
 

 

  
Abstract—Hyperglycaemia is a key factor that contributes to the 

development of diabetes-related microvascular disease and a major 
risk factor for endothelial dysfunction. In the current study, we have 
explored glucose-induced abnormal intracellular calcium (Ca2+

i) 
homeostasis in mouse microvessel endothelial cells (MMECs) in 
high glucose (HG) (40mmol/L) versus control (low glucose, LG) (11 
mmol/L). We demonstrated that the exposure of MMECs to HG for 3 
days did not change basal Ca2+

i, however, there was a significant 
increase of acetylcholine-induced Ca2+ entry. Western blots 
illustrated that exposure to HG also increased STIM1 (Stromal 
Interaction Molecule 1), but not Orai1 (the pore forming subunit), 
protein expression levels. Although the link between HG-induced 
changes in STIM1 expression, enhanced Ca2+ entry and endothelial 
dysfunction requires further study, the current data are suggestive 
that targeting these pathways may reduce the impact of HG on 
endothelial function. 
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I. INTRODUCTION 

NDOTHELIAL dysfunction, which can be defined from a 
functional view as the loss or reduction of endothelium-

dependent vasodilatation to an endothelium-dependent 
vasodilator, such as acetylcholine is a very early indicator of 
the vascular disease that is closely associated with diabetes [1]. 
Although there is a strong association between endothelial 
dysfunction and the development of cardiovascular disease the 
cellular mechanism(s) remain poorly defined [2]-[4].  

A variety of stimuli that includes circulating hormones, 
certain autacoids, shear stress, thrombin and platelet derived 
products activate endothelial nitric oxide synthase (eNOS) as a 
result of an increase in intracellular calcium (Ca2+

i) [5]. 
Endothelial cells do not express voltage-dependent calcium 
channels [6] and agonist-stimulated Ca2+

 influx depends on the 
Ca2+ driving force and the opening of store-operated cation 
channels (SOCs) by a process referred to as capacitative 
calcium entry or store-operated calcium entry (SOCE) [7]-
[10].  
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Advances in our knowledge of SOCs indicate that STIM1 

(Stromal Interaction Molecule 1) is the endoplasmic reticulum 
Ca2+ sensor and the Ca2+ release-activated channel protein 1, 
Orai1, is the pore forming subunit of the highly selective 
CRAC (Ca2+ release-activated Ca2+ current) in endothelial cells 
[11]. However, it has been previously argued that mammalian 
homologues of the transient receptor potential, TRP, gene 
family and notably the canonical TRP (TRPC) sub-family of 
channels function as SOCs [12]. Indeed, TRPC1 has been 
shown to co-localize with Orai1 and STIM1 and studies with 
exogenously expressed TRPC1 and STIM1 in endothelial cells 
indicate that TRPC1 is regulated by STIM1 [13],[14]. In 
addition to TRPC1, STIM1 and Orai1, have been identified as 
the key regulators of SOCE with TRPC1 forming a ternary 
complex [14] and preliminary data from our laboratory 
indicates that exposure of mouse microvascular endothelial 
cells (MMECs) to high glucose (HG) also increases the 
expression of STIM1 protein. The current study was designed 
to further investigate the effects of HG on STIM1 and SOCE 
in microvascular endothelial cells.  

II. METHODS 

A. Cell Culture 

Mouse microvessel endothelial cells (MMECs) were 
purchased from the American Type Culture Collection (Cat # 
CRL-2279). Cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM) containing 10% Fetal Bovine 
Serum (FBS), 0.02% N-2 hydroxyehtylpiperazine-
N’_2_ethane sulfonic acid (HEPES) and 100 U/ml penicillin, 
and 100 µg/ml streptomycin. MMECS grown in low glucose 
(LG) DMEM (11mM – equivalent to that observed for normal 
glucose levels in mice) and HG DMEM, 40mM, the equivalent 
to that observed in db/db type 2 diabetic mice and thus 
simulating hyperglycaemia in diabetic mice [15,16].  MMECs 
were cultured in 25 cm2 flasks coated with Extra-cellular 
Matrix (ECM). Equimolar substitution of mannitol was used as 
an osmotic control. All experiments were standardized by 
seeding 5x105 cells for subculture and performed on cells, 
which underwent 7-18 passages. Cell cultures were maintained 
in an incubator at 37 °C, with saturating humidity and an 
atmosphere of 5% carbon dioxide to 95% air.  

B. Intracellular Calcium (Ca2+
i) Measurement  

MMECs were removed from tissue culture flasks by 
treatment with Ca2+-free solution containing 0.02% EDTA and 
0.25% trypsin and plated (105 cells /mL) on glass coverslips 
that had been coated with ECM. Cells were then allowed to 
adhere for 16 h under conditions of 37°C, 5% CO2 prior to 
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loading with Fura-2-AM and changes in Ca2+
i determined 

using an inverted microscope. Cells were excited with 
alternating 340 and 380 nm wavelength light by use of a 
spinning filter wheel while emission intensity was monitored 
after passing through a 510- nm dichroic filter. Changes in 
intracellular Ca2+

i were expressed in terms of changes in the 
340/380 nm fluorescence intensity ratio. Values obtained are 
typically averages of fields of groups of 10-12 single cells; 
however, preliminary and earlier studies [17] have shown that 
this is representative of single cell behaviour and is not altered 
by the presence of cell-cell contacts. 

C. Western Blots 

80-90% confluent cells were washed 3-5 times with DPBS; 
then 300 µl of cell lysis buffer was added into each flask, and 
kept on ice with continuous shaking for 30 minutes. Cell 
lysates were then centrifuged at 14,000RPM (10,000 g) for 30 
minutes. The supernatant was transferred into Eppendorf tubes 
and kept at -80˚C until required. 50µg of protein samples were 
loaded onto and separated by an SDS-PAGE gel. The gel was 
then transferred onto a nitrocellulose membrane. The 
membrane was blocked by 5% skim milk, and then incubated 
with a primary antibody overnight on a shaker at 4˚C, and then 
washed with tween-20 buffer for 45 minutes (3 x 5minutes and 
3 x 10 minutes washing intervals) followed by incubation of 
the membrane in an horseradish peroxidase-conjugated 
secondary antibody for 1 hours, then 45 minutes of washing. 
Proteins were then visualized using enhanced 
chemiluminescence (BIO-RAD) and quantitated with 
Chemidoc software and normalized to the corresponding band 
density of β-actin. 

D. Superoxide Measurement 

MMECs grown on cover slips were washed to remove 
DMEM. Cells were incubated with dihydroethidium (DHE, 5 
µM) for 30 min at room temperature and imaged by 
fluorescence microscopy [18]. Values were obtained from the 
mean fluorescent intensity of multiple cells (MMECs) from 
multiple cells captured within each section.   

E. Statistics 

Data are expressed as means ± S.E.M. with statistical 
comparisons performed using Excel software. Differences 
between two groups were evaluated with paired or unpaired 
Student’s t test as appropriate and differences between groups 
by one-way analysis of variance. Differences were considered 
to be significant when P<0.05. 

III.  RESULTS 

A. Acetylcholine-Induced Ca2+ Entry Is Increased In 
MMECs Treated With HG 

Application of the endothelium-dependent vasodilator and 
muscarinic receptor agonist, acetylcholine (ACh), when 
administered, elicited an immediate rise in Ca2+

i. ACh-
mediated Ca2+

i signaling was studied in MMECs treated with 
HG for 72 h. After 72 h treatment (Figures 1A,B), there was a 

significant increase (P< 0.05) of intracellular Ca2+
i in HG.  

Under comparable conditions 40mmol/L mannitol did not 
affect ACh-induced changes in Ca2+

i. 
 

 
Fig. 1 Ca2+

i changes in MMECs treated with 11mmol/L glucose (LG) 
or 40mmol/L glucose (HG) for 72 h and stimulated with ACh, 
induced a sustained increase in (Ca

2+
)i due to (Ca

2+
)i released 

activated Ca
2+ 

entry (1A). A summary comparison of mean (Ca
2+

)i 
during the peak of (Ca

2+
)i phase for LG and HG are shown in 1B. 

Data are means ± SEM.*** indicates P< 0.05 as compared to control 

B. STIM1 Protein Expression 

The effect of glucose concentration on protein expression of 
STIM1 in cultured MMECs exposed to low or high (LG; 11 or 
HG; 40 mM) glucose was examined by Western blot. STIM1 
antibody recognized the 80KDa protein bands (Figure 2A). 
Equal amount of proteins was used to measure and determine 
the levels of STIM1 protein.  ß-actin was used as a loading 
control.  Exposure to HG for 72 h resulted in a significant 
increase (7.2 fold increase) (P<0.05) in the expression of 
STIM1 protein compared to LG (Figure 2A,B).  

STIM1 (80kDa) 

β-actin (42 kDa) 

A 

B 

 
Fig. 2 (A) Representative gels for STIM1 expression in MMECs 
cultured for 72hr with 11 mM (LG) and 40mM glucose (HG) by 

Western blot method. (B) Densitometric analysis of detected protein 
expression of STIM1 calculated as % of β-actin is summarized in the 

bar graph.*** indicates P< 0.05 as compared to control 
 
C. Orai-1 Protein Expression 

Protein expression of Orai 1 was also examined using 
Western blot technique. Orai 1 antibody recognized the 32 
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KDa protein bands (Figure 3A). There was no significant 
difference in protein expression of Orai 1 in MMECs exposure 
to HG for 72 h comparing to that in MMECs exposure to LG 
(P>0.05) (Figure 3A,B).  

LG                   HG 
Orai-1  
(32 KD) 

β-actin  

A 

B 

 
Fig. 3 (A) Representative gels for Orai-1 expression in MMECs 
cultured for 72hr with 11 mM (LG) and 40mM glucose (HG) by 

Western blot method. (B) Densitometric analysis of detected protein 
expression of Orai-1 calculated as % of β-actin is summarized in the 

bar graph 

D. Superoxide Generation in MMECs 

Superoxide generation was measured by comparing DHE 
fluorescence intensity of MMECs cultured for 72h with 11 
mM (LG) and 40 mM glucose (HG). Representative 
fluorescence intensity images of MMECs suggested that there 
is increased superoxide generation in MMECs grown in HG 
compared to that in MMECs grown in LG media for a 72h 
period (Figure 4).  

 

11 mM (LG) 40 mM (HG) 

 
Fig. 4 Representative fluorescence intensity images of MMECs 

treated with DHE for 30min and cultured for 72h with 11 mM (LG) 
and 40 mM glucose (HG) were compared 

 
IV.  DISCUSSIONS  

The key findings from the present study are the increase in 
the expression of STIM1 protein and a heightened SOCE 
response following the 72-hour exposure of MMECs to HG. 
As previously discussed we chose 40mM glucose to simulate 
the level of hyperglycaemia that has been reported in the db/db 
leptin receptor mutant mouse model of type 2 diabetes 

[15],[16]. We had previously reported that, following a 
comparable experimental protocol as for the current study, 
there was a heightened expression of TRPC1, a putative 
component of SOCs in some cells, as well a heightened SOCE 
in bovine aortic endothelial cells (BAECs) exposed to HG 
[19]. A sustained increase in Ca2+

i via SOCE has been linked 
to an increase in TRPC1 expression and the development of 
neointimal hyperplasia and vascular disease [20],[21]. An 
association between metabolic syndrome and vascular disease 
in coronary arteries from Ossabaw pigs has also been linked to 
increased SOCE and TRPC1 and another protein associated 
with the regulation of SOCE, STIM1 [22]. Interestingly 
changes in SOCE and the associated regulatory proteins are 
normalised in Ossabaw pigs that are subjected to an exercise 
regimen [22]. Data from the 1991 United Kingdom 
Prospective Diabetes Study, UKPDS, with type 2 and the 1993 
Diabetes Control and Complications Trial, DCCT with type 1 
diabetes patients conclude that tight glycaemic control is 
necessary to reduce the progression of vascular disease, 
notably microvascular disease [23],[24]. Although therapeutic 
strategies that lower glucose concentrations are a priority in 
the management of diabetes how best to protect the 
endothelium against glucose toxicity remains unclear [25]. 
Studies of the effects of relatively short periods, up to 72 
hours, of exposure to high glucose suggest that the changes 
that occur in expression of proteins that regulate endothelial 
function may have long-term consequences [26]-[28]. 
Hyperglycaemia-induced endothelial cell apoptosis has been 
linked to an increase in SOCE in human umbilical vein 
endothelial cells [26]. In addition, the exposure of MMECs to 
HG for 72 hours results in a significant increase in oxidative 
stress plus changes in the expression of a number of proteins, 
including eNOS, superoxide dismutase and NADPH oxidase 
that are involved in the regulation of the bioavailability of 
nitric oxide as well as oxidative stress [18],[27]. There is also 
an upregulation of the nox2 and nox4 subunits of NADPH 
oxidases in resistance arteries from streptozotocin-induced 
type 1 diabetic mice thus demonstrating that the data from cell 
culture studies are comparable to that seen in animal models of 
diabetes [28]. It is therefore of interest to note the important 
role that Ca2+

i plays in the regulation of NADPH oxidase in 
macrophages and that STIM1 is an essential regulator of 
NADPH oxidase expression although the contribution of a 
non-SOCE pathway involving TRPC3 has also been identified 
[29]-[31]. Thus, collectively these data indicate an important 
trigger for hyperglycaemia-induced vascular disease is an 
increase in SOCE and the associated increase in activity of 
NADPH oxidase and resultant increase in oxidative stress.  

The link between hyperglycaemia, SOCE and enhanced 
NADPH oxidase activity may be important in determining the 
epigenetic changes that are associated with diabetes and result 
in “hyperglycaemic memory” wherein sustained effects of a 
prior exposure to hyperglycaemia continue to progress in 
animal models of diabetes as well as in patients unless 
subjected to a tight control of blood glucose levels [32],[33]. 
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High glucose and oxidative stress are thought to be associated 
factors in initiating the changes in chromatin remodeling that 
result in hyperglycaemic memory and have been linked to a 
reduction in the bioavailability of nitric oxide and an increase 
in the expression of the transcription factor, NFκB [34]-[36]. 
Thus, in the current study, we have identified that an 
enhancement in SOCE is an early change induced by sustained 
high glucose levels and therefore a potential target for limiting 
the effects of glucose toxicity on vascular function. 
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