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Abstract. Isosteviol sodium (STVNa), which is a derivate of 
the natural sweet‑tasting glycoside stevioside, has recently 
been developed and it has been determined that this compound 
exhibits neuro‑ and cardio‑protective properties. In the current 
study, whether STVNa interferes with the development of 
cardiac hypertrophy, which is induced by isoprenaline (Iso), 
was investigated in an experimental rat model. Rats were 
treated with a vehicle (0.9% NaCl; control), isoprenaline (Iso; 
5 mg/kg) or Iso (5 mg/kg) with STVNa (4 mg/kg; Iso + STVNa). 
Cardiomyocytes were isolated using enzymatic dissociation 
and were treated with 5 µM Iso for 24 h and co‑treated with 
5 µM STVNa. Brain natriuretic peptide (BNP) mRNA expres-
sion was determined using PCR analysis. Cell surface area, 
intracellular reactive oxygen species (ROS), mitochondrial 
transmembrane potential (ΔΨm), cytoplasmic Ca2+ and Ca2+ 

and contractile function were examined using a laser scan-
ning confocal microscope. The current study demonstrated 
that STVNa inhibited Iso‑induced cardiac hypertrophy by 
inhibiting cardiomyocyte size. STVNa significantly reduced 
cell surface area and decreased BNP mRNA expression in 
ventricular cardiomyocyte Iso‑induced hypertrophy. STVNa 
was also revealed to restore ΔΨm and reduce ROS generation 

and intracellular Ca2+ concentration when compared with 
the Iso‑treated group. Additionally, STVNa preserved Ca2+ 

transients in hypertrophic cardiomyocytes. In conclusion, 
the present study demonstrated that STVNa protects against 
Iso‑induced myocardial hypertrophy by reducing oxidative 
stress, restoring ΔΨm and maintaining Ca2+ homeostasis.

Introduction

Stevioside, a natural sweet‑tasting glycoside, is found in 
Stevia rebaudiana. Isosteviol, a derivate of stevioside, has 
been demonstrated to exhibit a variety of beneficial pharma-
cological effects (1‑5). Isosteviol sodium salt (STVNa), which 
is a beyerane diterpene, a more soluble and injectable form of 
isosteviol, has recently been synthesized via acid hydrolysis 
of stevioside, and it has been determined that STVNa exhibits 
neuro‑ and cardio‑protective properties (1‑5). It has also been 
indicated that STVNa attenuates right ventricular hyper-
trophy and pulmonary artery remodeling in an experimental 
model of transverse aortic constriction and ameliorates 
diabetic cardiomyopathy  (6,7). However, whether STVNa 
exhibits an effect on the development of left ventricular 
hypertrophy (LVH) is, to the best of our knowledge, yet to 
be determined.

LVH is defined as the enlargement and thickening of the 
left ventricle walls, which form the main contractile chamber 
of the heart. LVH is the ultimate outcome in a variety of 
pathological states, including hypertension, valvular disease, 
myocardial infarction and cardiomyopathy (8). This condi-
tion is usually associated with the activation of β‑adrenergic 
signaling and the consequent increase in oxidative stress, 
protein synthesis, proto‑oncogene expression and the stimu-
lation of mitogen activated protein kinases and phosphatidyl 
inositol‑3 kinases (9). The development of pathological LVH is 
initially beneficial as it allows the heart to maintain its cardiac 
pump function despite abnormal pressure and/or volume load. 
However, this ultimately leads to depression of the intrinsic 
contractile state of the myocardium and subsequent heart 
failure (8). Additional therapeutic strategies, which prevent 
LVH and heart failure are urgently required (10).
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Isoprenaline (Iso), a non‑selective β‑adrenoceptor agonist, 
is widely used to induce LVH in animal experimental models of 
cardiac hypertrophy (11‑13). This model successfully mimics 
sustained adrenergic stimulation, which is a major mechanism 
in the pathogenesis of maladaptive cardiac hypertrophy (14). 
In the current study, this particular model was used to assess 
whether STVNa modifies the development of myocardial 
hypertrophy and if it does, to determine the underlying mecha-
nism governing this.

Materials and methods

Materials. All chemicals (including caffeine) used in the 
current study were purchased from Sigma‑Aldrich; Merck 
KGaA, unless otherwise stated. H2DCFDA, JC‑1 and 
Fluo‑4 ester were purchased from Invitrogen; Thermo Fisher 
Scientific, Inc. mitoTEMPO was purchased from Enzo Life 
Sciences, Inc. Medium‑199 (M199) was purchased from 
Thermo Fisher Scientific, Inc. PCR reagent kit, primers and 
markers were purchased from Takara Biotechnology Co., Ltd. 
STVNa, which is the sodium salt of isosteviol and is a beyerane 
diterpene, was obtained via acid hydrolysis of stevioside, and 
was synthesized by the Chemical Synthesis Group of Institute 
of Biomedical and Pharmaceutical Sciences, Guangdong 
University of Technology (Guangzhou, China).

Rats and experimental protocol. Sixty male Sprague‑Dawley 
rats (weight, 200‑250 g; age, 6 weeks) were obtained from 
the Experimental Animal Center of Guangzhou University 
of Chinese Medicine (Guangzhou, China). All animal 
experimental protocols complied with the Guide for the 
Care and Use of Laboratory Animals, which was published 
by the National Institutes of Health. The current study was 
approved by the Institutional Animal Research Committee of 
South China University of Technology (Guangzhou, China). 
Sprague‑Dawley rats were housed in a room maintained 
at 24˚C and 50% humidity with a 12‑h light/dark cycle and 
provided with standard food and water ad libitum. Rats were 
randomly divided into three groups (60 in total): Control 
group, treated with vehicle (0.9% NaCl; control) (n=20); 
Iso group, treated with isoprenaline (5 mg/kg; Iso) (n=20); 
Iso + STVNa group, treated with isoprenaline (5 mg/kg) with 
isosteviol sodium (4 mg/kg; Iso + STVNa) (n=20). Vehicle and 
compounds were injected intraperitoneally daily for 7 days, as 
previously described (15).

Heart weight index measurement. Rats were weighed (body 
weight, BW), anesthetized by sodium pentobarbital [intra-
peritoneal (IP), 50 mg/kg] and heparinized (IP, 1,000 U/kg). 
Rats were sacrificed by overdose of sodium pentobarbital 
(>150 mg/kg). The thoracic cavity was subsequently opened 
and the heart was harvested in a clean glass dish, washed 
with cold saline solution and weighed [heart weight, (HW)]. 
The atrium was cut off and the ventricle was separated and 
weighed [left ventricle weight (LW)]. The tibia length was also 
measured (Tibia). The heart weight indexes are represented by 
ratios of HW/BW, HW/Tibia and LW/Tibia.

Histological analysis. Rat hearts were fixed in 10% formalin 
at 25˚C for 8  h. Transverse sections were embedded in 

paraffin and were cut into 5 mm sections. Hematoxylin and 
eosin (H&E; hematoxylin staining for 5 min, eosin staining 
for 2 min, at 25˚C) were used to assess the cardiomyocyte 
cross‑sectional area. Images were captured with a light micro-
scope and analyzed using ImageJ 1.48 (National Institutes of 
Health). A total of >50 cells were counted in each independent 
heart from each group.

Isolation of cardiomyocytes and cells treatment. Ventricular 
myocytes were isolated from untreated, wild‑type male 
Sprague‑Dawley rats (200‑250  g) as described previ-
ously  (16), with some modifications. Heparinized 
(IP; 1,000 U/kg) animals were anesthetized using sodium 
pentobarbital (IP, 50 mg/kg). Excised hearts were transferred to 
a Langendorf perfusion apparatus and perfused with Ca2+‑free 
Tyrode's solution (NaCl 137 mM; KCl 5.4 mM; NaH2PO4 
1.2  mM; MgCl2. 6H2O 1.2  mM; HEPES 20  mM; taurine 
30 mM; glucose 20 mM; pH 7.4) for 5 min. The perfusion solu-
tion was then switched to Ca2+‑free Tyrode's solution containing 
collagenase II (0.4  mg/ml) and protease (Sigma‑Aldrich; 
Merck KGaA; 0.1 mg/ml). After 30 min, ventricles were cut 
into small pieces, incubated in a 37˚C water bath and separated 
into individual cardiomyocytes via slow pipetting. The cells 
were filtered through a 200 nm mesh and settled in Tyrode's 
solution containing 1.2 mM Ca2+ and bovine serum albumin 
(BSA; 0.1%). Cells were subsequently re‑suspended in M199 
(Invitrogen; Thermo Fisher Scientific, Inc.) containing 10% 
FBS supplemented with BSA (0.1%) and transferred to laminin 
coated culture dishes. After a 1.5 h of incubation in a CO2 incu-
bator (5% CO2; 95% O2), the medium was replaced with serum 
free M199 (pH 7.4) supplemented with 0.1% BSA. To induce 
hypertrophy, cells were treated with 5 µM Iso (Sigma‑Aldrich; 
Merck KGaA) for 24 h. To investigate the effect of STVNa 
on Iso‑induced hypertrophy, Iso (5 µM)‑treated cells were 
co‑treated with a variety of STVNa concentrations (1, 5, 10 and 
20 µM). The most effective STVNa concentration (5 µM; 
Fig. S1) was used for subsequent experimentation.

Measurement of ROS, mitochondrial membrane potential 
and calcium. For ROS measurement, cardiomyocytes were 
loaded with 10 µM H2DCFDA in serum‑free medium at 37˚C 
for 20 min in the dark and then resuspended in 1 mM Ca2+ 
Tyrode's solution to wash out residues of the dye. DCFDA was 
excited at 480 nm and measured at 525 nm. For mitochondrial 
membrane potential measurement, cardiomyocytes were incu-
bated with 5 µM JC‑1 at 37˚C in the dark for 30 min. Cells 
were washed twice in 1 mM Ca2+ Tyrode's solution. Red fluo-
rescence was exited at 585 nm and measured at 590 nm. Green 
fluorescence was exited at 514 nm and measured at 529 nm. For 
calcium measurement, cardiomyocytes were exposed to 1 µM 
Fluo‑4 AM at 37˚C for 40 min for loading and then washed 
twice in 1 mM Ca2+ Tyrode's solution. Fluo‑4 was excited 
at 488 nm and measured at >520 nm. For analysis, intensity 
of fluorescence for targeted cells was directly read using the 
Zeiss LSM 710 confocal software (ZEN version 2011, Carl 
Zeiss Meditec AG).

Measurement of cell surface area. Phase contrast images 
that were captured using a light Olympus IX83 microscope 
(Olympus Corporation) were used to measure the surface 
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area of different groups using Image Pro‑Plus 6.0 (National 
Institutes of Health) software. A total of 120 cells from six 
different animals were analyzed to determine the morpho-
logical changes that were induced by Iso.

Measurement of mRNA levels. The effect of STVNa on the 
hypertrophic response of cardiomyocytes to Iso stimulus was 
assessed by monitoring BNP mRNA expression using reverse 
transcription (RT)‑quantitative (q) PCR. Total RNA was 
extracted from cells using RNAiso Plus (Takara Biotechnology 
Co., Ltd.; Total RNA extraction reagent) according to the 
manufacturer's protocol. The concentration was determined by 
measuring the absorbance at 260 nm and RNA purity was deter-
mined by measuring 260/280 ratio using a NanoDrop 2000c 
Spectrophotometer (Thermo Fisher Scientific, Inc.). Total RNA 
(0.5 µg) was used for RT with the PrimeScript II First Strand 
cDNA synthesis kit (cat. no. 6210A; Takara Biotechnology 
Co., Ltd.), following the manufacturer's protocol. qPCR was 
performed by using ChamQ SYBR PCR kit Q311‑01 (Vazyme 
Biotech Co., Ltd.). Relative quantification of gene expression 
was normalized to GAPDH. The nucleotide sequences of the 
primers used were: BNP forward, 5'‑CTG​TGA​CGG​GCT​
GAG​GTT‑3' and reverse, 5'‑GCA​AGT​TTG​TGC​TGG​AAG‑3'; 
GAPDH forward, 5'‑GCA​AGT​TCA​ACG​GCA​CAG‑3', and 
reverse, 5'‑CGC​CAG​TAG​ACT​CCA​CGA​C‑3'.

Analysis of cardiomyocyte contractile function. Cell 
contraction was recorded in the frame‑scanning mode 
and time‑series mode using a Zeiss LSM 710 confocal 
microscope. Cells were stimulated to contract at 1 Hz and 
scanned for 5 min (100 ms/Frame). The rate of contraction 

and shortening were measured and analyzed using the Zeiss 
LSM Imaging processing software (ZEN version 2011; Carl 
Zeiss Meditec AG).

Statistical analysis. Data are expressed as the mean ± stan-
dard error of the mean from three experimental repeats. 
Statistical analysis was performed using a one‑way analysis of 
variance followed by the Tukey post‑hoc test (SigmaPlot v14; 
Jandel Corporation). P<0.05 was considered to indicate a 
statistically significant difference. For the analysis of HW/BW, 
cross‑sectional area of H&E staining, cell surface area of 
cardiomyocytes, BNP mRNA expression, ROS fluorescence 
intensity and Ca2+ fluorescence intensity, the raw mean value 
of the control group was used as a reference value, and the raw 
value of the control group was divided by this value. The raw 
mean value of the control group was set at 1 and the data of the 
other groups were presented as the fold‑change of the control.

Results

STVNa prevents the development of Iso‑induced cardiac 
hypertrophy. Experiment were carried out using rat heart 
tissues. Treatment with Iso significantly increased HW/BW 
(1.00±0.02 vs. 1.53±0.05; P<0.05; n=6; Fig.  1), HW/tibia 
(0.23±0.01 g/cm vs. 0.33±0.01 g/cm; P<0.05; n=6; Fig. 1) 
and LV/tibia (0.15±0.01 g/cm vs. 0.23±0.01 g/cm; P<0.05; 
n=6; Fig.  1) ratios. This effect was inhibited by STVNa 
(Fig.  1; HW/BW, 1.53±0.05 vs. 1.35±0.06; n=6; P=0.05; 
HW/tibia, 0.33±0.01 g/cm vs. 0.29±0.01 g/cm; n=6; P<0.05; 
LV/tibia, 0.23±0.01 g/cm vs. 0.20±0.01 g/cm; n=6; P=0.01). 
The histological analysis of myocardial tissues demonstrated 

Figure 1. STVNa prevents Iso‑induced cardiac hypertrophy. (A) Original images of hearts from different experimental groups as labelled. Graphs depicting 
(B) HW/Tibia (C) HW/BW and (D) LV/Tibia. Each bar represents the mean ± standard error of the mean. *P<0.05 vs. the Con group; #P<0.05 vs. Iso group 
(n=6 for each). HW, heart weight; Tibia, tibia length; BW, body weight; LV, left ventricular weight; Iso, isoprenaline; STVNa, isosteviol sodium; Con, control.
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that cardiomyocyte cross sectional areas were significantly 
increased in mice treated with Iso (1.00±0.01 fold‑change vs. 
2.05±0.04 fold‑change; n=6; P<0.05; Fig. 2) and this increase 
was partly inhibited by STVNa (1.56±0.02 fold‑change; n=6; 
P>0.05 vs. control; Fig.  2). Similar results were obtained 
subsequent to the examination of the effects of Iso and STVNa 
treatments on cardiomyocytes size in vitro, which were carried 
out using cardiomyocytes isolated from rats. Although STVNa 
did not solely affect cardiomyocyte surface area (control, 
1.01±0.05 fold‑change; STVNa, 1.04±0.03 fold‑change, n=7 
for each; P=0.639; Fig. 3) it prevented an increase in this 
parameter that was induced by Iso (Iso, 1.39±0.04 fold‑change; 
Iso + STVNa, 1.15±0.03 fold‑change; n=7 for each; P<0.05; 
Fig. 3).

BNP mRNA is a well‑established biomarker for cardiac 
hypertrophy and heart failure (17). mRNA measurement was 
carried out using cardiomyocytes isolated from untreated, 
wild‑type rats. Iso treatment significantly increased BNP 
mRNA levels in cardiomyocytes (control, 1.00±0.10 
fold‑change; Iso, 2.25±0.25 fold‑change; n=5 for each; P<0.05; 
Fig. 4). STVNa prevented this increase (1.61±0.25 fold‑change; 
n=5; P<0.05 vs. control; Fig. 4) although it did not exhibit any 
effect on BNP mRNA levels when used on its own (1.07±0.08 
fold‑change; n=5; P>0.05 vs. control; Fig. 4).

STVNa reduces ROS production in cardiomyocytes treated 
with Iso. Iso treatment significantly increased ROS produc-
tion in cardiomyocytes as indicated by DCFH fluorescence 
(from 1.00±0.06 fold‑change under control conditions to 
2.04±0.07 fold‑change when treated with Iso; n=6 for each; 
P<0.001; Fig. 5). STVNa did not solely affect ROS produc-
tion (1.09±0.05 fold‑change; n=6; P=0.524 vs. the control; 
Fig. 5). However, STVNa prevented the effect exhibited by 
Iso (1.52±0.13 fold‑change; n=6; P=0.004 vs. Iso‑treated 
group; Fig.  5) in a similar manner to mitoTEMPO, a 
mitochondrial‑targeted antioxidant (1.72±0.13 fold‑change; 
n=6; P=0.274 vs. Iso + STVNa‑treated group; Fig.  5). 
Experiments were carried out using cardiomyocytes isolated 
from untreated, wild‑type rats.

STVNa prevents mitochondrial membrane depolarization 
induced by Iso treatment. Treatment with Iso led to mitochon-
drial membrane depolarization in wild‑type cardiomyocytes 
(isolated from untreated wild‑type rats) as indicated by the 
significant decrease that was observed in channels ratio (from 
2.49±0.20 under control conditions to 1.53±0.03 following 
Iso treatment; n=6 for each; P<0.05; Fig. 6). STVNa did not 
solely affect mitochondrial membrane potential (2.56±0.20; 
n=6; P=0.746 vs. control; Fig. 6). However, STVNa inhibited 

Figure 2. STVNa prevents Iso‑induced increase in cardiomyocyte size. Experiment were carried out using rat cardiac tissue. Original images of hematoxylin 
and eosin staining from the left ventricle (Scale bar=50 µm) in (A) Con group, (B) Iso group and (C) Iso + STVNa group. (D) Graph corresponding to 
the conditions in A, B and C. Each bar represents the mean ± standard error of the mean. *P<0.05 vs. the Con group; #P<0.05 vs. Iso group (n=6 for each). 
Iso, isoprenaline; STVNa, isosteviol sodium; Con, control.
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the effect of Iso treatment (1.89±0.11; n=6; P=0.011 vs. Iso 
group; Fig. 6).

STVNa prevents Ca2+ loading and impaired Ca2+ dynamics 
induced by Iso treatment. Cardiomyocytes were isolated from 

Figure 3. STVNa prevents the increase in cardiomyocyte surface area induced by Iso treatment in vitro. Experiments were carried out using cardiomyocytes 
isolated from rats. Original images of cardiomyocytes under (A) labelled conditions and the (B) corresponding graph. Each bar represents mean ± standard 
error of the mean. *P<0.05 vs. the Con group; #P<0.05 vs. Iso group (n=7 for each). Iso, isoprenaline; STVNa, isosteviol sodium; Con, control.

Figure 4. STVNa prevents the increase in cardiomyocytes BNP mRNA level induced by Iso treatment. Experiments were carried out using cardiomyocytes 
isolated from rats. Original images of reverse transcription PCR products under (A) labelled conditions and the (B) corresponding graph. Each bar represents 
the mean ± standard error of the mean. *P<0.05 vs. the Con group; #P<0.05 vs. Iso group (n=5 for each). BNP, brain natriuretic peptide; Iso, isoprenaline; 
STVNa, isosteviol sodium; Con, control.
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Figure 5. STVNa reduces ROS production in cardiomyocytes treated with Iso. Experiments were carried out using cardiomyocytes isolated from rats. Original 
images under (A) labelled conditions and the (B) corresponding graph. The level of ROS was detected using DCF. Scale bar is 100 µm. Each bar represents the 
mean ± standard error of the mean. ***P<0.01 vs. Con group; ###P<0.01 vs. Iso group (n=6 for each). ROS, reactive oxygen species; Iso, isoprenaline; STVNa, 
isosteviol sodium; Con, control.

Figure 6. STVNa prevents mitochondrial membrane depolarization induced by Iso treatment. Experiments were carried out using cardiomyocytes isolated 
from rats. Original images under (A) labelled conditions and the (B) corresponding graph. Mitochondrial membrane potential was measured using JC‑1. Scale 
bar is 100 µm. Each bar represents the mean ± standard error of the mean. *P<0.05 vs. Con; #P<0.05 vs. Iso group (n=6 for each). Iso, isoprenaline; STVNa, 
isosteviol sodium; Con, control.
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untreated wild‑type rats. Treatment with Iso induced intra-
cellular Ca2+ loading as reflected by the significant increase 
observed in Fluo‑4 fluorescence (from 1.02±0.07 fold‑change 
under control conditions to 1.66±0.11 fold‑change when 
treated with Iso; n=6 for each; P<0.05; Fig. 7). STVNa did not 
solely affect intracellular Ca2+ (1.07±0.06 fold‑change; n=6; 
P=0.707 vs. control; Fig. 7). However, STVNa inhibited the 
effect of Iso treatment (1.31±0.15 fold‑change; n=6; P=0.04 vs. 
Iso group alone; Fig. 7).

To examine any potential changes in Ca2+ dynamics, the 
transient Ca2+ was assessed in cardiomyocytes. The ampli-
tude of calcium transient (F/F0) significantly decreased 
(from 2.64±0.25 under control conditions to 1.67±0.07 when 
treated with Iso; n=9 for each; P=0.013; Fig. 8) and the time 
of Ca2+ uptake was significantly extended (T50 values were 
0.29±0.02 sec under control conditions and 0.38±0.02 sec when 
treated with Iso; n=9 for each; P=0.006; Fig. 8). Co‑treatment 
with STVNa prevented the effects of Iso treatment (F/F0, 
2.67±0.30; n=8; P=0.860 vs. control; T50, 0.28±0.02 S; n=9; 
P=0.711 vs. control; Fig. 8).

STVNa prevents the sarcoplasmic reticulum (SR) Ca2+ deple‑
tion that is induced by Iso. Caffeine (10 mM) was used to 
measure the quantities of Ca2+ stored in SR. Iso significantly 
decreased the quantity of Ca2+ in SR (from 12.65±0.42 under 

control conditions to 8.03±0.55 when treated with Iso; n=6 for 
each; P<0.05; Fig. 9). STVNa inhibited this effect (10.30±0.43; 
n=6; P=0.004 vs. the Iso group; Fig. 9).

STVNa prevents the Iso‑induced impairment of cardio‑
myocytes contractile function. Treatment with Iso decreased 
shortening and rate of contraction of wild‑type cardiomyoc-
tyes (shortening, from 6.76±0.67% under control conditions 
to 5.13±0.30% when treated with Iso; n=8 for each; P=0.067; 
rate of contraction, from 0.28±0.03%.S‑1 under control condi-
tions to 0.17±0.02%.S‑1 when treated with Iso; n=8 for each; 
P=0.009; Fig. 10). STVNa inhibited both effects exhibited 
by Iso treatment (shortening, 7.81±0.49%; n=8; P=0.004 vs. 
Iso; rate of contraction, 0.30±0.02%.S‑1; n=8; P=0.003 vs. Iso; 
Fig. 10).

Discussion

A chronic increase in sympathetic activation occurs during 
hypertension, obesity, sleep apnea and mental stress, and this 
can promote the development of cardiac hypertrophy and heart 
failure through the sustained stimulation of β‑adrenergic recep-
tors (18). The results of the current study demonstrated that 
sustained stimulation with Iso induces cardiac hypertrophy, 
which is in agreement with the well‑established features of the 

Figure 7. STVNa prevents Ca2+ loading that is induced by Iso treatment. Experiments were carried out using cardiomyocytes isolated from rats. Original 
images captured by the frame‑scanning mode of the confocal microscope under (A) labelled conditions and the (B) corresponding graph. The level of Ca2+ 
was detected using Fluo‑4. Scale bar is 50 µm. Each bar represents the mean ± standard error of the mean. *P<0.05 vs. the Con group; #P<0.05 vs. Iso group 
(n=6 for each). Iso, isoprenaline; STVNa, isosteviol sodium; Con, control.
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experimental model used (11). The current study revealed that 
the induction of cardiac hypertrophy by Iso was associated with 
i) increased ROS, ii) mitochondrial membrane depolarization, 
iii) intracellular Ca2+ loading, iv) impaired Ca2+ transients and 
v) impaired cardiac contractility.

A central mechanism that is associated with the development 
of cardiac hypertrophy is an increase in ROS and the subsequent 

oxidative stress (19). The activation of β‑adrenoreceptors has 
been specifically linked with ROS generation and cardiac 
hypertrophy (20,21). Oxidative stress has been indicated to 
activate extracellular signal regulated kinase 1/2 and stimulate 
protein synthesis in ventricular remodeling (13,22). It has also 
been suggested that compounds attenuating oxidative stress 
may also attenuate cardiac hypertrophy (23). In the present 

Figure 8. STVNa prevents impairment in Ca2+ dynamics induced by Iso treatment. Experiments were carried out using cardiomyocytes isolated from rats. 
(A) Original tracing of Ca2+ transients. Intracellular Ca2+ was monitored using Fluo‑4. Bar graph showing (B) F/F0 and (C) T50 for the groups corresponding 
in A. Each bar represents the mean ± standard error of the mean. *P<0.05 vs. the Con group; #P<0.05 vs. Iso group (n=9 for each). Iso, isoprenaline; STVNa, 
isosteviol sodium; Con, control.

Figure 9. STVNa prevents SR calcium depletion induced by Iso. Caffeine induced Ca2+ transients indicating Ca2+ content of SR. Experiments were carried 
out using cardiomyocytes isolated from rats. Representative traces of Fluo‑4 fluorescence following application of (A) caffeine with the (B) corresponding 
graph. Each bar represents the mean ± standard error of the mean. *P<0.05 vs. the Con group; #P<0.05 vs. Iso group (n=6 for each). Iso, isoprenaline; STVNa, 
isosteviol sodium; Con, control; SR, sarcoplasmic reticulum.
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study, it was demonstrated that STVNa did not solely affect 
ROS levels, but prevented an Iso‑induced increase in ROS, 
making this compound a potential therapeutic candidate for 
use in the prevention of cardiac hypertrophy.

In addition to ATP synthesis, the electron transport chain 
of mitochondria is a significant source of ROS (24), which, 
in turn, can damage mitochondria and affect the activity and 
function of mitochondrial ion channels. Any alterations in 
mitochondrial ion channel function and mitochondrial homeo-
stasis is reflected in the mitochondrial membrane potential. 
Mitochondrial membrane depolarization is a well‑established 
indicator of disturbed mitochondrial homeostasis (25). The 
results of the current study indicated that Iso‑treatment induced 
mitochondrial membrane depolarization, which is supported 
by previous studies (26‑28) that have used this experimental 
model. STVNa did not solely affect mitochondrial membrane 
potential but prevented the mitochondrial membrane depo-
larization that was induced by Iso. These results suggested 
that STVNa prevented increases in ROS and consequently, 
mitochondrial damage.

Intracellular Ca2+ homeostasis is crucial for cardiac contractile 
function (29). Intracellular Ca2+ levels have been demonstrated to 
reflect the overall metabolic condition of cardiomyocytes (30,31). 
In the present study, Iso‑pretreatment was revealed to increase 
intracellular Ca2+ and impair intracellular Ca2+ transients and 
cardiomyocytes contractility. These effects exhibited by Iso were 
expected, due to the results of multiple studies that indicated that 
sustained stimulation with β‑agonists increased intracellular Ca2+ 
levels and impaired contractility (32‑34). The sustained increase 
in Ca2+ activated the protein phosphatase calcineurin and its 
target, the NFAT family of transcription factors, which are critical 
mediators of pathological hypertrophy  (35). Links between 
mitochondrial impairment, intracellular Ca2+ loading, impaired 
contractility and cardiac hypertrophy resulting in heart failure are 
well established (36). STVNa was revealed to prevent all negative 
events associated with sustained activation of β‑adrenoceptors, 
including cardiac hypertrophy, ROS production, mitochondrial 
membrane depolarization, impaired Ca2+ homeostasis and 
cardiomyocytes contractility.

A recent study has demonstrated that STVNa sensitizes 
ATP‑sensitive K+ (KATP) channels, in the mitochondria and 

sarcolemma, to KATP channel openers  (37). The results of 
this aforementioned study, which revealed that STVNa did 
not affect mitochondrial membrane potential, is in agree-
ment with the consensus that STVNa does not solely activate 
KATP channels (37), but rather makes channels more sensitive 
to endogenous channel openers. It has also been previously 
established that lactate, a product of anaerobic metabolism in 
the heart, activates KATP channels irrespective of high intra-
cellular ATP levels (38,39). The activation of mitochondrial 
and sarcolemmal KATP channels has been demonstrated to 
regulate intracellular Ca2+ homeostasis (30,31). Therefore, the 
regulation of Ca2+ homeostasis by STVNa corresponds with 
its ability to sensitize KATP channels to KATP channel openers.

In conclusion, the current study demonstrated that STVNa 
prevents the development of cardiac hypertrophy, which is 
induced by Iso by preventing ROS generation, protecting 
mitochondrial function and regulating intracellular Ca2+ 
homeostasis. These results suggest that STVNa should be a 
potential therapeutic strategy against cardiac hypertrophy and 
heart failure in the future.

In the current study, the therapeutic effect of STVNa and 
the underlying mechanism by matching in vitro and in vivo 
experiments was defined. However, ex vivo experiments were 
not performed, which would provide another layer of tests for 
the present hypothesis. This could be viewed as a limitation of 
the present study although the in vitro and in vivo experiments 
match each other very well and strongly support the conclusions.
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