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Abstract
Diabetes is a major risk factor for cardiovascular disease, affecting both endothelial 
and smooth muscle cells. Store-operated Ca2+ channels (SOCCs) have been implicated 
in many diabetic complications. Vascular dysfunction is common in patients with dia-
betes, but the role of SOCCs in diabetic vasculopathy is still unclear. Our research 
aimed to investigate the effects of high glucose (HG) on store-operated Ca2+ entry 
(SOCE) in small arteries. Small mesenteric arteries from type 2 diabetic Zucker fatty 
rats (ZDF) versus their non-diabetic controls (Zucker lean, ZL) were examined in a 
pressurized myograph. Vascular smooth muscle cells (VSMC) were isolated and in-
tracellular Ca2+ was measured (Fura 2-AM). A specific protocol to deplete intracellu-
lar Ca2+ stores and thereby open SOCCs, as well as pharmacological SOCE inhibitors 
(SKF-96365, BTP-2), were used to artificially activate and inhibit SOCE, respectively. 
High glucose (40 mmol/L) relaxed arteries in a SKF-sensitive manner. Diabetic arteries 
exhibited reduced HG-induced relaxation, as well as reduced contraction after Ca2+ 
replenishment. Further, the rise in intracellular Ca2+ on account of SOCE is diminished 
in diabetic versus non-diabetic VSMCs and was insensitive to HG in diabetic VSMCs. 
The expression of SOCC proteins was measured, detecting a downregulation of Orai1 
in diabetes. In conclusion, diabetes leads to a reduction of SOCE and SOCE-induced 
contraction, which is unresponsive to HG-mediated inhibition. The reduced expres-
sion of Orai1 in diabetic arteries could account for the observed reduction in SOCE.
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1  | INTRODUC TION

Cardiovascular disease is the main cause of mortality and morbid-
ity in diabetic patients, who have a two- to four-fold higher risk of 

cardiovascular events compared to individuals without diabetes.1,2 This 
increased risk is generally attributed to the adverse effects of elevated 
blood glucose levels and oxidative stress, both of which can contribute 
to vascular damage and consequent cardiovascular complications.
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Besides impaired endothelial function, vascular smooth muscle 
cell (VSMC) function is also altered in diabetic patients.3 In VSMCs, 
intracellular Ca2+ is essential for activation of the contractile apparatus 
and is regulated by Ca2+ entry across the plasma membrane and Ca2+ 
release from internal stores. Transmembrane Ca2+ entry is controlled 
by either voltage-operated Ca2+ channels (LTCC) or receptor-operated 
Ca2+ channels.4 Recent studies present evidence that store-operated 
Ca2+ entry (SOCE) may also play a vital role in replenishing intracellular 
Ca2+ stores and thereby increasing vascular contractility and tone.5,6

The molecular basis of SOCE involves at least two important pro-
teins: stromal interaction molecule 1 (STIM1), which is localized to 
the membrane of the sarcoplasmic reticulum (SR), and the plasma 
membrane-localized Orai Ca2+ release-activated Ca2+ channel pro-
tein 1 (Orai1; for review see7).

The mechanisms of SOCE regulation in diabetic VSMCs are 
poorly understood. High extracellular glucose (HG) levels have been 
shown to relax VSMCs in non-diabetic subjects and animals in a vari-
ety of vascular beds, including mesenteric arteries.8-10 Interestingly, 

the intestinal milieu during and after digestion is characterized by 
high luminal glucose concentration up to 50–100 mmol/L,11 which 
may affect local blood flow.

Therefore, we tested whether SOCE-dependent regulation of 
the vascular tone of small mesenteric arteries (SMAs) is sensitive to 
high external glucose levels and whether this regulation is disturbed 
in a rat model of type 2 diabetes. We investigated Zucker diabetic 
fatty rats (ZDF), whose mesenteric arteries are known to exhibit 
reduced endothelium- or arachidonic acid-dependent relaxation, 
which has been shown to have pathological relevance in rodents 
and humans.12-14 Here, we show that increased extracellular glucose 
levels inhibit SOCE, which results in SMA relaxation in non-diabetic 
lean control rats. Interestingly, we observed a reduced level of SOCE 
in the mesenteric arteries of ZDF rats that is possibly related to 
reduce STIM1-expression. In consequence, high extracellular glu-
cose-dependent relaxation was dramatically blunted in SMAs of ZDF 
rats. This finding may be important for understanding the intestinal 
function of diabetic patients.

F I G U R E  1   High glucose (HG)-
dependent relaxation of rat small 
mesenteric arteries is impaired in 
Zucker diabetic fatty rats (ZDF). 
Small mesenteric arteries (SMA) 
mounted onto a pressurized myograph 
(55 mm Hg) were stimulated with a 
solution containing noradrenaline (NA, 
10 µmol/L) or 40 mmol/L potassium 
(40K+) in the presence or absence of high 
glucose (40 mmol/L glucose, HG). A, 
Representative myographic recordings 
of SMA diameters at rest (basal, left), 
precontracted with NA (middle, NA), and 
after addition of HG (right, NA + HG). 
Relative contraction was calculated as 
“(a-b)/a” with “a” representing the inner 
diameter at rest, “b” the inner diameter 
after contraction with NA and “b’” the 
inner diameter after contraction with 
NA in the presence of HG. Relative 
contractions are shown as scatter plots 
after NA- (B) or 40K+- (C) induced pre-
contraction. Interestingly, exposure to 
HG resulted in vasorelaxation (ie less 
contraction) in SMAs of non-diabetic 
Zucker lean control rats (ZL) but not in 
SMAs of type 2 diabetic Zucker diabetic 
fatty rats (ZDF). *P < .05 vs corresponding 
CTRL, #P < .05 vs corresponding ZL, two-
way ANOVA, n = 7-8
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2  | RESULTS

2.1 | High external glucose-dependent vascular 
relaxation is impaired in diabetes

Acute exposure to high extracellular glucose levels (HG) has been 
shown to relax the arteries of various vascular beds. To investi-
gate the effect of HG on diabetic vessels, we measured the di-
ameter of SMAs isolated from diabetic fatty rats (ZDF) and lean 
control rats (ZL) using a pressurized myograph. Compared to ZL, 
SMAs from ZDF rats showed no difference in agonist-induced or 
40 mmol/L K+ (40K+)-induced contraction amplitude (Figure 1). 
Perfusion with noradrenaline (NA) reduced vessel diameters from 
209 ± 11 to 62 ± 5 µm (ZL) vs from 215 ± 12 to 60 ± 6 µm (ZDF, 
n = 8, P = NS ZL vs ZDF). Exposure to 40K+ led to a mean re-
duction of vessel diameters from 207 ± 10 to 64 ± 5 µm (ZL) vs 
216 ± 11 to 60 ± 6 µm (ZDF, n = 7, P = NS ZL vs ZDF). There was 
also no statistically significant difference between 40K+- and NA-
induced diameter reduction. Interestingly, in ZL SMAs, exposure 
to high external glucose levels (HG, 40 mmol/L) resulted in a sig-
nificant reduction of the NA-dependent contraction from 71 ± 3 to 
53 ± 3% and also a reduction of the 40K+-dependent contraction 
from 72 ± 4 to 63 ± 4%, consistent with vascular relaxation (n = 8, 
P < .05 vs CTRL, Figure 1). In contrast, there was significantly less 
impairment of NA-dependent contraction by HG in SMAs of ZDF 
rats. Compared to CTRL, NA-dependent contractions were only 
reduced from 72 ± 3 to 62 ± 3% (n = 8, P = NS vs CTRL), which 
is significantly less than in ZL (P < .05 vs ZL + HG, Figure 1B) and 
could have implications for the function of diabetic mesenteric 
arteries under conditions of increased extracellular glucose lev-
els. Notably, there was no difference in the impairment of 40K+-
dependent contraction between ZL and ZDF in the presence of 
HG suggesting that the underlying mechanism involves a diabetes-
dependent disruption of NA signalling. Removal of functional en-
dothelium did not affect the differences observed between ZL and 
ZDF with respect to impairment of NA-dependent contraction in 
the presence of HG (Figure S1), suggesting that the endothelium 
is not involved.

2.2 | Intracellular Ca2+ handling is impaired in 
diabetic SMAs

The pharmacological SOCE inhibitors SKF-96365 (SKF; 10 µmol/L) 
and BTP-2 (BTP; 10 µmol/L) were used to test whether SOCE par-
ticipates in NA-induced contractions. Exposure of SMAs to either 
SKF or BTP-2 significantly impaired NA-induced contraction in both 
ZL and ZDF rats (Figure 2A). However, for both SKF and BTP-2, this 
relaxing effect (i.e. impairment of NA-induced contraction) was sig-
nificantly less pronounced in the SMAs of ZDF rats compared to ZL.

Simultaneous administration of either HG and SKF or HG and 
BTP resulted in no additional impairment of NA-dependent SMA 

F I G U R E  2   Zucker diabetic fatty rat (ZDF)-small mesenteric 
arteries (SMAs) display reduced store [Ca2+]- and store-operated 
Ca2+ entry (SOCE)-dependent contraction. A, Scatter plots of 
noradrenaline (NA)-induced contractions (calculated as in Figure 1) 
for ZL and ZDF SMAs exposed to either high glucose (40 mmol/L, 
HG), the pharmacological SOCE inhibitors SKF-96365 (10 µmol/L, 
SKF) and BTP-2 (10 µmol/L, BTP), or a combination of HG and 
SOCE inhibitor (HG + SKF, HG + BTP). B, Scatter plots of NA-
induced contractions upon repeated NA exposure in Ca2+ free 
solution as a measure of store [Ca2+]-dependent contraction. 
Interestingly, store [Ca2+]-dependent contraction (upon 1st NA 
exposure) was significantly reduced in SMAs of ZDF rats (vs 
ZL control). C, Scatter plots of SOCE-dependent NA-induced 
contractions after Ca2+ wash-in ([Ca2+]o 2.5 mmol/L) and the 
addition of voltage-operated Ca2+ channels (LTCC) blocker 
nifedipine (1 µmol/L). Compared to ZL, the SOCE-dependent 
contraction was significantly impaired in SMAs of ZDF rats. This 
difference was blocked by exposure to HG, SKF or BTP. *P < .05 
vs corresponding CTRL, #P < .05 vs corresponding ZL, two-way 
ANOVA, n = 5-12.  1st NA-challenge; : 2nd; : 3rd
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contraction in both ZL and ZDF, suggesting that high external glu-
cose levels may impair NA-dependent contraction (i.e. induce relax-
ation) via SOCE inhibition.

To further investigate the mechanism underlying the impaired 
HG-dependent relaxation (after NA-dependent pre-contraction) in 
SMAs of ZDF compared to ZL rats, we investigated NA-dependent 
Ca2+ release from intracellular stores. Testing SMAs in a Ca2+-free en-
vironment while simultaneously blocking LTCC with nifedipine (Nif, 
1 µmol/L) can be used to measure the contraction elicited by exposure 
to NA when it exclusively depends upon intracellular Ca2+ release from 
the sarcoplasmic reticulum (SR). Consistent with this concept, repeti-
tive exposures to NA resulted in complete emptying of SR Ca2+ content 
(and release) and rendered the SMAs unresponsive to a contraction 
stimulus. Figure 2B shows that after NA washout, contractions were 
progressively diminished upon each re-exposure to NA, consistent 
with emptying of SR Ca2+ stores. In this setting, the amplitude of the 
first NA-dependent contraction can be used as a measure of SR Ca2+ 
release. Interestingly, compared to ZL, the NA-dependent contraction 
in ZDF SMAs was significantly smaller (Figure 2B). The first NA expo-
sure resulted in a relative contraction of 17 ± 3% in ZL, compared to 
only 11 ± 2% in ZDF SMAs (n = 5, P < .05 vs ZL), which supports the 
thesis that SR Ca2+ release is reduced in this model of type 2 diabetes.

After complete emptying of SR Ca2+ stores, switching to a Ca2+ 
containing (2.5 mmol/L) extracellular solution in the presence of Nif 
resulted in a tonic contraction consistent with SOCE-dependent my-
ofilament activation (Figure 2C). Importantly, compared to ZL SMAs, 
this relative contraction was reduced in ZDF by 40% from 29 ± 3% 
to 17 ± 3% (n = 5-11, P < .05 vs ZL) suggesting that SOCE amplitude 
may be reduced in SMAs of rats with type 2 diabetes.

It has been previously shown that exposure to HG also inhibits 
SOCE.15 Consistently, exposure to either HG or SOCE inhibitors (SKF 
or BTP-2) completely abolished the NA-dependent, Nif-insensitive 
contraction after Ca2+ replenishment (Figure 2C).

These results suggest that HG-dependent vascular relaxation 
(after NA-dependent pre-contraction) may be mediated through the 
inhibition of SOCE, which may also explain why diabetic SMAs with 
potentially reduced SOCE showed a less diminished contractile re-
sponse in a HG environment.

In contrast to NA-induced SMA contraction, 40K+-dependent con-
traction is mediated by membrane depolarization and activation of 
L-type Ca2+ channels. Consistently, SKF had only a marginal inhibitory ef-
fect on 40K+-dependent contractions. SKF reduced 40K+-induced con-
traction from 71 ± 2% to 11 ± 1% in ZL (n = 6, P = NS) and from 69 ± 2% 
to 10 ± 1% in ZDF (n = 6, P < .05; Figure S3A). This slight inhibitory effect 
may involve off-target inhibition of L-type Ca2+ channels by SKF.

2.3 | SOCE is reduced in mesenteric arteries of 
ZDF rats

To directly measure SOCE, isolated SMA smooth muscle cells (SMC) 
were loaded with the Ca2+ dye, fura-2. After store depletion with 

caffeine (10 mmol/L) in the presence of zero [Ca2+]o, extracellular 
Ca2+ was re-administered in the presence of inhibitors of SR Ca2+ 
ATPase and LTCCs (thapsigargin (TG) 10 µmol/L, and Nif 1 µmol/L, 
respectively). The resulting increase in intracellular Ca2+ can be used 
as a measure of SOCE. In SMCs obtained from ZL, an instant increase 
in [Ca2+]i was observed (Figure 3A). In sharp contrast, the increase 
was substantially less pronounced in ZDF SMCs, as revealed by com-
paring the mean change in [Ca2+]i between ZL (0.20 ± 0.03 ΔFura-2) 
and ZDF (0.09 ± 0.02 ΔFura-2) rats (P < .05, Figure 3B). Exposure 
to HG significantly inhibits SOCE in SMCs of non-diabetic ZL ani-
mals (to 0.06 ± 0.01, n = 5, P < .05, Figure 3B). However, this HG-
dependent inhibition was not observed in ZDF SMCs (0.09 ± 0.01, 
n = 8, P = NS vs ZDF vehicle).

F I G U R E  3   Store-operated Ca2+ entry (SOCE) is reduced in 
isolated vascular smooth muscle cells of Zucker diabetic fatty rats 
(ZDF) rats. A, Representative recordings of [Ca2+]i measured in 
FURA-2-loaded, isolated rat vascular smooth muscle cells (VSMCs). 
Intracellular Ca2+ stores were depleted using caffeine (10 mmol/L) 
in a Ca2+-free solution (0 Ca2+) in the presence of thapisgargin 
(10 µmol/L) and nifedipine (1 µmol/L). After store depletion and 
re-administration of 2.5 mmol/L [Ca2+]o, the increase in [Ca2+]i can 
be used as a measure of SOCE. B, Scatter plots of quantitative 
analyses of SOCE amplitude. Compared to Zucker lean (ZL) rats, 
SOCE amplitude was significantly lower in VSMCs of ZDF rats. 
Interestingly, compared to vehicle, exposure to high external 
glucose (HG) resulted in a significant reduction in SOCE amplitude 
in VSMCs of ZL but not ZDF rats. *P < .05 vs corresponding CTRL, 
#P < .05 vs corresponding ZL, two-way ANOVA, n = 4-9 animals
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2.4 | Increased Ca2+ entry through L-type Ca2+ 
channels partly compensates for reduced SOCE in 
ZDF animals

As described above, NA-dependent Ca2+ release from SR was re-
duced in SMAs of rats with type 2 diabetes. However, the basal NA-
dependent contraction was not different from control (ZL, Figure 1). 
This suggests that increased trans-sarcolemmal Ca2+ entry may com-
pensate for the reduced SR Ca2+ release in ZDF. To further investigate 
the role of LTCC, we measured repetitive NA-dependent contraction 
of SMAs both at physiologic [Ca2+]o (2.5 mmol/L) in the presence of 
nifedipine and also at zero [Ca2+]o. As published previously,16 Ca2+ 
entry via LTCCs contributes significantly to NA-induced contractions 
in SMAs, which was also evident from our experiments conducted in 
the presence of nifedipine and zero [Ca2+]o (Figure 4). Figure 4B shows 
that, compared to vehicle, the contraction of SMAs upon NA exposure 
was significantly diminished in the presence of nifedipine. Importantly, 
compared to ZL, this impairment of NA-dependent contraction was 
significantly more pronounced in SMAs of ZDF rats. In the presence of 
nifedipine, NA-dependent contraction was significantly reduced from 
74 ± 4 to 32 ± 4% in ZL but from 75 ± 3 to 19 ± 3% in ZDF SMAs (n = 6, 
P < .05 for ZL + Nif vs ZDF + Nif, Figure 4). The residual NA-dependent 
contraction observed in the presence of nifedipine may be explained 

by SOCE. Consistent with direct SOCE measurements, the magnitude 
of residual NA-dependent contraction in the presence of Nif was sig-
nificantly smaller in ZDF SMAs compared to ZL (Figure 4). Importantly, 
additional exposure to HG under the conditions of this assay resulted 
in a significantly greater inhibition of NA-dependent contractions in 
SMAs of ZL rats, owing to HG-induced inhibition of SOCE. Consistent 
with the thesis that SOCE is less influential in diabetic animals, expo-
sure of ZDF rat SMAs to HG had less effect on the magnitude of NA-
dependent contractions (Figure 4).

2.5 | Expression of Orai1 is reduced in SMAs of 
ZDF rats

Stromal interaction molecules (STIM) and ORAI Ca2+ release-ac-
tivated Ca2+ modulators (Orai) aggregate to form store-operated 
Ca2+ channels after store depletion.17 Since we have demonstrated 
reduced SOCE in SMAs of ZDF rats, we additionally measured the 
mRNA and protein expression of the STIM and Orai genes (Figure 5 
and Figure 6). Table 1 shows the specific primers that were used for 
measuring mRNA expression.18 As shown in Figure 5, both STIM1 
and two were detected in rat SMAs. Compared to ZL, STIM1 mRNA 
expression in SMAs of ZDF rats was significantly reduced. However, 

F I G U R E  4   After blockade of voltage-operated Ca2+ channels (LTCC), high glucose (HG) inhibits small mesenteric artery (SMA) 
contraction only in Zucker lean (ZL) but not in Zucker diabetic fatty rats (ZDF). A, Original myographic recordings of SMAs at rest (basal) 
and after exposure to NA in the presence of nifedipine (Nif, 1 µmol/L, below). Relative NA-induced contractions are shown as scatter plots 
(B) either upon vehicle, in the absence of external [Ca2+] (0 [Ca2+]o), or in the presence of nifedipine (+Nif). All assays were repeated with 
exposure to high external glucose levels (HG). Compared to ZL, Nif inhibited NA-induced contraction to a significantly greater extent in 
the SMAs of ZDF rats, suggesting that Ca2+ entry in diabetic SMAs results from a proportionally greater involvement of LTCCs. Moreover, 
additional exposure to HG (in the presence of nifedipine) significantly reduced NA-induced contraction in ZL, but not in ZDF, mesenteric 
arteries. *P < .05 vs CTRL, &P < .05 vs corresponding CTRL, #P < .05 vs corresponding ZL, two-way ANOVA, n = 5-6 animals
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protein expression was not different in these groups. Stromal inter-
action molecules proteins can connect to and functionally interact 
with TRPC channels.19 The latter channel proteins are reported to 
interact with Orai to form heteromeric store-operated Ca2+ chan-
nels.20 Measurement of Orai1 revealed reduced protein expression 
in ZDF, which could account for the reduction in SOCE. Conversely, 
mRNA expression of Orai and TRP did not significantly differ 
(Figure 6, Figure S2).

3  | DISCUSSION

Our research shows that intracellular Ca2+ handling is severely 
disturbed in the SMAs from a rat model of type 2 diabetes. 
Compared to SMAs from non-diabetic lean control rats, intracel-
lular SR Ca2+ release in diabetic ZDF rats is reduced in response to 
the vasoconstrictive agonist NA, which may result from reduced 
basal SOCE amplitude and reduced NA-dependent stimulation 
of SOCE. Semiquantitative analyses of protein expression of the 
ion channel subunits important for SOCE revealed reduced Orai1 
expression in ZDF rats. In ZDF SMAs, the lower level of SR Ca2+ 
release was counterbalanced by increased trans-sarcolemmal 

Ca2+ entry via LTCC, resulting in a similar overall magnitude of 
NA-dependent contraction observed across ZL and ZDF rat mod-
els. However, additional exposure to high extracellular glucose 
levels, which elicits SOCE inhibition, leads to SMA relaxation in 
ZL, but a dramatically blunted response in ZDF. This finding may 
have clinical relevance if it translates to the mechanisms underly-
ing cardiovascular complications affecting patients with type 2 
diabetes.

3.1 | Diabetic SMAs show reduced NA-dependent 
SR Ca2+ release

It is known that diabetic smooth muscle cells exhibit a severe distur-
bance of intracellular Ca2+ handling.21 As described above, removal 
of extracellular Ca2+ and blockade of LTCC with nifedipine creates 
an environment in which NA-dependent transient contractions of 
SMAs are exclusively dependent upon SR Ca2+ release. We show 
here that SR Ca2+ release (measured as NA-dependent contraction) 
in ZDF SMAs was significantly lower than in ZL SMAs (Figure 2B). 
This is consistent with previous data collected from a streptozo-
zin-induced diabetes model.22,23 In both diabetic murine coronary 

F I G U R E  5   Stromal interaction 
molecule 1 (STIM1) mRNA expression 
is reduced in Zucker diabetic fatty rats 
(ZDF) rats. A, Scatter plots of RT-PCR 
products amplified using primers for 
STIM1 and STIM2 (relative to β-actin) are 
shown (see Table 1 for primer details). 
Compared to Zucker lean rats (ZL), STIM1 
mRNA expression in isolated ZDF SMAs 
was significantly reduced. In contrast, no 
significant difference in STIM2 expression 
was detected. Original Western blots and 
mean densitometric values (normalized 
to GAPDH) of STIM1 (B) and STIM2 (C) 
protein expression showing no significant 
difference between ZL and ZDF. (*P < .05 
vs corresponding ZL, n = 6)
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endothelial cells and diabetic rat aortic smooth muscle cells, a dimin-
ished level of store Ca2+ release has been reported.22,23 In accord-
ance, Searls et al report reduced expression of SERCA2/3, as well as 
IP3-receptor, in type 1 diabetic rat aortae.24

3.2 | Diabetic SMAs exhibit reduced SOCE

To elucidate the mechanisms underlying reduced SR Ca2+ content and 
release in diabetic SMAs, we measured store-operated Ca2+ entry 
(SOCE), which is known to regulate SR Ca2+ content.25 While SOCE 

in SMAs has been previously demonstrated,5,26 the functional rele-
vance has been unclear. We show here that directly measured SOCE 
was dramatically reduced in SMCs isolated from the mesenteric ar-
teries of ZDF rats, compared to ZL rats (Figure 3A). Accordingly, the 
SOCE-dependent tonic contraction of SMAs after re-administration 
of extracellular Ca2+ and LTCC blockade with Nif was also signifi-
cantly reduced in ZDF compared to ZL animals (Figure 2C).

The relevance of SOCE for artery function in diabetes has been 
controversially discussed,27 partly on account of inconsistent data 
obtained from different species, various models of diabetes, and di-
verse vascular beds. For example, a reduced SOCE-dependent con-
traction has been measured in smooth muscle strips isolated from 
caudal arteries of type 2 diabetic Goto-Kakizaki rats.28 Reduced 
SOCE was also observed in SMCs isolated from retinal arterioles6 
and the aorta23 of a rat streptozocin-induced diabetes model. 
Conversely, it was shown that SOCE-dependent contraction was 
increased in saphenous veins isolated from patients with type 2 
diabetes.29 In accordance, increased SOCE has been observed by 
Kunag et al in renal arteries of type 2 diabetic db/db mice30 and by 
Rowghani et al in SMCs isolated from the aorta of rats with strep-
tozocin-induced diabetes,31 indicating a tissue specific response. 
Although we cannot explain these incongruities, our data suggest 
that – at least in SMAs of ZDF rats – SOCE is reduced. This conclu-
sion is further supported by our experiments employing pharmaco-
logical SOCE inhibition. Sensitivity to SKF-96365 (SKF) and BTP-2, 
which are widely used as inhibitors of store-operated Ca2+ entry,32 
was less pronounced in SMAs of ZDF rats compared to SMAs of ZL 
rats (Figure 2A).

Following agonist stimulation and internal Ca2+ store depletion, 
the tonic phase of contraction is elicited by SOCE. This may cause 
membrane depolarization and coactivate L-type calcium channels 
to further enhance calcium entry.33 Importantly, in rat mesenteric 
arteries, Chen and colleagues have shown that SOCE channels co-
localize and activate large-conductance Ca2+-dependent potassium 
channels (BKCa).

34 These channels are able to hyperpolarize the 
membrane potential and thereby reduce agonist-induced contrac-
tion.34 This mechanism potentially prevents excessive contraction 
of the blood vessels, thereby protecting downstream tissue from un-
dersupply. However, we and others have shown that BKCa function is 
reduced in diabetic rat small mesenteric arteries and human vascular 
smooth muscle,13,35 suggesting that this protective mechanism may 
be limited in diabetes. Therefore, in addition to the reduced function 
and expression of the proteins that facilitate SOCE, impaired BKCa 
function may also explain why SMAs from ZDF rats do not relax to 
the same extent as SMAs from ZL rats in the presence of SOCE in-
hibitors (after NA-dependent pre-contraction) (Figure 2A).

3.2.1 | What are the mechanisms underlying 
reduced SOCE in diabetic SMAs?

It is plausible that the level of expression of SOCE-channel subunits has 
a direct impact on the amplitude of SOCE. STIM is sensitive to Ca2+ in 

F I G U R E  6   Expression of Orai1 is reduced in Zucker diabetic 
fatty rats (ZDF). A, Scatter plots of RT-PCR products amplified 
using primers for Orai1, Orai2 and Orai3 (relative to β-actin) in 
Zucker lean (ZL) and ZDF small mesenteric arteries are shown (see 
Table 1 for primer details). B, Representative original western blots 
of Orai1 expression and mean densitometric values (normalized 
to GAPDH) showing a reduced Orai1 protein expression in ZDF 
(*P < .05 vs ZL)
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the SR and activates Orai channels in the plasma membrane if [Ca2+]SR is 
low. Transient receptor potential (TRP) channels may also be activated 
by STIM and have been detected in the multimeric proteins forming the 
Ca2+ entry pore.20 Overexpression of STIM and Orai has been shown 
to increase SOCE, whereas knockdown of STIM, Orai and TRP has the 
opposite effect.36-39 Interestingly, Estrada et al report a downregulation 
of STIM1 in coronary artery endothelial cells isolated from mice with 
streptozotocin-induced diabetes.22 Similarly, reduced STIM1 expres-
sion has been found in bladder SMCs of streptozozin-induced diabetic 
rats at 12 weeks of age,40 as well as in embryonic rat cardiomyocytes 
cultured for 24 hours in HG41 and in pancreatic beta-cells derived from 
diabetic patients or streptozozin-treated mice.42 Consistent with these 
data and with the observed reduction of SOCE amplitude in our assays, 
we show here that STIM1 mRNA expression is reduced in SMAs of ZDF 
rats, although protein expression in our experiments is comparable to 
control animals (Figure 5). Moreover, Orai1 protein expression was re-
duced in our animal model (Figure 6) as seen in tubular cells of patients 
with diabetic nephropathy,43 that can account for the reduced SOCE.

3.3 | Diabetic SMAs show increased trans-
sarcolemmal Ca2+ entry

Despite reduced SOCE and impaired SR Ca2+ release, we show here 
that SMAs of ZDF rats nevertheless exhibit typical NA-induced con-
traction under normal conditions (Figure 1). A possible explanation for 

this observation may be that Ca2+ entry via voltage-gated Ca2+ channels 
(LTCC) compensates for the reduced SOCE. To test this hypothesis, we 
measured the NA-dependent contraction of SMAs in the presence of 
the LTCC inhibitor nifedipine. We show here that nifedipine inhibited 
the NA-dependent contraction of SMAs to a significantly larger ex-
tent in ZDF compared to ZL rats (Figure 4), which aligns with findings 
from other groups.44,45 Navedo and colleagues showed an increased 
LTCC-dependent Ca2+ entry in SMCs isolated from cerebral arteries 
of mice with type 2 diabetes (db/db). Moreover, they showed that in-
hibition of PKA equalized the enhanced LTCC activity in db/db mice 
SMCs.44 Similarly, it was shown that SMCs from arteries of mice fed 
with a high-fat diet and from diabetic patients both exhibited increased 
PKA-dependent LTCC phosphorylation and activity.45 Interestingly, in-
creased LTCC activity may also result from reduced STIM1 expression. 
STIM1 has been shown to inhibit LTCC in cortical neurons 46 but this 
mechanism in diabetic vessels is completely uncharacterized. Reduced 
SOCE in diabetic SMCs could be partly compensated by LTCC-mediated 
Ca2+ entry. In spite of this, the diminished HG-dependent inhibition of 
SOCC manifests as impaired vasorelaxation in diabetic SMCs (Figure 7).

3.4 | Increased extracellular glucose inhibits 
SOCE and impairs contraction

It has been shown that local increases in blood glucose levels lead 
to vasorelaxation, improved blood flow and consequent increased 

TA B L E  1   Oligonucleotide sequences of the inner and outer PCR primers

mRNA Accession number Orientation Primer sequence (5′-3′) Amplicon

rTRPC1 NM_053558 Forward CGACACCTTCCACTCGTTCA 254 bp

Reverse CGACACCTTCCACTCGTTCA

rTRPC3 NM_021771 Forward GCTTGTGTTCAACGCCTCAG 173 bp

Reverse ACAGCTCCTTGCACTCAGAC

rTRPC4 NM_001083115 Forward ACGCCATCAGGAAAGAGGTG 134 bp

Reverse GATAGGCGTGATGTCTGGGG

rTRPC6 NM_053559 Forward TGGCAAGTCCAGCATACCTG 182 bp

Reverse CTCCGTGTTTCTGCAGAGGT

rSTIM1 NM_001108496 Forward TTGTCCATGCAGTCCCCCA 242 bp

Reverse AGAGATCCTGGATGGACCCC

rSTIM2 NM_001105750 Forward CGACATGTTTGCGAGAACGG 166 bp

Reverse CCCGCAATAGGGTAAGGTGG

rORAI1 NM_001013982 Forward ACGTCCACAACCTCAACTCC 362 bp

Reverse ACTGTCGGTCCGTCTTATGG

rORAI2 NM_001170403 Forward CACCTATTTGCCCTGCTCAT 386 bp

Reverse AGCTTGTGCAGTTCCTCGAT

rORAI3 NM_001014024 Forward GCGGCTACCTCGACCTTATG 246 bp

Reverse CCATGAGTGCAAACAGGTGC

rActb NM_031144 Forward CCACCATGTACCCAGGCATT 189 bp

Reverse CGGACTCATCGTACTCCTGC

Abbreviations: Actb, beta-actin; ORAI, Calcium release-activated calcium channel protein; STIM, stromal interaction molecule; TRPC, transient 
receptor potential canonical.

info:ddbj-embl-genbank/NM_053558
info:ddbj-embl-genbank/NM_021771
info:ddbj-embl-genbank/NM_001083115
info:ddbj-embl-genbank/NM_053559
info:ddbj-embl-genbank/NM_001108496
info:ddbj-embl-genbank/NM_001105750
info:ddbj-embl-genbank/NM_001013982
info:ddbj-embl-genbank/NM_001170403
info:ddbj-embl-genbank/NM_001014024
info:ddbj-embl-genbank/NM_031144
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perfusion of the intestine, allowing for better motility and transport 
of nutrition and endocrine factors.47 The mechanisms that regulate 
HG-dependent vasorelaxation are not well understood. Exposure to 
HG was shown to inhibit SOCE in SMCs isolated from the aorta of 
rats,48 which is consistent with our data from ZL controls (Figure 3).

Importantly, we were not able to detect this inhibition in SMCs 
isolated from ZDF rats, which already exhibited dramatically reduced 
SOCE in the absence of HG. A multitude of diabetic patients suffer 
from gastrointestinal symptoms,49 which may be attributed to dys-
function of splanchnic resistance arteries. Furthermore, conditions of 
HG arise in shock and during stress response.50 Therefore, we tested 
the hypothesis that HG-dependent vasorelaxation may be impaired in 
diabetic SMAs. We show here that exposure to HG completely abol-
ished the NA-dependent, Nif-insensitive contraction of control SMAs 
(ZL) after Ca2+ replenishment (Figure 2C). Since exposure to the SOCE 
inhibitor, SKF had an almost identical effect on control SMAs (Figure 2), 
the HG-dependent vascular relaxation (after NA-dependent pre-con-
traction) may well be mediated by inhibition of SOCE. However, in con-
trast to control (ZL), HG relaxed NA-precontracted SMAs from ZDF 
rats to a significantly lesser extent (Figure 1), which is consistent with 
reduced SOCE in diabetic SMAs. Our data from these animal models 
suggest that reduced SOCE may underlie the impaired HG-dependent 
regulation of splanchnic resistance arteries in diabetes.

4  | CONCLUSIONS

Here we show that SOCE is reduced in SMAs of type 2 diabetic ZDF 
rats, which disturbs contractile function. Conversely, relaxation of 
diabetic SMAs in response to high glucose levels is impaired, poten-
tially as a consequence of reduced HG-dependent SOCE inhibition. 
The reduced SOCE amplitude in SMAs of ZDF rats was accompanied 
by a reduced level of Orai1 protein expression. These results may be 

instructive for better understanding the intestinal function of pa-
tients with diabetes.

5  | METHODS

5.1 | Animals

Equal numbers of male ZDF rats (homozygous for leptin receptor 
defect, fa/fa) and their respective ZL control rats (heterozygous, 
fa/+) were procured from Charles River Laboratories (Brussels, 
Belgium) at the age of 12 weeks. Rats had unlimited access to 
the diabetogenic diet Purina 5008 (energy rich, containing 26.8% 
protein, 16.7% fat and 56.4% carbohydrates). Rats were housed 
in pairs, kept on a 12/12-h light/dark cycle at constant ambient 
temperature (22–23°C), and had access to food and tap water ad 
libitum. Animal welfare was assessed every other day on week-
days. At the age of 23–25 weeks, animals were weighed and fast-
ing (6 hours) blood glucose level was assessed at 7 am: 409 ± 8.3 g 
and 422 ± 14.5 mg/dL vs 381 ± 9.5 g and 84.7 mg/dL (mean ± SE, 
n = 10) in ZDF and ZL, respectively. Afterwards, on consecutive 
weekdays, one rat per day was killed by decapitation following CO2 
overdose in an airtight cage. All animal care and experimental pro-
cedures followed German law as well as the Guide for the Care and 
Use of Laboratory Animals published by the National Institutes of 
Health, and were approved by the Institutional Review Board at 
the University of Regensburg.

5.2 | Measurement of mesenteric artery function

Preparation and diameter measurements were performed as pre-
viously described.13 Briefly, SMAs (3rd branch) were dissected 

F I G U R E  7   Proposed perturbations of Ca2+ handling in diabetic small mesenteric arteries (SMAs). In diabetic SMAs, it appears that 
Ca2+ entry through voltage-dependent L-type Ca2+ channels is increased, whereas store-operated Ca2+ entry is reduced, resulting in a 
proportionally lower contribution of SOCE to Ca2+-dependent contraction. Exposure of SMAs to high external glucose levels (HG), which 
occurs naturally during intestinal resorption, inhibits SOCE. This inhibition is accordingly less pronounced in diabetic SMAs, resulting 
in reduced HG-dependent vasorelaxation. If the findings from these animal models can be replicated in humans, this disruption of Ca2+ 
handling may help to explain the digestive complications experienced by diabetic patients. L-type, voltage-dependent L-type Ca2+ channel; 
SOCC, store-operated Ca2+ channel; HG, high glucose; SMC, smooth muscle cell; SR, sarcoplasmic reticulum
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and separated from surrounding connective tissue. After mount-
ing vessels between two glass cannulas in a pressure myograph 
system (Danish Myo Technology model 111P, DMT), vessels 
were superfused with oxygenated Krebs-Henseleit solution (95% 
O2/5% CO2; constitution in mmol/L: NaCl 118, KH2PO4 1.18, KCl 
4.7, MgSO4 1.18, CaCl2 2.5, D-glucose 5.5, NaHCO2 25, and EDTA 
0.026; pH 7.4 at 37°C). The intraluminal pressure was maintained 
at 55 mm Hg and the arteries were equilibrated for 40 minutes. 
After the equilibration period, the resting diameter was meas-
ured (Dr), then arteries were stimulated with noradrenaline (NA; 
10 µmol/L) to obtain maximal contraction (Dc). This agonist-de-
pendent contraction is mediated by Ca-mobilization from internal 
stores, increased myofilament Ca-sensitivity and transmembrane 
Ca2+ entry through receptor- and store-operated Ca2+ channels.51 
In parallel experiments, contractions were elicited by direct mem-
brane depolarization using high external K+ (40 mmol/L KCl), which 
opens L-type Ca2+ channels (LTCC).

Endothelial function was examined by superfusion with ace-
tylcholine (ACh, 10 µmol/L). All vessels with intact endothelium 
used for analysis produced an ACh-induced relative relaxation (R) 
of >0.7 with R = (Dx-Dc)/(Dr-Dc), where Dx is the actual measured 
diameter. For some experiments (presented in Figure S1), arter-
ies with denuded endothelia were used. Transient air insufflation 
eliminated the functional endothelium, and successful denudation 
was assumed when the ACh-induced relative relaxation was <20%. 
Experiments were conducted 30 minutes after washout of NA 
and ACh. For all experiments, relative contraction (C) was calcu-
lated according to the following formula: C = (Dr-Dx)/Dr, see also 
Figure 1. To create an extracellular Ca-free solution (0 [Ca2+]o), 
CaCl2 was replaced with equimolar MgCl2 and 1 mmol/L EGTA was 
added to chelate residual Ca. For the 40 mmol/L K+-containing 
solution (40K+), NaCl was replaced with equimolar KCl to maintain 
osmolarity. To minimize subjective bias, rats were investigated in 
a random order by investigators who were blind to the rat geno-
type. The same researcher prepared all mesenteric arteries and 
solutions for myograph experiments. The experiments themselves 
were conducted by a different researcher who was blind to the 
experimental group and assay solution.

5.3 | Isolation of smooth muscle cells from SMAs

The VSMCs were isolated as previously described.52 Briefly, 10 to 15 
segments (6–10 mm in length) of SMAs were quickly dissected free 
of connective tissue in ice-cold Hank's Balanced Salt Solution w/ Ca2+ 
(HBSS1; ThermoFisher, Erlangen, Germany, cat. no. 14025092). Blood 
and adjacent tissue were removed, and the arteries were placed in the 
first enzyme solution consisting of Hank's Balanced Salt Solution w/o 
Ca2+ (HBSS2; ThermoFisher, cat. no. 14170112); w/ collagenase type 2 
(355 U/mg, ThermoFisher, cat. no. 17101015) for 30 minutes at 37°C 
to digest the adventitial layer. After allowing the arteries to rest in 
HBSS1 for 1 minute, remaining adventitia were gently removed me-
chanically prior to overnight incubation in Dulbecco's Modified Eagle's 

Medium (DMEM; ThermoFisher, cat. no. 11965-092; w/ 10% (v/v) FBS 
and w/ 1% (v/v) penicillin-streptomycin solution; penicillin-strepto-
mycin (10 000 U/mL), ThermoFisher, cat. no. 15140122) at 37°C, 5% 
CO2. After 24 hours, arteries were cut into sections of approximately 
1 mm in length and bathed in the second digestion solution consist-
ing of HBSS2 w/ collagenase (355 U/mg) and elastase type 4 (6 U/mg, 
Sigma-Aldrich, cat. no. E0258) for 40 minutes at 37°C. After addition of 
DMEM to arrest digestion, a gentle trituration with a glass Pasteur pi-
pette was performed. Afterwards, the cell suspension was centrifuged 
at 150 g for 5 minutes. Supernatant was aspirated and the cell pellet 
was resuspended in DMEM. 400 µL of cell suspension was transferred 
to a laminin-coated glass coverslip and incubated in DMEM for 4 days 
at 37°C. Experiments were performed by an investigator who was blind 
to the experimental group.

5.4 | Measurement of intracellular Ca2+ handling

Cultured VSMCs derived from ZL or ZDF rats were loaded with 
Fura-2-AM (in DMEM and 0.02% Pluronic F127) for 30 minutes at 
room temperature in the dark. Excess Fura-2-AM was then washed 
out by superfusion for 10 minutes with a Ca2+-free Tyrode's solu-
tion containing (in mmol/L) 140 NaCl, 4 KCl, 3.5 MgCl2, 5 HEPES, 
1 EGTA, and 10 (vehicle) or 40 glucose (HG) at pH 7.4 (temp 37°C). 
Thereafter, VSMCs were placed on the stage of an inverted epifluo-
rescence microscope (IonOptix), perfused with Ca2+-free Tyrode's 
solution and Fura-2 was alternatingly excited at 340/380 nm using 
a Xenon lamp and Hyperswitch (IonOptix). Fluorescence emission 
was acquired at 510 nm. For each excitation wavelength, back-
ground fluorescence was subtracted and the ratio of the emitted 
fluorescences F340/F380 was calculated as a measure of intracellu-
lar [Ca2+]. For SOCE measurements, intracellular Ca2+ stores were 
emptied by rapid application of caffeine (10 mmol/L) in the pres-
ence of thapsigargin (inhibitor of Ca2+ reuptake, TG 10 µmol/L). 
Thereafter, SOCE was measured by superfusion with Tyrode's so-
lution containing 2.5 mmol/L [Ca2+] in the presence of 10 µmol/L 
TG and 1 µmol/L LTCC inhibitor nifedipine, as described in.53

5.5 | Quantitative RT-PCR

RNA was isolated from first- through third-order branches of small 
mesenteric arteries of ZL and ZDF rats according to standard proce-
dures. After homogenization of frozen tissue sections (Peqlab), total 
mRNA was extracted following the manufacturer's directions, with 
additional DNase digestion to remove all traces of genomic DNA. 
Total RNA was reverse transcribed into complementary DNA (cDNA), 
according to standard protocols, as described previously.4 Briefly, 
cDNA probes were synthesized in 20 µL reaction volume containing 
1 µg total RNA, 0.5 µg oligo(dT) primer (Sigma-Aldrich), 40 U RNasin 
(Promega, Mannheim, Germany), 0.5 mmol/L dNTP (Amersham), 4 µL 
transcription buffer, and 200 U Moloney murine leukemia virus RT. 
No template controls were performed. Real-time quantitative RT-PCR 
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was performed using an ABI PRISM 7900 detection system (Applied 
Biosystems) with TaqMan gene expression assays for the genes STIM 
1, 2, Orai 1, 2, 3, TRPC 1, 3, 4, 6, together with TaqMan gene expres-
sion master mix (Applied Biosystems). Forward and reverse primers 
were purchased from Biomers and primer sequences are displayed in 
Table 1. β-actin was used as a reference gene. All water controls and 
single-stranded RT controls were negative. Data were analyzed using 
SDS version 2.2.2 software (Applied Biosystems).

5.6 | Western blots

Small mesenteric arteries were isolated, separated from adjunctive 
tissue, frozen in liquid nitrogen and stored at −80°C. Vessel sam-
ples were homogenized in homogenization buffer (12.5 mmol/L 
sucrose, 0.3 mmol/L NaN3, 10 mmol/L NaHCO3, pH7, 0.1 mmol/L 
phenylmethylsulfonyl fluoride, complete protease inhibitors) using 
TissueRuptor (Cell Signaling Technology), and protein concentra-
tion was determined by BCA assay (Pierce Biotechnology). For the 
immunoblots, the poly (vinylidene difluoride) membrane carrying 
transferred proteins was incubated at 4°C overnight with anti-
STIM1, anti-STIM2 and anti-Orai1 primary antibodies (all 1:200, 
Sigma [S6072, S8572, AV50117]) or GAPDH control (1:50 000, 
G8795, Sigma). Immunodetection was enabled using horseradish 
peroxidase (HRP)–conjugated anti-rabbit or anti-mouse IgG sec-
ondary antibodies (1:10 000). Densitometry was performed using 
ImageJ analysis software, and intensities were normalized to those 
of GAPDH.

5.7 | Drugs

2-acetoxy-N,N,N-trimethylethanaminium (ACh), (R)-4-(2-Amino-1-
hydroxyethyl)-1,2-benzenediol (Norepinephrine, NA), Thapsigargin 
(TG), D-(+)-Glucose (glucose), DMEM, Ethylene glycol-bis(2-
aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), Fura-2 
pentakis(acetoxymethyl) ester (Fura 2 AM), 4-(2-Hydroxyethyl) 
piperazine-1-ethanesulfonic acid (HEPES), 1-[2-(4-Methoxyphenyl)-
2-[3-(4-methoxyphenyl)propoxy]ethyl]imidazole (SKF-96365), 
[N-(4-[3,5-bis(Trifluoromethyl)-1H-pyrazol-1-yl]phenyl)-4-me-
thyl-1,2,3-thiadiazole-5-carboxamide] (BTP-2) were purchased from 
Sigma (Taufkirchen, Germany). Stock solutions were prepared at 10× 
concentration without glucose, stored at 4°C, and discarded if un-
used after 14 days. For each day of measurement, fresh solutions 
were prepared, glucose added, and the pH adjusted to 7.4 at 37°C. 
ACh, NA and SKF-96365 were dissolved in water; TG and BTP-2 in 
DMSO.

5.8 | Statistical analysis

Summarized data are reported as mean ± SE. Statistical analysis was 
performed using GraphPad Prism version 6.0 by blinded investigators. 

Sample sizes for each experiment were calculated using G*Power 
(version 3.1.9.2). Experimental results were compared using two-way 
ANOVA tests to correct for multiple comparisons, except when other-
wise stated. P values < .05 were considered statistically significant. The 
number of experiments always refers to the number of individual rats.
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