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Abstract
Thyroid hormone receptors (TRs) play a critical role in the expression of genes that are major determinants of myocardial 
contractility, including α-myosin heavy chain (α-MHC) and β-MHC. After myocardial infarction (MI), changes in myocar-
dial TRs consistently correlate with changes in thyroid hormone (TH) target gene transcription, and this is thought to play a 
key role in the progression to end-stage heart failure. Interestingly, post-MI exercise training has been shown to beneficially 
alter TH-target gene transcription and preserve cardiac function without changing serum TH. Therefore, in this study, we 
investigated whether mild exercise training alters expression of α1 and β1 TR isoforms in post-MI rats. Seven-week-old 
male Sprague–Dawley rats underwent coronary ligation or sham operation, and were assigned to 3 groups (n = 10): sham, 
sedentary MI (MI-Sed), and exercise MI (MI-Ex). Treadmill training was initiated 1 week post-MI, and gradually increased 
up to 16 m/min, 5° incline, 50 min/day, 5 days/week, and lasted for a total of 8 weeks. Real-time polymerase chain reaction 
and gel electrophoresis were performed to quantify changes in TR isoforms. Our results illustrated that mRNA expression 
of TR-α1 and TR-β1 was higher in both MIs; however, protein electrophoresis data showed that TR-α1 was 1.91-fold higher 
(P < 0.05) and TR-β1 was 1.62-fold higher (P < 0.05) in the MI-Ex group than in the MI-Sed group. After MI, TR-α1 and 
TR-β1 protein levels are significantly decreased in the surviving non-infarcted myocardium. Moderate-intensity exercise 
training significantly increases TR-α1 and TR-β1 protein expression, which in turn may upregulate α-MHC and improve 
myocardial contractile function and prognosis.
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Introduction

Thyroid hormone (TH) critically regulates a wide range of 
genes, and has profound effects on the cardiovascular system 
[7, 16]. Triiodo-l-thyronine  (T3), the cellular-active metabo-
lite of TH, mediates its genomic effects upon binding to 
thyroid hormone nuclear receptors (TRs) [7, 22]; however, 
recent evidence suggests that unliganded TRs are also tran-
scriptionally active [3, 22].  T3-responsive genes in cardiac 
muscle include α-myosin heavy chain (α-MHC), β-MHC, 
and sarcoplasmic reticulum calcium-activated ATPase 
(SERCA) [15]. The relative cardiac expression of α- and 
β-MHC heavily influences myocardial contractility, and is 

determined by factors including, but not limited to, serum 
 T3, TR isoform specificity, and the liganded or unliganded 
state of TR [11, 12].

Acute myocardial infarction (MI) is the major cause of 
heart failure in the adult American population [10]. Compel-
ling evidence based on human studies and extensive research 
on rodent myocardium suggests that pathological remode-
ling following acute MI results in a hypothyroid-like molec-
ular phenotype, also called the fetal program [22, 24]; this 
re-expression of the protein isoforms normally expressed in 
fetal life is characterized by the downregulation of α-MHC 
and SERCA, and the reciprocal upregulation of β-MHC [16], 
and is thought to play a major role in the progressive decom-
pensation to chronic heart failure (CHD) and mortality [26, 
34]. Although TH treatment has been shown to reverse most 
of these changes and significantly improve cardiac function 
[21, 24], accumulating evidence suggests that reduced TH-
signaling responsible for fetal gene induction in the failing 
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myocardium may be attributed to altered TR isoform expres-
sion [14, 15, 25, 26].

Previous studies by our group and others have demon-
strated that exercise training positively influences cardiac 
function and attenuates myocardial remodeling in rats with 
MI or congestive heart failure [1, 4, 13, 32, 33]. It has also 
been reported that exercise training significantly increases 
α-MHC expression in the anterior wall (AW) and posterior 
wall (PW) in both sham and MI rats [24]. Interestingly, one 
of our previous studies demonstrated that post-MI exercise 
training upregulated α-MHC and downregulated β-MHC 
without restoring resting TH [30]. Therefore, it is conceiv-
able that upregulation of α-MHC in response to exercise 
is mediated by changes in TR isoform expression. In fact, 
studies in the aging rat and in human end-stage heart fail-
ure reveal changes in myocardial TR levels that correlate 
with changes in TH target gene transcription [14, 19]. To 
date, however, the effects of post-MI exercise on cardiac TR 
isoform expression have not been addressed. Therefore, the 
purpose of this study was to investigate the exercise-induced 
gene and protein alterations of α1 and β1 TR isoforms in 
post-myocardial infarction rats.

Materials and methods

Animal preparation

Seven-week-old (185–200 g) male Sprague–Dawley rats 
(Harlan, Indianapolis, IN, USA) were treated in accord-
ance with National Institutes of Health Guide for the Care 
and Use of Laboratory Animals, and study protocols were 
approved by the Institutional Animal Care and Use Com-
mittee of the University of Texas at San Antonio. To ensure 
the rats were accustomed to running, they were habitually 
trained on a rodent treadmill for 5 min at 5 m/min for 5 days 
prior to surgery. MI was surgically induced by ligation of 
the left anterior descending coronary artery as described 
previously [32].

One week after surgery, the surviving rats were assigned 
to three experimental groups (n = 10/group): a sham-oper-
ated control (Sham), a sedentary group with MI (MI-Sed) 
and an exercise group with MI (MI-Ex). The MI-Ex group 
started exercising 1 week post-MI using a motorized rodent 
treadmill, while the Sham and MI-Sed groups remained 
sedentary throughout the entire experiment. To allow grad-
ual adaptation to exercise stress, training was initiated at 
10 m/min, 5° incline for 10 min per session. The speed and 
duration were gradually increased to 16 m/min and 50 min 
per session (including a 5-min warm-up at 10 m/min) and 
maintained constant throughout the experiment. Based on 
the regression formula described by Lawler et al. [18], the 
exercise intensity used in this study was about 55% of the 

maximal oxygen consumption. This is equivalent to mod-
erate exercise intensity in human exercise. The exercise 
training was performed 5 days per week for 8 weeks. The 
exercise intensity and duration used in the present study was 
based on our previous studies [31–33]. The exercise duration 
was gradually increased to allow for exercise adaptation. 
This exercise regimen suited the rats with MI very well and 
there were no exercise training-related mortalities.

Tissue collection

The rats were anesthetized 48 h after the last exercise ses-
sion, and their hearts were quickly harvested and rinsed in 
cold saline. The myocardial tissue of the non-infarcted left 
ventricle (LV) was collected and immediately frozen in iso-
pentane with dry ice. Tissues were stored at – 80 °C until 
use.

Infarct size determination

The LV was cut from apex to base into 3 transverse sections. 
Sections 6-μm thick were cut and stained with Masson’s 
trichrome. Infarct size was calculated by dividing the sum of 
the planimetered endocardial and epicardial circumferences 
of the infarcted area by the sum of the total epicardial and 
endocardial circumferences of the LV [31]. Total epicardial 
and endocardial lengths occupied by the infarct as identified 
by Masson’s trichrome staining was measured using Image 
Pro Plus program (Media Cybernetics, Silver Spring, MD, 
USA).

Total RNA isolation

Total RNA was isolated using the  TRIZOL reagent (Invit-
rogen, Carlsbad, CA, USA) according to the manufactur-
er’s protocol. Briefly, a noninfarcted LV tissue sample was 
ground, and the resulting powder was re-suspended in 1 ml 
of  TRIZOL. The suspension was then homogenized and incu-
bated for 5 min at room temperature. The homogenate was 
extracted with 0.2 ml of chloroform, and upon centrifuga-
tion (12,000g, 15 min, 4 °C) the aqueous phase was mixed 
with 0.5 ml of isopropyl alcohol. The resulting pellet was 
washed with 1 ml of 75% ethanol and re-suspended in 50 µl 
of RNase-free water. Total RNA samples were stored at 
− 80 °C until use.

Real‑time PCR

All RNA samples were DNase treated and 1 µg of total RNA 
samples were reverse-transcribed with oligo (dT) primers 
and MMLV reverse transcriptase (Promega, Madison, WI, 
USA). Quantification of cardiac gene expression was deter-
mined by real-time polymerase chain reaction (PCR). The 
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relative expression of TR-α and TR-β mRNA was normalized 
to the amount of β-actin in the same cDNA sample by using 
the standard curve method. Analysis of each specific mRNA 
was conducted in triplicate. The primers and probes used in 
this study were Assay-on-Demand gene expression products 
(Applied Biosystems, Foster City, CA, USA). Because of pro-
prietary issues and the policy of Applied Biosystems, the exact 
primer sequences used for the real-time PCR experiments are 
not provided but can be requested from the company based on 
the information in Table 1.

Western blot

Twenty micrograms of each protein tissue sample was sepa-
rated by sodium dodecyl sulfate–polyacrylamide gel (SDS-
PAGE), and transferred to PVDF membranes (Bio-Rad, 
Hercules, CA, USA). The primary antibodies used were 
anti-TR-α1 and anti-TR-β1 (Santa Cruz). The membranes 
were detected with enhanced chemiluminescence (Amer-
sham, Little Chalfont, Buckinghamshire, UK) followed by 
exposure to an X-ray film. The protein bands on the X-ray 
film were scanned and band densities were calculated using 
Quantity One software (Bio-Rad). GAPDH was used as an 
internal control.

Statistics

One-way analyses of variance (ANOVA) were carried out 
to determine whether there were significant mean differ-
ences among the experiment groups. An ANOVA with sig-
nificant F ratios (P < 0.05) was followed by Student–New-
man–Keuls post hoc comparisons. A P value of less than 
0.05 was considered statistically significant with the values 
being expressed as mean ± SEM.

Results

General characteristics of experimental groups

Table 2 describes the general characteristics of the experi-
mental groups. MI was associated with ~ 45% mortality 

during the first 48 h following ligation. No deaths occurred 
during the 8-week experimental period. Infarct sizes were 
comparable between MI-Sed (41.2 ± 2.94%, n = 10) and 
MI-Ex (40.1 ± 1.37, n = 10). There was no significant dif-
ference for the body weight among the experimental groups 
(P > 0.05). The MI-Sed and MI-Ex groups had similar 
heart weight and the ratio of heart weight to body weight 
(P > 0.05), which were higher than their Sham counterparts 
(P < 0.05).

TR‑α1 and TR‑β1 gene and protein expressions

To determine whether exercise training altered TR-mRNA 
levels, quantitative RT-PCR was performed to quantify car-
diac gene expression among groups. Our results illustrated 
that mRNA expression (Fig. 1) of TR-α1 was elevated in 
both MI groups compared to Sham baseline, yet was virtu-
ally the same between MI-Sed and MI-Ex (1.65 vs 1.64). 
Similarly, TR-β1 expression (Fig. 1) was also higher in rats 
with MI, but once again, was not statistically different (MI-
Sed, 1.4 vs MI-Ex, 1.65). Figure 2 illustrates the representa-
tive separations of TR-α1 and TR-β1 relative to GAPDH. 
Compared to the Sham group, both MI groups expressed 
lower levels of TR-α1 and TR-β1; however, TR-α1 was 1.91-
fold higher and TR-β1 was 1.62-fold higher (P < 0.05) in 
the MI-Ex group than in the MI-Sed group, suggesting that 
exercise training significantly upregulates protein expression 
of TR-α1 and TR-β1.

Discussion

In the present study, we demonstrated that moderate-inten-
sity exercise training markedly increased cardiac protein 
expression of TR-α1 and TR-β1 9 weeks after MI. These 
data provide novel insights into the mechanisms underlying 
the improvement in morbidity and mortality produced by 
exercise training in patients with MI, and further elucidate 

Table 1  Primers and probes used for real-time PCR

a Gene expression assays product ID of Applied Biosystems (Foster 
City, CA, USA)

Gene Assay  IDa Reference 
sequence (Gen-
Bank)

β-actin Rn00667869_m1 NM_031144.2
TR-α Rn01464139_m1 NM_031134.2
TR-β Rn01640361_m1 NM_012672.1

Table 2  General characteristics of the experimental groups

Values are expressed as mean ± SEM
BW body weight when sacrificed, Ht Wt heart weight
*P < 0.05 compared with MI-Sed and MI-Ex groups

Group Sham (n = 10) MI-Sed 
(n = 10)

MI-Ex (n = 10)

Infarct size (%) – 41.2 ± 2.94 40.1 ± 1.37
BW (g) 392.63 ± 12.04 392.38 ± 8.75 401.5 ± 5.88
Ht Wt (g) 1.28 ± 0.09* 1.54 ± 0.24 1.52 ± 0.18
Ht Wt (g)/BW 

(kg)
3.35 ± 0.06* 3.94 ± 0.15 3.85 ± 0.13
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the complexities of TH-signaling pathways in pathological 
models of hypertrophy.

Our previous studies (utilizing the same post-MI exer-
cise model as the present study) demonstrated that post-MI 
exercise training not only attenuates the plasma renin–angi-
otensin–aldosterone-system (RAAS) [29], but also down-
regulates cardiac tissue angiotensin converting enzyme [32]. 
These beneficial changes lead to the decrease in myocardial 
fibrosis of the infarcted heart [31] and the improvement of 
cardiac function [29, 31, 32]. In a recent study, we found 
that post-MI exercise training significantly upregulated 
α-MHC, downregulated β-MHC, and improved the ratio of 
cardiac α-MHC to β-MHC. However, exercise training did 

not normalize  T3 and  T4 from MI-induced low plasma con-
centrations. Nevertheless, these beneficial changes in MHC 
subunits of the exercise trained rats were accompanied with 
enhanced cardiac function compared to the sedentary ani-
mals [30]. This finding leads to the hypothesis that the post-
MI exercise-induced MHC modification may be due to the 
improved TRs.

T3 is an important mediator for upregulating the α-MHC 
isoform in the myocardium and downregulating the 
β-isoform [2, 23, 24, 27]. Without  T3, the α-MHC gene 
cannot be transcribed [23]. After MI, both circulating and 
cardiac levels of  T3 are significantly decreased despite the 
presence of normal serum  T4 [5, 6, 9]. Our previous study 
demonstrated that post-MI exercise training did not normal-
ize both  T3 and  T4, but the exercise training upregulated 
α-MHC and downregulated β-MHC with improved cardiac 
function [30]. This finding leads to the hypothesis that the 
post-MI exercise-induced MHC modification may be due to 
the improved TRs.

There are two genes that encode for TR, TR-α and TR-β, 
each with distinct patterns of expression in development and 
in adult tissue. TR isoforms α1, β1, β2, and β3 have similar 
affinities for endogenous TH and characteristics for DNA 
binding, while TR-α2 and -α3 do not bind TH, and there-
fore function as dominant-negative receptors. In the present 
study, we focused our efforts on  T3-binding splice products 
predominantly expressed in cardiac muscle, namely TR-α1 
and TR-β1 [20, 28].

Cardiac remodeling after MI involves several changes 
in TH signaling. Among the most widely observed are the 
downregulation of MHC-α and SERCA, and upregulation of 
MHC-β and phospholamban (PLB). Because α-MHC elicits 
2 to 3 times faster actin-activated ATPase activity and actin 
filament sliding velocity than MHC-β [12, 17], it appears 
that MI-induced shifts in MHC isoforms is a regulatory 
response necessary to preserve myocardial work efficiency 
under pathological conditions, but does so at the expense 
of cardiac contractility. Furthermore, the downregulation of 
SERCA mediated by decreased TH signaling is also known 
to negate contractile function by reducing the rate of calcium 
reuptake into the lumen of the sarcoplasmic reticulum dur-
ing diastole [7].

In the present study, MI significantly decreased expres-
sion of TR-α1 (0.85) and TR-β1 (0.65) in MI-Sed compared 
to Sham (2.05 and 1.15, respectively) as shown in Fig. 2. 
Likewise, previous studies have also demonstrated post-MI 
decreases in TR expression. Pantos et al. reported that after 
myocardial infarction, TR-α1 and TR-β1 expression were 
1.3- and 1.8-fold lower than in the sham hearts (P < 0.05) 
[25]. Similarly, a study on the human heart revealed that 
compared to non-failing hearts, TR-α1 was downregulated 
in failing left ventricles, whereas TR-α2, a splice variant that 
inhibits responses to liganded TRs, was increased. Although 
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Fig. 1  Exercise-induced TR isoform gene expressions in post-
infarcted rat heart. There were no significant differences in both 
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TR-β1 did not differ significantly between groups, linear 
regression analysis demonstrated that TR-α1 was positively 
and TR-α2 was negatively correlated with MHC-α gene 
expression [14]. Thus, although the specific mechanisms 
for altered TR levels may differ among species, human and 
rat studies both suggest that TR-α1 downregulation is a 
mechanism for hypothyroid-like signaling in pathological 
hypertrophy.

Although not fully elucidated, much is recognized about 
the transcriptional functions of TR isoforms in rat and 
human models; for example, increased MHC-β transcrip-
tion is induced by decreased expression of TR-β1, while 
reduced MHC-α is mediated by decreased TR-α1 expres-
sion. These TR isoform specific transcriptional functions 
are consistent with previous reports that exercise training 
significantly increases MHC-α expression while repressing 
the β-isoform at gene and protein levels in both sham and 
MI rats [8, 11, 30]. In the present study, post-MI exercise 
training significantly altered cardiac expression of TR iso-
forms. Compared to MI-Sed, TR-α1 was 1.91-fold higher 
(P < 0.05) and TR-β1 was 1.62-fold higher (P < 0.05) in 
the MI-Ex group. Increased expression of TR isoforms may 
prove beneficial in the surviving myocardium by increas-
ing MHC-α and decreasing MHC-β. In fact, physiological 
hypertrophy in the healthy rat has been shown to alter car-
diac TR expression and induce a hyperthyroid-like molecu-
lar phenotype, thus improving myocardial contractility and 
overall cardiac functioning. For example, Kinugawa et al. 
reported that physiological hypertrophy stimulated by volun-
teer treadmill running in rats significantly increased TR-β1 
but elicited no change in TR-α1; furthermore, MHC-α was 
increased and MHC-β was decreased, resulting in enhanced 
contractile function [15].

Since there were no significant differences in the body 
weight and heart weight between the MI-Sed and MI-Ex 
groups, we didn’t detect any differences in the ratio of heart 
weight to body weight. However, the heart weight in both the 
MI-Sed and MI-Ex were significantly heavier than that of 
the Sham group, indicating MI-induced cardiac hypertrophy. 
The lack of differences in heart weight between the MI-Sed 
and MI-Ex groups may indicate that post-MI exercise may 
not significantly attenuate the MI-induced cardiac hypertro-
phy, although the heart weight in the MI-Ex group tended 
to be lighter (P > 0.05). Additionally, the lack of significant 
difference in heart weight may be attributed to the small 
sample size (n = 10 for each group).

In summary, TR downregulation is widely observed 
across various models of pathological hypertrophy, and is 
associated with reduced transcription of TH target genes and 
the return of the heart to fetal gene programming; however, 
we found that post-MI exercise training significantly alters 
cardiac expression of TR isoforms, and in turn may benefi-
cially influence the course of myocardial remodeling.
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