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Abstract
The objective of this study was to determine the ontogenetic profiles in left and right ventricle of
genes implicated in cardiac growth, including mineralocorticoid (MR) and glucocorticoid (GR)
receptor, 11 beta-hydroxysteroid dehydrogenase (11β-HSD) 1 and 2 and genes of the angiotensin
system and insulin-like growth factor (IGF) family. Samples from left and right ventricles (LV, RV)
were collected from hearts of sheep fetuses at 80, 100, 120, 130, and 145 days of gestation and from
newborn lambs. Quantitative real-time PCR was performed to determine the MR, GR, 11β-HSD 1
and 2, angiotensin converting enzyme (ACE) 1 and 2, IGF1, IGF2, IGF receptors IGF-1R and
IGF-2R, and IGF-binding proteins (IGFBP) 2 and 3. In the LV, MR and GR both decreased toward
term. In the RV, MR and GR expression did not decrease, but both 11β-HSD 1 and 2 mRNA levels
increased after birth. ACE1 expression in LV and RV sharply increases just before parturition,
whereas ACE2 decreased in the LV and RV in late gestation. IGF2, IGF2R, and IGFBP2 expression
levels substantially decreased in late gestation in LV and RV; IGF2R also decreased with age in LV.
These patterns suggest that reduced expression of genes related to IGF and angiotensin II action
occur as proliferative activity declines and terminal differentiation occurs in the late gestation fetal
heart.
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1. Results and discussion
This study reveals ontogenetic patterns of expression of several genes implicated by other
investigators to play a role in either proliferative or hypertrophic cardiac growth. There is a
pronounced increase in fetal heart growth in the last third of gestation, paralleling a similar
exponential growth of the fetus (Burrell et al., 2003; Jonker et al., 2007). At the same time as
the heart increases in both total weight and left and right ventricle wall mass, an increasing
number of myocytes terminally differentiate. This process results in decreasing numbers of
mononucleate cardiomyocytes, and increasing numbers of binucleate or multinucleate
myocytes which are unable to undergo further cell division (Burrell et al., 2003; Jonker et al.,
2007). A similar pattern of decreasing proliferative activity near term has also been described
for the human fetus (Huttenbach et al., 2001). Some differences in this pattern have been
identified in the left ventricle as compared to the right ventricle; the number of proliferating
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myocytes in the left ventricle is approximately 50% at 100 days and decreases to 15% by 145d,
whereas only 15–25% of right ventricular myocytes are proliferating over this time period
(Jonker et al., 2007). In contrast the number of myocytes that are enlarged due to terminal
differentiation is greater in the right ventricle than in the left ventricle, particularly from day
130 to term, and right ventricular myocytes are on average greater in volume than are those in
the left ventricle. Several factors have been identified as regulators of proliferation in the fetal
heart in late gestation, these include cortisol (Giraud et al., 2006), IGFs (Liu et al., 1996;
Sundgren et al., 2003a), and angiotensin (Sundgren et al., 2003b). Our results show ontogenetic
changes in expression of IGF2 mRNA and expression of mRNAs for the angiotensin producing
enzymes; the patterns of changes in expression of these genes is consistent with the timing of
changes in proliferation in late gestation, suggesting that changes in IGF2 or angiotensin in the
heart are associated with fetal cardiac maturation in both left and right ventricle.

1.1. Genes related to corticosteroid action
There are effects of age on expression of GR and 11β-HSD1 mRNAs in fetal LV and significant
changes in MR and 11β-HSD1 and 2 in RV (Fig. 1). However the changes in 11βHSD1 in LV
and MR in RV are due to small changes in expression at 100–120d, rather than a consistent
change in expression pattern with maturation, so that there is no significant relation between
age and expression of these genes. (Fig. 1, right; Table 1), whereas expression of MR and GR
in LV significantly decreased with age and expression of 11β-HSD2 mRNA in RV significantly
increased with age (Table 1). The ratio of expression of 11β-HSD1 to 11β-HSD2 was
unchanged throughout the ages studied in LV, but was significantly decreased in the RV at
145d compared to 100d gestation (Table 2).

Fetal secretion of cortisol increases exponentially before birth in humans and in sheep (Liggins,
1974). Previous studies have suggested that even small increases in fetal cortisol can alter heart
mass (Jensen et al., 2005; Jensen et al., 2002), suggesting an action of cortisol at MR and/or
GR in fetal myocytes. The ability of cortisol to bind at MR and/or GR, however, depends in
large part on the activity of 11β-HSD1 relative to that of the cortisol inactivating enzyme
11β-HSD2 (Mihailidou and Funder, 2005; Seckl and Walker, 2001). The maintenance of high
11β-HSD1 expression relative to 11β-HSD2 within both ventricles of the heart throughout all
of late gestation indicates a potential role of cortisol within the heart in the late gestation fetus.
However the decrease in MR and GR expression in LV with advancing age suggests that as
plasma cortisol concentrations are increasing in vivo, proliferative effects of cortisol in LV
may be reduced.

1.2. Genes relating to the IGF system
There was an effect of age on expression of IGF2, IGF1R, IGF2R, and IGFBP-2 mRNAs in
the LV and on IGF2, IGF2R, and IGFBP2 mRNAs in the RV (Fig. 2). Expression of all of
these genes was significantly decreased with advancing age, reaching low levels of expression
near birth (Table 1). In contrast, IGF1 did not change in either RV or LV, and IGF1R did not
change with age in RV. The observed decrease in expression of IGF2 in both LV and RV agrees
with previous observations by others (Cheung et al., 1996;Delhanty and Han, 1993). However
in these studies, investigators also found decreased expression of IGF1 in the left ventricle
from 100d gestation toward term, whereas the decrease we observed after 80d was not
significant.

The pattern of decreased IGF1R in LV parallels the reduced number of LV myocytes entering
the cell cycle in late gestation after 120 days, whereas the decrease in IGF2 parallels the
reduction in mononuclear myocytes in both ventricles (Jonker et al., 2007). IGF2 and IGF1
both appear to stimulate myocyte proliferation in vitro. IGF2 stimulated an increase in
proliferation of myocytes in cultures of prenatal, but not neonatal, rat myocytes (Liu et al.,
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1996). In vivo infusion of an IGF1 analog to fetal sheep resulted in decreased numbers of
binucleated cells, but increased percentages of monucleated myocytes; IGF1 administration in
cultured fetal cardiomyocytes stimulated proliferation of the myocytes (Sundgren et al.,
2003a).

As a result of the decrease in IGF2 mRNA, the ratio of IGF2 to IGF1 mRNAs decreased near
term (Table 2). This change in ratio of IGF2 to IGF1 expression is consistent with the hypothesis
that IGF2 is less important to postnatal growth than to prenatal growth. We speculate that IGF2
may play a role in mononuclear myocyte proliferation, accounting for the gradual decrease in
proliferation observed throughout the last third of gestation as IGF2 expression within the heart
decreases. Alternatively, the decrease in expression of IGF2 may reflect the decrease in
mononuclear myocytes in both LV an RV as terminal differentiation proceeds.

The biological actions of IGFs are in part regulated by IGF-binding proteins 1–6 in vivo, which
function to prolong the half-life of IGFs in plasma. IGFBPs have the ability to modulate the
actions of IGF through regulating transport, turnover, and tissue distribution (Jones and
Clemmons, 1995). IGFBP2 expression in both LV and RV was decreased after 100d with more
dramatic decreases at 145d and in newborns. IGFBP3 expression in LV, on the other hand,
was not significantly changed with age (Fig. 2). Previous studies have shown IGFBP2 and
IGFBP3 play roles in fetal development, however although over-expression of IGFBP2
(Hoeflich et al., 1999) and IGFBP3 (Modric et al., 2001) in mice leads to decreased body
weight, there is no change in heart weight. Thus the role of IGF-binding proteins in heart growth
and in mediating changes in cardiac myocyte proliferation is not clear, although the decrease
in IGFBP2 in both LV and RV suggest it might play a role in modulating effects of IGF1 in
the heart in late gestation.

1.3. Genes related to the angiotensin
This study indicates that changes in the expression of mRNAs related to angiotensin activity
correspond to changes in proliferative activity and differentiation in the maturing heart.
Angiotensin has been implicated in fetal cardiac growth (Reini and S.A., 2006; Segar et al.,
2001), hyperplasia of fetal cardiomyocytes (Sundgren et al., 2003b), and in cardiac hypertrophy
in response to increased blood pressure in the fetus (Lumbers et al., 2005). In the adult heart,
the local production of angiotensin has been implicated in playing a major role in cardiac
hypertrophy and fibrosis (Xu et al., 2007). Although high doses of cortisol stimulate expression
of angiotensinogen in hearts of fetal sheep (Lumbers et al., 2005), there was no increase in
angiotensinogen expression at the time of the normal physiologic increase in cortisol that
occurs at term in fetal sheep and there was no significant overall pattern of increase in
angiotensinogen mRNA in LV or RV with increasing fetal age (Fig. 3 and Table 1). In contrast,
the enzymes determining production of angiotensin II were significantly changed in late
gestation. ACE1, which converts angiotensin I to angiotensin II, increased ∼ 5-fold in the LV
and RV at term (Fig. 3), resulting in an overall progressive increase with age (Table 1). ACE1
is known to augment cardiac hypertrophy in rat hearts when over-expressed (Tian et al.,
2004), and the pattern of expression in late gestation is consistent with expression in terminally
differentiated myocytes. ACE2, which converts angiotensin I into angiotensin 1–9 and
angiotensin II into angiotensin 1–7, limits the amount of angiotensin II that is produced and is
thought to be cardio-protective (Danilczyk and Penninger, 2006). In this study, ACE2
expression was significantly related to age (Table 1) in both RV and LV. Thus the ACE1 to
ACE2 ratio increased ∼15-fold by 145d gestation compared to 80d in both the LV and RV
(Table 2). This increase in the ratio of expression suggests that local angiotensin II production
may be associated with the terminal maturation of the myocytes, and suggests that during
normal ontogeny changes in cardiac angiotensin II production are related to decreased ACE2
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and increased ACE 1 expression, rather than by a local increase in transcription of the gene for
the precursor protein.

There was an overall decrease in both AT1 and AT2R in LV that was age-related, but no
significant change in AT1R or AT2R in RV in late gestation (Fig. 3, Table 1). Others have
previously found a decrease in AT2R protein in the heart in late gestation (Burrell et al.,
2001). In the RV, the ratio of AT1R to AT2R mRNAs (Table 1) was greater at 80d and in the
newborn than in 100d or 130d fetuses, and in 145d fetuses than in 130d fetuses (Table 1). There
was no significant change in this ratio in LV as expression of both was similarly decreased
with fetal maturation. However, the decrease in expression of AT1R in the LV coincides with
the increase in ACE1 expression, suggesting that the decreased expression of the AT1R may
be in response to an increase in local angiotensin II production. In the adult heart, the AT1Rs
are thought to be responsible for hypertrophic effects, while actions at AT2R are hypothesized
to counteract the AT1R (Booz, 2004;Zhu et al., 2003). In the RV the daily increase in
ventricular mass is primarily due to enlargement with terminal differentiation (Jonker et al.,
2007); the greater increase in AT1R to AT2R ratio in RV appears to correlate to this, suggesting
a greater stimulation of myocyte volume is associated with greater relative AT1R expression
in RV.

In conclusion, our results suggest that changes in gene expression in the RV and LV occur is
associated with the changes in proliferative activity of mononuclear monocytes, and with
terminal differentiation as binucleate monocytes increase near birth.

2. Experimental procedures
RNA was extracted from left ventricles (LV) and right ventricles (RV) from time-dated
pregnant ewes at 80 (n = 4), 100 (n = 4), 120 (n = 4), 130 (n = 4), and 145 (143–146) (n = 5)
days of gestation and from newborn lambs (days 1, 2 and 7) (n = 8 for LV: 5 at 1–2 days and
3 at 7 days of postnatal age, n = 4 for RV: 1 at 1 day, 3 at 7d). RV was not extracted from the
120 day heart, and additional left ventricular samples were also included for 3 fetuses of ewes
in labor (term). RNA was extracted using Trizol (GIBCO/BRL, Grand Island, NY) according
to the manufacturer's directions. LV RNA samples were checked for genomic DNA
contamination using real-time PCR with the RNA as a template in place of cDNA and using
probes and primers for GR (which produces a product within exon 2). LV samples did not
contain genomic DNA contamination. Genomic DNA was removed from RV samples using
RNeasy Plus Mini Kit (Qiagen Inc., Valencia Ca). Total RNA was measured
spectrophotometrically to measure the quantity and quality of RNA. Reverse transcription of
the RNA into cDNA was then performed using a high capacity cDNA archive kit (Applied
Biosystems; Foster City, CA) and aliquots for cDNA were stored at −20 °C until used.

Qrt PCR was utilized to measured gene expression using an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems). The genes analyzed in this study for the LV were
MR, GR, 11β-HSD1 and 2, IGF-I and II, IGF-1R and 2R, IGF-binding proteins 2 and 3
(IGFBP2 and, IGFBP3), angiotensinogen, ATR1 and 2, and angiotensin converting enzymes
(ACE1 and ACE2). The same genes were studied in RNA from RV except for IGFBP3. Probe
and primer sequences were based on previously published sequences: MR and GR (Keller-
Wood et al., 2005), IGF-I (Meinel et al., 2003), angiotensinogen (Burrell et al., 2003),
11βHSD2, AT1R and AT2R (Dodic et al., 2002), IGFBP2 and IGFBP3 (Bloomfield et al.,
2006), and for 11βHSD1, IGF-II, IGF-1R, IGF-2R, ACE1 and ACE2 (Reini and S.A., 2006).
For ACE1 and ACE2, SYBR Green (Bio-Rad) was used instead of Taqman probes (FAM-
TAMRA purchased from Applied Biosystems). Reactions were carried out using 20 or 100 ng
of template cDNA, except in the case of ribosomal RNA, for which 1 ng of template was used.
All analyses were performed in triplicate and samples for the same gene in each tissue (RV or
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LV) were run on the same plate. All genes were normalized to 18s ribosomal RNA, and data
were analyzed using the ΔCt method (Livak and Schmittgen, 2001). 18s expression was
unchanged between all the groups within each tissue and the slope of the relation between
cDNA quantity and Ct for all genes and 18S demonstrated similar efficiencies of amplification
(average efficiency for the 15 genes studied was 98.2% ± 2.2%).

2.1. Data analysis
Changes in gene and expression among groups were analyzed by one way analysis of variance
(ANOVA) using the delta Ct values. When data were not normally distributed, the Kruskal–
Wallis one way analysis of variance on ranks was utilized. Newman–Keul's studentized range
test or Dunn's test were used as appropriate for comparing differences between ages. P < 0.05
was used as the standard for significance in all statistical tests. For graphical purposes, fold
changes of the genes in the heart ontogeny study were calculated using the expression
2ˆ−ΔΔCt with respect to the mean value of delta Ct in the 80d fetal group. Data were also
analyzed using linear regression analysis using the exact fetal or postnatal age to determine
overall trends for increasing or decreasing gene expression as a function of age; for this analysis
the term fetuses were analyzed as 148d regardless of the age at labor, whereas postnatal fetuses
were analyzed using days after birth relative to 148 days, the normalized day of labor and
delivery.
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Fig. 1.
Expression of mRNA for MR, GR, 11β-HSD1, and 11β-HSD2 in left ventricles of 80, 100,
120, 130, and 145 day fetuses and postnatal lambs (pn) and in right ventricles of 80, 100, 130,
145 and postnatal lambs. Data are depicted as mRNA fold changes relative to 80d calculated
using the expression 2ˆ−ΔΔCt and expressed as a mean fold change ±SEM. Letters indicate
significant differences (p < 0.05) a: 80d, b: 100d, c:120d, d: 130d, f: 145d, g: newborn.

Reini et al. Page 8

Gene Expr Patterns. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Expression of mRNA for IGF1, IGF2, IGF1R, IGF2R and IGFBP2 from left and right
ventricles of fetal and newborn lambs. IGFBP3 were measured in left ventricle only. Ages and
significance are as indicated in legend to (Fig. 1).
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Fig. 3.
Expression of mRNA for Angiotensinogen, AT1R, AT2R, ACE1 and ACE2 in left and right
ventricles of fetal and newborn lambs. Ages and significance are as indicated in legend to (Fig.
1).
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Table 1
Results of linear regression analysis of mRNA expression vs age

Gene Left ventricle Right ventricle

GR 0.252* − 0.006 +

MR 0.161* − 0.007 −

11βHSD1 0.001 − 0.145 +

11βHSD2 0.031 + 0.623* +

IGF1 0.067 − 0.061 +

IGF2 0.685* − 0.597* −

IGF1R 0.237* − 0.001 −

IGF2R 0.643* − 0.651* −

IGFBP2 0.697* − 0.560* −

IGFBP3 0.001 +

Angiotensinogen 0.016 − 0.008 +

AT1R 0.255* − 0.012 −

AT2R 0.216* − 0.008 −

ACE1 0.400* + 0.575* +

ACE2 0.151* − 0.294* −

Data are expressed as coefficient of determination (r2) of the relation between age and ΔCt.

*
indicates p < 0.05 (n = 32 for LV, n = 20 for RV).

+
indicates positive relation between gene expression and age (slope of relation between age and ΔCt was negative)

−
indicates negative relation between gene expression and age (slope of relation between age and ΔCt was positive.
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