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Abstract
Thyroid hormone exerts broad effects on the adult heart, however little is known regarding the
role of thyroid hormone on regulating cardiac growth early in development and in response to
pathophysiological conditions. To address this issue, we determined the effects of fetal
thyroidectomy on cardiac growth and growth related gene expression in control and pulmonary
artery banded fetal sheep. Fetal thyroidectomy (THX) and placement of a restrictive pulmonary
artery band (PAB) was performed at 126 ± 1 d gestation (term 145 d). Four groups of animals (n =
5–6 in each group): 1) control; 2) fetal THX; 3) fetal PAB; and 4) fetal PAB + THX; were
monitored for 1 week prior to being euthanized. Fetal heart rate was significantly lower in the two
THX groups compared with the non-THX groups while mean arterial blood pressure was similar
among groups. Combined left and right ventricle free wall + septum weight, expressed per kg fetal
weight, was significantly increased in PAB (6.27 ± 0.85 g/kg) compared to control animals (4.72 ±
0.12 g/kg). THX significantly attenuated the increase in cardiac mass associated with PAB (4.94 ±
0.13 g/kg) while THX alone had no detectable effect on heart mass (4.95 ± 0.27 g/kg). The
percentage of binucleated cardiomyocytes was significantly decreased in THX and PAB +THX
(~16%) compared to the non-THX groups (~27%). No differences in levels of activated Akt, ERK
or JNK were detected among the groups. Markers of cellular proliferation but not apoptosis or
expression of growth related genes were lower in the THX and THX+ PAB groups relative to
thyroid intact animals. These findings suggest that in the late gestation fetal heart, thyroid
hormone has important cellular growth functions in both physiologic and pathophysiologic states.
Specifically, thyroid hormone is required for adaptive fetal cardiac growth in response to pressure
overload.

Keywords
cardiac; development; hypothyroidism

INTRODUCTION
Marked changes in the myocardium occur during the last third of gestation as the fetus
prepares for the transition to extrauterine life (Smolich et al., 1989). Accompanying
increases in right (RV) and left ventricle (LV) free wall mass, there is a dramatic increase in
the number of cardiomyocytes within the heart as well as a transition from mononucleated to
binucleated myocytes (Jonker et al., 2007). In the sheep, where this process has been well
described, the transition from mononucleated to binucleated cells begins around 100 d
gestation (term ~145 d) such that at term, approximately 70% of cardiomyocytes are
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binucleated, or terminally differentiated (Jonker et al., 2007). As such, the number of adult
cardiomyocyte numbers appears to be determined during the prenatal and perinatal period.
Disruption of this process leads to a reduction in cardiomyocyte endowment in the heart and
potentially increases the risk for cardiac disease during postnatal life (Li et al., 2003; Li et
al., 2004; Corstius et al., 2005).

The mechanisms governing this developmentally regulated heart growth process are not well
understood, though a number of mechanical and hormonal factors appear to regulate fetal
cardiomyocyte proliferation and maturation, including cardiac load, angiotensin II, cortisol,
insulin-like growth factor-1 and atrial natriuretic factor (Barbera et al., 2000; Sundgren et
al., 2003a; Sundgren et al., 2003b; Giraud et al., 2006; O'Tierney et al., 2010). In the adult,
thyroid hormone is known to have dramatic effects on the cardiovascular system, including
regulating cardiac growth and inducing cardiomyocyte hypertrophy (Kahaly & Dillmann,
2005). Far less is known regarding the relationship between thyroid hormone and heart
growth during fetal life. In isolated fetal sheep cardiomyocytes, exogenous triiodothyronine
(T3) inhibited proliferation, as determined by BrdU uptake and expression of cyclin D1
(Ledda-Columbano et al., 2006; Chattergoon et al., 2007). However, in vivo,
thyroidectomized fetal sheep heart display decreased binucleated cardiomyocyte population
(a measure of maturation) and cell cycle activity (Chattergoon et al., 2011). The role of
thyroid hormone in regulating pathophysiologic cardiac growth in the fetus has, to our
knowledge, not been investigated.

We hypothesized that endogenous thyroid hormone modulates cardiomyocyte development
and is required for adaptive cardiac growth in response to pressure overload in utero. To test
this hypothesis, we evaluated the effect of fetal thyroidectomy on cardiac growth,
cardiomyocyte proliferation and maturation, and expression of myocardial mRNA and
proteins thought to be involved in cardiac growth and function. To specifically assess the
role of thyroid hormone in regulating pathophysiologic cardiac growth, we examined the
effect of thyroidectomy on these markers in fetuses that underwent placement of a
pulmonary artery band that increases cardiac load and RV mass.

METHODS
Ethical approval

All procedures were performed within the regulations of the Animal Welfare Act and the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the University of Iowa Animal Care and Use Committee. Time-bred pregnant
ewes of mixed Dorset-Suffolk breed with twin were obtained from a local supplier and
acclimated to the laboratory over several days.

Animals and surgical preparation
Four groups of fetal sheep were prepared surgically, including thyroidectomy alone (THX),
pulmonary artery banding alone (PAB), thyroidectomy + pulmonary artery banding (THX +
PAB), and control (sham thyroidectomy + sham pulmonary artery banding, CON). Pregnant
ewes at 125–126 days gestation (term 145 days) with twin fetal pregnancies were used for
the study (n = 12 ewes). Anesthesia was induced with 12 mg/kg of thiopental sodium
(Pentothal Sodium, Abbott Laboratories) and maintained with a mixture of isoflurane (1–
3%), oxygen (30%) and nitrous oxide. Under sterile conditions, the uterus was opened and
the fetal head exteriorized. A ventral midline incision was made in the neck and in one
group of animals the thyroid gland identified, isolated and removed (Hopkins & Thorburn,
1972). Indwelling catheters (PE-90, ID = 0.86 mm, OD = 1.27 mm, Intramedic, Franklin
Lakes, NJ) were placed into the right fetal carotid artery and jugular vein and the neck
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incision closed. Fetal blood gases were monitored throughout the surgery following catheter
placement. A catheter for measurement of amniotic pressure was secured to the fetal skin.
The fetus was further exteriorized to allow access to the left chest wall and via a third
interspace thoracotomy, the main pulmonary artery was exposed proximal to the ductus
arteriosus and double-wrapped with an umbilical tape ligature to constrict the diameter of
the artery by 50% as measured using calipers. Previous work by us has demonstrated this
degree of constriction results in an acute pressure gradient of 12–14 mmHg across the
constriction (Dalshaug et al., 2002). The fetal chest was closed and the hysterotomy
repaired. These procedures were then repeated on the second twin, with performance of
sham thyroidectomy or pulmonary artery constriction when indicated. At the completion of
surgery, maternal incisions were closed in separate layers and all catheters were exteriorized
through a subcutaneous tunnel and placed in a cloth pouch on the ewe's flank. Ampicillin
sodium (Wyeth Laboratories, Philadelphia) was administered intra-amniotically at the
completion of surgery (2 g) and to the ewe prior to surgery (2 g) and daily for three days.
Pregnant ewes were returned to individual pens and allowed free access to food and water.
Butorphanol (0.1 mg/kg i.v.; Torbugesic; Fort Dodge Animal Health, Fort Dodge, IA) was
given for 24 h postoperatively for analgesia.

Experimental protocol
Animals were monitored daily for 1 week following surgery. Physiological measurements
were begun 24 h after surgical preparation. Ewes were confined to stanchions during the
course of the experiment, where they were afforded free access to food and water. Pressures
were recorded with Transpac pressure transducers (Abbott, Abbott Park, IL) on a calibrated
computerized system (MacLab, ADInstruments, Colorado Springs, CO; Apple, Cupertino,
CA). Fetal arterial pressures were referred to amniotic fluid pressure and reported as
arithmetic mean from computer tracings. Arterial pressure tracings were used to calculate
fetal heart rate. Fetal arterial blood samples were taken daily for blood gases and pH (Gem
Premier 3000, Instrumentation Laboratory, Bedford MA). Samples for determination of
serum thyroxine (T4) were obtained one the first postoperative day (Day 1) and again prior
to euthanizing the animals (Day 7). Thyroxine levels were measured in duplicate using an
ovine-specific radioimmunoassay (Animal Health Diagnostic Center, Cornell University
College of Veterinary Medicine, Ithaca NY, Ned Place MD, PhD, Director).

Tissue Collection
On the 7th postoperative day, ewes were again anesthetized with general anesthesia, the
fetuses exteriorized and the hearts arrested in diastole with an intravenous solution of
saturated potassium chloride. Fetuses were weighed and their hearts were removed. The
hearts were dissected into anatomical components and each component weighed. A thin
mid-ventricular wall section was fixed in ethanol-acetic acid (2% v/v) for 24 h and
embedded in paraffin. The remaining ventricular tissue was immediately frozen in liquid
nitrogen. Ewes were euthanized by an intravenous administration of pentobarbital sodium
and phenytoin sodium (120 mg/kg barbiturate, Euthasol Solution, Virbac Corp., Fort Worth
TX).

Cardiomyocyte Isolation
To determine the percentage of mononucleated and binucleated myocytes within each
ventricular free wall, cardiomyocytes were isolated from paraffin embedded sections as
described by Leeuwenburgh et al.(Leeuwenburgh et al., 2008). Briefly, 100 um thick tissue
slices were deparaffinized and rehydrated using xylene and decreasing concentrations of
ethanol. Tissues were incubated in a collagenase solution (450 U·mL−1, Worthington, type I)
and shaken for 30 min. Supernatant was removed and the process repeated on the remaining
tissue. Supernatant was again removed, combined with the first aliquot and centrifuged
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(1000 rpm) for 10 min. Pelleted cells were resuspended in phosphate-buffered saline, and
transferred to glass slides using cytospin centrifugation. Cells were subsequently stained
with hematoxylin and eosin for counting of nuclei (Figure 1). At least 300 myocytes from
each ventricle of each fetus were counted.

Quantitative Immunoblot
Immunoblots were performed as described previously to quantify protein expression (Olson
et al., 2006a). Cardiac samples were homogenized and then sonicated in a buffer containing
soybean trypsin inhibitor, leupeptin and PMSF in 50 mM Tris, 10mM EDTA, 150 mM NaCl
and 0.1% mercaptoethanol. Cellular debris was removed by centrifugation and samples were
quantified spectrophotometrically. Protein was separated by SDS-PAGE and transferred to
nitrocellulose membranes. These were blocked for 1 hour in 5% nonfat milk, and then
incubated with primary antibodies overnight at 5°C. Bound antibody was detected by
incubation with infrared-labeled secondary antibodies (IRDye 800 or IRDye 700 700DX,
Li-Cor Biotechnology, Lincoln, NE). Blots were read and quantified on a Li-Cor Odyssey
Imaging System (Li-Cor Biotechnology). All immunoblots were performed in duplicate with
the results for each sample being averaged. Primary antibodies included antibodies from
Santa Cruz Biotechnology (Santa Cruz, CA) specific to total ERK1/2 (sc-93),
phosphorylated ERK1/2 (sc-7383), total JNK1/2 (sc-1648), phosphorylated JNK1/2
(sc-6254), beta-myosin heavy chain (β-MHC) (sc-71575), sarcoplasmic reticulum Ca2+-
ATPase (SERCA2) (sc-8094), and phospholambam (sc-30142); from Cell Signaling
Technology (Beverly, MA) specific to PCNA (2586), cyclin B1 (4135), cyclin D1 (2978),
cyclin E (4129) and p21 (2978); from BD Pharmigen (San Diego, CA) specific to cleaved
(activated) caspase 3 (559565) and from Imgenex Corp., (San Diego, CA) specific to
cleaved caspase 8 (5703).

qRT-PCR
Total RNA was isolated from LV free wall using the ToTALLY RNA™ kit (Ambion, Inc.)
followed by further purification using the RNeasy® midi kit (Qiagen Inc.). RNA was
quantitated using a NanoDrop® ND-1000 spectrophotometer (Labtech International, East
Sussex, U.K.). Reverse transcription reactions were performed on 1 µg total RNA with the
addition of oligo dT, dNTPs, DTT, RNasin, and Superscript III™ reverse transcriptase (Life
Technologies, Inc.). Gene expression levels were analyzed by quantitative real-time PCR
using the TaqMan® system (Life Technologies, Inc.) which makes use of an intron-
spanning primer pair and a fluorogenic probe. Primer/probe sets for growth related genes
(Table 1) were either identified from the literature or were designed in our laboratory for
specific ovine genes by first PCR cloning a large region of each via either published
sequence or relying on highly conserved regions for degenerate primer design. Once a large
section was PCR amplified, it was sequenced and intron-spanning primer/probe sets were
designed for qRT-PCR using the Primer3 software following guidelines established by
Applied Biosystems. To control for possible regional variations in the heart, 3 separate
tissue pieces from each animal were processed and analyzed. Relative standard curves were
generated for each run using pooled RNA. All individual samples were run in triplicate and
each final average was calculated from 3 separate reverse transcription reactions that were
generated from 3 separate RNA harvests. When compared across equally loaded (by
quantitated RNA amounts) control and programmed cells, there was no significant change in
GAPDH RNA quantity, supporting its use as an endogenous control.

Data analysis
All values are presented as mean ± SE. Statistical comparisons were performed by Student
unpaired, two-tailed t-test or analysis of variance (ANOVA) with a post-hoc Tukey’s test if
the F-statistic was found to be significant. Gene expression data were analyzed by 2-way
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ANOVA, factoring for thyroid status and pulmonary artery banding status. A value of p <
0.05 was considered significant.

RESULTS
A total of 23 fetuses from 12 pregnant ewes were studied, with 6 fetuses in each group
except for 5 in the PAB group. One animal was not included in this group as it was acidotic
and bradycardic on the morning of the last day of study. Gestational age and fetal weight
were similar among all groups on Day 7 (Table 2). No significant differences in arterial pH
or blood gas values were found among groups on any day (Day 1 and 7 shown in Table 2).
Mean arterial blood pressure was also similar among groups, though heart rate on day 7 was
significantly lower in THX and PAB + THX compared to non-THX groups. As expected
fetal heart weight (RV free wall + LV free wall + septum), normalized to fetal weight, was
significantly increased in PAB compared to CON. THX alone had no effect on heart weight
(not significant compared to CON), though PAB + THX heart weight was significantly less
than PAB alone and similar to CON and THX. Thyroxine levels in THX and PAB + THX
were significantly less than levels found in CON and PAB. Weights of liver, left lung, left
kidney and left adrenal, normalized for fetal weight, were not different among groups (data
not shown).

The proportion of binucleated cardiomyocytes, which remained similar between LV and RV
within each group was significantly decreased in both THX and PAB + THX groups
compared to non-THX groups (p< 0.05, ANOVA factoring for treatment effect; Figure 2).
PAB had no effect on altering the proportion of binucleated cardiomyocytes. Cellular
proliferative activity, as determined by the percentage of mononucleated cells that stained
positive for the nuclear protein Ki-67 was also decreased in LV and RV cardiomyocytes
from THX and PAB + THX compared to other groups (p< 0.05, ANOVA factoring for
treatment effect; Figure 2). Using Western blot analysis, we found cardiac expression of the
proliferation marker Proliferating Cell Nuclear Antigen (PCNA) was also significantly
decreased in LV and RV from THX and PAB + THX compared to the other groups, a
finding consistent with the Ki-67 data (Figure 2).

Steady state protein levels of Akt, a serine/threonine protein kinases and two terminal
product mitogen-activated protein kinases present in the myocardium (ERK1/2, and JNK)
were measured in the RV and LV free wall of the fetal hearts. No significant changes in RV
or LV total or phosphorylated (active) MAP kinase signaling or Akt protein levels were
identified among groups (Figure 3, LV data only).

Left ventricular protein levels of phospholambam, SERCA2 and β-MHC, which have
previously been shown to be regulated by thyroid hormone in the postnatal heart were also
determined (Figure 3). THX and PAB + THX resulted in significantly increased expression
of phospholambam but repression of SERCA2 levels. Protein levels of β-MHC were similar
among groups.

Modulation of cell cycle activity involves multiple classes of regulatory molecules,
including cyclins, which regulate the activity of cyclin-dependent kinases, which in turn
orchestrate the phases of mitosis. Inhibitors of the process, including the cip/kip family of
proteins, bind to cyclin-cdk complexes to prevent progression of the cell cycle. To begin to
examine these pathways, we explored the myocardial expression of cyclins B1, D1 and E as
well as cip/kip family member p21. While protein levels of cyclin D1 were similar among
groups, levels of cyclin E were significantly greater in THX and PAB + THX fetuses
compared to CON and PAB (Figure 4). Conversely, myocardial protein levels of cyclin B
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and p21 were significantly decreased in THX and PAB + THX compared to the other groups
(Figure 4).

To evaluate whether apoptosis contributed to the differences in myocardial mass, we
examine levels of the initiator caspase 8 and the effector caspase 3. Protein levels of the
activated forms of these caspases were not significantly different among groups (Figure 4).

Quantitative RT-PCR was used to examine changes in expression of several genes
implicated in regulating fetal cardiac growth. We were unable to identify a significant effect
of either thyroidectomy or pulmonary artery banding on expression of IGF-1, IGF-1R,
IGF-2, IGF-2R, AT1R, VEGF or PDGF (Figure 5). We did find a significant effect of
thyroidectomy on increased myocardial expression of AT2R in THX groups compared to
non-THX groups (p < 0.05).

DISCUSSION
Over the past decade, there has been a growing body of literature focused on understanding
normal cardiomyocyte maturation and proliferation in the developing heart, as well as the
cardiomyocyte response to mechanical stress resulting from pressure and/or volume
overload. Clearly, multiple neurohumoral factors are involved in these responses. Recent
studies have highlighted the important role of thyroid hormone in regulating fetal
cardiomyocyte maturation (Chattergoon et al., 2011). In this study, we expand upon these
findings to examine the role of endogenous thyroid hormone on the adaptive cardiac
response to right ventricular pressure loading in third trimester fetal sheep. Thyroidectomy,
which resulted in a significant decrease in circulating thyroxine levels, did not alter heart
mass compared to control, but resulted in fewer binucleated cardiomyocytes and a slowing
of cardiomyocyte proliferation. In the presence of pulmonary artery banding, which alone
results in an increase in cardiac mass, thyroidectomy attenuated a compensatory increase in
mass and again suppressed cardiomyocyte maturation and proliferation. These findings
establish that thyroid hormone is an important and potent regulator of cardiomyocyte
maturation and proliferation in the late gestation fetal heart during physiologic and
pathophysiologic states and is required for adaptive cardiac growth in response to pressure
overload in utero.

Normal growth of the immature heart is accompanied by cardiomyocyte proliferation and
terminal differentiation, progressing from a heart composed of mononucleated cells to
primarily bi- or multinucleated cells (Jonker et al., 2007; Thornburg et al., 2011). While the
mechanisms and signals regulating this process are poorly understood, a number of
pathophysiological conditions are known to alter this maturational process. For example,
placental insufficiency results in a decreased number of binucleated cardiomyocytes,
suggesting a delay of cardiomyocyte maturation (Bubb et al., 2007; Morrison et al., 2007).
Chronic fetal anemia, resulting in volume overload and an increase in cardiac mass, results
in an increased proportion of binucleated cardiomyocytes, cellular enlargement and
accelerated proliferation (Jonker et al., 2010). Barbera et al. previously demonstrated that
right ventricular pressure load in near term fetal sheep for 10 days, induced by PA banding,
increased cardiac mass, increased the proportion of binucleated cardiomyocytes in the RV
but not LV, and increased cardiomyocyte size (Barbera et al., 2000). In the present study,
PA banding increased cardiac mass but failed to result in a significant change in the
percentage of binucleated cardiomyocytes in either ventricle. Reasons for differences in the
binucleation response between this study and that of Barbera et al. may relate to differences
in duration of PAB, differences in afterload on the heart, or differences in the ages of the
animals at the time of study. Notably, in the absence of thyroid hormone, cardiac mass failed
to increase in PAB fetuses despite an increased RV pressure load, suggesting endogenous
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levels of thyroid hormone are necessary adaptive cardiac growth in response to
pathophysiological conditions. The striking degree of attenuation of increased cardiac mass
does not appear to be explained by increased rates of apoptosis, as myocardial levels of
activated caspase 3 and 8 were similar among groups. Involvement of autophagy in the
failure of cardiac remodeling in THX + PAB fetuses was not explored though has been
shown in the stressed heart to contribute to cell death and loss of cardiac mass (Zhu et al.,
2007; Nishida et al., 2009).

In the present study, we found that THX alone did not decrease cardiac mass, although THX
resulted in a decrease percentage of binucleated cardiomyocytes in PAB and non-PAB
hearts, suggesting a slowing of the maturational process. In somewhat younger fetal sheep
(~6 days) exposed to hypothyroid conditions for a slightly longer period of time,
Chattergoon found fetal thyroidectomy was associated with decreased cardiac growth (heart
weight to body weight ratio) as well as decreased binucleation compared to controls
(Chattergoon et al., 2011). Reasons for the discrepant results in cardiac growth likely relate
to differences in fetal age and duration of hypothyroidism as well as definition of heart mass
(RV + LV + septum vs. whole heart). We also did not include sham thyroidectomy alone or
sham PAB alone fetuses in the design of the study due to the large number of additional
animals this would have required. Inclusion of such groups, and additional comparisons of
measured outcomes may have resulted in different interpretation of the findings.

Chattergoon et al. previously reported that physiologic and pharmacologic concentrations of
exogenous T3 inhibited in vitro proliferation of cardiomyocytes isolated from 135 d fetal
sheep as measured by BrdU uptake (Chattergoon et al., 2007). The authors speculated that
the decreased proliferative capacity was consistent with T3 promoting cardiomyocyte
maturation (i.e., terminal differentiation). When studied in vivo, this same group found
elevated levels of T3 increased fetal cardiomyocyte binucleation and cell size while
suppressing proliferation, findings consistent with induction of maturation, while fetal
thyroidectomy decreased expression of markers of proliferation, namely Ki67 and phospho-
histone 3 (Chattergoon et al., 2011), providing evidence that a low thyroid hormone
environment suppresses maturation. We similarly found that THX, both in the absence and
presence of PAB resulted in a slowing of the cardiomyocyte proliferation process, as
evidenced by a decrease in the % of Ki-67 positive staining cells and PCNA expression,
both markers of proliferations, compared to controls. Thus, in this in vivo model,
physiological levels of thyroid hormone appear necessary for normal fetal cardiomyocyte
proliferation as well as maturation.

Interactions between thyroid hormones and pressure overload (wall stress) on the heart are
likely complex and multiple. Triiodothyronine is the most biologically active thyroid
hormone. Conversion from T4 to T3 can occur at the tissue level via activity of the type 2
iodothyronine deiodinase. As previously noted, T3 exerts its direct effect by binding to
nuclear thyroid hormone receptors TRα and TRβ, thereby influencing cardiac gene
expression. In isolated adult rat cardiomyocytes, T3 has been shown to increase cyclin D1
mRNA and protein levels along with PCNA expression and BrdU uptake (Ledda-
Columbano et al., 2006). These findings suggest that a population of postmitotic
cardiomyocytes remain capable of proliferation. To examine regulation of cell division, we
examined expression of several proteins regulating cell cycle activity. In the fetal sheep
heart, composed primarily of mononucleated cardiomyocytes, we observed that
hypothyroidism was associated with increase expression of cyclin E, decreased expression
of cyclin B1 and the cyclin-dependent kinase p21, while cyclin D1 remained unaltered.
Chattergoon et al. similarly found no effect of thyroidectomy on cyclin D1 expression, and
failed to detect a change on cardiac p21 expression (Chattergoon et al., 2011). Depletion of
cyclin B1 is known to inhibit cellular proliferation (Yuan et al., 2004). Thus, in the
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hypothyroid fetus, decreased cardiomyocyte proliferation may be regulated, in part, by
decreased cyclin B1 expression and suppression of mitotic activity. Interestingly, the
increased expression of cyclin E, which is important for cells making the transition from G1
to S phase, and decreased expression of p21, which functions as an inhibitor of CDK2 or
CDK4, which in turn partner with a number of cyclins to in the G1 to S phase transition
suggest that under these conditions, mitogenic signals are also acting to promote escape G1
arrest and cell division (Gopinathan et al., 2011).

The signal transduction pathways mediating both pressure-overload and thyroid hormone
induced fetal cardiac growth are not well understood, though multiple pathways are likely
involved. In earlier studies, we demonstrated exogenous angiotensin II administration
produces fetal cardiac growth, though blockade of angiotensin receptors fails to attenuate
pressure-overload cardiac hypertrophy (Segar et al., 1997; Segar et al., 2001). An important
role for PI3K/Akt/GSK-3b/mTor activation in thyroid-hormone induced cardiac hypertrophy
has been suggested in studies of isolated neonatal rat myocytes (Kenessey & Ojamaa, 2006).
This pathway, as well as the extracellular signal-regulated kinase (ERK) branch of the
MAPK cascade, have previously been shown to be important in mediating the pro-
proliferative effects on isolated fetal sheep cardiomyocytes of other hormones, including
ANG II and IGF-1 (Sundgren et al., 2003a; Sundgren et al., 2003b). Despite being
associated with an attenuation of cardiomyocyte proliferation, we found thyroidectomy,
regardless of PAB status, had no significant effect on cardiac levels of activated ERK, JNK
or Akt, results similar to those of reported by others (Chattergoon et al., 2011). The failure
to identify changes in myocardial expression of activated ERK and JNK are consistent with
our previous findings in aortic and pulmonary artery banded fetal sheep and suggest that
neither thyroid hormone or pressure-overload mechanisms significantly utilize MAPK
signaling pathways to regulate cardiomyocyte growth (Olson et al., 2006b). We recognize
that the design of the study allowed examination of myocardial protein expression at only a
single time point and that failure to detect changes in the levels of protein does not
necessarily signify that these pathways are not involved in regulating the response of the
heart to thyroid hormone. For example, O’Tierney recently described that while atrial
natriuretic peptide alone had no effect on fetal sheep cardiomyocyte proliferation, ERK or
PI3K signaling, the compound inhibits angiotensin II stimulated proliferation by suppressing
ERK and Akt phosphorylation (O'Tierney et al., 2010). Collectively, these studies
underscore the complex balance of pro- and anti-proliferating stimuli acting upon the
developing heart.

In addition to exploring the MAPK and Akt pathways, we examined the expression of
several genes thought to be involved in cardiac growth. We were particularly interested in
the IGF system, as both IGF1 and IGF2 have been shown to stimulate cardiomyocyte
proliferation and hypertrophy in the immature heart (Liu et al., 1996; Sundgren et al., 2003a;
Lumbers et al., 2009). Furthermore, expression of a number of these genes has previously
been shown to be developmentally regulated and temporally associated with changes in
cardiomyocyte proliferative activity (Reini et al., 2009). However, other than for AT2R, we
were unable to detect a significant change in myocardial expression in any of theses genes
among groups. Isolation of RNA for real-time PCR from the myocardium, and thus a
number of cardiac cell types, rather than just cardiomyocytes, could contribute our findings
of relatively unchanged expression in growth factors. The significance of the finding for
AT2R is unclear, although increased expression of AT2R has been associated with enhanced
myocardial vulnerability to ischemia reperfusion injury (Xue et al., 2011). It should be
noted, however, that Chen et al. (Chen et al., 2005) found no effect of THX on expression of
AT2R or AT1R protein in fetal myocardium. Furthermore, we recognize that cardiac growth
is a dynamic process and that our determination of gene or protein expression at a single
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time point may miss important changes in select signaling pathways. Additional studies are
needed to evaluate for patterns of expression over time.

In long gestation mammals, such as the human or sheep, fetal levels of thyroid hormones
increase late in gestation (Fraser & Liggins, 1988; Thorpe-Beeston et al., 1991). This
increased activity of the fetal thyroid contributes to growth, development and differentiation
of a number of biological systems and tissues. Within the heart, thyroid hormone appears to
influence calcium handling and be important to the developmental regulation of myofibrillar
protein expression, particular the transition from myosin heavy chain β to myosin heavy
chain α (reviewed Kahaly & Dillmann, 2005). In the postnatal heart, thyroid hormone
promotes the expression of SERCA2 while decreasing levels of phospholambam, a potent
inhibitor of SERCA2 (Belakavadi et al., 2010; Dillmann, 2010). Notably, in hypothyroid
animals, including those in the present study, levels of SERCA2 are decreased while those
of phospholambam are increased. Thus, regulation of these calcium signaling proteins by
thryroid hormone appears similar in the pre-and postnatal heart. The lack of significant
changes in expression of B-MHC in hypothyroid fetuses contrasts findings in the adult heart
in which hypothyroidism enhances B-MHC genes expression (Haddad et al., 2010). Organ
specific developmental differences as well as duration of the hypothyroid state may
contribute to this difference (Haddad et al., 2008). The lack of effect of PAB on expression
of these proteins is intriguing and may suggest that adaptive cardiac growth in response to
acute pressure overload in the fetus is more physiologic and pathologic, as changes in the
myocardial expression of SERCA2, phospholambam and B-MHC in hypertrophied heart are
thought to represent a pathologic response (Bernardo et al., 2010).

It is increasing recognized that environment and well-being early in development influence
health later in life. In the present study, we identified that endogenous thyroid hormone
impacts heart development during physiological as well as pathophysiological growth.
Specifically, thyroidectomy was associated with impaired cardiomyocyte proliferation and
maturation in the late gestation fetal heart and attenuated the increase in cardiac mass in
response to pressure overload. These findings may have important clinical implications,
particular for women with thyroid disorders pregnant with a fetus with congenital heart
disease. However, the molecular mechanisms involved with the thyroid hormone
contribution to cardiac development in physiologic and pathophysiologic states remain to be
identified. Factors that inhibit cardiomyocyte proliferation and potentially diminish the
endowment of myocytes within the heart at birth may ultimately influence postnatal cardiac
health. Better understanding of the physiologic and pathophysiologic cardiac growth process
may allow for improved clinical care of infants and children with congenital heart disease
and new therapeutic strategies for the prevention of cardiac disease later in life.
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NEW FINDINGS

• The importance of endogenous thyroid hormone in contributing to
pathophysiologic adaptive growth of the fetal heart is not known.

• The study identifies that thyroid hormone is required for adaptive fetal cardiac
growth in response to pressure overload. Understanding the pathophysiologic
cardiac growth process may allow for improved clinical care new therapeutic
strategies for fetuses and infants with congenital heart disease.
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Figure 1. Dissociated cardiomyocytes from fetal sheep
Cells were isolated from paraffin embedded sections, stained with hematoxylin and eosin
and viewed under×40 power for counting of nuclei. Bar = 20 µm.

Segar et al. Page 14

Exp Physiol. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effects of thyroidectomy and pulmonary artery banding on fetal cardiomyocyte
maturation and proliferation
Values expressed as mean ±SE. PCNA data represent LV only. * p<0.05 compared to other
treatment groups for same ventricle. N = 6 for each respective group. No differences
between LV and RV were noted within groups.
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Figure 3. Effects of thyroidectomy and pulmonary artery banding on expression activated
(phosphorylated) ERK, JNK Akt and phopholambam, SERCA2 and β-MHC in fetal
myocardium
Values expressed as mean ±SE. Data represent LV only and are expressed as percent of
control. *p<0.05 compared to control and PAB (ANOVA, treatment effect for THX). N = 6
for each respective group.
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Figure 4. Effects of thyroidectomy and pulmonary artery banding on fetal myocardial
expression of cell-cycle and apoptosis related proteins
Values expressed as mean ±SE. Data represent LV only and are expressed as percent of
control. *p<0.05 compared to control and PAB (ANOVA, treatment effect for THX). N = 6
for each respective group.
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Figure 5. Effects of thyroidectomy and pulmonary artery banding expression of cardiac growth
related genes
Values expressed as mean ±SE relative to GAPDH or IGF1R for IGF1 and IGF2R for IGF2.
*p<0.05 for THX and THX-PAB compared to other groups (ANOVA, treatment effect for
THX). N = 6 for each respective group.
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Table 1

Primer/probe sets for growth related genes.

Gene Forward Probe Reverse

GAPDH GGCATCGTGGAGGGACTTAT CATCACTGCCACCCAGAAAACTGTG AAGCAGGGATGATGTTTTGG

IGF1 TGGATGCTCTCCAGTTCGTGT ACAGGGGCTTTTATTTCAACAAGCCCAC CACAGCTCCGGAAGCAGC

IGF1R TTGCAAGAACCATGCCTGCAGAAG ACCTGGGAGCCAAGGCCTGAGAACTCCATCTTT TGGGATTCTCAGGTTCTGGCCATT

IGF2 CTGCCTCTACGACCGTGCTT TCACAGCATACCCCGTGGGCAAG TGCTTCCAGGTGTCAGATTGG

IGF2R AGGACGAAGCCGTCATTCTGAGTT ATGCCAACGGAGACACTTGTCCTCCGGAAACTGA ACACTCCTCGTAGCTCTTCCCATT

PDGF ATGGGACCGGGTCAAGTTC AGCTCCGTCTTCATCTAAGGAGTCTCCA CATCCGTTCCTTCGATGACCT

VEGF GCTCTCTTGGGTGCATTGGA CCTTGCCTTGCTGCTCTACCTTCACCA TGCAGCCTGGGACCACTT

AT1R GGGCTGTCTACACTGCTATGGAA ACCGCTGGCCCTTCGGCAA CCGGAAGCGATCTTACATAGGTA

AT2R TGTTCTGGCGTTCATCATTTG TGGCTTCCCTTCCATGTTCTGACCTTC CCATCCAAGCTAGAGCATCCA

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IGF1, insulin-like growth factor 1; IGF1R, insulin-like growth factor 1 receptor; IGF2,
insulin-like growth factor 2; IGF2R, insulin-like growth factor 2 receptor; PDGF, platelet derived growth factor; VEGF, vascular endothelial
growth factor; AT1R, angiotensin II type 1 receptor; AT2R, angiotensin II type 2 receptor.
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