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Abstract

Excess and deficit of growth hormone (GH) both affect cardiac architecture as well as its function. To date, experimental and clinical
studies have reported that GH has an inotropic effect on animal and human heart, however, it remains controversial whether GH is
applicable to the treatment for the patients with chronic heart failure. Also, the mechanism by which GH exerts these biological effects
on the heart is not well understood. In this study, we attempted to specify the genes regulated by GH in the heart of spontaneous dwarf
rat using a microarray analysis. We found that soluble forms of guanylate cyclase, cofilin1, and thymosin b4 mRNA were up-regulated
in the heart by GH treatment. On the other hand, acyl-CoA synthetase, aldosterone receptor, myosin regulatory light chain, troponin T,
laminA, and b-actin mRNA were down-regulated. These results suggest GH regulates essential molecules that regulate structural, con-
tractile, remodeling, and regenerative functions. Collectively, our data indicate a new integrative understanding for the biological effects
of GH on cardiac function.
� 2006 Elsevier Inc. All rights reserved.
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Accumulating evidence indicates that an excess of
growth hormone (GH) gives a significant effect on cardi-
ac function [1–3]. Impaired cardiovascular function has
been demonstrated to potentially reduce life expectancy
of patients with acromegaly [1]. Hypertension, diabetes
mellitus, cardiac hypertrophy, and hyperlipidemia are
common in the patients with acromegaly, and they have
an increased risk of cardiac failure [4], which is partially
reversed after normalization of GH and IGF-I levels by
octreotide treatment [5]. On the other hand, long-stand-
ing GH deficiency is also known to cause abnormalities
in cardiac performance and structure, which increase
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the risk of cardiovascular mortality [6], and GH replace-
ment therapy appears to correct such abnormalities
[7–10]. Furthermore, both animal and human studies
revealed that GH administration improved cardiac func-
tion of heart failure secondary to idiopathic and ischemic
cardiomyopathy in both experimental [11–14]) and clini-
cal trials [15–18] despite some adverse effects of GH such
as water and mineral retention.

Spontaneous dwarf rat (SDR) harbors a mutation in the
GH gene yielding undetectable levels of GH, indicating
that SDR is an excellent animal model for isolated growth
hormone deficiency (GHD) [19].

In this study, using a cDNA microarray technique, we
have attempted to identify genes regulated by GH in the
SDR heart to clarify the mechanism of GH effect on
cardiac function.
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Materials and methods

Animals. Five-week-old male spontaneous dwarf rats were purchased
from Japan SLC (Shizuoka, Japan). Recombinant human GH (1 mg/kg),
dissolved by saline was injected intra-peritoneally. Three, 24, and 72 h
after GH injection, three rats for each group were sacrificed and the heart
was dissected immediately. Rats with the vehicle (PBS) injection were used
as the control. The isolated heart was cut, washed with PBS to remove the
blood, and frozen immediately by liquid nitrogen. The left ventricular
muscle was used for RNA extraction. All experiments were conducted
according to the principles and procedures outlined in the NIH Guide for
the Care and Use of Laboratory Animals and all protocols were approved
by the Kobe University Graduate School of Medicine (Kobe, Japan)
Animal Care Committee.

RNA extraction. Total RNA was extracted from each group using
Trizol LS reagent (Gibco-BRL) according to the manufacturer’s protocol.
Trace of DNA contamination in RNA preparations was removed by
DNase I (Sigma) digestion.

Microarray technique. Probe was synthesized using sample RNA,
33P-labeled dATP (Amersham Biosciences), 10· dNTP mix, 100 mM
DTT, Power Script Reverse Transcriptase, random primer mix, and 5·
Power Script reaction buffer. After purified by column chromatography,
labeled cDNA was hybridized with Clontech rat 4k plastic microarray
(Clontech) film overnight at 60 �C, and the film was washed by SSC
containing 0.1% SDS as manufacturer’s protocol. Then it was exposed to
BAS2040 (FUJIFILM) for two days and each signal was detected by
FLA8000 (FUJIFILM). Data were analyzed by Image Reader software
(FUJIFILM) and Array Gauge software (FUJIFILM). Each signal
intensity was corrected by local background. We selected the genes, which
were up-regulated in SDR heart by rhGH more than twice higher than
control levels. On the other hand, we also selected the genes, which were
down-regulated less than a half of control levels.

Real-time quantitative PCR. For precise quantitative analysis of
mRNA, real-time quantitative PCR was carried out on ABI Prism 7000
Sequence Detector (Applied Biosystems). Taqman probe, sense and anti-
sense primers were designed by primer express software (Applied Biosys-
tems) (Table 1). Data were collected using ABI Prism 7000 Sequence
Detection System software (Applied Biosystems). cDNA was generated as
described before. For each experiment, 2 ll of the reverse transcription
Table 1
Nucleotide sequences of the primers and probes for quantitative real-time
PCR (forward primer, TaqMan probe, reverse primer, respectively)

Acyl-CoA synthetase (50-CAGACAAACCCGGAAGTCCAT-3 0

5 0-TCGCTCTGTCACGCACTTCGACTCA-3 0

5 0-TCTGCTCCAGGGATGTCTATGA-30)

Aldosterone receptor (50-GCTTGAGTGGGTCAGCGTTT-3 0

5 0-TCACCATGCAGGCAACATTACCGTG-3 0

5 0-GGCAGGCGTCGTCTGAGA-30)

Troponin T (50-TGTTCGACAAAGCTCTGTTCCTT-3 0

5 0-TGCCCTTGCCCTGTGAATCCCA-30

5 0-CGGGTGCCTGGCAAGA-3 0)

Myosin regulatory
light chain

(50-GAAACGCCTTCGCTTGCTT-30

5 0-TGAGGAAGCCACAGGCACCATCC-3 0

5 0-AGCAGCTCCCTCAGGTAATCC-3 0)

b-Actin (50-ACTGGTGAAGGCTGGCTTTG-3 0

5 0-TGATGATGCTCCCAGAGCTGTCTTCC-30

5 0-GGCGACCCACGATGGA-3 0)

Cofilin1 (50-TGCACCCTGGCAGAGAAAC-30

5 0-TGGCAGCGCCGTCATTTCCC-30

5 0-TGGAGGTGGCTCACAAAGG-3 0)

Nucleotide sequences of primers and TaqMan probes design for quanti-
tative real-time PCR.
reaction was used with PCR master mix (Applied Biosystems) for PCR as
manufacturer’s protocol. Cycling conditions were 50 �C for 2 min and
95 �C for 10 min, followed by 40 cycles of 95 �C for 15 s and 60 �C for
1 min. Each reaction was repeated three times on a MicroAmp Optical
96-Well Reaction Plate and Optical Caps (applied biosystems). GAPDH
was used as an internal standard. Threshold cycles, in which PCR prod-
ucts were reached the given amount, were determined to indicate the initial
copies of each mRNA.

Data analysis. The results were shown as means ± SD. Data analysis
was performed using Student’s t test. A p value less than 0.05 was con-
sidered as statistically significant.
Results

The treatment with GH in SDR significantly altered the
profile of gene expression in the heart. Three hours after
GH administration, the expression of mRNA of guanylate
cyclase, soluble a1 was increased by 2.29-folds. The expres-
sion of mRNA of acyl-CoA synthetase, aldosterone recep-
tor, troponin T, and myosin regulatory light chain was
decreased by 0.27-, 0.38-, 0.38-, and 0.46-folds, respectively
(Table 2). After 24 h, the expression of mRNA of A-ki-
nase-anchoring-protein, thymosin b4, olfactory protein,
and cofilin 1 was increased by 2.35-, 2.35-, 2.36-, and
2.86-folds, respectively, and the expression of mRNA of
b-actin and zinc finger (OCZF) protein were decreased by
0.32- and 0.41-folds, respectively (Table 2). After 72 h,
the expression of mRNA of transcription factor HES-3,
late gestation lung protein 2 (Lgl2), NG-dimethylarginine
dimethylaminohydrolase, small proline-rich protein (spr),
and lamin A was decreased by 0.37-, 0.37-, 0.45-, 0.48-,
and 0.49-folds, respectively (Table 2).

To assure the reliability of the results of the microarray
analysis, we made a validation using quantitative real-time
PCR. We successfully confirmed the changes in the expres-
sion of mRNA of acyl-CoA synthetase, aldosterone recep-
tor, troponin T, myosin regulatory light chain, b-actin, and
cofilin1 as were indicated by microarray analysis (Table 3).

Next, we analyzed the time-dependent alternations in
the expression of these genes using quantitative real-time
PCR (Fig. 1). GH-induced increment of guanylate cyclase
mRNA reached the peak at three hours after GH adminis-
tration and returned to the basal level at 24 h. In contrast,
the expression of mRNA of cofilin 1 and thymosin b4
reached the peak at 24 h. The mRNA of acyl-CoA synthe-
tase, aldosterone receptor, troponin T, myosin regulatory
light chain, and lamin A decreased with troughs at three
hours after rhGH administration. Besides, the nadir of
b-actin expression appeared at 24 h.
Discussion

It is well known that in acromegaly, cardiac function
and structure are markedly affected and these changes
influence the prognosis significantly [1]. It is also reported
that adult GHD patients show impaired cardiac function
and GH treatment improves its dysfunction in these
patients [8–10]. GH exerts its effects either directly or



Table 2
Up- or down-regulated genes in the heart of SDR after GH treatment

Index Locus link/GenBank ID Ratio

3 h

Up-regulated genes
Guanylate cyclase, soluble, a1 L15a4/b4 25201/U60835 2.30

Down-regulated genes
Acyl-CoA synthetase E20a8/b8 113976/D85189 0.27
Aldosterone receptor F14c2/d2 25672/M36074 0.38
Troponin T cardiac I06a2/b2 24837/M26052 0.38
Myosin regulatory light chain Na6/b6 50685/X52840 0.46

24 h

Up-regulated genes
A-kinase-anchoring-protein P19a7/b7 60332/AJ002474 2.35
Thymosin b4 O03c4/d4 81814/M34043 2.35
Olfactory protein O23c4/d4 /M64388 2.36
Cofilin1 P23c3/d3 29271/X62908 2.86

Down-regulated genes
b-Actin L07a4/b4 29275/X00306 0.32
Zinc finger (OCZF) protein 24a8/b8 117107/D88450 0.41

72 h

Down-regulated genes
Transcription factor HES-3 E09a8/b8 64628/D13418 0.37
Late gestation lung protein 2 b5 116458/AF110195 0.37
NG,NG-Dimethylarginine G02a8/b8 64157/D86041 0.45
Small proline-rich protein (spr) F14a8/b8 60461/L46593 0.48
Lamin A L04a6/b6 60374/X66870 0.49

Effect of GH treatment on cardiac gene expression in SDR. Index of the Clontech rat 4k plastic microarray sheet, Locus link/GenBank ID, and the ratio
(the average spot intensity of GH-treated group/the average spot intensity of control group) is shown.

Table 3
Comparison of the threshold cycle numbers of the genes in the heart of
control and GH-treated SDR using quantitative real-time PCR analysis

Control Ct GH Ct

Acyl-CoA synthetase (3 h) 31.29 ± 0.59 33.45 ± 0.30
Aldosterone receptor (3 h) 31.80 ± 0.54 33.29 ± 0.23
Troponin T cardiac (3 h) 26.80 ± 0.12 28.93 ± 0.18
Myosin regulatory light chain (3 h) 29.78 ± 0.16 31.59 ± 0.27
b-Actin (24 h) 25.83 ± 0.22 26.81 ± 0.07
Cofilin1 (24 h) 29.38 ± 0.45 27.92 ± 0.52

Comparison of the threshold cycle numbers of the genes in the heart of
control and GH-treated SDR. The numbers of the threshold cycle, in
which PCR products reached the given amount, were determined to assess
the initial copies of each mRNA. Data were calculated using ABI Prism
7000 Sequence Detection System software (Applied Biosystems). Thresh-
old cycles (Ct) are shown as means ± the standard deviation (SD) (n = 3).
The changes in the threshold cycles of the genes affected by GH treatment
were compatible with the results of the microarray analysis.
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indirectly via IGF-I. Some of these effects have been
explained, however, the molecular basis of its effects is
largely unknown. In the present study, we have demon-
strated that GH regulates the expression of some of the
key molecules that play roles in the structural, contractile,
remodeling, and regenerative functions in the heart.

Accumulating evidence indicates that renin–angioten-
sin–aldosterone (R-A-A) system plays a critical role in car-
diac function and remodeling. It is known that GH induces
retention of sodium and its mechanism may involve the
activation of the renin–angiotensin–aldosterone (R-A-A)
system [20–23]. In this study, we demonstrated GH reduced
the expression of aldosterone receptor mRNA in the heart
of SDR. The decreased expression of aldosterone receptor
could reduce the sensitivity to aldosterone. It is possible
that GH-regulated reduction in the expression level of
aldosterone receptor contributes to the impaired cardiac
function in AGHD.

Acyl-CoA synthetase is a regulatory enzyme of b-oxida-
tion in mitochondria. In terms of lipid metabolism, AGHD
patients are often accompanied with hyperlipidemia and
hepatic steatosis [6]. In the bovine GH-transgenic mouse,
mitochondria in myocytes were swollen with dissolution
of the regular cristae arrangements [11]. In this study,
GH treatment decreased the expression of acyl-CoA syn-
thetase in the SDR heart. In the heart, fatty acid is consid-
ered as the main energy source. These results suggest that
GH regulates cardiac lipid oxidation pathways by affecting
b-oxidation and is comparable to the fact that GH regu-
lates b-oxidation pathway decreasing the expression level
of PPARa [24].

Soluble guanylate cyclase (sGC) is a main receptor for
nitric oxide (NO) in cytosol, and the binding of NO to
sGC results in increasing cellular cGMP concentration
[25,26]. The increase of cellular cGMP level is responsible
for the decrease in intracellular calcium level. It is well
known that the decrease in calcium level by NO causes
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Fig. 1. Time-dependent changes of the cardiac gene expressions in the GH-treated SDR analyzed by quantitative real-time PCR. (1) A line graph indicates
the expression change of aldosterone receptor. The horizontal axis represents the time after GH injection, and the vertical axis represents the expression
ratio compared to control level. (2) A line graph for acyl-CoA synthetase. (3) A line graph for soluble guanylate cyclase a1. (4) A line graph for lamin A.
(5) A line graph for troponin T. (6) A line graph for myosin regulatory light chain. (7) A line graph for b-actin. (8) A line graph for thymosin b4. (9) A line
graph for cofilin1.
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the improvement of endothelial function. On the other
hand, it is also known that myocyte function is suppressed
by the same mechanism [26]. Our results indicate NO
receptor, sGC, was up-regulated by GH. This could cause
an increased sensitivity to NO in myocardium and regulate
cardiac function as well as enhancing GC activity [27,28].

Lamin A/C, the nuclear envelope protein which lines the
inner nuclear membrane is encoded by the LMNA gene
and its defect is responsible for the familial dilated cardio-
myopathies (DCM) associated with atrioventricular block,
such as autosomal dominant Emery–Dreifuss muscular
dystrophy [29,30]. In this study, the expression of Lamin
A was decreased by GH. Our result also shows contractile
proteins, such as myosin regulatory light chain, troponin T,
and b-actin, were down-regulated by GH treatment. These
results suggest that GH regulates cardiac contractility via
alternation of the expression level of these proteins.
Thymosin b4 is a main intracellular G-actin sequestering
peptide [31,32]. It binds monomer acting in a 1:1 complex
and acts as acting buffer, preventing polymerization into
acting filaments but supplying a pool of acting monomers
when the cell needs filaments. It is thought to be an impor-
tant mediator in myocyte proliferation, migration, and dif-
ferentiation. On the other hand, cofilin1 is also a small
acting binding protein and belongs to a member of the cofi-
lin1/ADF family, and it enhances acting filament turnover
by increasing the rate of acting depolymerization from the
pointed ends [33,34]. In contrast to thymosin b4, cofilin
binds more efficiently to ADP-actin subunits in filaments
and promotes filament disassembly. Recently, it is reported
that thymosin b4 expression is abundant mainly in prolifer-
ative region during heart development and it promotes car-
diac cell migration, survival, and cardiac repair in adult
mice after myocardial infarction and improves cardiac
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function [35]. In this study, we demonstrated that GH
increases the expression of both genes. Given the fact that
in patients with dilated or ischemic cardiomyopathy, the
administration of rhGH results in significant improvement
in hemodynamics and cardiac function [16–18], it is consid-
erable that GH improves cardiac function via up-regulat-
ing the expression of thymosin b4 and cofilin.

Previous microarray analysis of GH effect indicated that
myosin light chain is up-regulated in the heart of hypoph-
ysectomized rat [36]. These results are compatible to our
data. On the other hand, several genes related with fatty
acid metabolism such as long-chain acyl-CoA synthetase
in hypophysectomized rat heart were reported to be
decreased [36], however, in our study, GH treatment sup-
pressed acyl-CoA synthetase mRNA expression in the
heart of SDR. It is not clear as to the reason for this dis-
crepancy, however, it is considerable that SDR is deficient
only in GH, however, hypophysectomized rat is deficient
for all pituitary hormones even some hormones are
replaced. In this aspect, SDR is more appropriate to ana-
lyze specific changes depending on GH.

Our study demonstrated that the expression of sGC,
acyl-CoA synthetase, aldosterone receptor, myosin regula-
tory light chain, and troponin T in SDR heart was changed
in 3 h. Together with the fact that the GH receptor is
expressed in myocardium [37], it is possible that GH direct-
ly regulates the expression of these genes. On the other
hand, the expression of cofilin1, thymosin b4, and b-actin
was altered in 24 h. These late-phase changes in the expres-
sion levels suggest indirect action of GH via such as IGF-I.

In conclusion, GH significantly changed gene expression
levels of sGC, acyl-CoA synthetase, aldosterone receptor,
troponin T, cardiac myosin regulatory light chain, thymo-
sin b4, b-actin, and cofilin1 in SDR heart. These changes in
the gene expression profiles seem to explain some of the
physiological and pharmacological effects of GH in the
heart. Although, further studies are required to gain an
insight into the precise mechanisms of GH action, this
approach shows effective to obtain a comprehensive under-
standing for GH action in vivo.
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