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SUMMARY

Here, we demonstrate that the voltage-gated proton channel Hv1 represents a
regulatory mechanism for insulin secretion of pancreatic idet # cell and glucose
homeostasis. I n vivo, Hv1-deficient mice display hypoinsulinaemia, hyper glycemia and
glucose intolerance due to reduced insulin secretion, but normal peripheral insulin
senditivity. In vitro, islets from Hv1-deficient and heter ozygous mice, f cells and islets
with sSRNA-mediated knockdown of Hvl exhibit a marked defect in
secretagogue-induced insulin secretion. A decrease in @ and f# cell masses has been
observed in idets from Hvl-deficient mice. Furthermore, Hv1-deficient g cell has an
impairment on glucose- and sulfonylurea-induced intracellular Ca®* homeostasis and
membrane depolarization. Collectively, our in vitro and in vivo results indicate that
Hv1 is required for insulin secretion in the g cell and that dysfunction of Hvl may
contribute to the pathophysiology of type 2 diabetes. Our study sheds light on a new

biological function of the proton channel.

INTRODUCTION

Glucose homeostasis in mammals is tightly controlled, in large part, by pancreatic g
cells, which secrete insulin in proportion to increasing concentrations of glucose. Insulin
reduces blood glucose by stimulating use of glucose by peripheral tissues and inhibiting
hepatic glucose production (Warram et al., 1994). Type 1 diabetes and type 2 diabetes are
both characterized by uncontrolled hyperglycemia, and maintenance of blood glucose
within a physiological range is critical for the prevention of diabetes-related complications
(reviewed in Kahn, 2000). Type 1 diabetes is defined as hyperglycemia when insulin is
extremely low or absent due to absolute deficiency of g cell mass. The pathogenesis of type
2 diabetes involves both insulin resistance in muscle, fat and liver, and decreased insulin
secretion in pancreatic g cells (Defronzo, 2009; Martin et al., 1992; Olefsky and Glass,
2010; Weir and Bonner-Weir, 2004).

In the early prediabetic state, pancreatic islets respond to the increased insulin
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secretion to generate compensatory hyperinsulinemia for the resistance to insulin and
maintain relative euglycemia (DeFronzo et al., 1992). The subsequent development of
hyperglycaemia results from the failure of S cells to secrete enough insulin for effective
compensation (DeFronzo et al., 1992). This g cell dysfunction is largely manifested as
impaired glucose-stimulated insulin secretion (GSIS) and can be detected in the earliest
stages of type 2 diabetes with complete loss of first phase GSIS (Weir and Bonner-Weir,
2004). In fact, one of the characteristics of this defect is a failure of the S cell to respond to
a glucose stimulus while retaining its response to other secretagogues such as amino acids
(Porte, Jr., 1991). The regulation of insulin secretion from the g cell is complex, and the
molecular defects underlying the relative failure of the g cell in type 2 diabetes are still
unclear.

The voltage-gated proton channel Hvl is involved in regulating intracellular pH
during “respiratory burst”, in which Hvl compensates the cellular loss of electrons with
protons required for NADPH oxidase (NOX)-dependent ROS generation (Decoursey, 2003,
Ramsey et al., 2009). Clapham’s group found that Hvl contributes to brain damage in
cerebral ischemia through regulating NOX-dependent ROS generation (Wu et al., 2012).
Kirichok’s group successfully recorded proton current of Hv1 in human spermatozoa by
patch clamp, and demonstrated that Hv1 is dedicated to inducing intracellular alkalinization
and activating spermatozoa (Lishko et al., 2010). Moreover, the recent studies showed that
Hv1 plays important roles in breast (Wang et al., 2011; Wang et al., 2012) and colorectal
(Wang et al., 2013a) cancer and glioma (Wang et al., 2013b) development, progression and
metastasis, through regulating cancer cell intracellular pH and resulting in tumor acidic
microenvironment.

In our previous study, we have identified that the voltage-gated proton channel Hvl
is present in human and rodent pancreatic islet g cells, as well as g cell lines (Zhao et al.,
2015). In present study, we have discovered a regulatory pathway for the voltage-gated
proton channel Hv1 in the modulation of $ cell insulin secretory function. We found that
Hvl knockout (Hv1KO) mice develop hyperglycemia and a glucose intolerance with

reduced insulin secretion. Deficiency of Hv1l inhibits insulin secretion in response to a
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variety of stimuli from isolated islets, and has an impairment on glucose- and
sulfonylurea-induced intracellular Ca** homeostasis and membrane depolarization in the

cell. Our results suggest that Hv1 deficiency may contribute to type 2 diabetes.

EXPERIMENTAL PROCEDURES
Animals and treatments
Mice bearing a targeted disruption in the VSOP/Hv1 (VSOP/Hv1™, backcrossed

eight times) were Kkindly provided by Dr. Y. Okamura (School of Medicine, Osaka
University), as previously described (Okochi et al., 2009). WT mice (VSOP/Hv1** ) were
of the same genetic background (C57BL/6J). Animals were kept in a pathogen-free facility
under a 12-h light-dark cycle with access to water and a standard mouse diet (Lillico
Biotechnology). Genotyping was performed by PCR as described by Ramsey et al.
(Ramsey et al., 2009). Experiments were performed with 2 and 4 month-old male mice,
unless indicated otherwise. All animal husbandry and experiments were approved by and
performed in accordance with guidelines from the Animal Research Committee of Nankai
University.
Blood glucose and insulin deter minations

Blood glucose levels were measured from blood obtained from the tail vein after
Fasting 6 h using an automated glucometer (One Touch, Johnson & Johnson, USA). For
glucose tolerance tests, mice at 2 and 4 months of age were fasted for 6 h before
intraperitoneal (i.p.) injection with glucose (2 g/kg body weight), and blood glucose
concentration was measured at 0, 15, 30, 60 and 120 min after the injection. For insulin
tolerance tests, mice were fasted for 6 h before intraperitoneal injection with insulin (1.0
units/kg body weight), and blood glucose concentration was measured at 0, 15, 30, 60 and
120 min.

For serum insulin measurements, glucose (2 g/kg body weight) or L-arginine (1 g/kg

body weight ) was injected i.p., and venous blood was collected at 0, 2, 5, 15, and 30 min in
chilled heparinized tubes, immediately centrifuged, and the serum stored at -80°C. Insulin

levels were measured by ELISA (Mercodia, Uppsala).
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I solation of pancreaticisets

Pancreatic islets were isolated according to the collagenase digestion method
described by Lacy and Kostianovsky (Lacy and Kostianovsky, 1967), with slight
modifications. Krebs-Ringer bicarbonate HEPES (KRBH) buffer (in mM: 135 NaCl, 3.6
KCI, 5 NaHCOs3, 0.5 NaH,PO4, 0.5 MgCl,, 1.5 CaCl,, 10 HEPES, pH 7.4) was used for
islet isolation. And the isolated islets were cultured overnight in RPMI 1640 (GIBCO)
containing 10% fetal bovine serum (FBS) in a humidified 5% CO, atmosphere at 37°C
before handpicking for experiments as previously described (Zhao et al., 2015).
Cell culture

Pancreatic islet p cell line, INS-1 (832/13) cells were obtained from Dr. Hans
Hohmeier (Duke University) and grown in RPMI 1640 medium (GIBCO) supplemented
with 10% FBS, 2 mM glutamate, 1 mM sodium pyruvate and 55 uM g-mercaptoethanol in
a humidified 5% CO, atmosphere at 37°C.
SIRNA silencing

To down-regulate Hv1 expression level in isolated islets and f-cells, the sequences of
the small interfering RNA (SIRNA) targeting the Hvl gene
5-CTACAAGAAATGGGAGAAT-3’ and the  scramble  sense  sequence
5-TTCTCCGAACGTGTCACGT-3’, which were obtained from Ribobio (Guangzhou,
China), were used, as described previously (Zhao et al., 2015).
Quantitativereal-time PCR

The mRNA expression levels of insulin in isolated islets and INS-1 (832/13) p cells,
were evaluated by quantitative real-time PCR using ABI PRISM 7000 Sequence Detection
System (Applied Biosystems, Foster City, CA), as described previously (Zhao et al., 2015).
The primers were as follows: insulin, 5’- CCTCACCTGGTGGAGGCTC-3’ (forward) and

5’-ACAATGCCACGCTTCTGC-3’ (reverse); GAPDH,
5’-CCAAGGTCATCCATGACAAC-3’ (forward) and
5-AGAGGCAGGGATGATGTTCT-3’ (reverse). All experiments were performed in
triplicate.

Insulin secretion assay


https://doi.org/10.1101/097816

bioRxiv preprint doi: https://doi.org/10.1101/097816; this version posted January 3, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Insulin secretion from isolated islets and INS-1 (832/13) p cells was measured as
previously described (Zhao et al., 2015). Total insulin and proinsulin content in isolated
islets and INS-1 (832/13) cells were extracted with acidic ethanol and determined using
rat/mouse proinsulin, mouse and rat insulin ELISA (Mercodia, Uppsala), according to the
manufacturer’s protocol.

Serum glucagon deter minations

To test the effect of Hvl on glucagon secretion, mice were fasted for 6 h before
intraperitoneal injection with insulin (1.0 units/kg body weight). And serum glucagon levels
during insulin tolerance tests (ITT) were determined at 0, 20 and 40 min using glucagon
ELISA (Mercodia, Uppsala), according to the manufacturer’s protocol.
Immunohistochemistry

Immunohistochemistry was performed as described previously (Zhao et al., 2015).
Immunnofluor escence

Immunofluorescence was performed as described previously (Zhao et al., 2015).
Islet cCAMP content

Islets in groups of 50 were preincubated for 1 h at 2.8 mM glucose in KRBH/BSA, and
then stimulated with 16.7 mM glucose in the presence of 10 uM forskolin for 30 min at 37°C.
After the supernatants were removed, the islets were washed once with ice-cold KRBH, and
then ice-cold HCI (100 ul, 0.1 mM) was added to islet pellets followed by 10 min agitation at
4°C. After neutralization with 100 pl 0.1 mM NaOH, islet cAMP contents were determined
using an Enzyme Immunoassay kit (Sigma-Aldrich, St Louis, MO) according to the
manufacturer’s protocol.
M easur ements of intracellular Ca?*

Cellular Ca®* changes were monitored as previously described (Zhao et al., 2015).

M easur ements of membrane potential

The voltage-sensitive bis-oxonol fluorescent dye DIBAC4(3) was used to study the
membrane potential changes of INS-1 (832/13) p cells. The g cells transfected with the
scramble or Hvl-targeting siRNA were incubated with 2 uM DIBAC,(3) for 10 min at
37°C in a solution (in mM: 138 NaCl, 5.6 KCI, 1.2 MgCl,, 2.6 CaCl,, 2.8 glucose and 10
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HEPES, pH 7.4) prior to fluorescence measurement. Data were expressed as an average of
five experiments (50-80 cells per experiment).
Statistical analysis

All statistics were performed using SPSS20.0 software. Measurement data were
represented as mean £ SEM. Comparison of the mean between groups was performed by t

test. P values < 0.05 were considered significant.

RESULTS

Hv1-deficient mice exhibit hyperglycaemia and impaired glucose tolerance due to
reduced insulin secretion

To assess the effect of Hvl knockout on glucose homeostasis, glucose levels were
measured in 4 month-old mice in fasted state. The body weight curves of the control (WT,
Hv1™"), heterozygous (Hv1*") and homozygous (KO, Hv1™) littermates were almost
similar (Fig. 1A), but the blood glucose levels in fasted state were markedly higher in
heterozygous (9.3 + 0.4 mmol/l, n = 24, p < 0.001) and KO (10.2 £ 0.6 mmol/l, n =24, p<
0.001) mice compared with WT mice (6.2 = 0.2 mmol/l, n = 24) (Fig. 1B).

To evaluate the impact of Hv1 on disposal of a glucose load, intraperitoneal (i.p.)
glucose tolerance tests (IPGTT) were performed. Compared with WT mice, both KO and
heterozygous mice in 2 and 4 months of age showed significantly higher glucose levels
following an i.p. glucose load (2 g/kg body weight) (Fig. 1C and Fig. 2A). Corresponding
serum insulin levels (including basal) were lower in both KO and heterozygous mice
throughout the IPGTT after the glucose challenge compared with WT mice, providing
evidence for an insulin secretion defect in response to glucose (Fig. 1D and Fig. 2B).
Interestingly, KO and heterozygous mice exhibited a selective loss of acute first-phase
insulin secretion in response to glucose (Fig. 1D and Fig. 2B). The insulin levels, however,
did a little gradually rise after the glucose challenge, suggesting some retention of
second-phase insulin secretion in both KO and heterozygous mice (Fig. 1D). Thus, the
Hv1KO mice exhibit an impairment in their ability to dispose of a glucose load due to
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insulin secretion defect.

To further evaluate the effect of Hvl deletion on insulin secretion in vivo, insulin
secretion in response to stimulation with arginine the major nutrient secretagogue of insulin
was measured. The mechanisms of arginine-stimulated insulin secretion is independent on
those by glucose, although the final pathways of secretion are the same (Weinhaus et al.,
1997). Therefore, to determine the level of defect in glucose-stimulated insulin secretion,
mice were also given an arginine challenge. As shown in Fig. 1E and Fig. 2C, serum
insulin levels (including basal) were significantly lower in KO mice after the arginine
injection (1 g/kg body weight) compared with WT mice. In contrast to the response to
glucose, in both KO and heterozygous mice in 2 and 4 months of age, there was a
first-phase insulin release in response to arginine (Fig. 1E and Fig. 2C).

To explore the possibility that the observed glucose intolerance was the result of
peripheral insulin resistance, we performed i.p. insulin tolerance tests (IPITT) in Hv1KO
mice in 2 and 4 months of age. We found that insulin administration lowered blood glucose
levels in both WT and Hvl-deficient mice to a similar extent, indicating that Hvl
deficiency does not impair a peripheral insulin sensitivity (Fig. 1F and Fig. 2D). Taken
Together, these data are compatible with the notion that loss of Hv1 results in impaired

glucose tolerance due to a defect of insulin secretion in vivo.

Reduced insulin secretion of idetsfrom Hv1-deficient mice

A mass of factors, however, can affect insulin secretion in vivo. To further delineate
the role of Hv1 in insulin secretion, we performed insulin secretion assays using isolated
islets from Hv1-deficient mice. As shown in Fig. 3A, 16.7 mM glucose-induced insulin
secretion was greatly reduced by 51 (n = 8, p < 0.001) and 78% (n = 8, p < 0.001) in
heterozygous and Hv1KO islets compared with WT islets (n = 8). While, basal insulin
secretion (at 2.8 mM glucose) in heterozygous and KO islets was also significantly reduced
by 60 (n = 8, p < 0.001) and 80% (n = 8, p < 0.001) compared with WT islets (n = 8).
Similar results were observed for tolbutamide- and glibenclamide-induced insulin secretion
in heterozygous and KO islets, which were significantly reduced by 78 (n = 8, p < 0.001)


https://doi.org/10.1101/097816

bioRxiv preprint doi: https://doi.org/10.1101/097816; this version posted January 3, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

and 85% (n = 8, p < 0.001), 61 (n =8, p<0.001) and 67% (n = 8, p < 0.001), for
heterozygous and KO islets, respectively, compared with WT islets (n = 8) (Fig. 3A). Direct
depolarization elicited by an increase of extracellular K* (60 mM KCI) also attenuated
insulin secretion by 59 (n = 8, p < 0.001) and 65% (n = 8, p < 0.001) in heterozygous and
KO islets compared with WT islets (n = 8) (Fig. 3A), indicating that knockout of Hvl
prevents K*-induced insulin secretion in pancreatic § cells. Furthermore, arginine-induced
insulin secretion of islets from heterozygous and KO mice was decreased by 67 (n =8, p <
0.001) and 89% (n = 8, p < 0.001) compared with WT islets (n = 8) (Fig. 3A), as seen in
vivo. Together, these data indicate that loss of Hv1 in islets inhibits insulin secretion.

Insulin and proinsulin contents in KO islets were reduced by 17 (n = 8, p < 0.001)
and 25% (n = 8, p < 0.01), respectively, compared with WT islets (n = 8) at a basal
condition (2.8 mM glucose) (Fig. 3B and C). The ratio of insulin to proinsulin content,
however, was indistinguishable between KO and WT islets (Fig. 3D), suggesting that
insulin synthesis is abnormal, but not insulin maturation in Hvl-deficient islets. The
proinsulin secretion was barely detectable under basal conditions (2.8 mM glucose) in WT,
heterozygous and KO islets (data not shown). In the presence of 16.7 mM glucose, the
proinsulin secretion was reduced by 59 (n = 8, p < 0.001) and 78% (n = 8, p < 0.001) in
heterozygous and KO islets, compared with WT islets (n = 8) (Fig. 3E). However, the ratios
of insulin to proinsulin secretion in heterozygous and KO islets in the presence of 16.7 mM
glucose were not different with WT islets (Fig. 3F), suggesting that no significant

accumulation of proinsulin occurred in KO islets.

Knockdown of Hv1 inhibits secretagogue-induced insulin secretion

To further examine the effect of Hv1 on insulin secretion, we used RNA interference
to instantaneously reduce endogenous Hv1 levels in INS-1 (832/13) £ cells and isolated
islets. The insulin secretion of the B cells and the islets at a basal condition (2.8 mM
glucose) was low at both the controls and Hv1-knockdown £ cells and islets (Fig. 4A and
Fig. S1). In the presence of 16.7 mM glucose, 200 uM tolbutamide and 1 uM glibenclamide,
the insulin secretion in the control g cells increased 9.6, 10.3 and 8.2-fold compared with
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that at the basal condition, respectively. Whereas the insulin secretion was significantly
reduced by 64 (p < 0.001), 60 (p < 0.001) and 73% (p < 0.001) by a reduction in Hv1 level
with Hv1-targeting siRNA, respectively (Fig. 4A), indicating that Hv1 markedly affects the
glucose- and sulfonylurea-induced insulin secretion in the g cells. In accordance with the g
cells, the insulin secretion was reduced by 57 (p < 0.001), 48 (p < 0.001) and 57% (p <
0.001) in the Hvl-downregulated isolated islets compared with the controls at 16.7 mM
glucose, 200 uM tolbutamide and 1 uM glibenclamide, respectively (Fig. S1).

To examine the effect of Hvl on insulin processing, the insulin and proinsulin
contents were measured. At a basal condition (2.8 mM glucose), the contents of both
insulin and proinsulin were reduced by 36 (p < 0.001) and 39% (p < 0.001) respectively, in
the Hv1-silenced g cells, compared with the controls (Fig. 4B and C). In comparison to the
S cells, the contents of insulin and proinsulin were decreased by 42 (p < 0.001) and 40% (p
< 0.001), respectively, in the Hvl-downregulated islets (Fig. S2A and B). However, the
ratio of insulin to proinsulin content has a no difference between the controls and the
Hv1-downregulated p cells (Fig. 4D) and islets (Fig. S2C), demonstrating that Hv1 has an
impact on proinsulin synthesis. To further verify the effect of Hv1 on insulin synthesis, the
insulin MRNA expression levels in the £ cells and the isolated islets were measured. As
shown in Fig 4E and F, insulin mRNA level was decreased by 38 (p < 0.01) and 33% (p <
0.01) by a reduction in Hv1 level with Hvl-targeting siRNA in the A cells and islets,
respectively, compared with the controls, indicating that knockdown of Hv1 has an effect
on insulin synthesis.

To detect the effect of Hv1 on proinsulin secretion, we then measured the proinsulin
secretion in the g cells and isolated islets. The proinsulin secretion was barely detectable
under basal conditions in both control and Hv1-silenced islets, but in the presence of 16.7
mM glucose, the proinsulin secretion was reduced by 68 (p < 0.01) and 63% (p < 0.001) by
a reduction in Hv1 level, compared with the controls, in the f cells and islets, respectively
(Fig. 4G and Fig. S3A). However, the ratio of insulin to proinsulin secretion in
Hv1-silenced p cells and islets in the presence of 16.7 mM glucose was not different with
that in control g cells and islets (Fig. 4H and Fig. S3B), suggesting that no significant
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accumulation of proinsulin occurred in the Hv1-silenced S cells and islets.

Deficiency of Hv1 reduces a and # cell masses and pancr eatic insulin content

The above results together showed that deletion of Hv1 inhibits insulin secretion in
vivo and in vitro. To determine whether this may be due to the effect of Hv1 deletion on
islet development, islet morphology, a and $ cell mass, and pancreatic insulin content were
measured. Morphometric analysis of pancreatic sections from WT, heterozygous and KO
mice at 4 months of age exhibited a relatively normal islet architecture in each case, with S
cells concentrated in the core and « cells located mainly in the periphery (Fig. 5A), while
the morphology of isolated islets cultured overnight from KO mice is not overtly different
from WT islets (data not shown). On the other hand, the number of the isolated islets per
pancreas is not significantly different between WT and KO mice (data not shown) , which
Is consistent with the result from immunohistochemical analysis (Fig. S4A). However, the
islet average size calculated from isolated islets (Fig. S4B) and islet area to total pancreas
area (Fig. 5B) analyzed by immunohistochemistry of pancreatic sections were decreased in
the KO mice compared with WT and heterozygous mice.

Interestingly, quantification of total « and g cell masses displayed a
genotype-dependent difference. a and £ cell masses were decreased by 71 (n =6, p < 0.01)
and 13% (n =6, p < 0.05) in Hv1KO mice compared with WT mice (n = 6), respectively, as
measured by morphometric analyses of insulin and glucagon positive islet cells (Fig. 5C
and D). The total pancreatic insulin content in Hv1KO mice was also decreased by 11% (n
= 6, p < 0.05) (Fig. 5E), the same as the observed in the isolated islets (Fig. 3B). These
results show that Hv1KO mice have sufficient 4 cells and insulin, indicating that the in vivo

phenotype is not due to a gross developmental defects.

Knockdown of Hv1 has no effect on CAMP generation
CAMP is an important second messenger involved in potentiating rather than initiating
insulin secretion (Prentki et al., 1987). To detect the effect of Hv1 on cAMP production, we

measured forskolin enhanced insulin secretion and cAMP content in isolated islets. In the

11
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present of 10 uM forskolin, at 2.8 mM glucose, the insulin secretion in Hv1-silenced islets
was decreased by 37% (p < 0.01) compared with that in control islets, while at 16.7 mM
glucose, the insulin secretion was reduced by 63% (p < 0.001) (Fig. 6A). The cAMP
content in Hvl-silenced islets was not different with that in control islets in the present of
10 uM forskolin and 16.7 mM glucose (Fig. 6B), suggesting that knockdown of Hv1 has no
effect on cCAMP production.

Glucagon-like peptide-1 (GLP-1) is an intestinally derived insulinotropic hormone,
which increases CAMP generation and results in insulin release (Gromada et al., 2004). To
further confirm the effect of Hvl on cAMP production, we examined GLP-1-stimulated
insulin secretion in Hvl1-silenced INS-1 (832/13) p cells. At 16.7 mM glucose, 10 and 100
nM GLP-1 stimulated insulin secretion 2.3 and 2.7-fold over without GLP-1 (16.7 mM
glucose) (Fig. 6C). However, the insulin secretion from the Hvl-silenced g cells was
decreased by 73 (p < 0.001) and 53% (p < 0.001) in the presences of 10 and 100 nM GLP-1,
respectively, compared with the control (Fig. 6C), indicating that the effect of Hvl on

insulin secretion is independent on CAMP pathway.

Deficiency of Hv1 impairscellular Ca?* homeostasis and membrane depolarization
Glucose stimulates insulin secretion by induction of Ca®*-dependent electrical activity
that triggers exocytosis of the insulin granules. We found that siRNA-mediated knockdown
of Hvl in INS-1 (832/13) S cells impaired tolbutamide-induced intracellular Ca**
homeostasis (Fig. 6D and E). Zn?* is a classical inhibitor of Hvl (Ramsey et al., 2006;
DeCoursey, 2008). 10 uM Zn?* can efficiently inhibit Ca®* influx stimulated by 200 uM
tolbutamide (Fig. 6F). In pancreatic A cells, the increase of cytosolic Ca®* ([Ca®*]c) occurs
with Ca®* entry across voltage-sensitive Ca®* channels activated by membrane
depolarization (Rorsman and Renstrom, 2003). To confirm whether the abrogation of Ca**
influx by suppression of Hv1 is coupled to membrane polarization, the membrane potential
changes of INS-1 (832/13) S cells during glucose- and tolbutamide-stimulation were
monitored with DIBAC,(3) fluorescence. As shown in Fig. 6G and H, the control cells were
depolarized significantly more than Hv1-silenced INS-1 (832/13) f cells after glucose or

12
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tolbutamide stimulation, indicating that Hvl deficiency impairs glucose or
tolbutamide-induced membrane depolarization. Thus, the reduction in insulin secretion by

deficiency of Hv1 must therefore involve in electrical activity and [Ca*‘]c signaling.

DISCUSSION

Here, we show in vivo, that both HvIKO and heterozygous mice display
hyperglycemia and glucose intolerance due to markedly decreased insulin secretion. Mice
lacking the Hv1 show a loss of first-phase insulin secretion in response to glucose at both 2
and 4 months of age, but not to arginine, similar to that observed in humans with type 2
diabetes. In vitro, isolated islets and INS-1 (832/13) g cells with siRNA-mediated
downregulation of Hv1, as well as islets isolated from both Hv1KO and heterozygous mice,
exhibit significantly reduced secretagogue-induced insulin secretion. Interestingly, a
decrease in o and g cell masses in Hv1KO mice has been observed, especially a cell mass.
Taken together, these data indicate that the level of Hv1 expression in the S cell is critical
for insulin secretion and maintaining glucose homeostasis, and reveal a significant role for
the proton channel in the modulation of pancreatic « and g cell function.

The etiology of type 2 diabetes involves in insulin resistance and decreased £ cell
insulin secretion in order to develop the hyperglycemic diabetic state (Olefsky and Glass,
2010; Weir and Bonner-Weir, 2004). One of the features of this disease is a failure of the g
cell to respond to a glucose stimulus while retaining its response to other secretagogues
such as amino acids (Porte, 1991). A loss of first-phase insulin secretion in response to
glucose has been observed in individuals destined to develop type 2 diabetes and can lead
to hyperglycemia, which is thought to play an important role in the development of type 2
diabetes (Poitout and Robertson, 1996; Nesher et al., 1987; Temple et al., 1989). Studies in
some animal models of diabetes found the loss of the acute phase secretion when reducing
Glut2 levels in the g cell (Unger, 1991). This g cell dysfunction is largely manifested as
impaired glucose-stimulated insulin secretion (GSIS) and can be detected in the earliest
stages of type 2 diabetes with complete loss of first phase GSIS (Defronzo, 2009; Weir and
Bonner-Weir, 2004). In fact, this failure has been detected in the individuals with maturity
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onset diabetes of the young (MODY) who have genetic defects in transcription factors for S
cell development and function or glucokinase, a key enzyme involved in glucorecognition
in the B cell (Fajans, 1989; Froguel et al., 1992; Polonsky, 1995). However, the potential
defect resulting in the selective loss of glucose response is not known.

The Hv1KO mice show a complete loss of glucose-stimulated first-phase insulin
secretion and an inability to dispose a glucose challenge. In present study, we examined the
insulin secretion pattern in Hv1KO mice using L-arginine that usually used to assess the
first-phase insulin secretion in type 2 diabetes (Pfeifer et al., 1982). In striking contrast, the
Hv1KO mice keep an arginine-stimulated first-phase insulin secretion, but the amount of
first-phase is markedly reduced compared to those of the control animals. This is similar to
humans with type 2 diabetes in which there is a loss of acute phase insulin secretion in
response to glucose while maintaining the response to arginine (Pfeifer et al., 1982).

S cell failure in type 2 diabetes is associated with not only decreased $ cell insulin
secretory function but also reduced overall g cell mass (Weir and Bonner-Weir, 2004). In
the prediabetic, islets enhance insulin secretion and £ cell mass to generate compensatory
hyperinsulinemia and maintain relative euglycemia duo to insulin resistance. However,
when type 2 diabetes occurs, f cell secretory function and mass are significantly decreased
and unable to compensate for the insulin resistance, resulting in the chronic hyperglycemic
diabetic state. On the other hand, decreased S cell mass is usually not present at the time of
diagnosis of type 2 diabetes (Rahier et al., 2008), suggesting that loss of £ cell mass is not
responsible for the onset of type 2 diabetes but rather is a consequence of diabetes.

In present study, total « and £ cell masses display significant genotype-dependent
differences. There was no difference in islet morphology between Hv1KO and WT mice,
and only a very modest decrease in islet size and # cell mass, but a significant decrease in o
cell mass. The smaller size observed in Hv1-deficient pancreatic islets may be related to the
decrease in a and B cell masses, and may result from both impaired insulin and glucagon
secretory function. In this context, it is important to note that in vitro siRNA-mediated
knockdown of Hv1 in isolated islets and INS-1 (832/13) S cells caused decreased GSIS,
suggesting that the in vivo decrease in insulin secretion in the Hv1KO mice was not due to
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an in vivo g cell developmental defect.

Insulin secretion by pancreatic g cell is precisely regulated by glucose homeostasis
(Warram et al., 1994). Glucose-induced insulin secretion has been proposed via two
hierarchical signaling pathways (Henquin et al., 2003). Glucose metabolism generates ATP
and results in the closure of ATP-sensitive K* channels and, as a consequence, the
depolarization of the plasma membrane (Aguilar-Bryan and Bryan, 1999). This leads to
Ca®" influx through voltage-dependent L-type Ca®* channels and a rise in cytosolic Ca**
([Ca*"]c) which triggers insulin exocytosis (Rorsman and Renstrom, 2003: Barg, 2001).
CAMP is an important intracellular massager for potentiation of glucose-stimulated insulin
secretion (Seino et al., 2009; McQuaid et al., 2006). cAMP action in insulin secretion is
well known to be mediated via the conversion of ATP to cCAMP (Prentki and Matschinsky,
1987; Seino et al., 2009;) de Rooij et al., 1998). In present work, knockdown of Hv1 has no
effect on cCAMP production, suggesting that Hv1 does not influence the ATP generation.

Sulfonylureas such as tolbutamide and glibenclamide, bind to the SUR subunit of the
ATP-sensitive K* channels and induce channel closure (Proks et al., 2002). We
demonstrate that the lack of Hv1 inhibits sulfonylurea-induced insulin secretion, indicating
that the effect of Hv1 on insulin secretion is not related to the ATP-sensitive K*channel
pathway. We also show that ablation of the Hv1 gene abolishes the entry of calcium ions
into the S cell evoked by glucose or tolbutamide. This important defect could be predicted
from the reduced depolarization that we observed in the £ cell. This indicates that 5 cells
lacking Hv1 proton channel cannot generate Ca®* influx when membrane cannot be
depolarized. The fact that heterozygous mice also have a hyperglycemia with a low insulin
level illustrates that Hvl is at an important control point in the metabolic pathway
regulating insulin secretion, and that relatively small changes in Hv1 activity are likely to
have important effects on insulin secretion. Similar effects have been observed for
glucokinase (Matschinsky et al., 1998). The findings of the present study clearly
demonstrate that Hvl plays an important role in positively regulating
secretagogue-stimulated insulin secretion.

Taken together, the data in the present study demonstrate that Hv1-deficient mice
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exhibit a hyperglycemia and impaired glucose tolerance with a completely loss of the acute
phase insulin secretion in response to glucose, but normal peripheral insulin sensitivity. In
striking contrast, a mouse with a deletion of Hvl shows a attenuated first-phase insulin
secretion in response to arginine. These findings provide direct evidence of a functional
role for the proton channel in the maintenance of glucose homeostasis and might suggest
that the insulin resistance may be not a sufficient factor in the development of a loss of
glucose-stimulated insulin secretion. These studies also describe a novel pathway
regulating g cell secretory function in which Hv1 sustains the entry of calcium ions into £
cell through regulating membrane depolarization to promote increased insulin secretory
responses. Considering that Hvl is a positive regulator of insulin secretion and that
relatively small changes in Hvl levels significantly impact on insulin secretion, we

hypothesized that decreased Hv1 expression might be associated with type 2 diabetes.
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FIGURE LEGENDS

FIGURE 1. Hvl-deficient mice exhibit hyperglycaemia and impaired glucose tolerance
with reduced insulin secretion.

A: Body weight change of KO, heterozygous and WT mice (n** = 24; n*"~ = 24; n™" = 24).
Data are mean + SEM.

B: Basal blood glucose concentrations after fasting 6 h in 4 month-old KO, heterozygous
and WT mice (n"* = 24; n*"~ = 24; n™" = 24). Data are mean + SEM. ***P < 0.001, KO or
heterozygous vs. WT.

C: Blood glucose levels measured in whole blood following i.p. injection of glucose (2 g/kg
body weight) in KO, heterozygous and WT mice (n** = 12; "~ = 12; n™" = 12). Data are
means = SEM. *P < 0.05, ***P < 0.001, KO vs. WT.

D: Insulin concentrations measured in sera of KO, heterozygous and WT mice following i.p.
glucose challenge (2 g/kg body weight) (n** = 8; n*~ = 8; n™" = 8). Data are means + SEM.
*P < 0.05, ***P < 0.001, KO vs. WT. Hv1KO mice exhibit a loss of acute phase insulin
secretion in response to glucose.

E: Insulin concentrations measured in sera of KO, heterozygous and WT mice following i.p.
L-arginine challenge (1 g/kg body weight) (n*"* = 8; n"~ = 8; n™" = 8). Data are means +
SEM. *P < 0.05, **P < 0.01, KO vs. WT. Hv1KO mice show a markedly decreased
arginine-stimulated insulin secretion, but retaining first-phase secretion.

F: Blood glucose levels measured in whole blood following i.p. insulin injection (1 U/kg
body weight) in KO, heterozygous and WT mice (n"* = 12; n*"~ = 12; n™" = 12). Data are

means + SEM.

FIGURE 2. Hv1KO mice at 2 months of age exhibit an progressively impaired glucose
tolerance with age due to significantly reduced insulin secretion.

A: Blood glucose levels measured in whole blood following i.p. injection of glucose (2
g/kg body weight) in KO and WT mice (n** = 10; ™ = 10). Data are means + SEM. *P <
0.05, KO vs. WT.

B: Insulin concentrations measured in sera of KO and WT mice following i.p. glucose
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challenge (2 g/kg body weight) (n"* = 8; n”~ = 8). Data are means + SEM. **P < 0.01,
***pP < 0.001, KO vs. WT. Hv1IKO mice exhibit a significant loss of phase insulin
secretion in response to glucose.

C: Insulin concentrations measured in sera of KO and WT mice following i.p. L-arginine
challenge (1 g/kg body weight) (n"* = 8; n~ = 8). Data are means + SEM. **P < 0.01,
***pP < 0.001, KO vs. WT. Hv1IKO mice show a markedly decrease to respond to a
arginine stimulus, but retaining its response to arginine.

F: Blood glucose levels measured in whole blood following i.p. insulin injection (1 U/kg
body weight) in KO and WT mice (n"* = 10; n”~ = 10). Data are means + SEM.

FIGURE 3. Reduced insulin secretion of islets from Hv1-deficient mice.

A: Glucose-, sulfonylurea-, KCI- and L-arginine-induced insulin secretion from isolated
islets of KO, heterozygous and WT mice (n = 8 per genotype). Data are means £ SEM.
***P < 0,001, heterozygous vs. corresponding WT; P < 0.001, KO vs. corresponding
WT; %44p < 0.001, Glc, Tol, Glb, KCI or Arg vs. Basal for WT. Basal, 2.8 mM glucose;
Glc, 16.7 mM glucose; Tol, 200 uM tolbutamide; Glb, 1 uM glibenclamide; KCI, 60 mM
KCI; Arg, 10 mM L-arginine.

B and C: Insulin (B) and proinsulin (C) contents at a basal condition (2.8 mM glucose) in
isolated islets from KO , heterozygous and WT mice (n = 8 per genotype). Data are means
+ SEM. **P < 0.01, ***P < 0.001, KO vs. corresponding WT.

D: Ratio of insulin to proinsulin content of isolated islets of KO, heterozygous and WT
mice at a basal condition (n = 8 per genotype). Data are means £ SEM. NS (no
significance), vs. WT.

E: Proinsulin secretion at 16.7 mM glucose from isolated islets of KO, heterozygous and
WT mice (n = 8 per genotype). Data are mean £ SEM. ***P < 0.001, KO or heterozygous
vs. WT.

F: Ratio of insulin to proinsulin secretion of isolated islets of KO, heterozygous and WT
mice at 16.7 mM glucose (n = 8 per genotype). Data are means + SEM. NS (no
significance), vs. WT.
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FIGURE 4. siRNA-mediated knockdown of Hvl inhibits secretagogue-induced insulin
secretion.

A: Glucose- and sulfonylurea-induced insulin secretion from INS-1 (832/13) g cells
transfected with scramble (control) or Hv1-targeting SIRNA (siRNA) (n = 8 per condition).
Data are mean + SEM. **P < 0.01,***P < 0.001, vs. corresponding control; “*P < 0.01, vs.
control at basal.

B and C: Insulin (B) and proinsulin (C) contents in the g cells transfected with scramble
(control) or Hv1-targeting siRNA (siRNA) at a basal condition (n = 8 per condition). Data
are mean £ SEM. ***P < 0.001, vs. corresponding control.

D: The ratio of insulin to proinsulin content of the £ cells transfected with scramble (control)
or Hv1-targeting siRNA (siRNA) at a basal condition (n = 8 per condition). Data are mean
= SEM. NS (no significance), vs. control.

E and F: Quantitative RT-PCR for insulin from INS-1 (832/13) £ cells (E) and isolated
islets (F) treated with scramble (control) or Hv1-targeting sSiRNA (siRNA). Data are mean
= SEM (n = 3 per condition). *P < 0.05, vs. corresponding control.

G and H: Proinsulin secretion (G) and the ratio of insulin to proinsulin secretion (H) of
INS-1 (832/13) p cells transfected with scramble (control) or Hv1-targeting SIRNA (SiRNA)
in the presence of 16.7 mM glucose. Data are mean £ SEM (n = 8 per condition). **P <
0.01, ***P < 0.001, NS (no significance), vs. corresponding control. These data suggests

that no significant accumulation of proinsulin occurred in KO islets.

FIGURE 5. Knockout of Hv1 decreases a and S cell masses.

A: Immunohistochemical analysis of 4 month-old WT, heterozygous and KO islets using
anti-insulin and anti-glucagon antibodies. Representative images of H&E, anti-insulin and
anti-glucagon antibody-stained pancreatic sections from 4 month-old WT, heterozygous
and KO mice. Scale bar, 50 um.

B: Relative islet area of 4 month-old WT and KO mice analyzed by immunohistochemistry

of pancreatic sections (n = 6 per genotype). Data are mean + SEM. *p < 0.05, vs. WT.
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C and D: a and g cell masses of 4 month-old WT and KO mice based on immunostaining
of pancreatic sections (n = 6 per genotype). Relative o and g cell masses were determined
as a ratio of total glucagon (« cell)- or insulin (5 cell)-positive area to total pancreatic area.
Twenty to thirty sections per pancreas were analyzed. Data are presented as mean = SEM.
*p < 0.05, **p < 0.01, vs. corresponding WT.

E: Pancreatic insulin content (n = 6 per genotype). Data are mean = SEM. *p < 0.05, vs.
WT.

FIGURE 6. Deficiency of Hv1 has no effect on cCAMP generation in £ cells, but impairs
cellular Ca** homeostasis and membrane depolarization.

A: Insulin secretion of isolated islets transfected with scramble (control) or Hv1-targeting
SIRNA (siRNA) at 2.8 mM glucose, 2.8 mM glucose containing 10 uM forskolin, and 16.7
mM glucose containing 10 uM forskolin (n = 8 per condition). Data are mean = SEM. *P <
0.05, **P < 0.01, ***P < 0.001, vs. corresponding control; P < 0.01, **P < 0.001, vs.
control at 2.8 mM glucose.

B: cAMP content of isolated islets transfected with scramble (control) or Hv1-targeting
SIRNA (siRNA) at 16.7 mM glucose containing 10 uM forskolin (n = 6 per condition).
Data are mean = SEM. NS (no significance), vs. control.

C: Insulin secretion of INS-1 (832/13) A cells transfected with scramble (control) or
Hv1-targeting siRNA (siRNA) at 16.7 mM glucose and in the presence of 10 or 100 nM
GLP-1 (n = 6 per condition). Data are mean + SEM. ***P < 0.001, vs. corresponding
control; **P < 0.001, vs. control without GLP-1.

D, E and F: Knockdown of Hv1 impairs cellular Ca?* homeostasis in p cells. Cellular Ca®*
levels in INS-1 (832/13) S cells were measured by Fura-2 fluorescence. The g cells treated
with scramble siRNA (control) or Hvl-targeting siRNA (siRNA) were kept at 2.8 mM
glucose before switching to stimulation by 200 uM tolbutamide without (D) or with (E)
16.7 mM glucose as indicated above the traces. The £ cells were kept at 2.8 mM glucose
before switching to stimulation by 200 uM tolbutamide without or with 10 uM ZnCl, as
indicated above the traces (F). This result indicates that Zn®*, a classical inhibitor of Hv1
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(24, 25) (Ramsey et al., 2006; DeCoursey, 2008), can efficiently inhibit Ca®" influx in the 8
cell.

G and H. Knockdown of Hvl impairs membrane depolarization induced by glucose or
tolbutamide in S cells. The membrane potential changes of INS-1 (832/13) g cells during
glucose- and tolbutamide-stimulation were monitored by DIBAC4(3) fluorescence. INS-1
(832/13) p cells treated with scramble siRNA (control) or Hv1-targeting siRNA (siRNA)
were kept at 2.8 mM glucose before switching to stimulation by 16.7 mM glucose (G) or
200 uM tolbutamide (H) as indicated above the traces.
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