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Abstract
It has been proposed that cellular Ca2+ signals activate hormone secretion. In pancreatic β
cells, which produce insulin, Ca2+ signals have been known to contribute to insulin secre-

tion. Prior to this study, we confirmed that insulin-secreting β cells express CaBP-9k, and

assumed that CaBP-9k play a role in β cell insulin synthesis or secretion. Using CaBP-9k

knock out (KO) mice, we demonstrated that ablation of CaBP-9k causes reducing insulin

secretion and increasing serum glucose. To compare the role of CaBP-9k with pathophysi-

ological conditions, we exposed wild-type and CaBP-9k KO mice to hypoxic conditions for

10 days. Hypoxia induced endoplasmic reticulum (ER) stress, increasing both insulin sig-

naling and insulin resistance. By exposing hypoxia, CaBP-9k KO mice showed an

increased level of ER stress marker protein relative to wild type mice. Without hypoxic con-

ditions, CaBP-9K ablation regulates calcium channels and causes ER stress in a CaBP-9K

specific manner. Ablation of CaBP-9k also showed decreased levels of sulfonylurea recep-

tor1 (SUR1) and inward-rectifier potassium ion channel 6.2 (Kir6.2), which are insulin secre-

tion marker genes. Overall, the results of the present study demonstrated that CaBP-9k

regulates synthesis of insulin and is part of the insulin-secreting calcium signaling.

Introduction

Calbindin-D9k (CaBP-9k) is a 9-kDa polypeptide with two EF-calcium-binding sites that are
usually expressed in the mammalian intestine, uterus, and pituitary gland. The major role of
this protein is buffering of Ca2+ ions [1].

The discovery of a high affinity receptor in the pancreas for the hormonally active form of
vitamin D, 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), in 1979 was the first demonstration of a
nonclassical target tissue to contain vitamin D receptors (VDR) [2]. Impaired insulin secretory
capacity in pancreatic β cells was also observed in mice lacking a functional VDR [3]. 1,25
(OH)2D3 and its cognitive VDR regulate many target genes, including CaBP-9k. The expres-
sion of CaBP-9k has been shown to be mediated by vitamin D response element (VDRE) on its
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promoter. CaBP-9k regulates the amount of intracellular calcium to prevent cell death from
reaching the toxicity of free calcium [4].

Calcium signaling in all secretory cells (nerve cell, endocrine and exocrine cells) is mediated
by exocytosis requiring ATP, Ca2+ and Mg2+ [5]. In insulin-secretingβ cells, Ca2+channels
cause Ca2+ influx and induce increases in cytosolic Ca2+ concentrations, which activates exocy-
totic insulin secretion [6]. Increases in matrix Ca2+ induces amplification of sustained glucose-
dependent insulin secretion in β cells [7]. Another mechanism regulating intracellular Ca2+

concentration is the endoplasmic reticulum (ER) mediated pathway by which Ca2+ moves
across the ER membrane via calcium channels [8]. Cellular free Ca2+ and ER Ca2+ are modu-
lated by several calcium channels including the sarcoplasmic reticulum Ca2+ ATPase (SERCA)
2a and 2b, inositol 1,4,5-trisphosphate receptor (IP3R), and ryanodine receptor 2 (RyR2). The
results showed that Ca2+ is taken up into the ER by an electrogenic Ca2+ pump (i.e., SERCA2a
and 2b), whereas RyR2 and IP3 acts on the ER membrane by opening up a Ca2+-permeable
conductance to cytoplasm [8, 9]. Disruption of intracellular Ca2+ homeostasis can trigger ER
stress. Recently, overexpression of the calcium efflux channel, plasma membrane Ca2+-ATPase
(PMCA), was found to deplete ER calcium storage, leading to ER stress and apoptosis [10]. ER
stress is a cellular response related to the ER. Following ER stress, the ER attempts to restore
normal function by halting protein translation, degrading misfolded proteins, and increasing
production of chaperones involved in protein folding [9, 11].

Insulin-resistant states such as Type-2 Diabetes (T2D) causes a burden to the pancreas,
especially on insulin-secretingβ cells, owing to the synthesis and secretion of higher amounts
of insulin. This burden creates ER stress, which triggers suppression of insulin receptor signal-
ing [12]. Diabetes is a complex disease characterized by both insulin resistance and β-cell dys-
function [13]. In this study, we generated an animal model by inducing hyperglycemia through
hypoxic stress. Under this pathological condition, we evaluated the function of CaBP-9k in the
pancreas using CaBP-9k knock out (KO) mice. In addition, we examined the relationship of
CaBP-9k with glucose level, insulin resistance and β cell function in the presence or absence of
hypoxic stress.

Materials and Methods

Animal experiments

Male C57BL6 mice, weighing 25~30 g, nine weeks of age, were obtained from Samtako (Osan,
Gyeonggi, Republic of Korea). All animals were housed in polycarbonate cages and acclimated
in an environmentally controlled room (temperature: 23±2°C, relative humidity: 50±10%, fre-
quent ventilation, and a 12-h light/dark cycle). After approximately one week of acclimatiza-
tion, the mice were divided into four groups; Wild-type mice with normoxic condition (group
1), Wild-type mice with hypoxic condition (group 2), CaBP-9k KO mice with normoxic condi-
tion (group 3) and CaBP-9k KO mice with hypoxic condition (group 4). Rooms for giving hyp-
oxic condition polyacryl cages with controlled oxygen concentrations (20% ± 2% for normoxia
and 12% ± 2% for hypoxia) were used. Mice in hypoxia group were maintained with a constant
inspired fraction of 10% oxygen for 10 days. After 10 days, all the mice were anesthetized by
Inhalation of isoflurane for collecting blood sample. After collecting blood, mice were eutha-
nized by cervical disclosure. Institutional Animal Care and Use Committee (IACUC) of
Chungbuk National University approved all experimental procedures.

Immunofluorescence assay

The 4μm slides of formalin fixed paraffin embedded pancreas tissue were deparaffinized with
xylene and rehydrated with ethanol. Antigen retrieval was perfumed with 0.05% citrate buffer,
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samples were block in 5% goat serum and incubated with CaBP-9k (Swant, Bellinzona, Switz-
land; 1:1000) and insulin (Santa Cruz Biotech. Co., CA, USA; 1:1000) antibody. After washing,
samples were incubated with Dylight 550 goat-anti-rabbit IgG (1:500, (Thermo Fisher Scien-
tific, MA, USA). Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI, Roche,
Basel, Switzerland).

Collection and serological analysis of serum

Blood was collected from each mice, transferred to serum separator tubes (Microtainer tubes;
Becton-Dickinson Co., NJ, USA), centrifuged at 400×g for 15 min, and aliquoted as 200μl.
Serum glucose are analyzed using the glucometer AccuChek1 Active (Roche Diagnostics
GmbH, Mannheim, Germany). The animals were fasted for 4 hours before performance of
blood glucose measurements. Plasma insulin level was also determined, by using the insulin
ELISA kit (SHIBAYAGI, Japan) according to the manufacturer’s instructions.

Calculation of HOMA-IR index

The homeostatic model assessment (HOMA) is a method used to quantify insulin resistance
and β cell function. The calculation of HOMA-IR were used formula “HOMA-IR = (Glucose
level (mg/dl) � Insulin level (ng/ml)/405”

Glucose/insulin tolerance test

Intraperitoneal Glucose Tolerance Test (IPGTT): Prior to glucose administration, mice under-
went a 6 hour fast to achieve a baseline blood glucose level. After the fasting time a 2 mm distal
section of the mouse’s sterilized tail is snipped using a scalpel and gently squeezed to obtain a
drop of blood. The blood drop is applied directly to an AccuChek1 Active (Roche Diagnostics
GmbH, Mannheim, Germany) to obtain a baseline T0 blood glucose reading expressed as mg/
dL. Then after 20% glucose solution was injected (2g of glucose/kg body mass) intraperitone-
ally, blood glucose level at 30, 60 and 120min were measured.

Intraperitoneal Insulin Tolerance Test (IPITT): Prior to Insulin administration, fast mice for
4 hours early in the morning (7:00 a.m.). Using same methods of IPGTT, a drop of blood is
applied for baseline T0 blood glucose reading expressed as mg/dL. Give the mice an intraperito-
neal injection of insulin (0.5U/kg). Continue to take blood samples from T0, blood glucose at
30, 60 and 120 min.

Total RNA extraction and quantitative real-time PCR

Mice were euthanized, and the pancreas tissues rapidly exercised and washed in cold, sterile
NaCl (0.9%). Total RNA was prepared with TRIzol reagent (Invitrogen, Carlsbad, CA), and the
concentration of RNA was determined by absorbance at 260 nm. Total RNA (1 μg)was reverse
transcribed into first-strand cDNAs using Moloney murine leukemia virus (MMLV) reverse-
transcriptase (iNtRON Bio, Sungnam, Gyeonggi, Korea) and random primers (9-mers;
TaKaRa Bio. Inc., Otsu, Shiga, Japan). 2 μl of cDNA template was added to 10 μl of 2SYBR Pre-
mix Ex Taq (TaKaRa Bio) and 10 pmol of each specific primer. The reactions were carried out
for 40 cycles according to the following parameters: denaturation at 95°C5for 30 sec, annealing
at 58°Cofor 30 sec, and extension at 72°Cofor 30 sec. Fluorescence intensity was measured at
the end of the extension phase of each cycle. The threshold value for the fluorescence intensity
of all samples was set manually. The reaction cycle at which PCR products exceeded this fluo-
rescence intensity threshold was identified as the threshold cycle in the exponential phase of
the PCR amplification. The expressions of target genes were quantified against that of β-actin.
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Relative quantification was based on the comparison of CT at a constant fluorescent intensity.
The amount of transcript is inversely related to the observed CT, and for every twofold dilution
in the transcript, CT is expected to increase by 1. Relative expression was calculated using the
equation R = 2-(ΔCTsample -ΔCTcontrol. To determine a normalized arbitrary value for target gene
expression, its expression level was normalized to that of β-actin.

Western blot analysis

The pancreas of euthanized mice were rapidly excised and washed in cold sterile 0.9% NaCl
solution. Protein was extracted with Pro-prep (InTron., Inc., Seoul, Korea) according to the
manufacturer’s instructions. Protein (50 mg per lane) was separated on a 10% SDS–polyacryl-
amide gel electrophoresis (PAGE) and transferred to a polyvinylidene fluoride transfer mem-
brane (Perkin Elmer Co., Wellesley, MA) in a TransBlot Cell (TE-22, Hoefer Co., CA, USA)
according to the manufacturer’s protocol. The resulting blot was blocked in TBS-T containing
5% skim milk for 60 min, then incubated in target primary antibody or β-actin (rabbit-mono-
clonal, 1:2,000, Assay Design, Inc., CA, USA) for 4 hr at room temperature. After washing in
buffer, the membranes were incubated with the appropriate horseradish peroxidase-conjugated
secondary antibodies (anti-rabbit, 1:2,000, SantaCruz, or anti-mouse, 1:5,000, Santa Cruz) for 1
hr at room temperature (RT). After washing, the blots were developed by incubation in ECL
chemiluminescence reagent (Santa Cruz) and subsequently exposed to Biomax Light film
(Kodak) for 1–5 min. Signal specificity was confirmed by blotting in the absence of primary
antibody, and bands were normalized to β-actin immunoreactive bands visualized in the same
membrane after stripping. Density measurements for each band were performed with NIH
Image J software. Background samples from an area near each lane were subtracted from each
band to obtain mean band density.

Statistical analysis

The results of all experiments are presented as the mean ± SD. The number of mice for each
group was 8. Data were analyzed with a nonparametric one-way analysis of variance (ANOVA),
using the Tukey’s test for multiple comparisons and non-parametric two-way ANOVA. Data
were ranked according to these tests. For power and sample size calculation, variation of value
for a given settings of false positive rates (α) and power (1-β). All statistical analyses were per-
formed using Graphpad™ software. P<0.05 was considered statistically significant.

Results

Comparison of glucose parameters under hypoxic condition after

ablation of CaBP-9k

To induce the hyperglycemic animal model, we exposed WT and CaBP-9k KO mice to hypoxic
conditions by housing them in a hypoxia chamber for 10 days. To confirm hypoxic conditions,
we examined expression of the hypoxia marker gene, 8-Oxoguanine glycosylase 1 (OGG1). As
expected, OGG1 mRNA level was increased under hypoxia (Fig 1A).

Glucose parameters such as serum glucose and insulin levels were also measured to deter-
mine whether hypoxic stress successfully induces hyperglycemic conditions. Interestingly,
serum glucose and insulin levels were significantly altered in CaBP-9k KO mice relative to WT,
although hypoxic stress was not present. In CaBP-9k KO mice, serum glucose was increased,
while insulin levels were significantly decreased compared to WT mice (Fig 1B and 1C). We
next indirectly examined insulin resistance by measuring HOMA-IR (Fig 1D). The HOMA-IR
value was enhanced under hypoxic conditions, which was more obvious in CaBP-9k KO mice.

Calbindin-D9k Ablation Decrease Insulin Production and Secretion

PLOS ONE | DOI:10.1371/journal.pone.0164527 October 13, 2016 4 / 13



Glucose and insulin tolerance test under hypoxic conditions after CaBP-

9k ablation

We conducted intraperitoneal glucose tolerance tests (IPGTT) in a hyperglycemic model with
hypoxic condition after CaBP-9k ablation (Fig 1E). In the glucose tolerance test, hypoxia led to
moderate changes in the in glucose levels in WT and CaBP-9k ablation mice, while drastically
impaired glucose tolerance was observed in CaBP-9k KO mice.

Similar to the results of IPGTT, the intraperitoneal insulin tolerance test (IPITT) revealed
impaired insulin tolerance in WT mice exposed to hypoxia, and this pattern was stronger in
CaBP-9k KO mice (Fig 1F).

CaBP-9k protein was expressed in insulin-secreting pancreatic β cells

To determine whether CaBP-9k is expressed in insulin-secretingβ cells, we conducted dual
immunofluorescence staining. Specifically, we stained CaBP-9k in combination with insulin
and found that CaBP-9k co-localized with insulin, suggesting that insulin-secretingβ cells also
express CaBP-9k protein (Fig 1G).

Fig 1. Regulation of glucose parameters in hypoxia induced hyperglycmic model and CaBP-9K KO mice.

The mice were divided into four groups (n = 8 per each group, I: normoxia-wildtype, II: hypoxia-wildtype, III:

normoxia-CaBP-9k KO, IV: hypoxia-CaBP-9k KO). (A) OGG1 expression for confirmation of hypoxia induction.

(B) Measurement of blood glucose level. (C) Measurement of plasma insulin level. (D) Calculated insulin

resistance index; HOMA-IR. (E) IPGTT and AUC. AUC was calculated by trapezoidal method with graphpad

prism. (F) IPITT and AUC. (G) Immunofluorescence assay with CaBP-9k, insulin and DAPI. The pancreas was

immunostained with insulin and CaBP-9K antibodies. The tissue sections were also stained with DAPI for

counter staining. * indicates P<0.05 compared with normal oxygen conditioned group; # indicates P<0.05

compared between Wildtype-CaBP-9k KO.

doi:10.1371/journal.pone.0164527.g001
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Regulation of insulin-related transcription factors under hyperglycemia

with hypoxic condition after CaBP-9k ablation

Since the amount of insulin in the serum was regulated by hypoxia and CaBP-9k, we verified
mRNA levels of transcription factors regulating the expression of insulin gene in the pancreas.
Transcriptional regulators of insulin gene expression include insulin 1 (INS1), neuronal differ-
entiation 1 (NeuroD1), v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog A
(Mafa), and pancreatic and duodenal homeobox 1 (Pdx-1) [11]. Under hypoxic condition, the
expression of INS1 was stimulated, whereas that of NeuroD1, Mafa, and Pdx1 was down regu-
lated. In CaBP-9k KO mice, all tested transcription factors were down regulated relative to WT
mice. When hypoxic stress was applied to CaBP-9k KO mice, INS1 was enhanced, whereas
Mafa was reduced relative to normoxia. The expression of NeuroD1 and Pdx1 in CaBP-9k KO
mice was not significantly changed by hypoxic conditions. (Fig 2)

Expression of calcium modulating genes under hypoxic condition after

CaBP-9k ablation

To examine the expression patterns of cytosolic calcium ion modulating molecules, we con-
ducted real-time PCR of samples from the pancreas of hypoxia induced hyperglycemic mice.
The calcium buffering gene CaBP-9k (Fig 3A), plasma membrane Ca2+-ATPase 1 (PMCA1,
Fig 3B), voltage gated calcium influx channel Cav1.2 (Cav1.2, Fig 3C) and two chaperone genes,
calreticulin (CALN, Fig 3D) and calnexin (CANX, Fig 3E), were evaluated. CaBP-9k was not
detected in KO mice and the transcripts were not altered under hypoxic conditions. Calcium
efflux channel, PMCA1, was increased under hypoxic conditions, whereas, calcium influx
channel, Cav1.2, was not altered by hypoxia. In CaBP-9k KO mice, Cav1.2 was also not

Fig 2. Expression of insulin-associated transcription factors in hypoxia induced hyperglycemic

model and CaBP-9K KO mice. WT and CaBP-9K KO mice were exposed to normoxic or hypoxic condition

for 10 days (n = 8 per each group). The mRNA was extracted from pancreas tissues and the transcriptional

levels of INS1 (A), NEUROD (B), MafA (C), and PDX-1 (D) genes were analyzed by real-time PCR. Results

were normalized relative to β-actin. * indicates P<0.05 compared with normal oxygen conditioned group; #

indicates P<0.05 compared between Wildtype-CaBP-9k KO.

doi:10.1371/journal.pone.0164527.g002
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changed, while the effects of hypoxia on the increase of PMCA1 was significantly reduced com-
pared with WT mice.

Since PMCA1 is known to be an ER-stress marker, the chaperone and ER quality control
genes CALN and CANX were also tested. Both CALN and CANX decreased under hypoxia.
Interestingly, under normoxic conditions, CANX transcripts showed similar patterns as
observed under hypoxia in CaBP-9k KO mice, suggesting that CaBP-9k KO and hypoxia
induced hyperglycemic condition gave rise to ER-stress.

Expression of ER-stress maker genes under hypoxic conditions after

CaBP-9k ablation

The transcriptional expression of genes involved in ER stress were examined under hypoxic
conditions after CaBP-9k ablation (Fig 4). Real-time PCR revealed that C/EBP-homologous
protein (CHOP), immunoglobulin-heavy-chain-binding protein (BiP), ER oxidoreductin 1
(ERO1) and protein disulfide isomerase (PDI) genes responsible for ER stress were elevated
under hypoxic conditions. In CaBP-9k KO mice, ERO-1 and PDI were enhanced even though
hypoxic stress was not applied. Western blot analysis was conducted to confirm the transcrip-
tional regulation of ER stress genes. The results of western blot analysis revealed the same ten-
dency as those of mRNA, with increasing CHOP, BiP, ERO-1, and PDI protein levels and
decreasing calnexin under hypoxic conditions and CaBP-9k ablation. These results demon-
strate that hypoxic conditions and CaBP-9k ablation induce ER-stress in the pancreas.

Expression of ER-associated calcium modulating genes under hypoxic

conditions after CaBP-9k ablation

Calcium homeostasis mediated by ER is crucial for normal cell function, including synthesis
and secretion of endogenous molecules and muscle contractions. Since PMCA1 calcium efflux

Fig 3. Expression of calcium modulating genes in hypoxia induced hyperglycemic model and CaBP-

9K KO mice. WT and CaBP-9K KO mice were exposed to normoxic or hypoxic condition for 10 days (n = 8

per each group). The mRNA was extracted from pancreas tissues and the transcriptional levels of CaBP-9k

(A), PMCA1 (B), Cav1.2 (C), CALR (D) and CANX (E) genes were analyzed by real-time PCR. Results were

normalized relative to β-actin. * indicates P<0.05 compared with normal oxygen conditioned group; #

indicates P<0.05 compared between Wildtype-CaBP-9k KO.

doi:10.1371/journal.pone.0164527.g003
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channel and ER stress were regulated in our results, we further examined ER-associated cal-
cium regulating genes in CaBP-9k KO and WT mice in the absence and presence of hypoxic
conditions. The sarcoplasmic/endoplasmic reticulum Ca2+ pump (SERCA), which is responsi-
ble for calcium influx to the ER and ryanodine receptor 2 (RyR2)/Inositol 1,4,5-Trisphosphate
Receptor (IP3R) responsible for calcium efflux from the ER were examined (Fig 5). SERCA2b,
the major isoform in the pancreas, but not SERCA2a was down-regulated under hypoxic con-
ditions and CaBP-9k ablation. In contrast, up-regulation of IP3R under hypoxic conditions
was observed. These results demonstrated that calcium in the ER was depleted under hypoxic
conditions and by ablation of CaBP-9k, which caused ER-stress in the pancreas.

Fig 4. Expression of ER-stress maker genes in hypoxia induced hyperglycemic model and CaBP-9K

KO mice. WT and CaBP-9K KO mice were exposed to normoxic or hypoxic condition for 10 days (n = 8 per

each group). The mRNA was extracted from pancreas tissues and the transcriptional levels of CHOP (A),

BiP (B), ERO1 (C), and PDI (D) genes were analyzed by real-time PCR. (E) Western blot analysis of BiP,

PDI, ERO-1a and Calnexin was performed for evaluating protein levels of ER stress marker genes. Results

were normalized relative to β-actin. * indicates P<0.05 compared with normal oxygen conditioned group;
# indicates P<0.05 compared between Wildtype-CaBP-9k KO.

doi:10.1371/journal.pone.0164527.g004

Calbindin-D9k Ablation Decrease Insulin Production and Secretion

PLOS ONE | DOI:10.1371/journal.pone.0164527 October 13, 2016 8 / 13



Expression of insulin secretion KATP channel under hypoxic conditions

after CaBP-9k ablation

In pancreatic β-cells, glucose stimulates the entry of extrinsic Ca2+ through closure of the KATP

channels and depolarization of the β cell membrane, leading to an increase of intracellular Ca2+

and finally induction of insulin exocytosis. Therefore, regulation of KATP subunits was evalu-
ated (Fig 6). Subunits of the KATP channel, sulfonylurea receptors (SUR1) and Kir 6.2, were
decreased in the pancreas of CaBP-9k KO mice, while hypoxic stress itself increased the
mRNA levels of the genes. These findings were consistent with the results observed for serum
insulin (Fig 1C).

Discussion

The correlation between vitamin D and pancreatic function has been relatively well-studied. A
recent study demonstrated that vitamin D-deficient rats showed increased β-cell sensitivity to
1,25(OH)2D3-dependent insulin secretion under hypocalcemic conditions [14]. CaBP-9k is
known to be a vitamin-D-dependent calcium-binding protein; however, the role of CaBP-9k in
inulin synthesis and secretion by the pancreas has not been explored. In the present study, we
investigated the role of CaBP-9k under normal and hypoxic conditions. For this study, hypoxic
pathological conditions were defined by the glucose parameter and glucose/insulin tolerance test.
To verify the role of CaBP-9k in insulin-secretingβ-cells, we performed hematological examina-
tions by measuring the serum glucose level and plasma insulin level. In the absence of CaBP-9k
protein, serum glucose levels increased, which was similar to the results observed under hypoxia-
induced pathologic conditions. Interestingly, insulin was differently regulated by CaBP-9k and
hypoxia by decreased in CaBP-9k KO mice, while it was increased by hypoxic conditions. These

Fig 5. Expression of ER-calcium modulating genes in hypoxia induced hyperglycemic model and

CaBP-9K KO mice. WT and CaBP-9K KO mice were exposed to normoxic or hypoxic condition for 10 days

(n = 8 per each group). The mRNA was extracted from pancreas tissues and the transcriptional levels of

SERCA2a (A), SERCA2b (B), RyR2 (C), IP3R (D), SUR1 (E), and Kir6.2 (F) genes were analyzed by real-

time PCR. Results were normalized relative to β-actin. * indicates P<0.05 compared with normal oxygen

conditioned group; # indicates P<0.05 compared between Wildtype-CaBP-9k KO).

doi:10.1371/journal.pone.0164527.g005
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results suggest that the pathophysiological conditions of the CaBP-9k KO model differ from
those of T2D. Plasma insulin was reduced by CaBP-9k ablation, suggesting that CaBP-9k KO
mice are closer to the model of Type 1 diabetes than T2D. This hypothesis was further evidenced
by GTT and ITT data, which showed that blood glucose levels were synergistically elevated by
hypoxic conditions and CaBP-9k ablation. Furthermore, CaBP-9k was found to be colocalized
with insulin upon immunostaining. These results suggest that CaBP-9k ablation elevates serum
glucose through a different mechanism of T2D, which may be a type 1 diabetes-related mecha-
nism. To examine whether these phenomena were caused by decreased insulin production or
insulin resistance, we calculated the HOMA-IR values, which confirmed that glucose regulation
was derived from insulin production rather than insulin resistance. In addition, insulin regulators
such as MafA, NEUROD1, PDX-1 and insulin transcript INS1 showed the same tendencies.
Because insulin production is regulated by calcium-related exocytosis [15], we tested calcium
transporting proteins. Unlike calcium influx channel Cav1.2, calcium efflux PMCA1 channel was
up-regulated by hypoxia and down-regulated by CaBP-9k ablation, consistent with results of
serum insulin. A previous study showed that overexpressed PMCA induces ER stress and apo-
ptosis [10]. Because ER is related to intracellular calcium concentration in pancreatic β-cells, we
monitored ER conditions by detecting the expression of CALR and CANX, which are known ER
quality control genes [16, 17]. Hypoxic conditions reduced ER quality via decreased CALR
expression. Moreover, CANX mRNA levels were decreased by CaBP-9k ablation, suggesting that
CaBP-9K is involved in the control of ER quality.

Fig 6. Expression of insulin secretion related KATP channel in pancreas. (A)–Sulfonylurea receptor1

(SUR1) (B)–ATP-sensitive K+ channel, an inward-rectifier potassium ion channel 6.2 (Kir6.2) mRNA

expression were examined with realtime PCR. Results were normalized relative to β-actin. (* indicates

P<0.05 compared with normal oxygen conditioned group, # indicates P<0.05 compared between Wildtype-

CaBP-9k KO).

doi:10.1371/journal.pone.0164527.g006
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Glucose intolerant or insulin-resistant states such as early T2D cause a burden on the pan-
creas, especially insulin-secretingβ cells, owing to the need to synthesize and secrete more
insulin to maintain normal glucose tolerance [18, 19]. This burden creates ER stress, which
triggers insulin resistance. Thus, disrupted or hampered calcium metabolism in calcium signal-
ing could result in ER stress and insulin resistance or decreased insulin secretion [20–22].

We next verified expression of ER stress-related marker genes. Hypoxic hyperglycemic con-
ditions induced ER stress by regulating CHOP, BiP, ERO-1 and PDX. CaBP-9k ablation itself
caused ER stress, regardless of hypoxic condition, by stimulating expression of ERO-1 and
PDX. This may have exerted a negative effect on insulin production due to inability to intrea-
cellular calcium buffering function. To maintain intracellular calcium homeostasis, ER stress
are results in CaBP-9k ablation. It is well known that ER stress is associated with calcium influx
and efflux channels. In the cardiomyocyte, CANX silencing affects SERCA and RyR2, which
are responsible for the lumen of the ER and calcium concentration [9]. SERCA 2a and 2b,
which are responsible for calcium influx from the cytosol to ER [12], were examined in this
study. During regulation of Serca2a, the results were similar to those observed for serum insu-
lin. mRNA expression of Serca2a was increased by hypoxia, while it decreased following CaBP-
9k ablation, again suggesting that CaBP-9K is related to T1D like conditions. CaBP-9k ablation
also resulted in decreased SERCA2b relative to WT mice. IP3R expression was only increased
in hypoxia in wild-type mice. Decreased calcium influx channel in the ER membrane repre-
sents reduced calcium concentration in the ER, which causes ER-stress condition [9, 23]. It has
been reported that impaired ER protein trafficking by ER stress leads to impaired pro-insulin
maturation and loss of insulin content [24, 25].

To examine the relationship between CaBP-9K and insulin secretion, we examined expres-
sion of SUR1 and Kir 6.2, which are involved in the insulin secretion pathway [26]. Both SUR1
and Kir 6.2 showed decreased levels after CaBP-9k ablation, while they were stimulated by hyp-
oxic conditions.

In summary, we identified the relevance of CaBP-9k to insulin production under normal
and hypoxic conditions. CaBP-9k ablation revealed a different physiological condition from
the T2D model. CaBP-9K ablation inhibited synthesis of insulin by reducing its transcription
factors, including INS1, NeuroD1, Mafa, and Pdx1. The secretion of insulin was impaired by
calcium concentration derived from calcium channel proteins including CANX and Serca2a, as
well as ER stress. CaBP-9K-specific ER stress was caused by ERO-1a and PDI gene regulation.
CaBP-9K-specific insulin secretion was also associated with the KATP channel subunits, SUR1
and Kir 6.2. Finally, CaBP-9K ablation caused T1D pathological conditions by reducing insulin
production and induction of serum glucose. These results indicate that CaBP-9K is closely
associated with the production and secretion of insulin in pancreas cells. Therefore, dysregula-
tion of CaBP-9K signaling may be associated with diabetes mellitus.

Author Contributions

Conceptualization: CA.

Methodology:CA BSA DL.

Supervision: EBJ.

Validation: HY JHL.

Writing – original draft: CA.

Writing – review & editing: BSA EBJ.

Calbindin-D9k Ablation Decrease Insulin Production and Secretion

PLOS ONE | DOI:10.1371/journal.pone.0164527 October 13, 2016 11 / 13



References
1. Yoo YM, Jeung EB. Melatonin-induced estrogen receptor alpha-mediated calbindin-D9k expression

plays a role in H2O2-mediated cell death in rat pituitary GH3 cells. Journal of pineal research. 2009; 47

(4):301–7. doi: 10.1111/j.1600-079X.2009.00714.x PMID: 19796047.

2. Christakos S, Norman AW. Studies on the mode of action of calciferol. XVIII. Evidence for a specific

high affinity binding protein for 1,25 dihydroxyvitamin D3 in chick kidney and pancreas. Biochemical

and biophysical research communications. 1979; 89(1):56–63. doi: 10.1016/0006-291X(79)90942-2

PMID: 224876.

3. Zeitz U, Weber K, Soegiarto DW, Wolf E, Balling R, Erben RG. Impaired insulin secretory capacity in

mice lacking a functional vitamin D receptor. FASEB journal: official publication of the Federation of

American Societies for Experimental Biology. 2003; 17(3):509–11. doi: 10.1096/fj.02-0424fje PMID:

12551842.

4. Hong EJ, Jeung EB. Biological significance of calbindin-D9k within duodenal epithelium. International

journal of molecular sciences. 2013; 14(12):23330–40. doi: 10.3390/ijms141223330 PMID: 24287909;

PubMed Central PMCID: PMC3876048.

5. Petersen OH, Findlay I. Electrophysiology of the pancreas. Physiological reviews. 1987; 67(3):1054–

116. PMID: 2440063.

6. Rorsman P, Braun M. Regulation of insulin secretion in human pancreatic islets. Annual review of

physiology. 2013; 75:155–79. doi: 10.1146/annurev-physiol-030212-183754 PMID: 22974438.

7. Wiederkehr A, Szanda G, Akhmedov D, Mataki C, Heizmann CW, Schoonjans K, et al. Mitochondrial

matrix calcium is an activating signal for hormone secretion. Cell metabolism. 2011; 13(5):601–11. doi:

10.1016/j.cmet.2011.03.015 PMID: 21531342.

8. Muallem S, Schoeffield M, Pandol S, Sachs G. Inositol trisphosphate modification of ion transport in

rough endoplasmic reticulum. Proceedings of the National Academy of Sciences of the United States

of America. 1985; 82(13):4433–7. doi: 10.1073/pnas.82.13.4433 PMID: 3874400; PubMed Central

PMCID: PMC391115.

9. Botta A, Malena A, Loro E, Del Moro G, Suman M, Pantic B, et al. Altered Ca2+ homeostasis and

endoplasmic reticulum stress in myotonic dystrophy type 1 muscle cells. Genes. 2013; 4(2):275–92.

doi: 10.3390/genes4020275 PMID: 24705164; PubMed Central PMCID: PMC3899969.

10. Jiang L, Allagnat F, Nguidjoe E, Kamagate A, Pachera N, Vanderwinden JM, et al. Plasma membrane

Ca2+-ATPase overexpression depletes both mitochondrial and endoplasmic reticulum Ca2+ stores

and triggers apoptosis in insulin-secreting BRIN-BD11 cells. The Journal of biological chemistry. 2010;

285(40):30634–43. doi: 10.1074/jbc.M110.116681 PMID: 20660595; PubMed Central PMCID:

PMC2945558.

11. Kang HS, Yang H, Ahn C, Kang HY, Hong EJ, Jaung EB. Effects of xenoestrogens on streptozotocin-

induced diabetic mice. Journal of physiology and pharmacology: an official journal of the Polish Physio-

logical Society. 2014; 65(2):273–82. PMID: 24781736.

12. Ahn C, An BS, Jeung EB. Streptozotocin induces endoplasmic reticulum stress and apoptosis via dis-

ruption of calcium homeostasis in mouse pancreas. Molecular and cellular endocrinology. 2015. doi:

10.1016/j.mce.2015.05.017 PMID: 26003140.

13. Mandrup-Poulsen T. Apoptotic signal transduction pathways in diabetes. Biochemical pharmacology.

2003; 66(8):1433–40. doi: 10.1016/S0006-2952(03)00494-5 PMID: 14555218.

14. Faure-Dussert AG, Delbancut AP, Billaudel BJ. Low extracellular calcium enhances beta cell sensitiv-

ity to the stimulatory influence of 1,25-dihydroxyvitamin D3 on insulin release by islets from vitamin D3-

deficient rats. Steroids. 1997; 62(7):554–62. PMID: 9253796.

15. DeFronzo RA, Cooke CR, Andres R, Faloona GR, Davis PJ. The effect of insulin on renal handling of

sodium, potassium, calcium, and phosphate in man. The Journal of clinical investigation. 1975; 55

(4):845–55. doi: 10.1172/JCI107996 PMID: 1120786; PubMed Central PMCID: PMC301822.

16. Bousette N, Abbasi C, Chis R, Gramolini AO. Calnexin silencing in mouse neonatal cardiomyocytes

induces Ca2+ cycling defects, ER stress, and apoptosis. Journal of cellular physiology. 2014; 229

(3):374–83. doi: 10.1002/jcp.24459 PMID: 24037923.

17. Hetz C. The unfolded protein response: controlling cell fate decisions under ER stress and beyond.

Nature reviews Molecular cell biology. 2012; 13(2):89–102. doi: 10.1038/nrm3270 PMID: 22251901.

18. Saltiel AR, Olefsky JM. Thiazolidinediones in the treatment of insulin resistance and type II diabetes.

Diabetes. 1996; 45(12):1661–9. doi: 10.2337/diab.45.12.1661 PMID: 8922349.

19. Modan M, Halkin H, Almog S, Lusky A, Eshkol A, Shefi M, et al. Hyperinsulinemia. A link between

hypertension obesity and glucose intolerance. The Journal of clinical investigation. 1985; 75(3):809–

17. doi: 10.1172/JCI111776 PMID: 3884667; PubMed Central PMCID: PMC423608.

Calbindin-D9k Ablation Decrease Insulin Production and Secretion

PLOS ONE | DOI:10.1371/journal.pone.0164527 October 13, 2016 12 / 13

http://dx.doi.org/10.1111/j.1600-079X.2009.00714.x
http://www.ncbi.nlm.nih.gov/pubmed/19796047
http://dx.doi.org/10.1016/0006-291X(79)90942-2
http://www.ncbi.nlm.nih.gov/pubmed/224876
http://dx.doi.org/10.1096/fj.02-0424fje
http://www.ncbi.nlm.nih.gov/pubmed/12551842
http://dx.doi.org/10.3390/ijms141223330
http://www.ncbi.nlm.nih.gov/pubmed/24287909
http://www.ncbi.nlm.nih.gov/pubmed/2440063
http://dx.doi.org/10.1146/annurev-physiol-030212-183754
http://www.ncbi.nlm.nih.gov/pubmed/22974438
http://dx.doi.org/10.1016/j.cmet.2011.03.015
http://www.ncbi.nlm.nih.gov/pubmed/21531342
http://dx.doi.org/10.1073/pnas.82.13.4433
http://www.ncbi.nlm.nih.gov/pubmed/3874400
http://dx.doi.org/10.3390/genes4020275
http://www.ncbi.nlm.nih.gov/pubmed/24705164
http://dx.doi.org/10.1074/jbc.M110.116681
http://www.ncbi.nlm.nih.gov/pubmed/20660595
http://www.ncbi.nlm.nih.gov/pubmed/24781736
http://dx.doi.org/10.1016/j.mce.2015.05.017
http://www.ncbi.nlm.nih.gov/pubmed/26003140
http://dx.doi.org/10.1016/S0006-2952(03)00494-5
http://www.ncbi.nlm.nih.gov/pubmed/14555218
http://www.ncbi.nlm.nih.gov/pubmed/9253796
http://dx.doi.org/10.1172/JCI107996
http://www.ncbi.nlm.nih.gov/pubmed/1120786
http://dx.doi.org/10.1002/jcp.24459
http://www.ncbi.nlm.nih.gov/pubmed/24037923
http://dx.doi.org/10.1038/nrm3270
http://www.ncbi.nlm.nih.gov/pubmed/22251901
http://dx.doi.org/10.2337/diab.45.12.1661
http://www.ncbi.nlm.nih.gov/pubmed/8922349
http://dx.doi.org/10.1172/JCI111776
http://www.ncbi.nlm.nih.gov/pubmed/3884667


20. Ahn C, An BS, Jeung EB. Streptozotocin induces endoplasmic reticulum stress and apoptosis via dis-

ruption of calcium homeostasis in mouse pancreas. Molecular and cellular endocrinology. 2015;

412:302–8. doi: 10.1016/j.mce.2015.05.017 PMID: 26003140.

21. Herchuelz A, Nguidjoe E, Jiang L, Pachera N. beta-Cell preservation and regeneration in diabetes by

modulation of beta-cell Ca(2)(+) homeostasis. Diabetes, obesity & metabolism. 2012; 14 Suppl 3:136–

42. doi: 10.1111/j.1463-1326.2012.01649.x PMID: 22928574.

22. Ma Z, Moruzzi N, Catrina SB, Hals I, Oberholzer J, Grill V, et al. Preconditioning with associated block-

ing of Ca2+ inflow alleviates hypoxia-induced damage to pancreatic beta-cells. PloS one. 2013; 8(7):

e67498. doi: 10.1371/journal.pone.0067498 PMID: 23935835; PubMed Central PMCID:

PMC3723782.

23. Liang CP, Han S, Li G, Tabas I, Tall AR. Impaired MEK signaling and SERCA expression promote ER

stress and apoptosis in insulin-resistant macrophages and are reversed by exenatide treatment. Dia-

betes. 2012; 61(10):2609–20. doi: 10.2337/db11-1415 PMID: 22751695; PubMed Central PMCID:

PMC3447920.

24. Biden TJ, Boslem E, Chu KY, Sue N. Lipotoxic endoplasmic reticulum stress, beta cell failure, and type

2 diabetes mellitus. Trends in endocrinology and metabolism: TEM. 2014; 25(8):389–98. doi: 10.1016/

j.tem.2014.02.003 PMID: 24656915.

25. Liu M, Hodish I, Haataja L, Lara-Lemus R, Rajpal G, Wright J, et al. Proinsulin misfolding and diabetes:

mutant INS gene-induced diabetes of youth. Trends in endocrinology and metabolism: TEM. 2010; 21

(11):652–9. doi: 10.1016/j.tem.2010.07.001 PMID: 20724178; PubMed Central PMCID:

PMC2967602.

26. Ritzel RA, Hansen JB, Veldhuis JD, Butler PC. Induction of beta-cell rest by a Kir6.2/SUR1-selective K

(ATP)-channel opener preserves beta-cell insulin stores and insulin secretion in human islets cultured

at high (11 mM) glucose. The Journal of clinical endocrinology and metabolism. 2004; 89(2):795–805.

doi: 10.1210/jc.2003-031120 PMID: 14764798.

Calbindin-D9k Ablation Decrease Insulin Production and Secretion

PLOS ONE | DOI:10.1371/journal.pone.0164527 October 13, 2016 13 / 13

http://dx.doi.org/10.1016/j.mce.2015.05.017
http://www.ncbi.nlm.nih.gov/pubmed/26003140
http://dx.doi.org/10.1111/j.1463-1326.2012.01649.x
http://www.ncbi.nlm.nih.gov/pubmed/22928574
http://dx.doi.org/10.1371/journal.pone.0067498
http://www.ncbi.nlm.nih.gov/pubmed/23935835
http://dx.doi.org/10.2337/db11-1415
http://www.ncbi.nlm.nih.gov/pubmed/22751695
http://dx.doi.org/10.1016/j.tem.2014.02.003
http://dx.doi.org/10.1016/j.tem.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24656915
http://dx.doi.org/10.1016/j.tem.2010.07.001
http://www.ncbi.nlm.nih.gov/pubmed/20724178
http://dx.doi.org/10.1210/jc.2003-031120
http://www.ncbi.nlm.nih.gov/pubmed/14764798

