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Original Article

NEONATAL CARDIAC HYPERTROPHY HAS A

number of aetiologies, including mitochon-
drial diseases, genetic syndromes, defects

in glycogen metabolism and fatty acid oxidation,1

diabetic pregnancy, and iatrogenic factors.2–5 It is a
major cause of neonatal morbidity and mortality,
and is usually associated with congestive heart fail-
ure and sudden death. A high risk of cardiac hyper-
trophy has been recognised in infants of diabetic
pregnancies since the mid 1940s.6–8 The association
has been reinforced by a recent population-based
case-control study, which confirmed that preconcep-
tional maternal diabetes was strongly associated
with neonatal cardiomyopathy.9

The characteristics of neonatal cardiac hypertrophy
resulting from diabetic pregnancy include asymmet-
ric septal hypertrophy, which can cause obstruction
to the left ventricular outflow tract, and a transient
effect, the latter regressing spontaneously in humans
during the first 6 months of life.4,10 Recently, a sim-
ilar phenotype including natural regression has been
reported in newborns who have been exposed to cor-
ticosteroids.2,3,5,11 Antenatal corticosteroids are com-
monly used for preventing mortality and morbidity
from respiratory distress and intraventricular haem-
orrhage of premature birth,5 while postnatal cortico-
steroids are used for the treatment of brochopulmonary
dysplasia, especially in preterm infants.2,3 Neonatal
cardiac hypertrophy has also been encountered post-
natally in recipients of allogeneic transplants treated
with corticosteroids.11

To understand cardiac hypertrophy in newborns, rat
models have been established related both to diabetic
pregnancies and induction with corticosteroids.12–14
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These models mimic the human neonatal pheno-
type. The rats from streptozotocin-induced diabetic
mothers had significant asymmetrical septal hyper-
trophy, and underwent a spontaneous regression
within the first 4 weeks of life.12,14 Little has been
done, however, to characterise the expression of cardiac
genes in this model, especially during regression of
the hypertrophy.

Molecular characterisation can provide new insights
into the pathogenesis of cardiac hypertrophy, as
demonstrated in previous studies. In 1992, Schwartz
et al.15 studied the patterns of expression of myosin
heavy chain and actin genes using molecular tech-
niques. From this work, they noted temporal gene
switches in rat neonatal hearts, and provided evi-
dence of primary regulation at the transcriptional
levels. In hypertrophied fibres, there was a shift from
�- to �-myosin heavy chain, which can lead to a
slower rate of cycling of adenosine triphosphate by
myosin, and increased economy of generation of force.
Molecular analysis also indicated that re-activation
of the atrial natriuretic peptide gene in the left ven-
tricle is a sensitive molecular marker for cardiomy-
opathy.16 Up-regulation of atrial natriuretic peptide,
�-myosin heavy chain, and skeletal �-actin genes has
been observed in many rodent models of cardiac hyper-
trophy.15,17,18 These include transgenic mice with a
constitutively active form of calcineurin, rats with
banded abdominal aortas, and transgenic mice with
defects in the cardiac contractile unit. Interestingly,
up-regulated genes can be suppressed, along with
cardiac hypertrophy, with cyclosporine, an inhibitor
of calcineurin.17,18 In this study, we characterised the
temporal changes during the hypertrophic and regres-
sion phases in the expression of the genes for atrial
natriuretic peptide, 2 isoforms for ventricular myosin
heavy chain, and 2 actin isoforms, using as our model
neonatal rats from diabetic mothers.

Materials and methods

Animals
Female Sprague-Dawley rats weighing from 150 to
175 g were randomly divided into a diabetic and
control group (Fig. 1). Diabetes mellitus was induced
by peritoneal injection of streptozotocin at a concen-
tration of 50–55 mg/kg body weight in 100 millimolar
citrate buffer at a pH of 4.5. In the control group, 
an equal volume of buffer was injected.19 The blood
glucose was measured when rats were fed freely one
week after the injection using the Advantage II glu-
cose meter (Roche, Castle Hill, NSW, Australia). Rats
with a non-fasting blood glucose concentration of
12–18 millimolar were selected for mating one week
after injection of streptozotocin. Their levels of glucose
in the blood were in the range of 16–20 millimolar

during pregnancy. The pups from diabetic rats were
transferred to healthy surrogate mothers from the
first day after birth (Fig. 1). The female controls had
levels of glucose in the blood �5.5 millimolar both
before and during pregnancy, and they reared their
pups. All mated female rats were kept in individual
cages, and had free access to rat chow and tap water.
The animal house was maintained on a light and dark
cycle of 12 h, with a constant temperature at around
22°C. Neonates from diabetic and control mothers
were killed using carbon dioxide on the 1st, 7th, 14th,
21st, and 28th days (Fig. 1). The corresponding
heart and body weights were recorded, and the ven-
tricular muscle near the apex of the left ventricle was
collected into pre-chilled RNAlater (Ambion,
Austin, TX, USA). The samples were incubated at 4°
overnight, and then transferred to the freezer for fur-
ther molecular analysis. The research protocol involv-
ing rats was approved by the Institutional Animal
Welfare Committee of Royal Prince Alfred Hospital.

Molecular analysis
RNA extraction and reverse transcription polymerase 
chain reaction
RNA was isolated from the ventricular muscle using 
a total RNA Isolation Kit (Promega Corporation,
Madison, WI, USA) according to the manufacturer’s
recommendation, which included DNase I digestion.
The integrity of RNA was electrophoretically verified
by ethidium bromide staining. The quantity and
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diabetic mothers
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days 1, 7, 14, 21 & 28
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Diabetic rats
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Equal volume of
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Female rats
(150–175 g)

Figure 1.
Experimental design. Induced diabetic female rats had blood glucose
levels of 12–18 millimolar (pre-pregnancy) and 16–20 millimolar
(during pregnancy), while the control female rats had �5.5 mil-
limolar blood glucose levels during these times. Neonates from diabetic
mothers were transferred to a healthy surrogate mother on day 1.
Heart muscle near the apex of the left ventricle was collected on days
1, 7, 14, 21 and 28 for gene expression studies.
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Table 1. Primer sequences, amplicon sizes and amplification efficiencies in the quantitative analysis.

Amplicon size (base Polymerase chain reaction
Gene Sequence (5�—> 3�)a pair)b (GenBank #) efficiencyc (relative efficiency)

Glyceraldehyde- (�)-CTTCCGTGTTCCTACCC 314 (AF106860) 1.96 (not applicable)
3-phosphate (�)-CTTACTCCTTGGAGGCC
dehydrogenase (P1)-GCCCACTAAAGGGCATCCT-F

(P2)-(Red705)CGCTACACTGAGGACCAGGTT-P

Atrial natriuretic (�)-CCCAGAGCGGACTAGG 301 (M27498) 1.91 (0.05)
peptide (�)-GTGCTGAAGTTTATTCGGAT

(P1)-AAGCCCTTGCGGTGTG-F
(P2)-(Red604)ACACAGCTTGGTCGCATTG-P

�-Myosin (�)-CGAGTCCCAGGTCAAC 142 (X15938) 1.95 (0.02)
heavy chain (�)-CAGGCAAAGTCAAGCAT

(P1)-ACGATGAGGAATAACCTGTCCAG-F
(P2)-(Red604)GAAAGAGCCTCGCTGTTGCT-P

�-Myosin (�)-AGTCCCAGGTCAACAAG 132 (X15939) 2.04 (0.01)
heavy chain (�)-GCTGTTTCAAAGGCTCC

(P1)-CAAGGGCCTGAATGAAGAGTAGAT-F
(P2)-(Red604)TGTGCTACCCAACCCTAAGGAT-P

Cardiac �-actin (�)-GGCGGCTACCTTACAC 156 (X80130) 1.97 (0.06)
(�)-AAGTCCTGGTCTGGTT
(P1)-CGACAGTATTGTGCTTGGAATCCT-F
(P2)-(Red604)GAGGCCCTCTCCCATCTCC-P

Skeletal �-actin (�)-TACGCGCTCTCTCTCC 179 (V01218) 1.81 (0.08)
(�)-TTTCCTTCCACAGGGC
(P1)-GACAATCGACCATCGTGCTATGG-F
(P2)-(Red604)GCAGGGTGGCCCCATC-P

aForward and reverse primers are indicated by (�) and (�), respectively. P1 and P2 stand for LightCycler probes. P1 is labelled with fluorescein 
at 3� end and P2 with Red640 or 705 at 5� end and phosphate (P) at 3� end
bAmplicon size is shown in base pair (bp) along with the GenBank accession number of its reference sequence
cPolymerase chain reaction efficiency � 10–(1/slope) (for details see “Materials and methods”). The relative efficiency was obtained by plotting 
logarithm of input concentrations versus differences in the crossing points (�CT) between the target and reference genes21

quality of the total RNA extracted were measured at
ultraviolet wavelengths 260 and 280 nm, and the opti-
cal density ratio of 260 over 280 nm was maintained
between 1.7 and 2.1. We used 22 µg of total RNA
from each sample for 20 µL reverse transcription reac-
tions, which included poly-thymidine oligonucleotide
(500 ng, Roche, Castle Hill, NSW, Australia), 2.5 mil-
limolar of each deoxynucleotide triphosphate (Applied
Biosystems, Foster City, CA, USA), SuperScriptTM

II RNase H� Reverse Transcriptase, and First Strand
Buffer (Invitrogen, Carlsbad, CA, USA). Reverse tran-
scription was carried out at 42°C for 60 min, and was
followed by removal of RNA templates using the
endonuclease-free ribonuclease A (Qiagen, Clifton
Hill, VIC, Australia). The resulting cDNA was frozen
at �20°C until required.

Quantitative analysis
Target genes were amplified and measured with real
time polymerase chain reaction using the LightCycler
(Roche, Castle Hill, NSW, Australia). The primers and
probes were designed at the 3� untranslated region
for efficient amplification and quantitation (Table 1).

The probes for target gene analysis were labelled
with the red640 fluorophore and measured in the F2
channel. Glyceraldehyde-3-phosphate dehydrogenase
was amplified as an endogenous reference. The refer-
ence probe was labelled with the red705 fluorophore
and detected in the F3 channel. In order to improve
the accuracy and reproducibility, replicates of each
sample were quantified and average values were used
for analysis.

Results were analysed for each target with relative
quantification comparing the difference between tar-
get and reference crossing point values. The crossing
point indicates the fractional cycle number where
the fluorescence rises above background. The differ-
ences in crossing point values (Fig. 2a) were then
transformed according to the formula 2��C

T to give
expressions of target genes relative to the reference
genes. The efficiency of the polymerase chain reac-
tion was calculated conventionally based on the slope
of a standard curve (Table 1).20 Conversely, in this
study, validation for the use of the comparative method
for the crossing point was more relevant by plotting
the logarithm of input concentrations versus differ-
ences in crossing point. If the slope of the plot has
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Figure 2.
Quantitative analysis of gene expression using LightCycler. (a) Changes of fluorescent intensities in real time polymerase chain reaction. The
crossing point (CT) is automatically recorded in the LightCycler using the second derivative method (see Materials and methods). The crossing
point difference (DCT) is relatively constant when the rate of fluorescent change is at its maximum and is calculated by subtracting the average
crossing point of the reference gene from that of the average of a target gene. (b–f) Expression patterns of the atrial natriuretic peptide, a- and
b-myosin heavy chain, and cardiac and skeletal a-actin genes in the neonate hearts from control (�) and diabetic mothers (�) from day 1 to
day 28. The vertical axis is the target gene relative to the reference gene based on 2�DCT values and the horizontal axis indicates postnatal days.
Atrial natriuretic peptide expression is shown in (b). The expression patterns for the cardiac a- and b-myosin heavy chain genes are indicated
in (c) and (d) and demonstrated opposite trends. The expression of the cardiac a-actin gene (e) shows a more prominent change compared with
the skeletal a-actin gene (f). All target genes in neonates from diabetic pregnancies restored their gene expression profiles to control levels by day
28. *Gene expression in neonates from diabetic mothers versus neonates from control mothers at the same postnatal day was significantly 
different, p � 0.05
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values of �0.1, it indicates compatible and acceptable
efficiencies for quantitative analysis.21 Real-time reac-
tions were performed in a glass capillary with total
reaction volume of 10 µL, which contained 1 µL 10x
Hybridisation Probe Master Mix (Roche, Castle Hill,
NSW, Australia), additional magnesium chloride,
amplification primers, probes and 	1.7 ng cDNA.

Statistical analysis
Data are presented as the mean 	 standard error of
the mean. Linear regression analysis was performed
to estimate the relationship between postnatal day and
relative expression of each of the candidate genes. In
addition, a two-way analysis of variance was applied.
This was followed by Bonferroni t-test to compare
target expression levels between the 2 neonatal
groups and at different developmental stages. In analy-
sis of variance, all data were log transformed to nor-
malise the distributions and eliminate heterogeneity
of variance between the groups. The general level 
of significance was set to p values of �0.05, unless 
otherwise specified. All the statistical analyses were
performed using SigmaStat 2.0 (Jandel Co., San
Rafael, CA, USA).

Results

Animal model
The neonates from diabetic mothers had significant
cardiac hypertrophy, and their hearts were heavier
than those of controls from first to the 14th days after
birth (p � 0.001, Table 2). Although healthy mothers
served as surrogates, the growth of the heart in the
neonates of a diabetic pregnancy still lagged behind
their controls after 21 days. The ratios of the weight
of the heart to the body were significantly greater in
the neonates from diabetic mothers from the first to
the 14th days. There was no significant difference
between the two groups by the 21st and 28th days.

There were no significant differences in the weights
of either the heart or the body between male and
female neonates in both groups at the same postnatal
ages until the 28th day (data not shown).

Profiles of expression of genes
Reference gene and molecular marker. Glyceraldehyde-

3-phosphate dehydrogenase was used as the reference
gene. Its crossing point values were compatible dur-
ing the first to 28th days, and there was no signifi-
cant difference when comparing different days and
between the neonates from diabetic and control moth-
ers (data not shown).

The expression of atrial natriuretic peptide in the
ventricular myocytes decreased continuously between
the first and the 28th days in both neonates from
control and diabetic mothers (Fig. 2b). The abun-
dance of mRNA of the gene for atrial natriuretic
peptide in the neonates from diabetic mothers was
about 4-fold higher than controls at birth (p � 0.05).
This difference remained significant until the 14th
day, and then no significant differences were observed
at the 21st and 28th days. There was an 18-fold
decrease in mRNA from the gene for atrial natri-
uretic peptide in the neonates of a diabetic pregnancy
from the 1st to the 28th day in comparison with 
a 5-fold decrease in the controls during the same
period.

Myosin heavy chain genes. In neonates from control
mothers, expression of �-myosin heavy chain was pos-
itively correlated with the postnatal days (r � 0.77,
Fig. 2c). There was a 5-fold increase in expression
during this postnatal transition. While in neonates
from diabetic mothers, the same expression was about
4 times higher than that in the controls on the 1st
day, the overall increase was limited to 1.5-fold dur-
ing this period. The levels of mRNA for �-myosin
heavy chain in the neonates of a diabetic pregnancy
were significantly higher than those of the controls

Table 2. Heart weights and heart-to-body weight ratios.

Neonates from control mothers Neonates from diabetic mothers

Male/female Heart weight Heart-to-body Male/female Heart weight Heart-to-body
Postnatal day (number) (mg) weight (mg/g) (number) (mg) weight (mg/g)

1 7/7 35.3 	 1.6 4.96 	 0.17 4/5 44.6 	 2.1a 6.33 	 0.41c

7 8/7 85.9 	 7.2 5.57 	 0.27 6/5 109.8 	 7.2a 6.88 	 0.42c

14 8/10 157.7 	 11.9 4.97 	 0.24 6/5 179.1 	 14.4a 6.09 	 0.30c

21 12/8 305.0 	 28.7 5.36 	 0.35 6/5 274.5 	 27.0b 5.51 	 0.17
28 13/12 407.6 	 23.2 4.57 	 0.23 9/5 379.2 	 27.0a 4.70 	 0.23

Data are expressed as mean 	 standard deviation
aNeonatal heart weights from diabetic mother versus control heart weights: p � 0.001
bNeonatal heart weights from diabetic mother versus control heart weights: p � 0.01
cNeonatal heart-to-body ratios from diabetic mother versus control ratios: p � 0.001
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on the first and seventh days, but there were no sig-
nificant differences after the seventh day.

Expression of �-myosin heavy chain demonstrated
opposite trends to that of its �-isoform in neonates
from diabetic and control mothers (Fig. 2d). The
levels of mRNA for �-myosin heavy chain were sig-
nificantly correlated with the postnatal days in the
neonates from control and diabetic groups (r � 0.83
and 0.78, respectively). In the controls, a significant
decrease in gene expression was observed between
the seventh and 14th days, and continued into the
21st day. This significant decrease did not occur in
the neonates from diabetic mothers until the 21st
day, and similar expression levels as the controls were
observed at the 28th day. mRNA from the �-myosin
heavy chain gene in neonates from diabetic mothers
was between 1.5- and 1.7-fold higher from the first
day to the 14th day when compared with the 
controls (p � 0.05).
a-Actin genes. The expression pattern of the car-

diac �-actin gene was similar to that of the �-myosin
heavy chain gene in the control group (Fig. 2e). It
increased continuously 10-fold over the first 28 days.
This temporal pattern was disrupted in neonates from
diabetic mothers. No significant change in the expres-
sion of the cardiac �-actin gene was observed based
on analysis of variance. On the first day, expression of
cardiac �-actin gene in the neonates from diabetic
mothers was 12-fold higher than that in the controls,
and remained significantly higher until the 21st day.

In regards to the skeletal �-actin gene, there was
no significant correlation between expression and
postnatal days (Fig. 2f). Expression reached a peak at
the seventh day in the neonates from diabetic moth-
ers. A significant decrease in gene expression was
observed between the 21st and 28th days in the con-
trols, and between the seventh and fourteenth days
in the neonates of diabetic pregnancy.

Discussion

Neonatal cardiac hypertrophy has a significant impact
on perinatal care, since it is associated with poor
prognosis. This form of hypertrophy can result from
a diabetic pregnancy or exposure to corticosteroids.
Both forms have a similar phenotype, with thicken-
ing of the ventricular septum followed by natural
regression.2,4,10 Hyperglycaemia related to maternal
diabetes, or the glucocorticoid effect of corticosteroids,
can induce foetal or neonatal hyperinsulinaemia,
which accelerates metabolism and depletes the stores
of oxygen. Increased metabolic demand and relative
hypoxia can act as a haemodynamic stimulant and
significantly increase cardiac output.22 In addition,
corticosteroids can have a direct anabolic effect
on myocardium,2 cause systemic hypertension, and

increase the afterload.13 This type of hemodynamic
stimulant, hyperinsulinaemia and or iatrogenic cor-
ticosteroids, can cause neonatal cardiac hypertrophy.
Regression of the hypertrophy occurs when hyper-
glycaemia or corticosteroids are discontinued.

To understand better the molecular events in neona-
tal cardiac hypertrophy and its regression phase, we
quantified mRNA from atrial natriuretic peptide
gene, myosin heavy chain genes, and actin isoform
genes, in a previously established rat model.12,14 The
gross changes in terms of neonatal heart weights,
and ratios of weight of heart to body (Table 2) in our
model were consistent to those reported previously.
Histological analysis was not repeated here, since it
has been described in detail in previous studies.12

Postnatal development was greatly improved when
surrogate mothers rather than the natural ones were
used to raise the pups, as diabetic mothers were often
too sick to provide sufficient milk to their pups. 
In this respect, malnutrition can be a confounding 
factor in gene expression analysis.

Since glyceraldehyde-3-phosphate dehydrogenase
is ubiquitously and constitutively expressed, its lev-
els of mRNA were used in our quantitative analysis
as an endogenous reference to standardise the initial
templates added to a reaction. It has been reported
that this expression of a reference gene can vary during
different stages of development, in the middle of a dia-
betic pregnancy, and under experimental hypoxia.23–25

In our experimental system, we did not find any sig-
nificant difference in the expression of the glycer-
aldehyde-3-phosphate dehydrogenase gene at different
days, nor between the neonates from control and dia-
betic mothers. Our results were consistent with what
was found in the rat neonatal ventricular myocytes of
the Sprague-Dawley strain.26 We believe that it was
appropriate, therefore, to use the glyceraldehyde-3-
phosphate dehydrogenase gene for standardisation in
our assays. The crossing point was the key parameter
used for the quantitative analysis, and was objectively
derived with the LightCycler analysis software (v3.5)
using the second derivative maximum method. The
relative expression of target transcripts was obtained
using the comparative method. This is similar to the
standard curve method, except it uses arithmetic for-
mulas to achieve the same results for quantitation.

In ventricles from control animals at birth, the 
�-isoform is the principal myosin heavy chain, and
both the cardiac and skeletal �-actin isoforms were
expressed. Thereafter, the levels of mRNA for both
�-myosin heavy chain and cardiac �-actin genes
increased continuously until the 28th day (Fig. 2c, e),
while �-myosin heavy chain had the opposite trend,
and decreased to a low level after the 21st day (Fig.
2c). These findings were consistent with the results
reported previously by Schwartz et al.15 In control
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hearts, the skeletal �-actin mRNA accounted for just
over one-quarter of the total actin at birth, and
remained relatively constant from the seventh to the
21st days, before it significantly decreased to 3% at
the 28th day. These changes were the same that were
found previously in rat neonates in a study looking at
regulation of cardiac isogenes using a primer extension
assay.27 Results from our control group indicated that
our quantitative assays worked well, and reproduced
the molecular changes that were known through
previous studies.

The profile of expression of the genes we exam-
ined has not previously been described in the ventri-
cles of the neonates from diabetic mothers. It was
not surprising that the mRNA from atrial natri-
uretic peptide was 4-fold higher compared with the
controls on the first day, since it is a sensitive molecu-
lar marker for cardiomyopathy.16 Increased abundance
of the atrial natriuretic peptide gene was consistent
with the hypertrophy that was found at a gross
anatomic level (Table 2). As a result, elevated levels
can assist in lowering the pre-load through its natri-
uretic and vasorelaxant effects. At birth, the cardiac
�-actin, �- and �-myosin heavy chain genes were all
significantly up-regulated in the neonates of a diabetic
pregnancy (Fig. 2c, d, e), whereas transcription of the
skeletal �-actin gene did not show any significant
difference in our rat model.

During the regression phase of hypertrophy, the
expression patterns for atrial natriuretic peptide and
�-myosin heavy chain were similar to those observed
in the controls, although at a significantly faster rate.
Elevated expression of the �-myosin heavy chain gene
at birth lasted to the seventh day, which was similar
to the findings in dexamethasone induced neonatal
cardiac hypertrophy.13 A significant difference was
observed in the expression of the �-myosin heavy
chain gene in our diabetic pregnancy-related model
compared with corticosteroid-induced hypertrophy
model. The former had significantly increased levels
of the �-myosin heavy chain gene from the first to
the 21st days (Fig. 2d), while in the corticosteroid
induced model, the �-myosin heavy chain gene was
down-regulated compared to the controls. This could
be related to the direct transcriptional effect of steroids
on the regulation of the myosin heavy chain iso-
forms.13 These data reinforce the importance of molec-
ular characterisation, since the two hypertrophic
models were phenotypically similar. The levels of
mRNA for cardiac �-actin was persistently high
until the 21st day (Fig. 2e), which was similar to a
rat neonatal model of cardiac hypertrophy induced
by pressure overload.15 But the temporal pattern of
this transcription was completely different from the
controls. Down-regulation of the skeletal �-actin
gene occurred between the 7th and 14th days, which

was a week earlier compared with the controls 
(Fig. 2f). Otherwise, changes in gene expression were
minimal compared to the other three genes. Variations
in transcriptional levels and patterns of expression for
five cardiac expressing genes studied implied that
the myosin heavy chain and actin families are inde-
pendently regulated.15 A return to normal of atrial
natriuretic peptide, myosin heavy chain and actin gene
expression in the neonates from diabetic mothers
was achieved by the 28th day.

Cardiac hypertrophy occurring in the neonates of
diabetic pregnancy is an interesting model, but has
also demonstrated some limitations. The heart samples
were collected weekly after birth, but gene expres-
sion could change more rapidly during neonatal devel-
opment. Our quantitative analysis was based on
transcriptional changes. Although the main regulation
of myosin heavy chain and �-actin genes was consid-
ered at the transcription level,13,15 post-transcriptional
regulation could not be completely excluded.28 The
number of target genes was limited compared to what
would be available through a microarray approach.
Nevertheless, this molecular characterisation has 
provided a basis for further study of neonatal cardiac
hypertrophy induced by maternal diabetes. The
changes in gene expression occurring during the devel-
opment of cardiac hypertrophy, as well as in the phase
of regression, provide molecular markers that could
be used in development of drugs, or testing of poten-
tial genetic modifying factors for cardiac hypertrophy.
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