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Abstract. The kallikrein-kinin system (KKS) is a complex 
multi-enzyme system which is composed of circulating 
and tissue kallikrein and kinin. It is well established that 
tissue kallikrein and kinin play crucial and diverse roles in 
cardiovascular and renal homeostasis. Recent data indicate 
that kallikrein gene delivery reduces insulin resistance in 
STZ-treated rats suggesting a protective role for kinin in the 
development of diabetes. This study investigated the effects of 
exogenous bradykinin (BK) on the apoptosis of NIT-1 cells, 
a pancreatic β-cell line in vitro. Exogenous BK significantly 
protected NIT-1 cells from TNF-α-induced apoptosis. These 
effects were associated with upregulation of Bcl-2 and Bcl-xL 
protein expression levels as well as with downregulation 
of Bax expression levels via the activation of the mitogen-
activated protein kinase and PI3K/Akt signaling pathways. In 
conclusion, these data highlight the beneficial roles of BK on 
pancreatic β-cell function.

Introduction

The kallikrein-kinin system (KKS) is a complex multi-enzyme 
system which is composed of a circulating and a tissue KKS. 
The circulating KKS plays critical roles in coagulation and 
fibrinolysis, whereas the tissue KKS acts in a paracrine or 
autocrine fashion involving the local synthesis and release of 
kinins, such as bradykinin and kallidin, mainly from kinino-
gens by the kininogenase, tissue kallikrein (1). It has been well 
established that the KKS plays a crucial and diverse role in 
physiological effects, such as pain, inflammation, hypoten-
sion, edema formation, and smooth muscle contraction (2). 
Bradykinin receptors are mainly divided pharmacologically 
into two subtypes, B1 and B2. Previous data indicate that most 
of the known actions of bradykinin (BK) are mediated via B2 

receptors. Bradykinin B2 receptor couples to mainly hetero-
trimeric G-protein, the Gq subfamily; Gi and Gs subfamilies 
are also reported to couple bradykinin receptors in some cell 
types (3).

Obesity and type 2 diabetes are a worldwide epidemic 
associated with significant morbidity and mortality. People 
with diabetes have higher all-cause mortality rates than those 
without diabetes. Type 2 diabetes is characterized by reduced 
insulin sensitivity attributed to insulin resistance and pancre-
atic β-cell dysfunction. Increasing evidence indicates that the 
kallikrein and bradykinin system exert important roles in 
energy metabolism and homeostasis. Tissue kallikrein levels 
are increased in type 2 diabetic patients, whereas no differ-
ences have been noted in circulating levels of bradykinin 
and kallidin peptides, and high and low molecular weight 
kininogens (4). In addition, lack of B1 and B2 receptor exac-
erbates diabetic complications (5). Human tissue kallikrein 
gene delivery reduces hyperinsulinemia in fructose-induced 
hypertensive rats, indicating that human tissue kallikrein may 
have potential as a treatment for hypertension and associated 
insulin resistance (6). In addition, it has been demonstrated that 
human tissue kallikrein gene delivery can efficiently attenuate 
hypertension, insulin resistance, and diabetic nephropathy in 
streptozotocin-induced diabetic rats. These data suggest that 
kallikrein and bradykinin may be a potential target for the 
therapy of diabetes (7). However, the effect of the kallikrein 
and bradykinin system on islet survival remains unclear. In the 
present study, we used cultured cells to investigate whether BK 
is involved in the prevention of β-cell apoptosis in vitro.

Materials and methods

Materials and reagents. Annexin V and propidium iodide (PI) 
apoptosis detection kits were purchased from Nanjing KeyGen 
Biotech Co., Ltd. (Nanjing, China). The caspase-3 colorimetric 
assay was obtained from R&D Systems, Inc. (Minneapolis, 
MN). Polyclonal and monoclonal antibodies against β-actin, 
phosphoinositide 3-kinase (PI3K), AKT, phosphorylated AKT 
(P-AKT), mitogen-activated protein kinase (MAPK), phos-
phorylated MAPK (P-MAPK), Bcl-2, Bcl-xL and Bax were 
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). 
Secondary antibodies (goat anti-rabbit and goat anti-mouse 
horseradish peroxidase-conjugated secondary antibodies) 
were from Sigma-Aldrich (St. Louis, MO). Bradykinin (BK), 
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HOE-140, Tween-20, phenylmethylsulfonyl fluoride, aprotinin, 
and sulforhodamine B (SRB), TNF-α, PD98059, apigenin and 
LY294002 were from Sigma-Aldrich. All other chemicals and 
reagents were purchased from Sigma-Aldrich unless otherwise 
specified.

Cell culture. NIT-1 cells, a pancreatic β-cell line from trans-
genic NOD/Lt mice, were purchased from ATCC (Manassas, 
VA), and grown in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 5 mM L-glutamine, 10% FBS, 
and an antibiotic mixture of 100 U/ml penicillin and 100 µg/ml 
streptomycin. NIT-1 cells were seeded on 6-, 12-, 24- or 96-well 
plates for the various experiments indicated in this study.

Viability assay of NIT-1 cells. NIT-1 cells were seeded into 
96-well plates in triplicate and placed in media with reduced 
serum (0.5%) for 12 h after cell attachment. NIT-1 cells apop-
tosis was induced by TNF-α (100 ng/ml), and different action 
times of TNF-α were observed to determine the time course 
for the TNF-α-induced decrease of NIT-1 cells viability. In 
order to identify the proper concentration of BK, different 
concentrations of BK (10-6, 10-5 and 10-4 M) were added to 
the cells to observe the possible protective role on NIT-1 cells 
viability. HOE-140 (10-5 M), a bradykinin B2 receptor inhibitor, 
was added to clarify the possible BK receptor involved. NIT-1 
cell viability was assessed via sulforhodamine B (SRB) assays, 
according to the manufacturer's protocol. Briefly, 50 µl of 10% 
trichloroacetic acid was added to fixed cells at 4˚C for 2 h, after 
which the cells were stained with 70 µl of 0.3% SRB for 30 min. 
Color was developed with 200 µl Tris base (10 mM; pH 10.5) 
and absorption at 570 nm was determined for each well using a 
microplate reader (BioTek Instruments, Winooski, VT).

Flow cytometry analysis for NIT-1 apoptosis. The effect of 
BK on NIT-1 cell apoptosis was studied using flow cytometry 
analysis. NIT-1 cells were seeded into 12-well plates in trip-
licate in reduced serum and treated with BK (10-5 M) in the 
presence and absence of HOE-140 (10-5 M), PD98059 (MEK 
inhibitor, 20 µM) and LY294002 (PI3K inhibitor, 15 µM). After 

6 h, TNF-α (100 ng/ml) was incubated with the cells for 24 h 
to induce apoptosis. After the incubation, cells were harvested 
and stained with Annexin V and PI for flow cytometry analysis 
according to the manufacturer's instructions. The ratio of cells 
that were Annexin V positive and PI negative (i.e. early apop-
totic) was compared among the different treatment groups.

Caspase-3 activity assay for NIT-1 apoptosis. NIT-1 cells 
were seeded into 12-well plates in triplicate in reduced serum 
and treated with BK (10-5 M) in the presence and absence of 
HOE-140 (10-5 M), PD98059 (20 µM) and LY294002 (15 µM). 
After 6 h, TNF-α (100 ng/ml) was added to the cells for 24 h 
to induce apoptosis, after which the cells were harvested. 
Caspase-3 activity was measured with a colorimetric assay 
kit using DEVD-p-nitroanilide as a substrate according to the 
manufacturer's instructions as described previously.

Western blot analysis. Cell proteins were extracted as previ-
ously described (8). Briefly, the cells were gently washed three 

Figure 1. Exogenous bradykinin (BK) attenuates the TNF-α-induced decrease in NIT-1 cells viabilty. (A) Time course of TNF-α on NIT-1 cell viability: NIT-1 
cells were treated with TNF-α (100 ng/ml). (B) The effects of different levels of bradykinin on NIT-1 cell viability: NIT-1 cells were treated with/without 1% 
glacial acetic acid (BK vehicle), TNF-α (100 ng/ml), BK (10-6 M), BK (10-5 M) and BK (10-4 M) for 24 h, then assayed by the sulforhodamine B (SRB) assay. 
Values are the mean ± SEM from three independent experiments. *P<0.05 vs. control; #P<0.05 vs. TNF-α.

Figure 2. BK B2 receptor antagonist HOE-140 blocked the protective effects 
of BK on NIT-1 cell viability decrease induced by TNF-α. NIT-1 cells were 
treated with/without 1% glacial acetic acid (BK vehicle), TNF-α (100 ng/ml), 
BK (10-5 M) and HOE-140 (10-5 M) for 24 h, then assayed by SRB. Values are 
the mean ± SEM from three independent experiments. *P<0.05 vs. control; 
#P<0.05 vs. TNF-α; **P< 0.05 vs. TNF-α+BK.
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times with cold 1X PBS and homogenized in lysis buffer 
(500 mM Tris-Cl, pH 8.0, 150 mM NaCl, 0.02% sodium azide, 
0.1% SDS, 100 µg/ml phenylmethylsulfonyl fluoride, 1 µg/ml 
aprotinin, 1% Nonidet P-40, and 0.5% sodium deoxycholate). 
After incubation on ice for 30 min, the lysate was centrifuged 
at 12,000 x g at 4˚C for 10 min. The protein concentration of the 
supernatant was determined using the Bradford method. Twenty 
micrograms of protein were loaded onto 10% SDS/PAGE gels 
and electrophoretically transferred to PVDF membranes. 
Membranes were then probed using various antibodies and the 
ECL system was used to visualize the separated proteins. Blots 
were stripped and re-probed with β-actin as a loading control. 
Expression was quantified by densitometry and normalized to 
β-actin expression. All groups were then normalized to their 
respective controls as previously described (9).

Statistical analysis. All data are expressed as the means ± SEM. 
Comparisons between groups were performed by a one-way 

analysis of ANOVA with post hoc analyses performed using 
the Student-Newman-Keuls method. P<0.05 was indicative of 
statistically significant differences.

Results

Exogenous BK attenuates the TNF-α-induced decrease in 
NIT-1 cell viabilty. To determine the time point at which 
TNF-α significantly decreased NIT-1 cell viability, NIT-1 
cells were incubated with TNF-α (100 ng/ml) for increasing 
durations, and NIT-1 cell viability was determined by the SRB 
assay.

As expected, TNF-α markedly decreased NIT-1 cell 
viability, and this decrease was time-dependent (Fig. 1A). 
Incubation with TNF-α for 24 h, significantly reduced NIT-1 
cells viability. We thus considered 24 h as a proper time point 
for viability decrease induction of NIT-1 cells, and used this 
time point in the subsequent experiments.

Figure 3. Exogenous BK attenuated TNF-α induced apoptosis. (A) Representative results from three independent experiments evaluating TNF-α-induced apop-
tosis by Annexin V-FITC/propidium iodide (PI) staining and flow cytometry. NIT-1 cells were treated with/without 1% glacial acetic acid (BK vehicle), TNF-α 
(100 ng/ml), BK (10-5 M) and HOE-140 (10-5 M) for 24 h, then stained with PI and Annexin V. Cells with PI-negative and Annexin V-positive staining are in the 
early stages of apoptosis. Cells with PI-positive and Annexin V-positive staining are in the late stages of apoptosis. (B) Quantification of the ratio of apoptotic 
to total cells in panel A. Values are the mean ± SEM from three independent experiments. *P<0.05 vs. control; #P<0.05 vs. TNF-α; **P<0.05 vs. TNF-α+BK.
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In order to determine the optimal concentration of brady-
kinin to use in subsequent experiment, the effects of different 
concentrations of bradykinin (from 10-6 to 10-4 M) on TNF-α-
induced decreases in NIT-1 cell viability were examined. 

TNF-α (100 ng/ml) reduced NIT-1 cells viability, and 10-6 M 
bradykinin did not prevent this decrease. Interestingly, 10-5 M 
bradykinin markedly prevented NIT-1 cell viability decrease 
(P<0.05), compared with that of 10-6 M bradykinin; however, 

Figure 4. Possible mechanism of the effects of exogenous bradykinin (BK) on TNF-α-induced apoptosis. (A) Representative results from three independent 
experiments evaluating the effects of signaling pathway inhibitors on TNF-α-induced apoptosis in NIT-1 cells. Cells were incubated in the presence/absence 
of inhibitors of MEK (PD98059) or PI3K (LY294002) for 30 min prior to BK treatment, and then TNF-α was added for 24 h. (B) Quantification of the ratio of 
apoptotic to total cells in panel A. Values shown are the means ± SEM from three independent experiments. *P<0.05 vs. control; #P<0.05 vs. TNF-α; **P<0.05 
vs. TNF-α+BK.
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10-4 M bradykinin did not show further inhibition on the NIT-1 
cell viability reduction induced by TNF-α. Thus, 10-5 M was 
considered the best bradykinin concentration to be used in the 
subsequent experiments.

Bradykinin prevents NIT-1 cell viability reduction via the B2 
bradykinin receptor. In order to determine the bradykinin 
receptor involved in this study, a B2 receptor antagonist 
HOE-140 was used. The optical density (570 nm) in the TNF-α 
group was significantly lower (P<0.05) to that in vehicle group 
(Fig. 2). Compared with that in the TNF-α group, the optical 
density (570 nm) in TNF-α+BK group was significantly higher 
(P<0.05). Interestingly, the effect of BK on TNF-α-induced 
viability decrease was completely prevented by co-treatment 
with HOE-140 (P<0.05), suggesting that this effect of BK was 
B2 receptor-dependent. These data indicated that BK inhibited 
NIT-1 cells viability reduction induced by TNF-α via the B2 
bradykinin receptor.

Exogenous BK attenuates TNF-α-induced apoptosis in NIT-1 
cells. The effect of exogenous BK on NIT-1 cell viability was 
evaluated by flow cytometry. Cells exhibiting positive staining 
for Annexin V and negative staining for PI were considered 
apoptotic. As shown in Fig. 3, the vehicle for TNF-α (PBS) 
had no effect on NIT-1 cell survival. A significant increase in 
the percentage of apoptotic cells was observed after TNF-α 
treatment. Co-treatment with BK significantly reduced the 
percentage of apoptotic cells caused by TNF-α treatment, 
while the effect of BK on TNF-α-induced apoptosis was 
completely prevented by co-treatment with HOE-140 (P<0.05), 
suggesting that this BK effect was B2 receptor-dependent. The 
data indicate that BK inhibited the TNF-α-induced effects on 
NIT-1 cell apoptosis via the B2 receptor.

We also used inhibitors of various cell signaling pathways 
to determine the mechanisms of action of BK on TNF-α-
induced apoptosis in NIT-1 cells. As shown in Fig. 4, the effect 
of BK on TNF-α-induced apoptosis was partially prevented by 
co-treatment with PD98059 (a MEK inhibitor) or LY294002 

(a PI3K inhibitor), suggesting that this effect of BK was MEK- 
and PI3K-dependent.

Exogenous BK inhibit caspase-3 activity. The effect of BK 
on the apoptosis of NIT-1 cells was further investigated by 
monitoring caspase-3 activity, which is increased in apoptosis. 
Treatment with TNF-α significantly increased caspase-3 
activity in NIT-1 cells (Fig. 5). Importantly, TNF-α-enhanced 
caspase-3 activity was suppressed by BK (Fig. 5). The effect 
of BK on caspase-3 activity was attenuated in the presence of 
HOE-140, PD98059 or LY294002 (Fig. 5), further confirming 
that the effect of BK on apoptosis occurs via the B2 receptor 
and its downstream MAPK and PI3K/AKT signaling pathways.

BK inhibits the TNF-α-induced downregulation of Bcl-2 
and Bcl-xL as well as upregulation of Bax in NIT-1 cells. 
As expected, treatment with TNF-α downregulated Bcl-2 
and Bcl-xL protein expression and upregulated Bax protein 
expression, and BK caused significant increases in Bcl-2 
protein expression at baseline. These changes were prevented 
by the addition of BK (Fig. 6). Interestingly, treatment with 
HOE-140 completely blocked the BK-induced upregulation of 
Bcl-2 and Bcl-xL expression levels as well as downregulation 
of Bax protein expression levels. Treatments with PD98059 or 
LY294002 partially blocked the BK-induced upregulation of 
Bcl-2 and Bcl-xL expression levels as well as downregulation 
of Bax protein expression levels as shown in Fig. 6. Together, 
these findings suggest that the anti-apoptotic effect of exog-
enous BK in NIT-1 cells is likely mediated via induction of 
Bcl-2 and Bcl-xL expression as well as downregulation of Bax 
expression. MEK- and PI3K are involved in this process.

Effect of BK on phosphorylated ERK1/2, PI3K and phos-
phorylated Akt expression. To further clarify the potential 
mechanisms underlying the observed effects of BK on TNF-α-
induced NIT-1 cell apoptosis, expression levels of a variety 
of intracellular signaling pathway proteins were investigated. 
As shown in Fig. 7, TNF-α significantly reduced levels of 

Figure 5. Exogenous BK inhibits caspase-3 activity. (A) NIT-1 cells were treated with 1% glacial acetic acid, TNF-α (100 ng/ml), BK (10-5 M) with/without 
HOE-140 (10-5 M), as indicated for 24 h, and then caspase-3 activity was measured. Values are the mean ± SEM from three independent experiments. *P<0.05 
vs. control; #P<0.05 vs. TNF-α; **P<0.05 vs. TNF-α+BK. (B) Cells were incubated with inhibitors of MEK (PD98059) or PI3K (LY294002) for 30 min prior 
to BK treatment, and then TNF-α was added to induce apoptosis. Values shown are the mean ± SEM from three independent experiments. *P<0.05 vs. control; 
#P<0.05 vs. TNF-α; **P<0.05 vs. TNF-α+BK.
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phosphorylated ERK1/2 (P-ERK1/2; Fig. 7A), PI3K (Fig. 7B) 
and phosphorylated AKT (P-AKT; Fig. 7C). Addition of BK 
reversed all of these changes, thus confirming that BK is 
involved in the activation of ERK1/2 and PI3K/AKT in NIT-1 
cells.

Discussion

In this study, we demonstrated that exogenous BK significantly 
protected NIT-1 cells from TNF-α-induced apoptosis via the 
MEK/MAPK and PI3K/Akt signaling pathways in vitro. The 

Figure 7. Effect of exogenous BK on phosphorylated ERK1/2, PI3K and AKT 
expression. Phosphorylated ERK1/2, PI3K and AKT expression levels were 
determined by western blot analysis and normalized to their corresponding 
controls. (A) Phosphorylated ERK1/2 and total ERK1/2 expression. (B) PI3K 
and β-actin expression. (C) Phosphorylated AKT and total AKT expression. 
Values are the mean ± SEM from three independent experiments. *P<0.05 vs. 
control; #P<0.05 vs. TNF-α; **P<0.05 vs. TNF-α+BK.

Figure 6. Exogenous bradykinin (BK) inhibits TNF-α-induced downregulation of Bcl-2 and Bcl-xL as well as upregulation of Bax. Protein levels of Bcl-2, 
Bcl-xL and Bax were determined by western blot analysis and normalized to β-actin expression. (A) Representative Bcl-2, Bcl-xL and Bax expression deter-
mined by western blot analysis. (B) Quantitative analysis of Bcl-2, Bcl-xL and Bax expression levels in NIT-1 cells, normalized by corresponding actin 
expression levels. Values are mean ± SEM from three independent experiments. *P<0.05 vs. control; #P<0.05 vs. TNF-α; **P<0.05 vs. TNF-α+BK.
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anti-apoptotic effect of BK was likely mediated via the induc-
tion of Bcl-2 and Bcl-xL expression as well as downregulation 
of Bax expression.

Previous data indicated that the kallikrein kinin system 
played critical roles in tissue cell survival. Tissue kallikrein 
infusion prevents cardiomyocyte apoptosis after myocardial 
infarction, and more importantly improves cardiac function, 
normalizes left ventricular wall thickness and decreases mono-
cyte/macrophage infiltration in the infarct heart (10). Kinin 
infusion can directly protect against salt-induced renal injury 
without blood pressure reduction by inhibiting apoptosis (11). 
Bradykinin has been shown to regulate smooth muscle cells 
survival induced by angiotensin II (12). Our previous study 
showed that human tissue kallikrein overexpression decreased 
cell apoptosis in the target organs of spontaneous hypertensive 
rats and also inhibited lipopolysaccharide (LPS)-induced 
HEK 293 apoptosis (13). Tissue kallikrein and bradykinin 
receptors were constitutively expressed in pancreatic islets 
(14,15). TNF-α is known to induce apoptosis of NIT-1 cells, a 
pancreatic β-cell line isolated from transgenic NOD/Lt mice 
(16). In this study, exogenous bradykinin significantly prevented 
NIT-1 cells apoptosis induced by TNF-α, suggesting bradykinin 
is likely to exert important roles on pancreatic islet survival.

Apoptosis of pancreatic β-cells is critical in both the 
development of diabetes and in the failure of islet transplanta-
tion. Chronic exposure to high glucose and fatty acid levels 
induces β-cell apoptosis, leading to the exacerbation of type 2 
diabetes (17). Overexpression of anti-apoptotic Bcl-2 or loss 
of pro-apoptotic Bax can partially rescue β-cells from death 
receptor-induced apoptosis (18). BK protects the viability of 
the microvascular endothelium exposed to the necrotic and 
apoptotic cell death inducers H2O2 and LPS via upregulation 
of Bcl-2 (19). The kallikrein gene transfer provides neuropro-
tection against cerebral ischemia injury by enhancing glial cell 
survival and inhibiting apoptosis through suppression of oxida-
tive stress and activation of the Akt-Bcl-2 signaling pathway 
(20). These data indicate that BK can increase tissue cell 
survival at least in part by upregulation of Bcl-2 expression. In 
this study, exogenous BK markedly inhibited NIT-1 cell apop-
tosis induced by TNF-α, and Bcl-2 and Bcl-xL expression was 
decreased in NIT-1 cells treated with TNF-α. In contrast, Bax 
expression was increased in NIT-1 cells treated with TNF-α. 
Interestingly, addition of BK significantly prevented the altera-
tions in the Bcl-2, Bcl-xL and Bax expression levels described 
above. In summary, BK prevented NIT-1 cell apoptosis at least 
in part via the upregulation of Bcl-2 and Bcl-xL expression as 
well as by the downregulation of Bax expression.

Previous data demonstrated that bradykinin has two recep-
tors, B1 and B2. Bradykinin B1, whose expression is induced 
by tissue damage, seem to have mostly noxious effects, 
whereas the constitutively expressed B2, when activated, 
exerts mostly beneficial actions. Accumulating evidence in the 
literature suggests that the B2 receptor has an important role in 
the homeostasis of endocrinology (21). Diabetic nephropathy 
is markedly enhanced in mice lacking the bradykinin B2 
receptor (22), and similarly pharmacological blockade of 
the B2-kinin receptor reduces renal protective effect of the 
angiotensin-converting enzyme inhibition (ramipril) in the 
db/db mouse model (23). These data indicate that bradykinin 
B2 receptors could act as a therapeutic target in diabetic 

nephropathy (24,25). In this study, the bradykinin B2 receptor 
antagonist HOE-140 significantly and completely blocked the 
inhibitory effects of BK on NIT-1 cell apoptosis induced by 
TNF-α, suggesting that the BK B2 receptor is critical for the 
protective effects of BK on NIT-1 cells apoptosis.

The p42/44 MAPK and PI3K/AKT signaling pathways are 
known to regulate β-cell replication (26) and β-cell mass and 
function (27). Kallikrein/kinin protects against cardiomyocyte 
apoptosis via Akt-Bad-14-3-3 and Akt-GSK-3β-caspase-3 
signaling pathways (28), and similarly kallikrein gene transfer 
provides neuroprotection against cerebral ischemia injury by 
enhancing glial cell survival and migration and inhibiting 
apoptosis through activation of the Akt-Bcl-2 signaling 
pathway (20). Our data show that the effect of BK on TNF-α-
induced apoptosis was partially prevented by co-treatment 
with PD98059 or LY294002, suggesting that this effect of BK 
was MEK- and PI3K-dependent.

In conclusion, we have demonstrated that exogenous BK 
suppressed apoptosis of NIT-1 cells in vitro. The protective 
effects of exogenous BK on β-cell survival exert a broad 
spectrum of beneficial effects on β-cell function. Further 
investigation of this approach in the treatment of diabetes in 
humans is thus warranted.
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