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Abstract: The imbalance of intracellular Ca2+ homeostasis is a major problem in diabetic cardiomyopathy. Store-
operated Ca2+ entry (SOCE) is an important Ca2+ signalling pathway in excitable and non-excitable cells, and me-
diates Ca2+ influx contributing to the maintenance of intracellular Ca2+ homeostasis. Our study aimed to explore 
the SOCE changes and its contribution on Ca2+ overloading in the ventricular muscle of diabetic rats. We used 
thapsigargin, an endoplasmic reticulum Ca2+ pump inhibitor, to deplete Ca2+ store. SOCE activities were significantly 
enhanced in streptozotocin-induced adult diabetic rat left ventricular muscle and high glucose-cultured neonatal 
cardiomyocytes. In addition, store-operated currents were significantly increased in neonatal left ventricular muscle 
cells cultured in high glucose medium. We further used immunoblotting to identify that the expression levels of sev-
eral crucial SOCE components were dramatically upregulated in the high glucose-cultured neonatal left ventricular 
muscle and streptozotocin-induced adult diabetic rat left ventricular muscle. We conclude that SOCE activity was 
enhanced in the high glucose-cultured neonatal left ventricular muscle and streptozotocin-induced adult diabetic 
rat left ventricular muscle. Our finding may shed new light on the mechanism of intracellular Ca2+ overloading in 
diabetic cardiomyocytes and potential value of SOCE for clinical treatment of diabetic cardiomyopathy.
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Introduction

The endocrine disease diabetes mellitus has 
become a serious health problem in recent 
years. With the development of diabetes melli-
tus, various organ complications may occur, 
including those involving the aorta, kidney, reti-
na and the heart [1]. Diabetic cardiomyopathy, 
initially identified by Rubler, is defined as a dis-
tinctive cardiomyopathy resulting from hyper-
glycaemia rather than hypertension, coronary 
disease and other aetiologies [2]. Recent stud-
ies have shown that the hyperglycaemia affects 
the electrophysiological properties of the heart 
through decreased energy usage in the cardio-
myocytes and by destroying the function of the 
ion channels in the plasma membrane [3-5]. 

Eventually, the dysfunction of the ion channels 
causes a decrease in the depolarisation ampli-
tude, and the prolongation of the action poten-
tial duration and QT interval, which induces 
arrhythmia, heart failure, cardiogenic shock, 
and even sudden death [6, 7]. As a critical sec-
ondary messenger, intracellular Ca2+ ([Ca2+]i) is 
closely involved in various cellular processes, 
including muscle contraction, cell excitability, 
motility, apoptosis, proliferation and others [8]. 
Major causative reasons for the left ventricul- 
ar dysfunction in diabetic cardiomyopathy are 
the imbalance of [Ca2+]i homeostasis and the 
impaired endoplasmic reticulum (ER)/sarco-
plasmic reticulum (SR) function in the cardio-
myocytes [9].
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Store-operated Ca2+ entry (SOCE) is a common 
signalling pathway that regulates intracellular 
Ca2+ homeostasis in living cells [10]. Both in 
excitable and non-excitable cells, SOCE is 
involved in numerous critical functions, includ-
ing proliferation, gene expression, contraction 
and secretion [11-13]. As the two key compo-
nents of SOCE, STIM (stromal interaction mole-
cule) located in the membrane of ER/SR is the 
Ca2+ sensor to sense Ca2+ concentration in the 
ER/SR, whereas Orai in the plasma membrane 
forms Ca2+ channels mediating Ca2+ entry [14]. 
To date, three Orai isoforms, including Orai1, 
Orai2 and Orai3, and two STIM isoforms, STIM1 
and STIM2 have been identified [15]. According 
to the literature, all three Orai isoforms have 
positive effects on SOCE. Among the isoforms, 
Orai1 may play a more important role in SOCE 
and is well documented in a variety of cells [16]. 
Additionally, STIM1 may interact with Orai chan-
nels to initiate SOCE [14]. However, the function 
of STIM2 in SOCE has not yet been adequately 
clarified. Some studies have shown that STIM2 
inhibits STIM1-initiated SOCE. However, in 
cases of STIM1 impairment, STIM2 will assume 
the role of STIM1 to initiate SOCE [17-20]. 
Accumulating evidence suggests that STIM1 
and Orai1 are the two key components of SOCE 
[21, 22]. Recently, several studies demonstrat-
ed that Orai1 and STIM1 had a pivotal role in 
the maintenance of cardiomyocyte [Ca2+]i ho- 
meostasis [23-25] and in the development of 
cardiomyocyte hypertrophy [26-28]. However, 
these results indicated that Orai1 and STIM1 
had contrary effects on these processes. Orai1 
might have a compensatory effect in slowing 
dilated cardiomyopathy; however, the knock-
down of STIM1 was able to reduce cardiomyo-
cyte hypertrophy. Therefore, the function of 
SOCE in cardiomyocytes remains incompletely 
understood, particularly in disease states.

In the present study, we used various tech-
niques to investigate the alteration of SOCE 
and the underlying mechanisms in neonatal or 
adult cardiomyocytes in high glucose-cultured 
condition or diabetic rats.

Materials and methods

Animals

Male Sprague-Dawley (SD) rats (200-250 g) 
were obtained from the Animal Centre, Anhui 
Medical University. All of the rat experiments 
were conducted in accordance with NIH publi-

cation no. 8523 and approved by the Animal 
Experimentation Ethics Committee of Anhui 
Medical University. Diabetic rats were induced 
by an intraperitoneal injection of 60-mg/kg 
streptozotocin (STZ, Biosharp company) [29]. 
STZ was dissolved in 10 mM citrate buffer 
(sodium citrate/citric acid) at a pH of 4.5 imme-
diately prior to its use. The diabetic rats were 
considered to be successfully induced when 
the caudal vein blood glucose levels were ≥ 20 
mmol/L. The control male SD rats were treated 
with an equivalent volume of sterile normal 
saline. All of the animals were supplied ample 
food and water. All experiments were per-
formed after 8 weeks from the time when the 
animals received the STZ injection. Every rat 
blood glucose was monitored continuously 
every week.

Primary culture of neonatal left ventricular 
muscle cell 

Left ventricular muscle cells were isolated from 
neonatal SD rat according to previous study 
[30]. Briefly, the rat left ventricle was excised 
and minced in phosphate-buffered saline (PBS) 
(140 mM NaCl, 3 mM KCl, 25 mM Tris pH 7.4) at 
4°C. Minced ventricular tissues were incubated 
in 0.09% trypsin at 37°C for 10 min. The super-
natants were collected and centrifuged at 900 
g for 5 min. The pellet was then re-suspended 
in DMEM supplemented with 20% fetal bovine 
serum, 100 μg/mL penicillin, and 100 units/mL 
streptomycin. The cells were cultured at 37°C 
in a humidity-controlled incubator with 5% CO2. 
In high glucose (HG) treatment, the concentra-
tion of D-glucose was 25 mM. In normal glu-
cose (NG) group, 20 mM α-mannitol was added 
into NG medium containing 5 mM D-glucose for 
an osmotic control. Electrophysiological record-
ing was performed after the cardiomyocytes 
were cultured for 7 days in NG or HG medium.

Electrophysiological recording

Whole-cell patch-clamp recording was per-
formed at room temperature (22-24°C) using 
an EPC-10 amplifier and Patchmaster software 
(HEKA). Patch pipette had a resistance of 2-5 
MΩ. To record SOC, the follow solutions and 
setting were used [31]. The standard bath solu-
tion contained (in mM): 135 NaCl, 5 KCl, 2 
CaCl2, 2 MgCl2, 10 glucose, 10 HEPES, pH 7.4 
adjusted with NaOH. The pipette solution con-
sisted of (in mM): 140 CsCl, 8 NaCl, 10 EGTA, 
10 MgCl2, 10 HEPES, pH 7.2 adjusted with 
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CsOH. The membrane potential was clamped 
at 0 mV during recording and a voltage ramp 
from -80 mV to +80 mV in 500 ms duration was 
applied every 2 s. Data analysis was performed 
using Patchmaster software. Series resistance 
compensation was used and set to 60%-80%.

Histochemical analysis

The rats were sacrificed via an overdose of CO2. 
The left ventricular muscle tissues were excised 
and fixed for 24 h in 4% paraformaldehyde, and 
then washed for 24 h in PBS (pH 7.4). The sam-
ples were processed by dehydration, wax infil-
tration and embedding. Subsequently, the tis-
sues sectioned at a thickness of 5 μm for 
staining with haematoxylin and eosin (HE). 
Histological images were obtained using a digi-
tal camera on an Olympus BX51 microscope 
(Olympus).

Measurement of intracellular Ca2+ concentra-
tion ([Ca2+]i)

Measurement of [Ca2+]i was performed as 
described in our previous study [32]. Fresh left 
ventricular muscle tissue was cut into small 
pieces about 10 × 5 × 1 mm3 in volume. The 
tissue was pinned on to a rubber block. The tis-
sue block or primary cultured-cells were loaded 
with 10 µM Fluo-8/AM and 0.02% pluronic 
F-127 (Invitrogen) for 1 h at 37°C in Krebs-
Henseleit solution contained 1 μM verapamil to 
remove Ca2+ influx by voltage-gated Ca2+ chan-
nels. The Ca2+ stores of the cardiomyocytes 
were depleted by treatment with 4 μM thapsi-
gargin (TG) for 10 min in Ca2+-free saline, which 
contained the following in mM: NaCl 118, KCl 
4.7, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, and 
glucose 11.1, at pH 7.4. Ca2+ influx was evoked 
by the subsequent application of 2.5 mM extra-
cellular Ca2+. The fluorescence signals were 
recorded by a Ca2+ image system (Nikon T200 
fluorescence microscopy). The excitation and 
emission wavelengths were at 488 nm and 518 
nm. The changes of [Ca2+]i were analysed as a 
ratio of the fluorescence relative to the intensi-
ty before the application of extracellular Ca2+ 
(F1/F0).

Western blotting

Western blotting has been described else-
where [32]. The rat heart muscle was quickly 
isolated and placed into ice-cold Krebs-
Henseleit solution. The left ventricular muscle 

tissue was resected and weighed. The proteins 
from the left ventricular muscle tissue or pri-
mary cultured cells were extracted using a 
detergent extraction buffer, which contained 
20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM 
Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium 
deoxycholate, and 2.5 mM sodium pyrophos-
phate, supplanted with protease inhibitor cock-
tail tablets. A total of 100 µg of protein was 
loaded onto each lane and separated on a 
SDS/PAGE gel. The PVDF membrane carrying 
transferred proteins was blocked in 5% non-fat 
dry milk in TBST (10 mM Tris-HCl, 150 mM 
NaCl, and 0.05% Tween-20 at pH 7.5) for 1 h at 
room temperature and incubated at 4°C over-
night with anti-Orai1, anti-Orai2, anti-Orai3, 
anti-STIM1 or anti-STIM2 primary antibody 
(1:200) alone. Immunodetection was perfor- 
med by the treatment with horseradish peroxi-
dase-conjugated secondary antibody (1:5000) 
(Irritant NA934V), followed by processing th- 
rough an ECL detection system. Autoradiography 
was detected using an enhanced chemilumi-
nescence development system (Bio-Rad Labo- 
ratories, Richmond, CA, USA). The optical den-
sity of each blot was normalised to that of 
β-tubulin analysed within the same lane and 
represented as relative optical density.

Statistical analysis

The data were expressed as the means ± SEM 
of the indicated number of samples. Statistical 
analysis for Student’s t-tests was performed 
routinely using SigmaPlot software. The value 
of P < 0.05 was considered as statistical 
significance.

Results

Effect of high glucose environment on SOCE 
and SOC in neonatal rat ventricular muscle 
cells

Many studies have demonstrated that abnor-
mal Ca2+ homeostasis occurred in the cardio-
myocytes of diabetic rats [33-35]. Here, we 
investigated the SOCE signalling pathway in the 
left ventricular muscle. First, we used HG medi-
um containing 25 mM D-glucose to mimic dia-
betic hyperglycemia in vitro and NG medium 
containing 5 mM D-glucose as control, and 
chose neonatal rat ventricular muscle cell as 
our study object. Literature showed that HG 
medium treatment for 7 days might markedly 
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enhance SOCE in mesangial cells [36]. There- 
fore, we also treated the neonatal rat ventricu-
lar muscle cells for 7 days in NG and HG medi-
um respectively. After the cells were primarily 
cultured in the NG and HG medium for 7 days, 
the Ca2+ store was depleted by the application 
of 4 μM TG, which is an endoplasmic reticulum 
Ca2+ pump inhibitor in Ca2+-free solution. Then 
SOCE was evoked by the subsequent applica-
tion of 2 mM extracellular Ca2+. Our [Ca2+]i mea-
surement data showed that SOCE was dramati-
cally increased in HG-cultured cells, but TG- 

induced transient [Ca2+]i was not increased 
compared to that in NG-cultured cells (Figure 
1). 

To confirm the effect of HG culture on SOCE, we 
further employed patch clamp to verify the 
alteration of current evoked by store depletion 
in HG-cultured neonatal rat left ventricular 
muscle cells. TG (4 μM) application induced 
store operated current (SOC) (Figure 2). The 
ramp model of whole-cell patch-clamp record-
ing was utilized to measured SOC. The data 

Figure 1. Changes of store-operated Ca2+ entry in high glucose (HG)-medium cultured neonatal rat left ventricular 
muscle cells. (A-C) Representative traces (A) and summarized data (B, C) showing 4 μM thapsigargin (TG)-induced 
intracellular Ca2+ ([Ca2+]i) increase (B) in HG (25 mM)-cultured neonatal left ventricular muscle cells. (A and C) After 
TG treatment for 10 min, the application of 2 mM Ca2+ induced an [Ca2+]i increase known as store-operated Ca2+ 
entry. The representative traces (A) and summarized data (C) showing store-operated Ca2+ entry in HG-cultured neo-
natal left ventricular muscle cells. Values are means ± SEM (n = 3-4 samples). *P < 0.05 compared to the values 
of normal glucose (NG, 5 mM) cultured cells.

Figure 2. Changes of store-operated current (SOC) in high glucose (HG)-medium cultured neonatal rat left ventricu-
lar muscle cells. A. The I-V relationships of the SOC at the maximal current after TG application. B. Summarized data 
showing the current density at -80 mV in NG and HG groups. Values are means ± SEM (n = 3-5 cells). *P < 0.05 
compared the values of NG cultured cells.
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showed that TG-induced whole-cell ramp cur-
rent was significantly augmented in HG-cultured 
cells compared to that in NG-cultured cells 
(Figure 2A). At -80 mV, TG-induced SOC density 
in HG-cultured neonatal rat left ventricular 
muscle cells was also significantly increased 
compared to that in NG-cultured cells (Figure 
2B). These results indicate that HG environ-
ment is able to amplify SOCE of neonatal rat 
ventricular muscle cells.

Effect of HG environment on the expression 
of Orai and STIM proteins in neonatal rat left 
ventricular muscle

Orai and STIM proteins are crucial components 
involving SOCE process. Therefore, the chang-
es of Orai and STIM protein expression levels 
may affect the intensity of SOCE. We then used 

western blotting to investigate the expression 
changes of all isoforms of Orai and STIM in 
HG-cultured neonatal rat left ventricular mus-
cle. Our data showed that the expression levels 
of Orai2, Orai3 and STIM2 were significantly 
increased, but Orai1 and STIM1 protein expres-
sion levels did not altered in HG-cultured cells 
compared to those in NG-cultured cells (Figure 
3). The results suggest that HG environment 
may enhance SOCE by increasing Orai2 and 
Orai3 protein expression in neonatal rat left 
ventricular muscle.

Changes of body weight, heart weight, blood 
glucose, heart/body weight ratio and heart 
rate in diabetic rats 

To further verify our finding obtained from pri-
mary cultured cell, we next used STZ to gener-

Figure 3. Expression changes of Orai and STIM proteins in high glucose (HG)-medium cultured neonatal rat left 
ventricular muscle cells. Representative western blotting images (A and C) and summarized data (B and D) of Orai 
(A and B: Orai1, Orai2, Orai3) and STIM (C and D: STIM1, STIM2) proteins in the neonatal left ventricular muscle 
cultured in normal glucose (NG, 5 mM) and HG (25 mM) mediums. β-tubulin was used as the loading control. Values 
are means ± SEM (n = 4-5 samples). *P < 0.05 compared to the values of NG cultured cells.
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ate type 1 diabetic rats. After STZ treatment for 
8 weeks, rat body weight was significantly 
reduced as we had expected. However, the 
blood glucose levels and heart/body weight 
ratios were significantly increased compared to 
the control rats (Table 1). In contrast, the heart 
rates were decreased in the STZ-treated rats, 
although the change was not significant (Table 
1). The data suggested that we had success-
fully generated diabetes via the STZ injection.

Changes in left ventricular muscle histology of 
diabetic rats

We employed HE staining to observe the histo-
logical changes of the left ventricular muscle. 
The images revealed that the muscle cells in 
diabetic rats were swollen and hypertrophic 
(Figure 4).

Changes of SOCE in diabetic rat left ventricular 
muscle

The result of above cultured cell indicated that 
SOCE was enhanced in HG environment. 
Hence, we also examined the alteration of 
SOCE in the left ventricular muscle cells of the 
diabetic rats. Similarly, we used TG to deplete 
Ca2+ store and evoke SOCE. We observed that 4 
μM TG induced a transient [Ca2+]i rise in the left 
ventricular muscle cells in both control and dia-
betic rats (Figure 5A); however, the TG-induced 
[Ca2+]i increase was significantly reduced in the 
diabetic rats (Figure 5A and 5B). Afterwards, 
SOCE was evoked by the subsequent applica-
tion of 2.5 mM extracellular Ca2+. Interestingly, 
the [Ca2+]i increase via SOCE was strongly 
enhanced in the left ventricular muscle cells of 
the diabetic rats compared with the control rats 
(Figure 5C and 5D). Additionally, if the tissues 

were pretreated with 10 μM SKF-96365 which 
is a SOCE channel inhibitor, TG-induced [Ca2+]i 
increase was not affected but SOCE was dra-
matically inhibited both in the control and dia-
betic rats (Figure 5B and 5D).

Expression profile of Orai and STIM proteins in 
diabetic rat left ventricular muscle

To uncover the reason of increased intensity of 
SOCE, we utilized western blotting to examine 
the changes of Orai and STIM protein expres-
sion levels. The results demonstrated that the 
expression levels of SOCE components, includ-
ing Orai1, Orai2 and STIM1 were significantly 
increased in the left ventricular muscle of the 
diabetic rats (Figure 6). However, the Orai3 
expression level was only slightly increased 
(Figure 6A and 6B). In contrast, the STIM2 
expression level was markedly decreased 
(Figure 6C and 6D).

Several studies have reported that Ca2+ release 
channel inositol 1, 4, 5-triphosphate receptor 
(IP3R) expression levels were decreased in kid-
ney, pancreatic acini and aortic smooth muscle 
cells in STZ-induced diabetic animals [37-39]. 
Here, we also investigated type I IP3R (IP3R-I) 
protein expression. Our data indicated that 
IP3R-I expression was notably reduced in the 
left ventricular muscle of the diabetic rats 
(Figure 7).

Discussion

In the present study, we investigated the chang-
es in SOCE activity and the expression levels of 
SOCE components of the HG-cultured neonatal 
left ventricular muscle and STZ-induced adult 
diabetic rat left ventricular muscle. Compared 
with the control group, the diabetic rats had 
higher heart/body weight ratios but lower heart 
rates. By HE staining, the diabetic rats exhibit-
ed swollen and hypertrophic left ventricular 
muscle cells. The data regarding [Ca2+]i mea-
surements indicated that the activity of SOCE 
was significantly enhanced in the HG-cultured 
neonatal left ventricular muscle and STZ-
induced adult diabetic rat left ventricular mus-
cle. Meanwhile, electrophysiological results 
showed that SOC was significantly increased in 
the neonatal left ventricular muscle cells cul-
tured in HG medium. Moreover, the protein 
expression results in the diabetic rats provided 
evidence that the SOCE components, including 

Table 1. Changes in body weight, heart weight, 
blood glucose, heart rate and heart/body 
weight ratio at the 8th week

Control rats 
(n = 19)

Diabetic rats 
(n = 18)

Body weight (g) 433.4±69.5 284.7±48.2*

Heart weight (g) 1.19±1.52 0.96±0.14
Blood glucose (mmol/L) 7.9±3.3 24.4±3.6*

Heart rate (bpm) 347.5±58.4 310.2±54.1
Heart/body weight (%) 0.28±0.03 0.34±0.03*

Values are expressed as the means ± SEM for each group 
of animals. *P < 0.05 level of significance, compared to the 
values in the control group.
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Figure 4. Changes in left ventricular muscle histology of diabetic rats. (A and B) Representative HE staining images 
showing the left ventricular muscle tissues from control (A) and diabetic (B) rats. The experiments were repeated in 
four control and diabetic rats.
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Orai1, Orai2 and STIM1 were significantly up- 
regulated in the left ventricular muscle of the 
diabetic rats, but Orai3 expression levels were 
only slightly increased. Contrarily, STIM2 and 
IP3R-I expression levels were decreased. In 
HG-cultured neonatal cells, the expression lev-
els of Orai2, Orai3 and STIM2 were significantly 
increased, but Orai1 and STIM1 protein expres-
sion levels were not altered. Taken together, 
SOCE was significantly enhanced in HG-cultured 
neonatal and diabetic left ventricular muscle 

cells, which may be caused by the increased 
expression of SOCE-related proteins.

It is well known that the continuous accumula-
tion of [Ca2+]i will cause Ca2+ overload in cardio-
myocytes, which induces the impairment of 
energy production and the further promotion of 
oxidative stress in diabetes. Precise control of 
[Ca2+]i homeostasis is crucial for the regulation 
of myocardial function and growth [40]. At pres-
ent, SOCE is considered to be the unique mech-

Figure 5. Changes of store-operated Ca2+ entry in diabetic rat left ventricular muscle cells. (A and B) Representative 
traces (A) and summarized data (B) showing 4 μM thapsigargin (TG)-induced intracellular Ca2+ ([Ca2+]i) increase in 
diabetic and control rat cardiomyocytes with or without 10 μM SKF-96365. (C and D) After TG treatment for 10 min, 
the application of 2.5 mM Ca2+ induced an [Ca2+]i increase known as store-operated Ca2+ entry. The representative 
traces (C) and summarized data (D) showing store-operated Ca2+ entry in diabetic and control rat cardiomyocytes 
with or without 10 μM SKF-96365. Values are means ± SEM (n = 5-8 rats). *P < 0.05 compared to the values of 
age control rats.

Figure 6. Expression changes of Orai and STIM proteins in diabetic rat left ventricular muscle. Representative west-
ern blotting images (A and C) and summarized data (B and D) of Orai (A and B: Orai1, Orai2, Orai3) and STIM (C 
and D: STIM1, STIM2) proteins in the left ventricular muscle from diabetic and control rats. β-tubulin was used as 
the loading control. Values are means ± SEM (n = 4-13 rats). *P < 0.05 compared to the values of age control rats.
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anism for cellular Ca2+ entry triggered by Ca2+ 
store depletion and participates in numerous 
biological processes. Commonly, SOCE is kn- 
own as an important pathway for Ca2+ entry to 
replenish intracellular Ca2+ stores [41]. Deple- 
tion of Ca2+ stores can occur physiologically as 
part of signalling events, as for example in the 
activation of G protein-coupled receptors on 
the plasma membrane, leading to the IP3-
mediated release of Ca2+ from the ER/SR via 
IP3R [42]. Long-term hyperglycaemia may gen-
erate Ca2+ overload and impair the ER/SR in 
the cardiomyocytes [43]. According to our 
results, we observed that SOCE was enhanced 
in the neonatal left ventricular muscle cultured 
in HG medium or the left ventricular muscle 
from the adult diabetic rats. Moreover, SOC 
was significantly increased in the primary cul-
tured neonatal left ventricular muscle cells in 
HG medium. Enhancement in SOCE and SOC 
may be due to the upregulated Orai2 and Orai3 
expression levels. Two studies also support HG 
culture and the diabetes as capable of enhanc-
ing SOCE in mesangial cells and platelets [36, 
44]. However, several other studies showed 
that advanced glycation end product which is 
accumulated in a HG environment, HG culture 
and hyperglycemia suppressed SOCE in the 
mesangial cells and neonatal cardiomyocytes 
[45-47]. Therefore, the effect of the HG culture 
and diabetes on SOCE may be various in differ-
ent condition. Our results also showed that 
Ca2+ release evoked by TG from the ER/SR was 
reduced in the adult diabetic rats. Moreover, 
the expression level of IP3R in the diabetic rat 

ventricular muscle was significantly decreased. 
Hence, impaired IP3-mediated signalling possi-
bly causes the reduction of Ca2+ release. The 
original purpose of SOCE is to replenish the 
depleted Ca2+ stores in the ER/SR. In the dia-
betic rats, the ventricular muscle ER/SR was 
impaired because of the reduction of TG-in- 
duced Ca2+ release but the expression levels of 
STIM1 and the Orai1 channel were dramatically 
increased. Thus, our findings lead us speculate 
that this increased SOCE may occur to compen-
sate for the impairment of the ER/SR. These 
results are consistent with the findings from 
other group in dilated cardiomyopathy [28]. 
Previous studies have shown that STIM2 may 
inhibit STIM1-evoked SOCE and may also initi-
ate SOCE when STIM1 is absent [17-20]. We 
found that STIM2 protein expression levels 
were decreased in the neonatal left ventricular 
muscle of the diabetic rats. The lower STIM2 
expression levels might alleviate the inhibition 
of SOCE, which is coincident with the enhanced 
SOCE activity in the diabetic left ventricular 
muscle. However, the alteration of the expres-
sion profile of Orai and STIM proteins is differ-
ent in HG-cultured neonatal left ventricular 
muscle cells from that in the diabetic rats. We 
think that it may be because (1) our results of 
cultured cells are from neonatal rat left ventric-
ular muscle cells, some properties of which 
may be different from those of the left ventricu-
lar muscle cells in adult rat; (2) HG culture is a 
relative simple strategy to only mimic diabetic 
hyperglycaemia in vitro, but the real situation of 
the diabetes in vivo should be much complex. 

Figure 7. Expression changes of the IP3 receptor in diabetic rat 
left ventricular muscle. (A and B) Representative western blot im-
ages (A) and summarised data (B) of the IP3 receptor (IP3R) in the 
left ventricular muscle from diabetic and control rats. β-tubulin 
was used as the loading control. Values are means ± SEM (n = 
5 rats). *P < 0.05 compared to the values of age control rats.
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Therefore, the cardiomyocytes may be affected 
by many diabetes-related factors in animals, 
but not only stimulated by the hyperglycaemia. 

Several studies clearly indicated that SOCE 
mediated by Orai1 was found in neonatal rat 
ventricular muscle cells as well as our finding 
[26, 27, 48]. However, literature also shows an 
opposite view on the exist of Orai1 and SOCE in 
adult ventricular muscle cells. Recently, a study 
reported that Orai1 and SOCE were not existed 
in adult SD rat ventricular muscle cells, but on 
the contrary two other studies reported that 
Orai1 were found in the adult SD rat ventricular 
muscle cells by western blotting and inmmuno-
fluorescence methods and might be involved in 
ventricular arrhythmia and Ca2+ overloading 
[24, 49, 50]. Beside in SD rat ventricular cardio-
myocytes, Orai1 was also found in adult mouse 
ventricular cardiomyocytes to mediate Ca2+ 
overloading [23]. Here, we used western blot-
ting method to demonstrate that all three Orais, 
including Orai1, Orai2 and Orai3, were expres- 
sed in the adult SD rat ventricular muscle cells. 
Moreover, Orai1 and Orai2 were two main iso-
forms involving diabetes-induced SOCE incre- 
ase in the adult SD rat left ventricular muscle. 
Therefore, the further profound study should be 
benefit for clarifying this issue in future. At this 
stage, we think that it is possible that the sensi-
tivity and specificity of Orai1 antibody to recog-
nize Orai1 protein in different tissues and spe-
cies may be various.

Notwithstanding Orai channels, numerous 
studies have suggested that other Ca2+ chan-
nels and ion transporters such as L-type Ca2+ 
channel, TRPC1, TRPC4, TRPC6, SERCA2 and 
CaMKII also participate in the development of 
the diabetes [51-55]. Therefore, many compo-
nents linked to the maintenance of [Ca2+]i 
homeostasis may also be altered in the cardio-
myocytes of the diabetes. SOCE appears to be 
one of the components to affect [Ca2+]i homeo-
stasis in diabetic cardiomyocytes. Besides Orai 
channels, TRPC families are also expressed in 
ventricular muscle cells and implicated in the 
SOCE [56, 57]. Hence, TRPCs may be other 
potential components involving in the change 
of SOCE in the diabetes. Here, we only provide 
certain preliminary data regarding the change 
of SOCE in the diabetic left ventricular muscle. 
Further studies in electrophysiological rele-
vance of SOCE and the disorder of other cellu-

lar components regulating [Ca2+]i homeostasis 
in the future should help for clarifying these 
issues.

In summary, we conclude that SOCE is largely 
enhanced in the HG-cultured neonatal left ven-
tricular muscle and STZ-induced adult diabetic 
rat left ventricular muscle because of the 
upregulated SOCE-related proteins. However, 
the ER/SR of left ventricular muscle is impaired 
with the reduction of IP3R-I expression in the 
diabetic rats. The present study may provide a 
new clue for understanding the mechanism of 
intracellular Ca2+ overloading in diabetic cardio-
myocytes and potential therapeutic targets for 
diabetic cardiomyopathy. Additionally, we used 
the neonatal rat left ventricular muscle to do 
the present study in cell level. Some properties 
of the neonatal rat left ventricular muscle may 
be different from the adult cells. It is hard to 
match the results from the neonatal rat left 
ventricular muscle with those from the adult 
diabetic cells. Therefore, the present result in 
cell level is limited and only can provide a clue 
for future further study.

Acknowledgements

This work was supported by grants from 
National Natural Science Foundation of China 
(Grant No. 81570403, 81371284); Outstanding 
Young Investigator of Anhui Medical University; 
Supporting Program for Excellent Young Talents 
in Universities of Anhui Province.

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Shengxing Tang, 
Department of Cardiovascular Medicine, Yijishan 
Hospital of Wannan Medical College, 24 Zheshan 
West Road, Wuhu 241000, Anhui, China. Tel: +86-
553-3932581; Fax: +86-553-5738100; E-mail: 
tsx2229@163.com; Dr. Bing Shen, School of Basic 
Medical Sciences, Anhui Medical University, 81 
Meishan Road, Hefei 230032, Anhui, China. Tel: 
+86-551-65161132; Fax: +86-551-65161126; 
E-mail: shenbing@ahmu.edu.cn

References

[1] Isfort M, Stevens SC, Schaffer S, Jong CJ and 
Wold LE. Metabolic dysfunction in diabetic car-
diomyopathy. Heart Fail Rev 2014; 19: 35-48.

mailto:tsx2229@163.com
mailto:shenbing@ahmu.edu.cn


Enhanced SOCE in diabetic cardiomyocytes

887 Int J Clin Exp Pathol 2017;10(2):877-889

[2] Rubler S, Dlugash J, Yuceoglu YZ, Kumral T, 
Branwood AW and Grishman A. New type of 
cardiomyopathy associated with diabetic glo-
merulosclerosis. Am J Cardiol 1972; 30: 595-
602.

[3] Haim TE, Wang W, Flagg TP, Tones MA, Bahin-
ski A, Numann RE, Nichols CG and Nerbonne 
JM. Palmitate attenuates myocardial contrac-
tility through augmentation of repolarizing Kv 
currents. J Mol Cell Cardiol 2010; 48: 395-
405.

[4] Chiu HC, Kovacs A, Blanton RM, Han X, Cour-
tois M, Weinheimer CJ, Yamada KA, Brunet S, 
Xu H, Nerbonne JM, Welch MJ, Fettig NM, 
Sharp TL, Sambandam N, Olson KM, Ory DS 
and Schaffer JE. Transgenic expression of fatty 
acid transport protein 1 in the heart causes li-
potoxic cardiomyopathy. Circ Res 2005; 96: 
225-233.

[5] Savage DB, Petersen KF and Shulman GI. 
Mechanisms of insulin resistance in humans 
and possible links with inflammation. Hyper-
tension 2005; 45: 828-833.

[6] Yuill KH, Tosh D and Hancox JC. Streptozotocin-
induced diabetes modulates action potentials 
and ion channel currents from the rat atrioven-
tricular node. Exp Physiol 2010; 95: 508-517.

[7] Casis O and Echevarria E. Diabetic cardiomy-
opathy: electromechanical cellular alterations. 
Curr Vasc Pharmacol 2004; 2: 237-248.

[8] Clapham DE. Calcium signaling. Cell 2007; 
131: 1047-1058.

[9] Abe T, Ohga Y, Tabayashi N, Kobayashi S, Saka-
ta S, Misawa H, Tsuji T, Kohzuki H, Suga H, 
Taniguchi S and Takaki M. Left ventricular dia-
stolic dysfunction in type 2 diabetes mellitus 
model rats. Am J Physiol Heart Circ Physiol 
2002; 282: H138-148.

[10] Putney JW. Origins of the concept of store-op-
erated calcium entry. Front Biosci (Schol Ed) 
2011; 3: 980-984.

[11] Berridge MJ, Bootman MD and Roderick HL. 
Calcium signalling: dynamics, homeostasis 
and remodelling. Nat Rev Mol Cell Biol 2003; 
4: 517-529.

[12] Parekh AB and Putney JW Jr. Store-operated 
calcium channels. Physiol Rev 2005; 85: 757-
810.

[13] Venkatachalam K, van Rossum DB, Patterson 
RL, Ma HT and Gill DL. The cellular and molec-
ular basis of store-operated calcium entry. Nat 
Cell Biol 2002; 4: E263-272.

[14] Zhou Y, Srinivasan P, Razavi S, Seymour S, 
Meraner P, Gudlur A, Stathopulos PB, Ikura M, 
Rao A and Hogan PG. Initial activation of 
STIM1, the regulator of store-operated calcium 
entry. Nat Struct Mol Biol 2013; 20: 973-981.

[15] Pan Z, Brotto M and Ma J. Store-operated Ca2+ 
entry in muscle physiology and diseases. BMB 
Rep 2014; 47: 69-79.

[16] Shuttleworth TJ. Orai channels-new insights, 
new ideas. J Physiol 2012; 590: 4155-4156.

[17] Soboloff J, Spassova MA, Hewavitharana T, He 
LP, Xu W, Johnstone LS, Dziadek MA and Gill 
DL. STIM2 is an inhibitor of STIM1-mediated 
store-operated Ca2+ Entry. Curr Biol 2006; 16: 
1465-1470.

[18] Bird GS, Hwang SY, Smyth JT, Fukushima M, 
Boyles RR and Putney JW Jr. STIM1 is a calci-
um sensor specialized for digital signaling. 
Curr Biol 2009; 19: 1724-1729.

[19] Brandman O, Liou J, Park WS and Meyer T. 
STIM2 is a feedback regulator that stabilizes 
basal cytosolic and endoplasmic reticulum 
Ca2+ levels. Cell 2007; 131: 1327-1339.

[20] Parvez S, Beck A, Peinelt C, Soboloff J, Lis A, 
Monteilh-Zoller M, Gill DL, Fleig A and Penner 
R. STIM2 protein mediates distinct store-de-
pendent and store-independent modes of 
CRAC channel activation. FASEB J 2008; 22: 
752-761.

[21] Putney JW. Alternative forms of the store-oper-
ated calcium entry mediators, STIM1 and 
Orai1. Curr Top Membr 2013; 71: 109-123.

[22] Hoth M and Niemeyer BA. The neglected CRAC 
proteins: Orai2, Orai3, and STIM2. Curr Top 
Membr 2013; 71: 237-271.

[23] Collins HE, He L, Zou L, Qu J, Zhou L, Litovsky 
SH, Yang Q, Young ME, Marchase RB and Cha-
tham JC. Stromal interaction molecule 1 is es-
sential for normal cardiac homeostasis 
through modulation of ER and mitochondrial 
function. Am J Physiol Heart Circ Physiol 2014; 
306: H1231-1239.

[24] Wang P, Umeda PK, Sharifov OF, Halloran BA, 
Tabengwa E, Grenett HE, Urthaler F and Wolko-
wicz PE. Evidence that 2-aminoethoxydiphenyl 
borate provokes fibrillation in perfused rat 
hearts via voltage-independent calcium chan-
nels. Eur J Pharmacol 2012; 681: 60-67.

[25] Chaudhari SY, Ruknuddin G, Biswajyoti JP and 
Kumar PP. Effect of tamra bhasma (calcined 
copper) on ponderal and biochemical parame-
ters. Toxicol Int 2014; 21: 156-159.

[26] Ohba T, Watanabe H, Murakami M, Sato T, Ono 
K and Ito H. Essential role of STIM1 in the de-
velopment of cardiomyocyte hypertrophy. Bio-
chem Biophys Res Commun 2009; 389: 172-
176.

[27] Luo X, Hojayev B, Jiang N, Wang ZV, Tandan S, 
Rakalin A, Rothermel BA, Gillette TG and Hill 
JA. STIM1-dependent store-operated Ca(2)(+) 
entry is required for pathological cardiac hy-
pertrophy. J Mol Cell Cardiol 2012; 52: 136-
147.



Enhanced SOCE in diabetic cardiomyocytes

888 Int J Clin Exp Pathol 2017;10(2):877-889

[28] Horton JS, Buckley CL, Alvarez EM, Schorlem-
mer A and Stokes AJ. The calcium release-acti-
vated calcium channel Orai1 represents a cru-
cial component in hypertrophic compensation 
and the development of dilated cardiomyopa-
thy. Channels (Austin) 2014; 8: 35-48.

[29] Brown RA, Petrovski P, Savage AO and Ren J. 
Influence of ATP-sensitive K+ channel modula-
tion on the mechanical properties of diabetic 
myocardium. Endocr Res 2001; 27: 269-281.

[30] Sardar P, Chatterjee S, Chaudhari S and Lip GY. 
New oral anticoagulants in elderly adults: evi-
dence from a meta-analysis of randomized tri-
als. J Am Geriatr Soc 2014; 62: 857-864.

[31] Polonsky WH, Thompson S, Wei W, Riddle MC, 
Chaudhari S, Jackson J and Bruno AS. Greater 
fear of hypoglycaemia with premixed insulin 
than with basal-bolus insulin glargine and glu-
lisine: patient-reported outcomes from a 60-
week randomised study. Diabetes Obes Metab 
2014; 16: 1121-1127.

[32] Du J, Wang X, Li J, Guo J, Liu L, Yan D, Yang Y, 
Li Z, Zhu J and Shen B. Increasing TRPV4 ex-
pression restores flow-induced dilation im-
paired in mesenteric arteries with aging. Sci 
Rep 2016; 6: 22780.

[33] Nobe S, Aomine M, Arita M, Ito S and Takaki R. 
Chronic diabetes mellitus prolongs action po-
tential duration of rat ventricular muscles: cir-
cumstantial evidence for impaired Ca2+ chan-
nel. Cardiovasc Res 1990; 24: 381-389.

[34] Pereira L, Matthes J, Schuster I, Valdivia HH, 
Herzig S, Richard S and Gomez AM. Mecha-
nisms of [Ca2+]i transient decrease in cardio-
myopathy of db/db type 2 diabetic mice. Dia-
betes 2006; 55: 608-615.

[35] Krishna A, Sun L, Valderrabano M, Palade PT 
and Clark JW Jr. Modeling CICR in rat ventricu-
lar myocytes: voltage clamp studies. Theor Biol 
Med Model 2010; 7: 43.

[36] Chaudhari S, Wu P, Wang Y, Ding Y, Yuan J, 
Begg M and Ma R. High glucose and diabetes 
enhanced store-operated Ca(2+) entry and in-
creased expression of its signaling proteins in 
mesangial cells. Am J Physiol Renal Physiol 
2014; 306: F1069-1080.

[37] Sharma K, Wang L, Zhu Y, DeGuzman A, Cao 
GY, Lynn RB and Joseph SK. Renal type I inosi-
tol 1,4,5-trisphosphate receptor is reduced in 
streptozotocin-induced diabetic rats and mice. 
Am J Physiol 1999; 276: F54-61.

[38] Ryu GR, Sung CH, Kim MJ, Sung JH, Lee KH, 
Park DW, Sim SS, Min DS, Rhie DJ, Yoon SH, 
Hahn SJ, Kim MS and Jo AY. Changes in IP3 
receptor are associated with altered calcium 
response to cholecystokinin in diabetic rat 
pancreatic acini. Pancreas 2004; 29: e106-
112.

[39] Ma L, Zhu B, Chen X, Liu J, Guan Y and Ren J. 
Abnormalities of sarcoplasmic reticulum Ca2+ 
mobilization in aortic smooth muscle cells 
from streptozotocin-induced diabetic rats. Clin 
Exp Pharmacol Physiol 2008; 35: 568-573.

[40] Battiprolu PK, Gillette TG, Wang ZV, Lavandero 
S and Hill JA. Diabetic cardiomyopathy: mecha-
nisms and therapeutic targets. Drug Discov 
Today Dis Mech 2010; 7: e135-e143.

[41] Putney JW Jr. A model for receptor-regulated 
calcium entry. Cell Calcium 1986; 7: 1-12.

[42] Varnai P, Hunyady L and Balla T. STIM and Orai: 
the long-awaited constituents of store-operat-
ed calcium entry. Trends Pharmacol Sci 2009; 
30: 118-128.

[43] Dhalla NS, Rangi S, Zieroth S and Xu YJ. Altera-
tions in sarcoplasmic reticulum and mitochon-
drial functions in diabetic cardiomyopathy. Exp 
Clin Cardiol 2012; 17: 115-120.

[44] Xia W, Li Y, Wang B, Chen J, Wang X, Sun Q, Sun 
F, Li Z and Zhao Z. Enhanced store-operated 
calcium entry in platelets is associated with 
peripheral artery disease in type 2 diabetes. 
Cell Physiol Biochem 2015; 37: 1945-1955.

[45] Pang Y, Hunton DL, Bounelis P and Marchase 
RB. Hyperglycemia inhibits capacitative calci-
um entry and hypertrophy in neonatal cardio-
myocytes. Diabetes 2002; 51: 3461-3467.

[46] Mene P, Pascale C, Teti A, Bernardini S, Cinotti 
GA and Pugliese F. Effects of advanced glyca-
tion end products on cytosolic Ca2+ signaling 
of cultured human mesangial cells. J Am Soc 
Nephrol 1999; 10: 1478-1486.

[47] Mene P, Pugliese G, Pricci F, Di Mario U, Cinotti 
GA and Pugliese F. High glucose level inhibits 
capacitative Ca2+ influx in cultured rat mesan-
gial cells by a protein kinase C-dependent 
mechanism. Diabetologia 1997; 40: 521-527.

[48] Voelkers M, Salz M, Herzog N, Frank D, Dola-
tabadi N, Frey N, Gude N, Friedrich O, Koch WJ, 
Katus HA, Sussman MA and Most P. Orai1 and 
Stim1 regulate normal and hypertrophic 
growth in cardiomyocytes. J Mol Cell Cardiol 
2010; 48: 1329-1334.

[49] Zhao G, Li T, Brochet DX, Rosenberg PB and 
Lederer WJ. STIM1 enhances SR Ca2+ content 
through binding phospholamban in rat ventric-
ular myocytes. Proc Natl Acad Sci U S A 2015; 
112: E4792-4801.

[50] Zhu-Mauldin X, Marsh SA, Zou L, Marchase RB 
and Chatham JC. Modification of STIM1 by O-
linked N-acetylglucosamine (O-GlcNAc) attenu-
ates store-operated calcium entry in neonatal 
cardiomyocytes. J Biol Chem 2012; 287: 
39094-39106.

[51] Shan HL, Wang Y, Wu JW, Hang PZ, Li X, Sun 
LH, Qi JC, Mao YY, Sun ZD and Du ZM. Vera-
pamil reverses cardiac iron overload in strepto-



Enhanced SOCE in diabetic cardiomyocytes

889 Int J Clin Exp Pathol 2017;10(2):877-889

zocin-induced diabetic rats. Naunyn Schmie-
debergs Arch Pharmacol 2013; 386: 645-650.

[52] Mita M, Ito K, Taira K, Nakagawa J, Walsh MP 
and Shoji M. Attenuation of store-operated 
Ca2+ entry and enhanced expression of TRPC 
channels in caudal artery smooth muscle from 
Type 2 diabetic Goto-Kakizaki rats. Clin Exp 
Pharmacol Physiol 2010; 37: 670-678.

[53] Graham S, Gorin Y, Abboud HE, Ding M, Lee DY, 
Shi H, Ding Y and Ma R. Abundance of TRPC6 
protein in glomerular mesangial cells is de-
creased by ROS and PKC in diabetes. Am J 
Physiol Cell Physiol 2011; 301: C304-315.

[54] Moore CJ, Shao CH, Nagai R, Kutty S, Singh J 
and Bidasee KR. Malondialdehyde and 4-hy-
droxynonenal adducts are not formed on car-
diac ryanodine receptor (RyR2) and sarco 
(endo)plasmic reticulum Ca2+-ATPase (SER-
CA2) in diabetes. Mol Cell Biochem 2013; 376: 
121-135.

[55] Gallego M, Fernandez D, Ahyayauch H, Casis E 
and Casis O. Reduced calmodulin expression 
accelerates transient outward potassium cur-
rent inactivation in diabetic rat heart. Cell 
Physiol Biochem 2008; 22: 625-634.

[56] Chaudhari S, Hatwal D and Bhat P. A rare pre-
sentation of gallbladder carcinoma metasta-
sis. J Clin Diagn Res 2014; 8: FD19-20.

[57] Chaudhari SS, Moussian B, Specht CA, Ara-
kane Y, Kramer KJ, Beeman RW and Muth-
ukrishnan S. Functional specialization among 
members of Knickkopf family of proteins in in-
sect cuticle organization. PLoS Genet 2014; 
10: e1004537.


