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Abstract. Athletes misuse recombinant human growth 
hormone (r-hGH) to enhance their performance. Although 
r-hGH is known to increase cardiac hypertrophy, the under-
lying molecular mechanism remains unclear. The aim of the 
present study was to investigate the role of r-hGH in cardiac 
intracellular signaling pathways and of miR-21 and miR-133 
expression in rat hearts during exercise. A total of 36 adult 
male Sprague-Dawley rats were divided into sedentary control 
(SC, n=9), swimming exercise (SE, n=8), r-hGH (GH, n=10) 
and swimming exercise plus r-hGH (SE-GH, n=9) groups. The 
exercise groups completed a 1-h swimming exercise 5 times a 
week for 8 weeks. Subcutaneous r-hGH was administered as 
0.3 mg/kg/day. Phosphoinositide-3-kinase (PI3K), serine/thre-
onine protein kinase 1 (AKT1), extracellular signal-regulated 
kinase (ERK), microRNA (miR)-21 and miR-133 expression 
was evaluated in ventricular muscle by real-time quantitative 
polymerase chain reaction. Protein expression of PI3K, AKT1, 
ERK and mechanistic target of rapamycin (mTOR) was also 
assessed by immunohistochemistry. Statistical differences 
were analyzed by two-way ANOVA. PI3K and AKT1 expres-
sion and the gene and protein levels was notably increased in 
the SE-GH group compared with in SC ventricular tissues 
(P<0.05). mTOR protein expression was higher in the GH, SE 
and SE-GH groups compared with in the SC group (P<0.05, 
<0.05 and <0.001, respectively). ERK gene/protein expression 
was similar across all groups. miR-21 and miR-133 levels in 
ventricular muscle were higher in the SE and GH groups than 
those in the SC group. In summary, growth hormone applica-
tion coupled with swimming exercise appeared to affect the 

PI3K/AKT/mTOR signaling pathway in the left ventricular 
tissue of rats; however, ERK signaling pathway appeared inac-
tive in physiological left ventricular hypertrophy caused by 
swimming and GH administration over 8 weeks. Furthermore, 
GH treatment resulted in increased miR-21 and miR-133 
expression. Future study by our group will aim to assess the 
effects of higher dose GH treatment.

Introduction

Growth hormone (GH), a 191-amino acid single-chain peptide, 
is a peptide hormone with anabolic and performance-enhancing 
effects (1). Direct effects of GH include increasing muscle 
mass (2) Most of the indirect effects are mediated by induction 
of insulin-like growth factor 1 (IGF-1) expression in the liver 
and in peripheral tissues (3). An organ most affected by GH 
imbalance (deficiency or excess) is the heart (4). Bodybuilders 
and athletes misuse recombinant human GH (r-hGH) prepara-
tions to increase muscle mass and strength; as such, r-hGH 
has been on the prohibited substances list of the International 
Federations and the International Olympic Committee since 
1989. It is also on the 2010 World Anti-Doping Agency list of 
prohibited substances (5,6).

Left ventricular hypertrophy resulting from swimming 
exercise is an important physiological mechanism that 
increases sarcomeres and cardiac cell growth to compensate 
for the chronic increase in hemodynamic load (7). Conversely, 
pathological left ventricular hypertrophy caused by cardio-
vascular disease is associated with increased fibrosis and 
decreased aerobic capacity leading to incompatible remodeling 
in cardiac cells (7). Both in physiological and pathological 
hypertrophy, intermediate signal transduction pathways in the 
cytoplasm are triggered via membrane-bound receptors. Signal 
transduction pathways critical for myosin growth include 
phosphoinositide-3-kinase (PI3K)/serine/threonine protein 
kinase (AKT)/mechanistic target of rapamycin (mTOR), 
mitogen-activated protein kinase (MAPK)/extracellular 
signal-regulated kinase (ERK), protein kinase C and nuclear 
factor of activated T cells pathways, among others (8). In 
particular, the PI3K/AKT/mTOR signaling pathway has been 
reported to serve a regulatory role in cell growth, metabolism, 
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survival and angiogenesis, and to govern the development 
and transformation of left ventricular hypertrophy (7,9). The 
ERK signaling pathway, the members of which belong to the 
MAPK family, comprises a cascade consisting of a series of 
successively acting kinases that finally results in the phos-
phorylation and activation of terminal kinases including p38, 
c-Jun N-terminal kinases and ERK. Following activation, 
each ERK phosphorylates intracellular targets including tran-
scription factors, resulting in reprogramming of cardiac gene 
expression (10,11).

MicroRNAs (miRNA/miRs) are small RNA molecules 
of 18-25 nucleotides which do not encode proteins, and nega-
tively regulate gene expression (12,13). They are involved in 
the regulation of several physiological responses including cell 
apoptosis (14), proliferation and differentiation (15). In addi-
tion, recent studies have demonstrated that certain miRNAs 
are involved in cardiovascular diseases and pathological left 
ventricular hypertrophy (16-18). In particular, miR-21 and 
miR-133 have been demonstrated to regulate cardiac hyper-
trophy (17,19). miR-21 has also been implicated in the regulation 
of cardiac fibrosis and cardiac muscle contractility (20), and 
has been shown to negatively regulate phosphatase and tensin 
homolog (PTEN) gene expression (7).

It is established that r-hGH may cause cardiac hyper-
trophy (6). However, to the best of our knowledge, there is no 
study demonstrating the mechanism through which r-hGH, 
together with swimming exercise, affects signaling pathways 
(PI3K/AKT/mTOR and ERK) that regulate cardiac signaling 
genes and the miRNAs (miR-21 and miR-133) targeting the 
genes in these signaling pathways. Thus, the present study 
aimed to investigate i) the effect of r-hGH and exercise on 
cardiac PI3K/AKT/mTOR and ERK signaling pathways, and 
ii) the role of miR-21 and miR-133 expression in ventricular 
muscle.

Materials and methods

Animals and exercise protocols. A total of 36 male 
Sprague‑Dawley rats (14 weeks old) weighing 200‑250 g were 
obtained from the Experimental Animals Center of Trakya 
University, Edirne, Turkey. All animals were fed daily with 
tap water and a standard pellet diet for rats under optimal labo-
ratory conditions (temperature: 22±2˚C; humidity: 50‑55%; 
light/dark cycle: 12/12 h). The animals were randomly strati-
fied into sedentary control (SC, n=9), swimming exercise (SE, 
n=8), r-hGH (GH, n=10) and swimming exercise plus r-hGH 
(SE-GH, n=9) groups. For 8 weeks, from Monday to Friday, 
the rats in the SE and SE-GH groups completed a swimming 
exercise for 1 h per day. A low-intensity, long-period swimming 
exercise protocol was applied (7,21). The exercise protocol 
was selected as it has been tested in previous studies and been 
determined to be effective in demonstrating cardiovascular 
adaptations and muscular oxidative capacity (21,22). Animals 
in the swimming exercise groups were allowed to swim for 
1 h wearing a weight of 5% of their body weight attached to 
the tail. Prior to the exercise program, the rats in the swim-
ming exercise groups were subjected to an adaptation period 
of 5 days during which the duration and load were gradually 
increased according to increase in animal weight. Animals 
that could not adapt to the experiment (refused to swim or 

prone to plunging) were excluded from the study. In addition, 
animals in the non-exercise groups (SC and GH) were exposed 
to pool water by means of an apparatus placed inside the pool 
for 8 weeks, and from Monday to Friday, the rats in the SE 
group completed a 1-h swimming exercise (7). The swimming 
pool (120x80x75 cm) was filled with water to a depth of 65 cm. 
The pool was divided by plastic barriers into twelve lanes. To 
avoid interaction, each rat was placed into an individual lane. 
Water temperature was maintained at 31±1˚C.

r-hGH was administered subcutaneously 5 days per week 
for 8 weeks to the animals in the GH and SE-GH groups at 
a dose of 0.3 (1 IU/day) mg/kg (Humatrope®, Eli Lilly and 
Company, Indianapolis, IN, USA). The dose was selected based 
on previous studies (18-21). Animals in the SE-GH group were 
injected subcutaneously immediately prior to exercise. Saline 
at the same dose (0.3 mg/kg) was injected subcutaneously to 
the animals in the SE group.

The study was conducted in the Trakya University Local 
Experimental Animals Research Center after obtaining 
approval from the institutional Experimental Animals Ethics 
Committee (approval no. TUHADYEK:2015/10).

Preparation of samples. After fasting for 24 h following 
the last exercise, the rats received intraperitoneal thiopental 
(100 mg/kg) for anesthesia. All rats were sacrificed by cervical 
dislocation and blood (5 ml) was obtained from the heart 
for metabolic investigations. Serum was separated from the 
blood samples via centrifugation at 2,600 x g for 10 min at 
room temperature, and stored at ‑20˚C to measure IGF‑1 and 
insulin levels at a later time point. Measurement of IGF1 and 
insulin was performed by means of ELISAs. Isolated hearts 
were weighed and portions of the left ventricular tissue were 
stored at ‑80˚C for mRNA and miRNA measurements, and the 
remaining left ventricular tissue was utilized to create paraffin 
blocks for immunohistochemical evaluation.

Real‑time reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR) analyses
Total RNA isolation and real‑time PCR for mRNA. Total RNA 
was isolated from the stored left ventricular tissues using a 
Total RNA PureLink® RNA Mini kit as per the manufac-
turer's instructions (Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). The quantity of extracted RNA was 
determined with a Qubit® Fluorometer (Invitrogen; Thermo 
Fisher Scientific, Inc.).

RNA concentrations of the samples were adjusted to 
200 ng/µl and cDNA synthesis was performed using a 
High Capacity cDNA Reverse Transcription kit (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). Gene expression 
was analyzed by means of RT-qPCR. The PCR cycling condi-
tions were an initial denaturation at 95˚C for 5 min followed 
by 40 cycles at 95˚C for 15 sec and 60˚C for 45 sec and 72˚C 
for 15 sec. The primers, sequences of which are provided in 
Table I, were used with SYBR® Select Master Mix (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) to determine the 
changes in gene expression. Gene expressions were deter-
mined as the relative fold change compared with the control 
group, and normalized to β-actin mRNA expression.

TaqMan miRNA assay and real‑time PCR for miRNA. 
miRNA isolation from left ventricular tissues was performed 
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with a mirVana miRNA Isolation kit (Ambion) as per the 
manufacturer's instructions. cDNA for miRNA analysis was 
synthesized from total RNA utilizing gene‑specific primers 
according to the TaqMan MicroRNA Reverse Transcription 
Assay protocol (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The 15 µl reactions obtained by the TaqMan MicroRNA 
Reverse Transcription kit protocol were incubated in a thermal 
cycler (10 min at 95˚C followed by 40 cycles of 15 sec at 95˚C, 
1 min at 60˚C and 15 sec at 72˚C). PCR quantification was 
performed by means of a TaqMan MicroRNA Assay (Thermo 
Fisher Scientific, Inc.) protocol. The probe mix from the 
TaqMan MicroRNA Assay protocol contained sequences 
for miR-21 and -133 (Taqman MicroRNA Assay 002393 
and 002246; Thermo Fisher Scientific, Inc.). Samples were 
normalized by evaluating against U6 gene expression (TaqMan 
MicroRNA Assay 001973).

Quantification. PCR product generation was monitored by 
measuring the increase in fluorescence caused by probe presence 
in the TaqMan MicroRNA Assay at each annealing phase or by 
the binding of SYBR-Green to double-stranded DNA. A melting 
curve in the SYBR-Green analysis was generated at the end of 
the reaction to determine that only one product was amplified. 
Each assay was performed in duplicate. The relative quantities of 
target gene expression between sedentary rats and rats subjected 
to swimming exercise with and without r-hGH treatment were 
compared following normalization to the values of internal 
control (∆Cq). Fold change in mRNA and miRNA expressions 
were calculated using the differences in ∆Cq values between two 
samples (∆∆Cq) and the equation, 2-∆∆Cq (23). The results were 
expressed as a percentage of the sedentary control group.

ELISA measurements. The stored serum samples were evalu-
ated using ELISA kits for IGF-1 (Rat IGF-1, cat no. EK0377; 
Wuhan Boster Biological Technology, Ltd., Wuhan, China) 
and insulin (Rat/Mouse insulin, cat no. EZRMI-13K; EMD 
Millipore, Billerica, MA, USA) as per the manufacturer's 
instructions.

In the experimental procedure for IGF-1 measurement, a 
standard sandwich technique involving enzyme-linked immu-
nosorbent technology was used. Absorbance was measured at 
450 nm with an ELISA reader (FL 800; BioTek Instruments, 
Inc., Winooski, VT, USA). The IGF-1 assay sensitivity was 
<5 pg/ml and the range of the assay was 62.5‑4.000 pg/ml.

In the experimental procedure for insulin measurement, 
a double-antibody sandwich enzyme-linked immunosorbent 
assay was used to determine insulin level in the samples. 
Absorbance was measured at 450 nm with the ELISA reader. 
The insulin assay sensitivity was 0.2 ng/ml (17.5 pM for a 
sample volume of 10 µl) and the appropriate range of the assay 
was 0.2-10 ng/ml.

Two repeats were performed.

Immunohistochemical method and evaluation. Left 
ventricular tissue samples were fixed for 24 h at room 
temperature in 10% formalin solution. The samples were 
subsequently passed through an ascending ethyl alcohol series 
(60.0‑70.0‑80.0‑90.0‑99.9%). The tissues were exposed to 
two changes of xylene for transparency and then embedded 
in paraffin. Following deparaffinization of 5-µm sections 
from the blocks, one section of each block was stained with 
hematoxylin and eosin (H&E) stain for general histological 
examination of the tissues. Counterstaining was performed 
with Hematoxylin for 3-5 min at room temperature and eosin 
for different time periods under visual control. For the other 
sections, a Ventana BenchMark XT Automated IHC/ISH slide 
staining system (Ventana Medical Systems, Inc., Tucson, AZ, 
USA) was used to apply immunohistological stains against 
the following: PI3K catalytic subunit α (polypeptide p110; 
PIK3CA; cat no. 09‑482), PTEN (cat. no. 09‑035), AKT1 
[phosphorylated (p)‑AKT Ser473], cat no. 07‑1398), p‑mTOR 
(p‑mTOR Ser2448 catalytic domain, cat no. 07‑1415; all from 
EMD Millipore) and ERK1/2 (p-ERK1/2 Thr202/Thr204; 
cat no. 4370S; Cell Signaling Technology, Inc., Danvers, MA, 
USA).

Immunohistochemical scoring was conducted in a manner 
entirely blinded to all clinical and biological variables (24). 
PIK3CA staining was scored on the following scale: 0, no 
staining; 1+, staining <50%; 2+, staining ≥50% with weak 
intensity; 3+, ≥50% staining with strong intensity (25).

PTEN expression was scored independently based on 
the intensity and extent of staining. The intensity of positive 
staining was scored from 0 to 2 as follows: 0 (none), 1 (weak; 
intensity < positive control), 2 (strong; intensity ≥ positive 
control). Positive staining was assessed using a semi-quan-
titative grading system consisting of five categories: 0, <5% 
positive cells; 1, 6‑25% positive cells; 2, 26‑50% positive cells; 
3, 51‑75% positive cells; 4, 76‑100% positive cells. The sum 
of the two values provided the total score, and a score <4 was 
considered PTEN-negative (26).

p-AKT, p-mTOR and ERK levels were stratified into 
three categories based on staining intensity as well as posi-

Table I. Quantitative real-time polymerase chain reaction 
primers.

Gene Sequence, 5'-3'

PI3K F: CATGGATGCTTTGCAGGGTTT
 R: CCAGATGTTCTCCATGATTCGGA
PTEN F: AGACCATAACCCACCACAGC
 R: TACACCAGTCCGTCCTTTCC
AKT1 F: ACTGACATTGGACGGCTGAG
 R: CAGGTGGGACTGTGATACGG
ERK1/2 F: GAGCCCAGGGGAACTGCT
 R: TGGAAGCGGGCTGTCTC
ANP F: CTTCGGGGGTAGGATTGAC
 R: CTTGGGATCTTTTGCGATCT
β-MHC F: CATCCCCAATGAGACGAAG
 R: AGGCTCTTTCTGCTGGACA
β-actin F: AGAGGGAAATCGTGCGTGAC
 R: AGGAAGGAAGGCTGGAAGAGA

PI3K, phosphoinositide-3-kinase; PTEN, phosphatase and tensin 
homolog; AKT1, serine/threonine protein kinase 1; ERK1/2, extra-
cellular signal-regulated kinase; ANP, atrial natriuretic polypeptide; 
MHC, myosin heavy chain; F, forward; R, reverse.
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tive frequency according to a previously described scoring 
method (9) with slight modification. Tissues where <10% of the 
cells exhibited weak staining were scored as 0, tissues where 
>10% of the cells exhibited weak staining or <20% exhibited 
strong staining were scored as 1, and tissues where >20% of 
the cells exhibited strong staining were scored as 2 (26).

Statistical analysis. All data are presented as the mean ± stan-
dard error of the mean. All statistical analyses were conducted 
using SPSS for Windows v21.0 (IBM Corp., Armonk, NY, 
USA). GraphPad Prism for Windows v6.03 (GraphPad 
Software, Inc., La Jolla, CA, USA) was used to construct the 
graphs. The one-sample Kolmogorov Smirnov test was used 
to evaluate the normal distribution of data. The effects of 
GH administration and swimming exercise were analyzed by 
two-way analysis of variance. The Bonferroni post-hoc test 
was applied for post-hoc comparisons between groups, and 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Clinical characteristics. Results of all physiological and 
metabolic parameters of the study evaluating the effects of 
r-hGH administration and swimming exercise are presented 
in Table II. Comparison of heart weights revealed an increase 
in the SE-GH group compared with in the SC group (P<0.05). 
This significant difference was deemed to result from the 
swimming exercise and r-hGH administration. In terms of 
left ventricular weight, this was significantly increased in the 
SE-GH group (P<0.05) compared with in the SC group (data 
not shown). Cardiac hypertrophy grade was determined by 
heart weight/body weight ratio, referred to as the heart weight 
index (HWI; heart weight /body weight x1,000 g/g) (27,28). 
Significant increase in this ratio was observed in the SE 
(P<0.05) and SE-GH (P<0.001) groups compared with in the 
SC group. The difference in left ventricular wall thickness, as 
another parameter used to determine cardiac hypertrophy was 
not statistically significant between the groups (28). Further, 
no significant differences were observed between the groups 
when r-hGH administration plus exercise was evaluated for the 
effect on the two metabolic parameters, insulin and IGF-1.

Molecular markers of left ventricular hypertrophy. Atrial 
natriuretic peptide (ANP), the two forms of myosin heavy 
chain (α-MHC and β-MHC) and α-actin, which are considered 
as molecular markers of cardiac hypertrophy (29), were evalu-
ated. There was a significant increase in ANP expression in 
the SE-GH group compared with in the SC group (3.20-fold, 
P<0.05). β-MHC was increased in the SE-GH group (6.76-fold, 
P<0.05) and decreased in the SE group (0.34‑fold, P<0.05) 
compared with in the control group (Fig. 1; α-MHC and 
α-actin not shown).

Expression analysis of genes in the PI3K/AKT/mTOR and 
ERK signaling pathways
PCR results. PI3K gene expression, which is established to 
serve an essential role in regulating cardiac growth (7) was 
significantly higher in the SE‑GH group (5.98‑fold, P<0.05) 
compared with in the SC group. Significant increases were 
also observed in the SE and GH groups (4.30‑ and 3.67‑fold, 
P<0.05). PTEN is a major negative regulator of PI3K gene 
expression (7). The present data demonstrated that PTEN was 
significantly decreased in the SE group (0.44‑fold, P<0.05) 
compared with in the SC group; while no significant differ-
ence was indicated when the two GH-treated groups were 
compared with the SC group (Fig. 2).

AKT-1 gene expression, which is involved in the regulation 
of protein synthesis and is a major suppressor of PI3K (7), was 
significantly increased in the SE‑GH group (3.35‑fold, P<0.05) 
compared with in the SC group. The SE and GH groups were 
similar to the SC group in terms of AKT-1 expression (Fig. 2).

Gene expression of ERK1/2 was unchanged with exercise 
and/or r-hGH administration and remained comparable across 
all groups (Fig. 2).

Immunohistochemical results. PI3Kα staining grades 
were significantly different across the groups. The difference 
was a result of significantly increased PI3K staining in left 
ventricular tissue of the SE, GH and SE-GH groups compared 
with that in the SC group (Fig. 3). PTEN staining grades were 
similar across all groups (not shown).

In terms of AKT, the groups revealed statistically 
significant differences, with increased p‑AKT‑1 in the GH 
and SE-GH groups compared with in the SC group (P<0.05). 
Regarding p‑mTOR, significant increases were observed in all 

Table II. Effects of r-hGH and exercise on physiological properties and metabolic parameters in rats.

 P-valuea

 ------------------------------------------------------------------------------
Parameters SC (n=10) SE (n=8) GH (n=10) SE-GH (n=9) SE effect GH effect GH+SE effect

BW, g 307.80±6.34 269.38±7.09 281.50±6.34 275.11±6.69 <0.05 0.13 <0.05
HWI     3.64±0.03     4.21±0.07 4.02±0.06     4.40±0.07 <0.05 0.08 <0.001
LVWT, mm     3.09±0.06     3.13±0.06 3.14±0.05     3.23±0.08   0.23 0.67 0.29
Insulin, mIU/l     0.68±0.13     0.44±0.08 0.58±0.12     0.57±0.11   0.89 0.29 0.34
IGF‑1, pg/ml  5,736.05±306.62  6,410.46±226.46 6,260.12±202.55  5,922.10±142.87   0.69 0.97 0.23

Data are presented as the mean ± standard error of the mean. aCompared with SC. BW, body weight; HWI, heart weight index (heart weight/ 
body weight x1,000 g/g); LVWT, left ventricular wall thickness; IGF-1, insulin-like growth hormone-1; SC, sedentary control; SE, swimming 
exercise; GH, r-hGH exposure; SE-GH, swimming exercise-r-hGH exposure; r-hGH, recombinant human growth hormone.
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test groups [SE (P<0.05), GH (P<0.05) and SE‑GH (P<0.01)] 
compared with SC (Fig. 3).

No significant differences were noted in ERK1/2 protein 
levels across the groups (not shown).

miRNA analysis. miR-21 gene expression was determined to 
be increased in the SE and GH groups, compared with the 
SC group (P<0.05). When miR-133 levels were compared, 
significant increases were observed in the SE and GH groups 
relative to levels in the SC group (P<0.05). Expression levels of 
miR-21/133 in the SE‑GH group did not exhibit any significant 
change compared with those in the SC group (Fig. 4).

Discussion

It is known to use r-hGH to improve performance and 
muscle mass by some athletes (30). However, no study to 
our knowledge has demonstrated the mechanism through 
which r-hGH, together with swimming exercise, may affect 
signaling pathways (PI3K/AKT/mTOR and ERK) that regu-
late cardiac signaling genes and associated miRNAs (miR-21 
and miR‑133) (31). A key finding of the present study was 
the altered expression of genes in the PI3K/AKT/mTOR 
signaling pathway with r-hGH administration and swim-
ming exercise. With this, the present study demonstrated 

Figure 1. Effect of swimming exercise and/or r-hGH administration on molecular markers of pathological left ventricular hypertrophy. Data are presented as 
the mean ± standard error of the mean. (A) ANP; (B) β-MHC. *P<0.05. ANP, atrial natriuretic peptide; β-MHC, β-myosin heavy chain; SC, sedentary control; 
SE, swimming exercise; GH, r-hGH exposure; SE-GH, swimming exercise-r-hGH exposure; r-hGH, recombinant human growth hormone.

Figure 2. Effect of swimming exercise and/or r-hGH administration on PI3K/AKT/mechanistic target of rapamycin and ERK1/2 signaling pathways in the 
left ventricular tissue. (A) PI3K gene expression; (B) PTEN gene expression; (C) AKT1 gene expression; (D) ERK gene expression. Data are presented as 
the mean ± standard error of the mean. *P<0.05 vs. SC group. PI3K, phosphoinositide-3-kinase; PTEN, phosphatase and tensin homolog; ERK, extracellular 
signal-regulated kinase; SC, sedentary control; SE, swimming exercise; GH, r-hGH exposure; SE-GH, swimming exercise-r-hGH exposure; r-hGH, recombi-
nant human growth hormone.
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that r-hGH administration may trigger the similar signal 
transduction pathways in ventricular muscle. However, no 
change was detected between the groups in terms of ERK1/2 
gene expression, which is involved in the ERK signaling 
pathway that is active during cardiac pathological hyper-
trophy (Fig. 5).

Dissimilar to the present study, previous studies planned 
GH administration based on the therapeutic approach in chil-
dren or adults with GH deficiency (4). Various studies have 
been performed on the use of r-hGH as a doping hormone in 
sports (5,6). However, the present study is seemingly the first 
to investigate the effects of r-hGH administration in conjunc-
tion with swimming exercise on PI3K/AKT/ mTOR and ERK 
signaling pathways, known to regulate cardiac hypertrophy, 

and on miRNAs associated with cardiac hypertrophy (miR-21 
and miR-133) in rats. In the present study, r-hGH was admin-
istered at 0.3 mg/kg (1 IU/day) concurrently with swimming 
exercise 5 times a week for 8 weeks.

A limitation of the current study is the evaluation of one 
dose level, when different doses may demonstrate the potential 
harmful effects of r-hGH. We plan to assess the effects of 
higher dose r-hGH treatment in the future.

Heart weight/ body weight, myocyte diameter and seden-
tary bradycardia are among the determinants of physiological 
left ventricular hypertrophy (7,22,28). The current study data 
demonstrated left ventricular hypertrophy formation based on 
increase in to heart weight/ body weight ratio (HWI) in SE 
and SE-GH rats.

Figure 3. Immunoperoxidase assay of the PI3K/AKT/mTOR signaling pathway. (A) Cardiac P13Kα antibody. (A‑a) No staining was detected in the SC group. 
(A-b) Diffuse strong positive staining was detected in the SE, (A-c) GH and (A-d) SE-GH groups. (B) p-AKT antibody. (B-a) No staining was detected in the 
SC and (B-b) SE groups. (B-c) Weak staining was detected in the (B-d) SE-GH group. (C) p-mTOR antibody. (C-a) No staining was detected in the SC group. 
(C-b) Diffuse-moderate staining was detected in the SE group. (C-c) Focally moderate staining was detected in the GH group and (C-d) diffuse-strong staining 
was detected in the SE‑GH group. Red arrows indicate areas where staining was apparent. Original magnification, x200, scale bar, 100 µm. *P<0.05, **P<0.001. 
PI3Kα, phosphoinositide-3-kinase catalytic α (polypeptide p‑110); p‑AKT, phospho‑AKT (Ser473); p‑mTOR, phospho‑mechanistic target of rapamycin 
(Ser2448‑catalytic domain); SC, sedentary control; SE, swimming exercise; GH, r‑hGH exposure; SE‑GH, swimming exercise‑r‑hGH exposure; r‑hGH, 
recombinant human growth hormone.
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ANP, β-MHC and α-actin levels have been reported 
as molecular markers of pathological hypertrophy (32,33). 
Increased expression of ANP and β-MHC was found in the 
SE-GH group in the current study; while relatively small 
changes were determined in ANP gene expression. No changes 
in these factors were identified in the SE and GH groups. It 
is noteworthy that markedly greater increases in ANP gene 
expression have been reported under conditions of acute pres-
sure or volume overload (10- to 20-fold increase), which may 
represent a different pathogenetic response (29).

Previous studies have shown that activation of the PI3K/AKT 
signaling cascade results in myocardial hypertrophy (33,34). In 
a cardiac hypertrophy study utilizing aortic narrowing surgery, 
PI3K-negative transgenic mice (dnPI3K) were determined to 

have smaller hearts (appearance and weight) compared with 
controls. Additionally, a significant increase in heart weight 
was observed among dNPI3K mice compared with the 
control group in response to placement of an aortic band and 
swimming exercise (8). However, it has been suggested that 
PI3K signaling is not essential for pathological hypertrophy 
development induced by increased pressure, but is important 
for physiological cardiac hypertrophy development induced by 
swimming exercise (34). In the present study, PI3K gene and 
PI3Kα protein expression levels were increased to a greater 
extent in the SE-GH group compared with levels in the other 
groups. Furthermore, HWI values were significantly higher 
in the SE-GH group. This increase appeared to be a result of 
both the swimming exercise and r-hGH administration. This 

Figure 4. Effect of swimming exercise and/or r‑hGH administration on miR‑21 and miR‑133 expression in left ventricular tissue. *P<0.05. SC, sedentary 
control; SE, swimming exercise; GH, r-hGH exposure; SE-GH, swimming exercise-r-hGH exposure; r-hGH, recombinant human growth hormone; miR, 
microRNA.

Figure 5. PI3K/AKT/mTOR and ERK signalling pathways associated with cardiac hypertrophy. Signal transduction pathways critical for myosin growth 
include PI3K/AKT/mTOR, MAPK/ERK. The PI3K/AKT/mTOR signaling pathway has been reported to serve a regulatory role in cell growth, metabolism, 
survival and angiogenesis, and to govern the development and transformation of left ventricular hypertrophy. The ERK signaling pathway, the members 
of which belong to the MAPK family, comprises a cascade of a series of successively acting kinases that finally lead to phosphorylation and activation of 
terminal kinases including p38, c-Jun N-terminal kinases and ERK. miR-133 has a critical role in determining cardiomyocyte hypertrophy and miR-21 has 
also been implicated in the regulation of cardiac fibrosis and cardiac muscle contractility, and has been shown to negatively regulate phosphatase and tensin 
homolog (PTEN) gene expression. PI3K, phosphoinositide-3-kinase; AKT, serine/threonine protein kinase; mTOR, mechanistic target of rapamycin; MAPK, 
mitogen‑activated protein kinase; ERK, extracellular signal‑regulated kinase; Ang II, angiotensin II; DAG, diacylglycerol; Et, endothelin; FGF, fibroblast 
growth factor; G, G protein; IGF, insulin‑like growth factor; IP3, inositol 1,4,5‑triphosphate; MEK, MAP kinase kinase; NFAT, nuclear factor of activated T 
cells; PKC, protein kinase C; PLC, phospholipase C; RAF, mitogen-activated protein (MAP) kinase kinase kinase; RAS, monomeric GTPase.
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suggests that r-hGH administration for 8 weeks does not cause 
as much damage as pathological cardiac hypertrophy induced 
by an aortic band, but differs from the physiological hypertrophy 
induced by swimming exercise. Greater understanding of the 
mechanism involved requires further studies performed with 
higher doses of r-hGH over longer durations.

PTEN is established as a major negative regulator of the 
PI3K/AKT signaling pathway (35). Interestingly, heart weight has 
been reported to be increased (by 50%) in PTEN (null) rats (36). 
Certain studies have demonstrated negative regulation of PTEN 
gene expression by miR-21 (31). miR-21 has also been shown to 
serve a role in cardiomyocyte hypertrophy (37). In a study by 
Ma et al (7), PTEN expression was significantly decreased at 
the gene and protein levels in the SE group compared with in 
the control group, and the expression of PTEN-targeting miR-21 
was also observed to be significantly increased. Similarly, in the 
present study, a significant decrease in PTEN was observed in 
the SE group compared with in the control group, concomitant 
with a significant increase in miR‑21 gene expression. However, 
in the GH and SE-GH groups, no difference was observed 
in PTEN gene expression compared with the control, while 
miR‑21 was significantly increased in the GH group; the miR‑21 
expression was similar to that of controls in the SE-GH group. 
These findings suggests that r‑hGH administration may impair 
the regulation between miR-21 and its target PTEN.

AKT-1 has been demonstrated to be necessary for the 
development of physiological hypertrophy induced by exer-
cise (38) and for the regulation of normal cardiac growth (39). 
Previous reports have concluded that cardiac AKT-1 may 
regulate cardiac hypertrophy when studying models of cardiac 
hypertrophy or ischemia (32,38). In the study of Ma et al (7), 
it was concluded that AKT1 upregulated PI3Kα through 
phosphorylation in left ventricular hypertrophy induced by 
swimming exercise. Left ventricular hypertrophy (LVH) 
induced by swimming exercise training is an important physi-
ological mechanism that compensates for chronic increases in 
hemodynamics (7). Its comparison to the previously reported 
Akt2 deficiency phenotype reveals the non‑redundant func-
tions of Akt1 and Akt2 genes with respect to organismal 
growth and insulin-regulated glucose metabolism (39). To 
assess the role of AKT1, the present study tested AKT1 gene 
and p-AKT1 protein expression. A significant increase in 
AKT1 gene expression was observed in the SE-GH group 
compared with in the controls, and p-AKT1 protein levels 
were significantly higher in the GH and SE‑GH groups than in 
the control group. This demonstrates that AKT1 may increase 
the upregulation of PI3Kα and result in the relatively highest 
elevation in PI3K gene expression observed in the SE-GH 
group. Expression of the mTOR gene has been associated 
with decreased cardiac hypertrophy through inhibition of 
mTOR with rapamycin in humans and animal models (34,40). 
In the current study, phosphoser2448mTOR protein expression 
was determined to be increased in SE, GH and SE-GH rats 
compared with in controls. These results may aid in clarifying 
the cause of hypertrophy following SE-GH exposure.

It has been reported that the activation of cardiac myocytes 
in response to any stress stimulation occurs by means of 
the ERK1/2 signaling pathway (8). Exercise and pressure 
overload may activate the ERK1/2 signaling pathway (10,39). 
Another study has suggested that the hypertrophic response to 

exercise-induced load increase is not reduced, although phos-
phorylation of ERK1/2 is essentially eliminated, following 
the stimulation of increased pressure (40,41). Additionally, it 
has been reported that MAPK kinase-ERK1/2 inhibition does 
interfere with hypertrophic morphology (19). In the present 
study, it was observed that post-exercise development of left 
ventricular hypertrophy did not differ between the groups in 
terms of ERK1/2 signaling: ERK1/2 gene and protein expres-
sion was similar across all groups. With this, the data indicates 
that the ERK1/2 signaling pathway may not be activated 
during physiological left ventricular hypertrophy caused by 
swimming exercise and r-hGH administration over 8 weeks.

miR-133, which is established to be highly expressed in 
adult heart and skeletal muscles, serves a role in cell differen-
tiation and proliferation (42,43). miR‑133 has a critical role in 
determining cardiomyocyte hypertrophy; its overexpression 
may inhibit hypertrophy whereas its suppression may induces 
hypertrophy in vitro and in vivo (20). Previous study has shown 
that miR-133 may controls cardiac hypertrophy and decrease 
significantly in the presence of cardiac hypertrophy and heart 
failure (44). Thus, the reduction of miR‑133 expression may 
be involved in the development and progression of chronic 
heart failure (45). The present study identified increased 
miR-133 expression in the ventricular tissue of SE and GH 
rats compared with controls. However, the SE-GH group was 
similar to the controls with regard to miR-133 expression.

In conclusion, the present study demonstrated that r-hGH 
administration with swimming exercise over 8 weeks altered 
PI3K, PTEN, AKT-1 and mTOR expression in rat heart. As 
these factors are involved in the PI3K/AKT/mTOR signaling 
pathway, as a major regulator of cell proliferation, metabolism, 
survival and angiogenesis, these changes may have contributed 
to cardiac hypertrophy. Additionally, r-hGH administration 
was observed to impair the negative regulation between miR-21 
and its target, PTEN. Greater understanding of this mechanism 
requires further studies on more genes and miRNAs involved 
in the PI3K/AKT/mTOR and ERK signaling pathways.
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