrees of hyper-

trophy (see Results). Sham animals had the same surgery without

banding of the aorta. 10 to 14 d before death, animals were randomly

assigned either levo-thyroxine (T

 

4

 

, 500 

 

m

 

g/kg per day; Sigma Chemi-

cal Co., St. Louis, MO) or vehicle (saline containing 1 

 

m

 

mol/liter

NaOH) by daily intraperitoneal injection.

The degree of hypertrophy was assessed in two ways. Myocyte

volume, an index of cell size (see below), was quantified in experi-

ments where isovolumic perfusion was followed by myocyte isolation

for assays of protein expression. LV dry weight, an index of heart

mass, was measured in another series of experiments, after isovolu-

mic perfusion and drying at 80

 

8

 

C for 48 h.

The animals were maintained in accordance with the guidelines of

the University of California Animal Use Committee and Guidelines

for the Care and the Use of Laboratory Animals of the Institute of

Laboratory Animal Resources, National Council (DHHS publication,

National Institutes of Health [NIH] 85-23, 1985).

 

Isovolumic heart preparation for assessing LV function and cyto-

solic [Ca

 

2

 

1

 

]. 

 

The isovolumic heart preparation has been described in

detail previously (19, 20). Isolated hearts were perfused using a Krebs-

Henseleit (KH) buffer containing (mmol/liter): NaCl (118), KCl (6.0),

MgSO

 

4

 

 (1.2), CaCl

 

2

 

 (2.0), NaHCO

 

3

 

 (25), pyruvate (5.0), glucose (4.0),

insulin 20 U/liter and 95% O

 

2

 

-5% CO

 

2

 

 (37

 

8

 

C, pH of 7.35–7.45).

Hearts were paced at 5 Hz. LV pressure was measured using a high-

fidelity transducer (Millar Instruments, Inc., Houston, TX) attached

to a compliant latex balloon. LV end-diastolic pressure was set at 10

mmHg by inflating the balloon with saline. This end-diastolic pres-

sure resulted in maximum LV developed pressure in all hearts. Bal-

loon volumes were not measured. To achieve equal rates of coronary

flow per gram LV weight, coronary perfusion pressure was set at 80

mmHg for sham hearts and 100 mmHg for left ventricle hypertrophy

(LVH) hearts (19). Myocardial relaxation was quantified by calculat-

ing the time constant of monoexponential pressure decline (

 

t

 

P

 

), as-

suming a nonzero asymptote. Minimum and maximum dP/dt were de-

termined from the difference in LV pressure between two data points

with a time resolution of 2 ms.

Cytosolic [Ca

 

2

 

1

 

] was measured in the epicardial surface of hearts

using indo-1 fluorescence as described previously in detail (19–22).

Potential sources of artifact were accounted for and/or minimized

(heart motion [23], autofluorescence [21, 22] unhydrolyzed indo-1

AM [24], tissue filter effect [21, 22], and potential loading of indo-1

into endothelial cells or noncytosolic compartments [25, 26]). Hearts

were loaded by coronary perfusion with the acetoxymethyl ester form

of indo-1 and excited at 350 nm. The ratio of indo-1 fluorescence at

385 and 456 nm was calibrated to calculate cytosolic [Ca

 

2

 

1

 

] (21). Flu-

orescence data were digitized with 2 ms time resolution and five con-

secutive transients were averaged to improve signal-to-noise ratio.

The rate of [Ca

 

2

 

1

 

] transient decline (

 

t

 

Ca

 

) was calculated by fitting the

monoexponential portion of [Ca

 

2

 

1

 

] decline (i.e, from 70–20% of the

transient amplitude) assuming a nonzero asymptote.

 

Myocyte isolation and preparation of myocyte homogenates. 

 

After

hemodynamic and fluorescence measurements, myocytes were iso-

lated with collagenase (27). KH buffer, without added Ca

 

2

 

1

 

 and sup-

plemented with 5 mmol/liter Hepes and 0.5 mg/ml bovine albumin,

was perfused for 10–15 min, then 1 mg/ml collagenase B (Boehringer

Mannheim Corp., Indianapolis, IN) and CaCl

 

2

 

 to a final concentra-

tion of 40 

 

m

 

mol/liter were added. After 30 to 45 min, the ventricles

were minced in Kraftbruhe medium at pH 7.2. Myocytes and nonmyo-

cytes were separated by density centrifugation (5 min at 40 rpm in 4%

Ficoll-400) (28).

Myocyte number and volume were measured using a Coulter

multisizer (Coulter Electronics, Inc., Hialeah, FL) as described previ-

ously by Gerdes, et al. (28). The mean number of cardiac myocytes

isolated from hypertrophied and control hearts was similar (8.8

 

6

 

2.1

 

vs.

 

 9.0

 

6

 

1.0 

 

3

 

 10

 

6

 

; 

 

P

 

 

 

5

 

 NS). More than 90% of the myocytes were rod

shaped and calcium tolerant; hypercontracted myocytes and nonmyo-

cytes were 

 

,

 

 5% of the total cell volume.

Total myocyte homogenates were made by sonication in a phos-

phate-based buffer (pH 7.4) containing protease inhibitors (2 mmol/

liter EDTA, 0.5 mmol/liter PMSF, 2 

 

m

 

g/ml leupeptin, 2 

 

m

 

g/ml aproti-

nin). Disruption of myocyte membranes was confirmed under a mi-

croscope. Homogenates were snap frozen in an ethanol/dry ice bath

and stored at 

 

2

 

70

 

8

 

C until use.

 

Western analysis for SERCA and phospholamban. 

 

Homogenate

equivalent to 500 myocytes (

 

z

 

 5 

 

m

 

g protein) from a single heart was

loaded into each well of an 0.1% SDS-polyacrylamide gel (10% for

SERCA, 15% for phospholamban) and separated on a minigel appa-

ratus (Mini-PROTEAN II, Bio-Rad, Hercules, CA) for 

 

z

 

 60 min at

200 V. Proteins were transferred electrophoretically to a polyvinyl-

idene difluoride membrane, and gels were stained with Coomassie

blue to document efficient transfer. Membranes were blocked (5%

wt/vol bovine albumin in Tris-based saline) then incubated with a

polyclonal antibody against rabbit cardiac SERCA (29), or a mono-

clonal antibody against canine cardiac phospholamban (30) using a

1:1000 dilution (generous gifts from Drs. J. Lytton and J. Wang, re-

spectively, University of Calgary, Calgary, Alberta, Canada). After

incubation with 

 

125

 

I-labeled secondary antibodies and autoradiogra-

phy, band densities were quantified in arbitrary units by scanning

(Onescanner; Apple Computer Inc. and Ofoto

 

®

 

 2.0; Light Source

Computer Images, Inc., Berkeley, CA). Band density increased lin-

early with increasing amount of myocyte protein over the range used

in this study, and indo-1 loading of the heart did not change SERCA

or phospholamban band densities (data not shown).

The amount or content of SERCA and phospholamban per myo-

cyte was estimated by dividing band density by 500, the number of

myocytes loaded into each well. To take into account differences in

myocyte volume or size among hearts, the concentration of SERCA

or phospholamban was calculated by dividing the protein content per

myocyte by the myocyte volume in the same heart, that is, densito-

metric units per myocyte per median myocyte volume.

 

Analysis of myosin heavy chain isoforms. 

 

Isoforms of myosin

heavy chain (MHC) were separated by SDS-PAGE and quantified by

silver staining (31). Myocyte homogenates in 2

 

3

 

 Laemmli buffer

were incubated at 100

 

8

 

C for 5 min, loaded onto a 0.75-mm thick 0.1%

SDS-4% polyacrylamide gel, and separated for 24 h at 4

 

8

 

C with a con-

stant 80 V (PROTEAN II xi; Bio-Rad). Gels were fixed, stained (Bio-

Rad Silver Stain Kit; Bio-Rad) and dried. Bands representing 

 

a

 

-MHC
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and 

 

b

 

-MHC were quantified by densitometry, and the contents and

concentrations of 

 

a

 

-MHC and 

 

b

 

-MHC were estimated as for SERCA

and phospholamban.

 

Statistical analysis. 

 

Values are mean

 

6

 

SEM. Groups were com-

pared by ANOVA; a two-tailed unpaired Student 

 

t

 

 test with Bonfer-

roni correction was used for post hoc testing. Differences were con-

sidered significant at 

 

P

 

 

 

,

 

 0.05. Linear regression was done using all

individual data points in all groups, but the data are shown as group

means in the figures.

 

Results

 

The main goal of these experiments was to test if thyroid hor-
mone would improve cardiac function in hypertrophy induced
by sustained pressure overload. After banding of the aorta for
10–22 wk, a duration found in preliminary studies to induce
hypertrophy, rats were treated with T

 

4

 

 or vehicle for the final
10–14 d before death. Treatment allocation was randomized.
A relatively large dose of T

 

4

 

 was used (500 

 

m

 

g/kg per day), to
maximize the chances of observing T

 

4

 

-induced changes over a
short time. This dose was tolerated well; mortality was only 1
out of 15 banded rats receiving T

 

4

 

, compared with 4 out of 18
banded rats receiving saline (

 

P

 

 

 

,

 

 0.05). Thyroid-treated rats
did lose 6–7% of body weight during treatment, compared
with a body weight gain of 2–4% in rats treated with saline (

 

P

 

 

 

,

 

0.05; Table I).

 

Left ventricular function. 

 

LV function was assessed in iso-
lated perfused hearts after 10–14 d of treatment with T

 

4

 

 or sa-
line. Representative pressure tracings are shown in Fig. 1 (top
row), and the data are summarized in Table I. Banded animals
treated with saline were divided into two groups based on myo-
cardial relaxation (

 

t

 

P

 

), because slowing of relaxation is an
early manifestation of decompensated function in LVH (32).
In the group called LVH

 

comp

 

, comprising 57% of the banded
animals (8 of 14), relaxation was normal, defined as 

 

t

 

P

 

 within
two standard deviations of the mean of the sham-saline group

(Fig. 2 and Table I). In the other 43% of banded rats, the
group called LVH

 

decomp

 

, relaxation was slowed, with mean 

 

t

 

P

 

40% higher than in sham-saline (

 

P

 

 

 

,

 

 0.05, Table I; Fig. 2). The
LVH

 

decomp

 

 group also had abnormal contractility, measured as
maximum dP/dt and LV developed pressure normalized to LV
weight; both of these indices were normal in the LVH

 

comp

 

group. Thus systolic and diastolic function were abnormal in a
subset of the banded animals. Abnormal function was not re-
lated to the degree of myocyte hypertrophy or the banding
protocol (the shorter duration more severe and longer dura-
tion less severe banding caused decompensated LVH in 44 and
40% of hearts, respectively).

In banded animals treated with T

 

4

 

, relaxation was not
slowed in any of the 14 hearts. This is in contrast with the 43%
incidence of slowed relaxation in banded animals treated with
saline (Fig. 2 and Table I). Indeed, mean tP in the banded ani-
mals treated with T4 was the same as that found in sham rats
treated with T4, and was significantly faster than in both saline-
treated LVH groups (Table I and Fig. 2). Systolic function in
banded animals was also improved by T4; maximum dP/dt in
banded animals treated with T4 was similar to sham animals
treated with T4, and was again greater than both saline-treated
banded groups (Table I). Thus thyroid hormone treatment not
only prevented the abnormalities in systolic and diastolic func-
tion seen in a subset of rats with chronic pressure overload hy-
pertrophy, but also improved function in all banded animals.

Calcium handling. To test whether the changes in myocar-
dial relaxation with banding and T4 were related to changes in
myocyte calcium handling, cytosolic [Ca21] was determined si-
multaneously with LV pressure in perfused hearts. Represen-
tative tracings are in Fig. 1 (bottom row), and the data are
summarized in Table I.

There were no differences in mean systolic or diastolic
[Ca21] among the groups (Table I). However, the rate of de-
cline of [Ca21], assessed by tCa (Fig. 1), varied in the groups

Table I. Effects of T4 in Sham and Banded (LVH) Rats

Sham LVHcomp LVHdecomp LVH Sham

Treatment saline saline saline T4 T4

Number 7 8 6 14 7

Body weight (gram) 407614 435612 445619 40367‡ 40368

Body weight change during treatment (%) 1 361 1 461 1 262 2 761‡ 2 661*

DevP (mmHg) 9162 12464* 9365 14865‡ 12063*

DevP/LV dry weight (mmHg/mg 3 1022) 4261 3961 2962* 4462 ND

dP/dtmax (mmHg/s) 3289688 34866287 27826266* 45526135‡ 4350661*

tP (ms) 2061 2161 2862* 1661‡ 1661*

tCa (ms) 3861 4163 4963* 3363‡ 2761*

Diastolic [Ca21] (nmol/liter) 161613 172616 196635 208620 165611

Systolic [Ca21] (nmol/liter) 1072679 1085682 997691 1107657 1286677

Myocyte volume (103 mm3) 3161 3961* 4161* 4461* 3761*

LV dry weight (mg) 21666 31569* 334613* ND

RV dry weight (mg) 6164 796189 84630 ND

LVH was induced by banding of the aorta for 10–22 wk; rats were then treated with T4 or saline for 10–14 d. Isovolumic LV pressure and free cysto-

solic [Ca21] (indo-1) were measured in perfused hearts, then myocytes were isolated by collagenase digestion to quantify median myocyte volume us-

ing a Coulter-multisizer. Banded hearts treated with saline were categorized as LVHcomp or LVHdecomp based on whether isovolumic relaxation was

normal or slowed (normal or increased tP, respectively). LV dry weight was determined in hearts that did not undergo collagenase digestion (n 5 5 for

each; there was no difference between LVHcomp and LVHdecomp so data were combined). DevP was normalized by the mean values of LV dry weight.

Values are mean6SEM. *P , 0.05 vs. sham-saline; ‡P , 0.05 vs. LVHcomp and LVHdecomp.
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similar to tP. Mean tCa of the LVHcomp group treated with sa-
line was not significantly different from sham-saline, whereas
tCa was 29% higher in the LVHdecomp group (P , 0.05). In
banded animals treated with T4, tCa was 20–33% lower than in
banded groups treated with saline (Table I), indicating that the

rate calcium decline was faster. Calcium decline was also faster
in normal (sham) hearts treated with T4 (Table I), in agree-
ment with prior reports (10, 11).

When tP and tCa in all 42 hearts in the five groups were an-
alyzed by linear regression (Fig. 3), a strong positive correla-
tion was observed (r 5 0.61, P , 0.01). These data provide the
first direct support for the idea that slowing of the decline of
cytosolic calcium is an important factor in slowing myocardial
relaxation in LVH. Furthermore, it also suggests that faster re-
laxation in thyroid-treated hearts was due to faster decline of
[Ca21].

Myocyte proteins. We next tested whether the abnormali-
ties in function and myocyte calcium handling with banding,
and the improvements with thyroid hormone, were related to
changes in myocyte proteins. After pressure and calcium mea-
surements, myocytes were isolated, and median myocyte vol-
ume from each heart was measured using a Coulter multisizer.
Unfractionated myocyte homogenates were used to quantify
SERCA, phospholamban, and the isoforms of MHC (a and b).

The content of SERCA per myocyte was increased signifi-
cantly in the LVHcomp group (22% vs. sham-saline, P , 0.05,
Fig. 4), indicating a net SERCA induction. However, median
myocyte volume also increased in the LVHcomp group (26% vs.
sham-saline, P , 0.05, Table I), so that the overall result was
no change in the myocyte concentration of SERCA. In con-

Figure 1. Effects of banding and T4 on isovolumic LV pressure and cytosolic [Ca21] transients. Tracings are representative of hearts in each 

of the groups in Table I. The open circles are individual data points, the solid lines are the fits used to calculate the time constants of exponen-

tial LV pressure and cytosolic [Ca21] decline (tP and tCa, respectively). (A) sham animal treated with vehicle (saline); (B) banded animal treated 

with saline that had normal function (LVHcomp); (C) saline-treated banded animal with abnormal function (LVHdecomp); (D) banded animal 

treated with T4; (E) sham treated with T4.

Figure 2. Thyroid improved relaxation in banded hearts. The tP of 

every heart and the mean values of each group are shown (means as 

in Table I).
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trast, in the LVHdecomp group of banded animals treated with
saline, SERCA content per myocyte failed to increase. Since
SERCA content did not change but myocyte volume increased
significantly (32% vs. sham-saline, P , 0.05, Table I), the net
effect was a significant decrease in the myocyte concentration
of SERCA in the LVHdecomp group (13% lower than sham-
saline, P , 0.05, Fig. 4).

Treatment of banded animals with T4 increased SERCA
content (47 and 88% vs. LVHcomp and LVHdecomp, respectively;
P , 0.05, Fig. 4). This increase in SERCA content with T4 was
sufficient to produce an increase in SERCA concentration,
even taking into account the large myocyte volume with band-
ing plus T4 (Table I). Thus mean SERCA concentration in the
LVH-T4 group was increased 30 and 47% relative to LVHcomp

and LVHdecomp groups, respectively (P , 0.05, Fig. 4). In fact,
the SERCA concentration in banded myocytes given T4 was at
least as high as in sham rats treated with T4 (Fig. 4). To our
knowledge, this is the first report that the concentration of
SERCA protein in myocytes can be increased in hearts sub-
jected to pressure overload.

There was an inverse relationship (r 5 20.48, P , 0.01) be-
tween SERCA concentration and tCa in all 42 hearts in the five
groups (Fig. 5). The relation was not as strong when SERCA
content was related to tCa. These data support the idea that
SERCA transport of Ca21 into the sarcoplasmic reticulum is a
major factor determining the rate of [Ca21] decline (33) and
suggest that the concentration of SERCA is a physiologically
relevant index of protein amount. The data further indicate
that changes in SERCA could account for the changes in
calcium handling with decompensation and thyroid treatment
in LVH.

Phospholamban is also involved in myocyte calcium han-
dling, via inhibition of SERCA. However, phospholamban
content and concentration were unchanged in all banded

groups (Fig. 6). Interestingly, T4 reduced phospholamban con-
tent and concentration in sham animals, as reported previously
(12), but this effect was not seen in banded rats (Fig. 6).

a-MHC regulation in the groups was similar to SERCA
(Fig. 7). The banded groups treated with saline differed in that
a-MHC content was increased significantly in hypertrophy with
normal function (LVHcomp), but not in hypertrophy with ab-
normal function (LVHdecomp) (Fig. 7). Thyroid hormone treat-
ment of banded animals had a robust effect to increase a-MHC
concentration (43 and 100% relative to LVHcomp and LVHdecomp

groups, respectively, P , 0.01).
b-MHC concentration was increased significantly in both

banded groups given saline (70–115% relative to sham-saline,
P , 0.001), in agreement with prior reports. However, the
combination of banding and thyroid had no further effect
(Fig. 7).

The bottom panel of Fig. 7 B are the total MHC concentra-
tion in myocytes in the different groups (i.e., the sum of a- and
b-MHC concentrations). There was no significant change in
total MHC concentration in any group, although there was
a tendency to a higher MHC concentration in the hypertro-
phied cells. To compare with previous reports (15, 18), the rel-
ative fraction of MHC that is a-MHC is also shown. Because
b-MHC concentration was not different in the banded groups
(Fig. 7, middle panel), the reduced percentage of a-MHC in
pressure overload alone and the increased percent a-MHC

Figure 3. tP was related to tCa in all hearts in all five groups. tP and tCa 

from all 42 individual hearts were used to calculate the linear regres-

sion. For clarity, only mean tCa and tP of the groups are shown. It was 

not possible to determine whether a more complicated model (e.g., 

exponential, two-phase) would provide a better fit between tCa and tP 

because of variability in the data.

Figure 4. T4 increased myocyte SERCA concentration in banded ani-

mals. Panel A is a representative autoradiograph, and Panel B is a 

summary of the data. Total homogenates from 500 myocytes were 

loaded into each well, and Western analysis was done using a 10% 

SDS-polyacrylamide gel. Left margin in A indicates molecular weight 

(kD). Data in B are expressed both as myocyte content (open bars), 

in arbitrary density units per myocyte, and as myocyte concentration 

(striped bars), in density units per myocyte per median myocyte vol-

ume in cubic microns (volume as in Table I). *P , 0.05 vs. sham-

saline; 'P , 0.05 vs. LVHcomp and LVHdecomp.
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with thyroid hormone can both be explained by changes in the
levels of a-MHC (Fig. 7 B, top panel). Thus pathological hy-
pertrophy might be best characterized by failure of a-MHC in-
duction, more than by preferential b-MHC up-regulation. In
light of prior work (18, 34), the percentage of b-MHC protein
concentration in sham-T4 group (29%) was somewhat higher
than anticipated. We also did not see a decrease in the abso-
lute b-MHC content or concentration with thyroid in any
group (Fig. 7). Methodological differences from previous stud-
ies may account for some of these findings (e.g., we de-
termined absolute amounts of b-MHC protein in isolated
myocyte homogenates, rather that relative amounts in tissue
homogenates).

Discussion

The key finding of this study is that thyroid hormone improves
LV function in a model of chronic, sustained pressure over-
load. In addition, the functional benefit is related to effects of
thyroid on calcium handling and gene expression of cardiac
myocytes. These effects of thyroid hormone are similar to the
physiological hypertrophy induced by exercise. Thus induction
of physiological hypertrophy by thyroid hormone–like signal-
ing may be a therapeutic strategy for treating cardiac dysfunc-
tion in pathological hypertrophy and heart failure.

We used a model of moderate-to-severe LVH (19) in which
cardiac function was abnormal in 43% of the hearts treated
with saline (vehicle). Similar variability in the response to
pressure overload has been seen by others and ascribed to ab-
normal growth regulation (35, 36). In our study, thyroid hor-
mone enhanced cardiac function in banded animals (LVH-T4

group) compared with vehicle-treated controls (LVHcomp and
LVHdecomp groups). In fact, there was no evidence of abnormal
cardiac function in banded animals that received T4. Because

animals were randomly assigned to receive T4 or vehicle, it is
reasonable to assume that z 43% of LVH-T4 group would
have had abnormal cardiac function dysfunction without T4.
However, the functional status of each heart was not known
before treatment.

The rationale for using thyroid hormone to treat cardiac
dysfunction in LVH is based on previous observations that
thyroid hormone enhances function in normal hearts (10–13)
and in the postinfarction model of heart failure (14–17). How-
ever, there are differences in the current study that provide
new and complementary information. First, thyroid hormone
may enhance cardiac function in the postinfarct model by de-
creasing arterial resistance, which reduces pressure overload
(13, 16). Therefore, we studied the effects of thyroid hormone
in animals with aortic banding, where the degree of pathologi-
cal stress (pressure overload) was less likely to be reduced by
T4. Second, physiology and protein expression of noninfarcted
myocardium in the postinfarct model may be different from
the pressure overload model. Third, we evaluated cardiac func-
tion, cytosolic [Ca21], and the myocyte concentration of con-
tractile and calcium-handling proteins in the same hearts.

The changes in myocytes gene expression seen in our study
are potentially causative for changes in cardiac function. SERCA
concentration in isolated cardiac myocytes was closely related
to the rate of decline of the calcium transient (i.e., tCa). This re-
lationship held over a range of tCa both above and below nor-
mal in all groups. Furthermore, tCa in turn correlated well with
the rate of pressure decline (tP) in the isolated isovolumic heart,
again over a range of tP. These results are the first direct evi-
dence that SERCA concentration in myocytes is a determinant

Figure 5. tCa was related to myocyte SERCA concentration in all 

hearts in all groups. Data from all 42 individual hearts were used to 

calculate the linear regression, but only mean values of SERCA con-

centration and tCa are shown for clarity.

Figure 6. T4 had no effect on phospholamban in banded animals. As 

in Fig. 4, except a 15% SDS gel was used. *P , 0.05 vs. sham-saline.
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of myocardial relaxation. They also support the idea that de-
creased SERCA in LVH and heart failure might impair relax-
ation (37–39), and further suggest that increased SERCA can
improve relaxation. Relaxation in the banded group treated with
thyroid may also have been enhanced by the increase of a-MHC
concentration in myocytes. a-MHC has a faster rate of cross-
bridge cycling than b-MHC so that a sarcomere with a higher
proportion of a-MHC should have faster relaxation (40). In-
deed, the banded group treated with thyroid had a higher pro-
portion of a-MHC, due to increased a-MHC with no change in
b-MHC.

Although the expression of SERCA and a-MHC proteins
were related to calcium handling and function, the degree of
myocyte hypertrophy was not. Myocyte volume was not signif-
icantly different in LVHcomp and LVHdecomp groups, even
though function and calcium handling were different. Further-
more, the combination of pressure overload and thyroid hor-
mone in the LVH-T4 group resulted in only a trend toward in-
creased myocyte size or LV mass relative to pressure overload
alone. Thus the degree of myocyte hypertrophy was not re-
lated to cardiac function, calcium handling, or SERCA and
MHC expression. This is in agreement with previous work that
dissociated mRNA levels of SERCA and a-MHC from overall
cardiac growth (41). These investigators found that unloaded
rat hearts (transplanted onto the abdominal aorta of recipi-
ents) had increased SERCA and a-MHC mRNA in response
to thyroid without an increase of cardiac weight. Thus, there is
increasing evidence that gene expression can be modulated in-
dependently from overall cardiac growth.

Could the beneficial effects of thyroid be exploited thera-
peutically? Thyroid is thought to signal both through nuclear
receptors and by less-defined extranuclear mechanisms (13).
The action of nuclear receptors to increase transcription can
likely explain the induction of SERCA and a-MHC, at least in
part, based on extensive work by others (18, 41–44) but we did
not measure mRNA levels. It is also likely that other genes
were induced by thyroid in this study, such as the sarcolemmal
Na1-K1 ATPase, b-adrenergic receptors, and enzymes of oxi-
dative phosphorylation (13). To the extent that thyroid signal-
ing is selective for specific genes or groups of genes, it might be
possible to design drugs that have more favorable effects and
fewer undesirable ones, such as the weight loss observed in this
study. Indeed a thyroid hormone analog is being tested that
has fewer systemic effects and tachycardia (45).

Thyroid signaling might have some advantages relative to
other growth factors being tested in cardiac disease. Growth
hormone and insulin-like growth factor-I increase contractility
in animal models (46, 47) and humans (48), but may also slow
relaxation and induce cardiac fibrosis (49). In contrast, thyroid
hormone enhances relaxation and is not thought to activate fi-
broblasts (50). Further study is needed to determine the best
way to stimulate cardiac growth as treatment for heart failure.
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