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Re-Expression of Fetal Troponin Isoforms in the
Postinfarction Failing Heart of the Rat
Sang-Hyun Kim, MD; Hyo-Soo Kim, MD*†; Myoung-Mook Lee, MD*†
Molecular switches between the troponin T and I isoforms are known to occur in various conditions, but the
results from studies of failing human hearts with various etiologies are contradictory and it is not certain whether
troponin isoform changes occur. Therefore, the molecular switching of troponin isoforms during normal development and heart failure (HF) after myocardial infarction were investigated in Sprague-Dawley rats at the fetal,
neonate, and normal adult stages, and in a postinfarction adult HF group. During normal development, switching
from the fetal to the adult pattern of the troponin T and I isoforms was observed. Immunoblotting of postinfarction failing hearts revealed a marked increase in the fetal isoform of cardiac TnT (cTnT) (fetal/adult cTnT
isoforms: normal adult = 0.61±0.09 vs postinfarction HF = 1.59±0.13, p<0.001). Also, the amount of the adult
troponin I (TnI) isoform decreased significantly in the postinfarction failing heart. In the semi-quantitative
reverse transcription-polymerase chain reaction (RT-PCR) with glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) as an internal standard, the mRNA of fetal cTnT increased in the postinfarction failing heart (fetal
cTnT/GAPDH: control = 0.22 vs HF rat = 0.84, p<0.05). Therefore, molecular switching of the troponin T and I
isoforms occurred during the normal development of the rat, and there was re-expression of the fetal pattern of
the isoforms in the postinfarction failing heart of the adult rat. (Circ J 2002; 66: 959 – 964)
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roponin is a regulatory protein and constituent of the
myofibrillar contractile complex. It consists of 3
subunits, troponin C, T, and I. The troponin complex controls muscular contraction through the regulation
of myofibrillar responsiveness to calcium and adrenergic
stimulation.1,2 Troponin C is the binding site for calcium,
which is necessary for excitation – contraction coupling of
the muscle. Troponin T and I regulate calcium binding to
troponin C through 3-dimensional conformational change,
and so confer calcium sensitivity to myofilaments.3–5
Multiple isoforms of the troponin subunits have been
identified in fast and slow skeletal muscles and in the myocardium of the rabbit,6,7 rat8 and human.9 Moreover, the
functional properties of the contractile apparatus may be
determined by the composition of its structural and regulatory proteins, such as the troponin complex.1,5,9,10
It is known that alternative RNA splicing of the troponin
T gene produces multiple cardiac troponin T isoforms,11,12
and that the expressions of cardiac and slow skeletal
troponin I isoforms from different genes are regulated by
many transcription factors, such as GATA-4.13,14
In the myocardium of the rat, there are 2 isoforms of
cardiac troponin T, fetal and adult, and 2 isoforms of
troponin I, slow skeletal, and cardiac. Moreover, the relative expression of the troponin T and I isoforms is known
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to change significantly during normal development.10,15,16
In addition, changes of troponin isoform expression have
been reported in various other conditions. In cases of hypothyroidism,17 cardiac hypertrophy of the left ventricle,18,19
and some cases of heart failure,9,20,21 reprogramming of
cardiac gene expression produced shifts in the expressions
of the troponin I or T isoforms. This expressional change is
the re-expression of slow skeletal troponin I, which is not
present in the myocardium of the normal adult rat. Myofibrils with fetal patterns of troponin isoforms (predominantly fetal cardiac troponin T and slow skeletal troponin I)
had lower responsiveness to calcium and β-adrenergic
stimulation, and a lower value of maximal ATPase activity
than those with adult patterns of troponin isoforms (predominantly adult cardiac troponin T and cardiac troponin
I). However, they showed less reduced responsiveness to
calcium and maximal ATPase activity under stressful
conditions such as acidosis, and hypoxia.1,22
However, in studies of failing human hearts with diverse
etiologies, it is not definite whether a change of the troponin
isoforms develops because results from the studies have
been contradictory. In addition, it is unclear whether
changes in troponin isoform expression occur in the postinfarction failing heart. Therefore, we examined the molecular switches for troponin T and I isoforms in the postinfarction failing heart of the rat.

Methods
Sample Preparation and Hemodynamic Measurements
We chose female Sprague-Dawley rats (200–250 g body
weight) as a model for normal adult heart (control, n=5) and
non-infarcted myocardium of the postinfarction failing heart
(postinfarction HF rat, n=5). In addition, we studied the
fetal heart and the 1-day-old postnatal heart to detect the
changes in troponin T and I expression during development.
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Table 1 Primer Sequences Used in RT-PCR
Primer

Position

fTnT1
fTnT2
tTnT1
tTnT2
ssTnI1
ssTnI2
cTnI1
cTnI2
GAPD1
GAPD2

antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense

Sequences

Product size

5’-AGACTGGAGCGAAGAAGGAAG-3’
5’-TGTTCTGCAAGTGAGCCTCGATC-3’
5’-CGAGAGAAGGAAAFFCAFAACC-3’
5’-GGTCTTCATTCAGGTGGTCGATG-3’
5’-TGCCTCCACAACACGAGAGAGATC-5’
5’-AAGCACCTCTACTGCAAGGTTGGG-3’
5’-TCTCTACCTCTGGAGATCAGCATGG-3’
5’-TGAAGTTTTCTGGAGGCGGAG-3’
5’-GCCAAGGATATCCATGACAACT-3’
5’-CAGGGTCGACCTTGCCCACAGCCTT-3’

Myocardial infarction was induced with left coronary
artery ligation using Prolene 6-0 through a left thoracotomy
under anesthesia. After an intramuscular injection of
ketamine (7.52×10–2 mg/g of body weight) and xylazine
(7.52×10–3 mg/g of body weight) to the right gluteal
muscle, rats were intubated endotracheally and ventilated
mechanically by a rodent ventilator (model 683, Harvard
Apparatus). Left thoracotomy was performed at the fourth
intercostal space, and left coronary artery ligation was
carried out between the right ventricular outflow tract and
the left atrial appendage. Rats were raised for 3 months
post infarction under the same conditionss as the control
group that underwent a sham operation.
After 3 months, hemodynamic parameters such as left
ventricular end diastolic pressure (LVEDP), aortic pressure
and heart rate were measured with a polygraph model 7
(Grass Instruments) through cannulation of the right carotid
artery with a saline-filled polyethylene catheter (PE50).
Hearts were arrested in diastole by the direct injection of
2–3 ml of 2 mol/l KCl into the left ventricle, and excised to
examine the extent of the infarction and wall thinning with
subsequent confirmation through histologic staining. The
hearts were then stored at –70°C in a refrigerator or in
formalin for immunoblotting, reverse transcriptase-polymerase chain reaction (RT-PCR) and histologic examination. We prepared rat soleus muscle for the experiments
with slow skeletal muscle. All animal experiments and care
were conducted according to the institutional guide for the
care and use of laboratory animals.

320 bp
250 bp
314 bp
167 bp

50 mmol/l Tris [pH 6.8], 20% glycerol, 0.0125% bromophenol blue and 100 mmol/l dithiothreitol). Samples was then
heated at 100°C for 2 min and the supernatant was captured
and stored at –70°C for immunoblotting.6,20
Next, 30μg of extracted proteins from the myocardium
of each group were loaded and separated by sodium
dodesylsulfate-polyacrylamide gel electrophoresis (SDSPAGE), which consisted of 8% stacking gel and 12%
separating gel, for 2 h at 40 V and for 90 min at 60 V
(Miniprotean II electrophoresis kit, Bio-Rad_, Richmond,
CA, USA). After electrophoresis, proteins were transferred
onto a nitrocellulose membrane, and blocked overnight
with 5% skim milk in 0.2% Tris buffered saline-Tween 20
(TBS-Tween 20). Immunoblottings were performed with
previously characterized monoclonal antibodies to cardiac
troponin T or I (Biopacific) diluted in 0.2% TBS-Tween 20
solution. Antibody binding was visualized using chemiluminescence with peroxidase-linked secondary antibody
(Amersham).
RNA Preparation and Semi-Quantitative RT-PCR
A sample of rat myocardium or soleus muscle (100 mg)
was homogenized with 1 ml of Ultraspec solution (Biotecx,
Huston, TX, USA) containing guanidine salt and urea, and
shaken frequently for 15 min after adding 0.2 ml of chloro-

Histologic Examination
The infarcted hearts was stained with hematoxylin –
eosin (H&E) and Masson’s trichrome to visualize the extent
and location of the infarction, compensatory hypertrophy,
and dilatation of the noninfarcted segment of the left
ventricle after postinfarction remodeling.
Protein Preparation and Immunoblotting
Pieces of myocardium were cut from noninfarcted segments, and after homogenization, mixed with 4 ml of prechilled skinning solution (75 mmol/l potassium acetate
[KC2H3O2], 5 mmol/l potassium EGTA, 15 mM potassium
phosphate, 5 mmol/l MgCl2, 5 mmol/l potassium ATP,
1% Triton X-100, and 15 mmol/l MOPS, pH 7.0) and
shaken on ice for 10 min. Protease inhibitors were added to
all solutions (0.5μg/ml antipain, 0.5μg/ml chymostatin,
2μg/ml pepstatin, 0.5μmol/l phenylmethylsulfonyl fluoride, 2.0μg/ml leupeptin). The sample was centrifuged, and
the pellet was washed twice in 4 ml of Krebs-Henseleit
solution (pH 7.4) with vortexing and placed in 400μl of
sample buffer (2.0% sodium dodecyl sulfate [SDS],

Fig 1. Hematoxylin – eosin staining of the normal adult heart (A),
postinfarction failing heart (B) and Masson’s trichrome staining of a
postinfarction failing heart (C). Dilatation of the left ventricle and
thinning of the anterior wall of the infarcted segment are shown. The
fibrosis after myocardial infarction is shown in blue by Masson’s
trichrome staining.
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form. The sample was then centrifuged at 12,000 G, for
4 min at 4°C, and the supernatant was removed, mixed with
an isovolume of isopropanol, and then incubated in ice for
10 min. The sample was then centrifuged at 12,000 G at
4°C for 30 min and the resulting RNA pellet was washed
twice with 75% ethanol and dried for 15 min. Finally, RNA
was suspended in 0.5% SDS, and stored at –70°C after
being quantified by spectrophotometry. Reverse transcription was performed with oligodeoxynucleotide, 10 mmol/l
dNTP, and Moloney murine leukemia virus (MoMLV)
reverse transcriptase. PCR was performed on 2μl of the
newly synthesized cDNAs with Taq DNA polymerase
and oligonucleotide primers semi-quantitatively using
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) as
an internal standard. RT-PCR primers were designed with
acomputer program using a previously reported cDNA
sequence and included the unique sequence of each
troponin isoform. PCR conditions were altered to determine optimal conditions from 21 to 33 cycles: denaturation
at 94°C for 30 s, annealing at 58°C for 1 min, and extension
at 72°C for 1 min. PCR products were separated by electrophoresis in 3% agarose gel with ethidium bromide staining.
The primers used in this study are shown in Table 1. Primers
for fetal troponin T (fTnT1, fTnT2) yielded PCR products
of 320 base pairs (bp), and primers for both fetal and adult
troponin T (tTnT1, tTnT2) yielded PCR products of 250 bp.
The primers of cardiac troponin I (cTnI1, cTnI2) produced
a cDNA of 167 bp, and the primers of slow skeletal troponin
I (ssTnI1, ssTnI2) produced a cDNA of 314 bp.
Statistical Analysis
Results are expressed as means ± SD or as the ratio of
densitometry results from the densitometric scanning
(Helena Lab, Beumont, TX, USA) of bands in western
blotting and RT-PCR. Statistical significance was determined using Student’s t-test and the Wilcoxon rank sum
test. Differences were considered statistically significant

Fig 2. Immunoblots of protein extract of different rat myocardium
with monoclonal antibody to cardiac troponin T (cTnT). Changes in
the expression patterns of the fetal and adult troponin T isoforms were
observed during development and in postinfarction heart failure.
Compared with the normal adult heart, marked decreases in the adult
isoform of TnT and marked increases in the fetal isoform of TnT were
observed in the postinfarction failing heart of the rat (NS, not significant, *p<0.001).
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when p<0.05.

Results
Group Characteristics and Hemodynamic Parameters
Three months after myocardial infarction, a significant
difference was noticed in the body weights of the control
group (n=5) and the postinfarction heart failure (HF) group
(n=5); 270±10 g vs 245±25 g, respectively (p=0.02). The
systolic pressure of the HF group was also lower than that
of controls (90±10 mmHg vs 130±15 mmHg, p=0.01), and
the heart rate of the HF group was higher (126±21 beats/min
vs 110±20 beats/min). Mean LVEDP in the HF group
increased to 21.4 mmHg, which was compatible with left
ventricular failure after myocardial infarction (7.4 mmHg
in the control group).
Histology
Heart histology in the control group was examined with
H&E staining (Fig 1A). Dilatation of the left ventricle and
wall thinning of the left ventricular anterior wall in the
postinfarction failing heart were observed (H&E; Fig 1B).
Fibrosis after myocardial infarction was shown in the left
ventricle by Masson’s trichrome staining (Fig 1C). Postinfarction remodeling was therefore confirmed to have
occurred after successful induction of myocardial infarction through ligation of the left coronary artery.
Western Blotting
Immunoblotting for cardiac troponin T showed 2
isoforms, the fetal troponin T isoform (45 kDa) and the
adult troponin T isoform (42 kDa). The intensity of each
band was measured by densitometry and it was found that
the fetal isoform of cardiac troponin T predominated in
fetal and neonatal hearts, but that the adult isoform predominated in the normal adult heart. In the postinfarction
failing heart, the fetal isoform of cardiac troponin T

Fig 3. Immunoblots of protein extracts of different rat myocardium
with monoclonal antibody to cardiac troponin I (cTnI). Changes in the
expression pattern of cardiac troponin I isoform were observed during
development and in postinfarction heart failure. Compared with the
normal adult rat heart, a moderate decrease in the ratio of cTnI/β-actin
was observed in the postinfarction failing heart of the rat (NS, not
significant, *p<0.05).
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Fig 4. RT-PCR product of fetal cardiac troponin T mRNA. Fetal
cardiac troponin T (fTnT) cDNA and GAPDH bands are shown. fTnT
cDNA was amplified significantly in the fetal heart (Fetus (H)) and
amplified only slightly in fetal slow skeletal muscle (Fetus (S)) and
the normal adult heart (Adult). However, fTnT cDNA amplification
was increased in the postinfarction rat heart (HF), which was similar
to that observed in the fetal heart, compared with the normal adult
heart (*p<0.05).

Fig 6. RT-PCR product of slow skeletal troponin I mRNA. Slow
skeletal troponin I (ssTnI) cDNA and GAPDH bands are shown. Slow
skeletal troponin I was amplified markedly both in fetal slow skeletal
muscle and the fetal heart, but only slightly in the normal adult heart
and postinfarction failing heart (NS, not significant, *p<0.05).

increased markedly and reversed the ratio of fetal/adult
cardiac troponin T isoforms, as shown in Fig 2 (control
group = 0.61±0.09 vs the postinfarction HF group = 1.59±
0.13, p<0.001).
Immunoblotting for cardiac troponin I showed the
isoform (31.5 kDa) of each group (Fig 3). The amount of
cardiac troponin I isoform increased more so in normal
adult hearts than in fetal or neonatal hearts, but decreased
significantly in the postinfarction HF group (p<0.05).
During normal development, switching from a fetal to an
adult pattern of troponin T and I isoforms was observed by
western blotting, and the isoform pattern specific for
postinfarction HF was similar to that of the fetal heart
rather than that of the normal adult heart.
RT-PCR
RT-PCR using primer for the fetal isoform of cardiac
troponin T (fTnT1, fTnT2) proved effective in 21 cycles.
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Fig 5. RT-PCR product of fetal and adult cardiac troponin T mRNA.
Total (fetal and adult) cardiac troponin T (tTnT) cDNA and GAPDH
bands are shown. With the exception of fetal slow skeletal muscle,
adult cardiac troponin T cDNA was amplified to a similar degree in
the fetal heart, normal adult heart and postinfarction failing heart (NS,
not significant, *p<0.05).

Fig 7. RT-PCR product of cardiac troponin I and slow skeletal
troponin I mRNA. Cardiac troponin I (cTnI) and slow skeletal
troponin I (ssTnI) cDNA bands are shown. The amplification of
Cardiac troponin I cDNA, compared with slow skeletal troponin I
occurred negligibly in fetal slow skeletal muscle, moderately in the
fetal heart, and markedly in the normal adult heart, but was slightly
decreased in the postinfarction failing heart (NS, not significant,
*p<0.05).

The cDNA of fetal cardiac troponin T was found to be
amplified more so in the fetal heart than in fetal slow skeletal muscle or the normal adult heart. However, in the
postinfarction failing heart, the gene expression of fetal
cardiac troponin T increased significantly compared with
the normal adult heart. In the densitometry results, the ratio
of fetal cardiac troponin T cDNA/GAPDH was 0.41 in fetal
slow skeletal muscle, 3.73 in the fetal rat heart, 0.22 in the
normal adult heart, and 0.84 in the postinfarction HF rat, as
shown in Fig 4 (p<0.05).
The primer for all cardiac troponin T isoforms (tTnT1,
tTnT2) amplified both fetal and adult cardiac troponin T
isoforms. The cDNA of the cardiac troponin T isoforms
were amplified to a lesser extent in the fetal slow skeletal
muscle than in the fetal heart, the normal adult heart or the
Circulation Journal Vol.66, October 2002
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postinfarction failing heart. Therefore, considering the
prior RT-PCR results for fetal cardiac troponin T, the gene
expression of the adult cardiac troponin T isoform was
found to be increased in the normal adult heart, and to be
significantly decreased in the fetal and postinfarction
failing heart (Fig 5). Therefore, during normal development
from the fetus to the adult rat, the gene expression of fetal
cardiac troponin T decreased, but the gene expression of
adult cardiac troponin T increased significantly. In the
postinfarction failing heart, the cDNA of adult cardiac
troponin T decreased, and the gene expression of fetal
cardiac troponin T increased, in the same manner as shown
by western blotting.
The primer for slow skeletal troponin I (ssTnI1, ssTnI2)
amplified the cDNA effectively within 25 cycles. Gene
expression of slow skeletal troponin I increased in the fetal
heart and slow skeletal muscle, but decreased in the normal
adult heart, and was not significantly increased in postinfarction HF. The densitometry result was 10.4 in fetal slow
skeletal muscle, 6.4 in the fetal rat heart, 0.20 in the normal
adult rat heart, and 0.32 in the postinfarction failing heart
(Fig 6).
RT-PCR with the primer for both cardiac troponin I and
slow skeletal troponin I (cTnI1, cTnI2) was effective within
25 cycles. Cardiac troponin I cDNA was found to be amplified slightly in the fetal heart and fetal slow skeletal
muscle. Both the normal adult heart and the postinfarction
failing heart group showed a similar large amplification of
cardiac troponin I cDNA (Fig 7).

Discussion
The troponin complex (ie, troponin T, I, and C) is the
major regulator of muscular contractile function. Several
isoforms of troponin T and I have been reported in the
myocardium of various animals, including humans. Five
isoforms of cardiac troponin T have been found in the
rabbit,6,7 and 4 isoforms of cardiac troponin T and 2
isoforms of troponin I have been found in the human
heart.9,20,21,23 In the rat, 2 cardiac troponin T isoforms (fetal,
and adult) and 2 troponin I isoforms (slow skeletal, and
cardiac) of the myocardium have been reported.15,16,24
Moreover, the isoforms of troponin T and I are known to be
one of the determinants of changed contractile characteristics during various conditions such as normal development,
and cardiac hypertrophy.1,3,5,10,22
Changes in the troponin isoform expression during
development and postinfarction heart failure were studied
in the present experiment. The fetal isoform of cardiac
troponin T (fTnT) and the slow skeletal isoform of troponin
I (ssTnI) predominated in fetal and neonatal rat hearts, but
the adult isoform of cardiac troponin T (aTnT) and the
cardiac isoform of troponin I (cTnI) predominated in the
normal adult heart. Switching from the fetal to the adult
pattern of troponin T and I isoforms was observed during
development, and re-switching to the fetal pattern occurred
in postinfarction heart failure. This study showed, for the
first time, that the molecular switching from the fetal to the
adult pattern of troponin T and I isoforms during normal rat
development was reversed during postinfarction heart
failure.
The switching from the fetal to the adult pattern of
troponin T and I isoforms that occurs during normal development was observed by western blotting. Moreover, it
was found that the troponin isoform pattern specific for
Circulation Journal Vol.66, October 2002
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postinfarction heart failure was similar to that of fetal heart
rather than that of normal adult heart. In RT-PCR, the
isoform switching of cardiac troponin T during normal
development and postinfarction heart failure followed the
same pattern as shown by western blotting. However, in the
case of the RT-PCR of troponin I isoforms, the amplification of isoform mRNA in postinfarction heart failure did
not have the same pattern as that shown in the fetal rat
heart. Therefore, it is proposed that the regulatory mechanism of cardiac troponin I gene expression of rat may
involve a post-transcriptional modification of mRNA.
More studies are required to clarify this issue.
The switching of troponin I isoforms has also been
reported in other pathologic conditions, such as hypothyroidism or pressure-overload hypertrophy of the left ventricle. Moreover, the content of cardiac troponin I has been
reported to decrease in the rat myocardium with hypothyroidism, induced by the administration of propylthiouracil,
as compared with the normal adult rat myocardium.17 In
addition, mutations of the cardiac troponin T gene have
been reported in cases of familial hypertrophic cardiomyopathy.25 Furthermore, it has been reported that decreased
adult isoform, and increased fetal isoform of cardiac
troponin T, as well as decreased cardiac troponin I isoform,
occurred in a guinea pig model of heart failure, which was
induced by pressure-overload using the aorta banding
method.10 It has also been shown that the expression of slow
skeletal troponin I in the heart of adult transgenic mice
reduced the force decline observed under acidic conditions.26 Another study showed that depressed troponin I
protein phosphorylation was associated with the functional
characteristics of a failing heart.27 Those studies suggest
that the sequential activation and expression of different
isoforms of a contractile gene family might be the one of
mechanisms of regulating contractile properties in the heart
under various pathologic conditions.
The functional significance of troponin isoform switching has been studied in several experiments. For example,
it is known that troponin T and I isoforms are related to
calcium sensitivity, maximal ATPase activity, and myocardial relaxation rate.1,5,22 Therefore, the re-switching of
troponin isoforms to fetal patterns during postinfarction
HF, the so called ‘dedifferentiation’ process, may be either
one of the basic mechanisms of pathologic change or an
adaptive process induced by the pathologic changes of HF.
It is known that the DNA of troponin T of rat consists of
16 exons and 19,186 nucleotides, and that the expression of
the troponin T isoform is regulated by the alternative RNA
splicing of exon 4 and exon 12 nucleotides.28 The switching
of troponin I isoforms may be the result of post-transcriptional alteration of the troponin I gene.10,16 Although the
timing of isoform switching is different in the atrium,
ventricle and conduction system, it is known that the
switching of troponin isoforms in the rat occurs during the
first 3 weeks of birth.8,10,16
The switching of troponin isoforms in the human heart
has been studied on several occasions, but the results have
produced different conclusions. In the failing human heart,
it is not definite whether troponin isoform changes develop
because results have been contradictory. Some studies9,29
have shown a re-switching to the fetal pattern of troponin
isoforms in the failing human heart with various etiologies,
but others21,23,30 found that re-switching occurred only in
some circumstances.
We observed the changes in the troponin T and I
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isoforms during normal rat development, and re-switching
of the troponin isoforms to the fetal pattern during postinfarction heart failure in the rat. We report here for the first
time upon changes of both the troponin T and I isoforms in
postinfarction HF.
In the future, more comprehensive and extensive studies
of the mechanisms of gene regulation of the troponin
isoforms, changes in the troponin isoforms in human
failing and postinfarction hearts, and the functional implications of troponin isoform switching should be undertaken
to give a better understanding of the molecular mechanisms
and pathogenesis of postinfarction HF.
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