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ABSTRACT
Here, we demonstrate that the voltage-gated proton channel Hv1 represents a
regulatory mechanism for insulin secretion of pancreatic islet β cell. In vivo, Hv1-deﬁcient
mice display hyperglycemia and glucose intolerance due to reduced insulin secretion, but
normal peripheral insulin sensitivity. In vitro, islets of Hv1-deﬁcient and heterozygous mice,
INS-1 (832/13) cells with siRNA-mediated knockdown of Hv1 exhibit a marked defect in
glucose- and K+-induced insulin secretion. Hv1 deﬁciency decreases both insulin and
proinsulin contents, and limits glucose-induced Ca2+ entry and membrane depolarization.
Furthermore, loss of Hv1 increases insulin-containing granular pH and decreases cytosolic
pH. In addition, histologic studies show a decrease in β cell mass in islets of Hv1-deficient
mice. Collectively, our results indicate that Hv1 supports insulin secretion in the β cell by
calcium entry, membrane depolarization and intracellular pH regulation.

SIGNIFICANCE STATEMENT
The voltage-gated proton channel Hv1 is highly expressed in insulin-containing
granules in pancreatic β cells. Hv1 supports insulin secretion in the β cell by calcium entry,
membrane depolarization and regulation of intragranular and cytosolic pH, which
represents a regulatory mechanism for insulin secretion of pancreatic islet β cell. Our
research demonstrates that Hv1 expressed in β cell is required for insulin secretion and
maintains glucose homeostasis, and reveals a signiﬁcant role for the proton channel in the
modulation of pancreatic β cell function.
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INTRODUCTION
Insulin secretion by pancreatic β cells is precisely regulated by glucose homeostasis.
The glucose metabolism by the pancreatic β cells accompanies proton generation, which
proposes a mechanism of intracellular pH-regulation behind insulin release stimulated by
the sugar (1). Manipulating intracellular as well as extracellular pH could affect the insulin
secretory process, which is associated with changes in membrane potential, ionic fluxes,
and insulin release (1-3). Even though some studies showed that glucose had no effect on
intracellular pH (4,5), some reports showed that glucose induced cytosolic pH increase
(6-8). Meanwhile, it is reported that intracellular alkalization inhibits insulin secretion from
cells (3,9), acidification stimulates insulin release (10). Some studies proposed that Na+/H+
and Cl-/HCO3- exchangers enable β cells to effectively buffer the acid load generated by
glucose metabolism (6). However, either a decrease or an increase in pHc is important for
glucose-induced insulin secretion via the triggering or the amplifying pathways.
The pH of insulin-containing granules is between 5 and 6, which is thought to permit
sequential action of pH-dependent prohormone convertases in the proteolytic processing of
proinsulin and favor storage of insoluble Zn2+-insulin hexamers (11,12). The results that
glucose induces pH changes in insulin-containing granules are contradictory. Glucose
slightly increased pH of secretary vesicles in normal mouse islets (13) but acidified insulin
granules in RIN insulinoma cells (14). Simultaneously, other study showed that cytosolic
ATP promoted granule acidification (15).
The voltage-gated proton channel Hv1 is extremely selective for protons and has no
detectable permeability to other cations (16,17). Hv1 channel is activated at depolarizing
voltages,

sensitive

to

the

membrane

pH

gradient,

H+-selective,

Zn2+-

and

temperature-sensitive (16,17). In our previous study, we have identified that Hv1 is present
in human and rodent pancreatic islet β cells, as well as β cell lines (18). However, the
regulatory mechanism of Hv1 for insulin secretion of pancreatic islet β cell is not known. In
present study, we have discovered a regulatory mechanism for the proton channel Hv1 in
the modulation of β cell insulin secretory function. Our in vitro and in vivo studies
demonstrate that Hv1 is required for insulin secretion in the β cell.
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RESULTS
Hv1-deficient mice exhibit hyperglycaemia and impaired glucose tolerance due to
reduced insulin secretion
To assess the effect of Hv1 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 4 months of age showed significantly higher glucose levels following
an i.p. glucose load (2 g/kg body weight) (Fig. 1C). Corresponding serum insulin levels
(including basal) were significantly 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). Thus, the Hv1KO mice exhibit an
impairment in their ability to dispose of a glucose load due to insulin secretion defect.
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 4 months of age. We found that insulin administration lowered blood glucose levels
in both WT and Hv1-deficient mice to a similar extent, indicating that Hv1 deficiency does
not impair a peripheral insulin sensitivity (Fig. 1E). 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 islets from Hv1-deficient mice
To delineate the role of Hv1 in insulin secretion, we performed insulin secretion
assays using isolated islets from wild type (WT, Hv1+/+), heterozygous (Hv1+/-) and
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homozygous (KO, Hv1-/-) mice. As shown in Fig. 2A, 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 KO 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). Direct
depolarization elicited by an increase of extracellular K+ (60 mM KCl) 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. 2A), indicating that knockout of Hv1
prevents K+-induced insulin secretion in pancreatic β cells. 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. 2B and C). The ratio of insulin to proinsulin content,
however, was indistinguishable between KO and WT islets (Fig. 2D), suggesting that
insulin synthesis is abnormal, but not insulin maturation in Hv1-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. 2E). 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. 2F), suggesting that no significant
accumulation of proinsulin occurred in KO islets.

Knockdown of Hv1 has an effect on insulin synthesis
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. The insulin
secretion of INS-1 (832/13) cells at a basal condition (2.8 mM glucose) was low at both the
controls and Hv1-knockdown INS-1 (832/13) cells (Fig. 3A). In the presence of 16.7 mM
glucose, the insulin secretion in the control INS-1 (832/13) cells increased 9.6-fold
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compared with that at the basal condition. Whereas the insulin secretion was significantly
reduced by 64% (p < 0.001) by a reduction in Hv1 level with Hv1-targeting siRNA (Fig.
3A), indicating that Hv1 markedly affects the glucose-induced insulin secretion in INS-1
(832/13) cells.
To examine the effect of Hv1 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 INS-1 (832/13) cells, compared with the controls (Fig. 3B and C).
However, the ratio of insulin to proinsulin content has a no difference between the controls
and the Hv1-downregulated INS-1 (832/13) cells (Fig. 3D), 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 INS-1 (832/13) cells and the isolated islets were
measured. As shown in Fig 3E and F, insulin mRNA level was decreased by 38 (p < 0.01)
and 33% (p < 0.01) by a reduction in Hv1 level with Hv1-targeting siRNA in the INS-1
(832/13) 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 INS-1 (832/13) cells. The proinsulin secretion was barely detectable under
a basal condition in the control, but in the presence of 16.7 mM glucose, the proinsulin
secretion was reduced by 68% (p < 0.01) by a reduction in Hv1 level, compared with the
control (Fig. 3G). However, the ratio of insulin to proinsulin secretion in Hv1-silenced
INS-1 (832/13) cells in the presence of 16.7 mM glucose was not different with that in
control INS-1 (832/13) cells (Fig. 3H), suggesting that no significant accumulation of
proinsulin occurred in the Hv1-silenced INS-1 (832/13) cells.
Deficiency of Hv1 reduces β cell masses and pancreatic insulin content
To determine whether Hv1 deletion affects islet development, we conducted
immunohistologic (IHC) studies. Morphometric analysis of pancreatic sections from WT,
heterozygous and KO mice at 4 months of age exhibited a relatively normal islet
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architecture in each case, with β cells concentrated in the core and α cells located mainly in
the periphery (Fig. 4A), 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. 4B). However, the islet average size calculated from isolated islets (Fig. 4C)
and islet area to total pancreas area (Fig. 4D) analyzed by immunohistochemistry of
pancreatic sections were decreased in the KO mice compared with WT and heterozygous
mice.
The quantiﬁcation of total β cell mass displayed a genotype-dependent difference. β
cell mass was decreased by 13% (n = 6, p < 0.05) in Hv1KO mice compared with WT mice
(n = 6), as measured by morphometric analysis of insulin-positive islet cells (Fig. 4E). The
total pancreatic insulin content in Hv1KO mice was also decreased by 11% (n = 6, p < 0.05)
(Fig. 4F), the same as the observed in the isolated islets (Fig. 2B). These results show that
Hv1KO mice have sufﬁcient β cells and insulin, indicating that the in vivo phenotype is not
due to gross developmental defects.

Deficiency of Hv1 affects the size of insulin granules, but not the number and docking
of the vesicles
Insulin is stored in large dense-core secretory granules in β cells and released via
granule exocytosis upon stimulation. The correct size, number and docking to cell
membrane of insulin granules are necessary for insulin secretion in β cells (19,20). We used
TEM to investigate whether loss of Hv1 disturbs vesicle distribution in β cells. The ratios
of the small size vesicles (<300nm) and large size vesicles (>400nm) were increased by
4-fold and decreased by 47% in Hv1KO mice compared with that in WT mice, respectively,
but the ratio of the middle size vesicles (300-400nm) showed no significant difference (Fig.
5A and B). However, the total number of the vesicles in β cells in Hv1KO mice is the same
with that in WT mice (Fig. 5C). This result might explain why there is a difference of
insulin contents between Hv1KO and WT mice (Fig. 1B). The docking of insulin granules
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plays an important role in regulating insulin secretion (25). The detailed quantitative
electron microscopic analysis of β cells was performed to study the docked granules. The
number of secretory granules close to (<100 nm) the cell membrane in β cells in Hv1KO
mice is similar to that in WT mice (Fig. 5D), indicating that the loss of Hv1 does not
influence the granule docking in β cells.

Hv1 regulates insulin secretion dependent on PKC activation
cAMP is an important second messenger involved in potentiating rather than
initiating insulin secretion (21). To detect the effect of Hv1 on cAMP production, we
measured forskolin enhanced insulin secretion and cAMP content in isolated islets. In the
present of 10 μM 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 Hv1-silenced islets was not different with that in control islets in the present of
10 μM forskolin and 16.7 mM glucose (Fig. 6B), suggesting that knockdown of Hv1 has no
effect on cAMP production.
PMA as a well-known activator of Hv1 has been extensively used for Hv1 function
studies (22,23). To examine the effect of Hv1 on protein kinase C (PKC) signaling pathway,
we measured PMA-induced insulin secretion in isolated islets from WT and Hv1KO mice.
As shown in Fig. 6C, in the presence of 5 μM PMA, the insulin secretion in the isolated
islets from WT mice increased 6.3-fold compared with that in the absence of PMA,
whereas the insulin secretion in Hv1KO islets was significantly decreased by 61% (p <
0.001) compared with that in WT islets. These data indicate that Hv1 regulates insulin
secretion dependent on PKC activation.
Deficiency of Hv1 limits Ca2+ entry and membrane depolarization
Glucose stimulates insulin secretion by induction of Ca2+-dependent electrical
activity that triggers exocytosis of the insulin granules. We found that knockout of Hv1
impaired glucose-induced intracellular Ca2+ homeostasis (Fig. 7A and B). In pancreatic β
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cells, the increase of cytosolic Ca2+ ([Ca2+]c) occurs with Ca2+ entry across
voltage-sensitive Ca2+ channels activated by membrane depolarization (24). To confirm
whether the abrogation of Ca2+ influx by knockout of Hv1 is coupled to membrane
polarization, the membrane potential changes of isolated islet β cells during
glucose-stimulation were monitored with DiBAC4(3) fluorescence. As shown in Fig. 7C,
the isolated islet β cells from WT mice were depolarized significantly more than isolated
islet β cells from Hv1KO mice after glucose stimulation, indicating that Hv1 deficiency
impairs glucose-induced membrane depolarization. Thus, the reduction in insulin secretion
by deficiency of Hv1 should involve in electrical activity and [Ca2+]c signaling.
Knockout of Hv1 alkalinizes intragranules and acidifies cytosol in β cells
Our previous results showed that Hv1 is mainly expressed in insulin-containing
granules (18). To assess the effect of Hv1 on insulin granule pH, the intragranule pH was
monitored by LysoSensor Green DND-189 (LSG) fluorescence. LSG accumulates in acidic
organelles and exhibit a pH-dependent fluorescence. LSG fluorescence increases with a pH
decrease, but no fluorescence in alkalinization (25). The ratio of LSG fluorescence in
Hv1-deleted β cells were lower than that of the controls at a basal (2.8 mM glucose)
condition, indicating that the intragranules in Hv1-deleted β cells were alkalinized (Fig. 7D).
While the addition of high glucose solution to β cells (final concentration, 16.7 mM
glucose), induced the ratio further declined in both Hv1-deleted and control β cells.
Therefore, these observations indicated that Hv1 involves in intragranule pH regulation in
pancreatic β cells.
To assess the effect of Hv1 on cytosolic pH in β cells, cytosolic pH was evaluated by
BCECF fluorescence. As shown in Fig. 7E, the pH in Hv1-knockout β cells at both 2.8 and
16.7 mM glucose was lower than that in control β cells, indicating that the deficiency of
Hv1 in β cells decreased cytosolic pH. While stimulation with glucose (final concentration,
16.7 mM glucose) resulted in pH declined in both Hv1-deleted and control β cells,
indicating that glucose stimulation induces insulin granule acidification.
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DISCUSSION
Here, we show in vivo, that both Hv1KO and heterozygous mice display
hyperglycemia and glucose intolerance due to markedly decreased insulin secretion. In
vitro, deficiency of Hv1 exhibits a remarkable defect in glucose-induced insulin secretion,
decreases both insulin and proinsulin contents, impairs intracellular Ca2+ homeostasis and
membrane depolarization, alkalinizes secretory granules and acidifies cytosol. These data
indicate that the level of Hv1 expression in the β cell is required for insulin secretion and
maintaining glucose homeostasis, and reveal a signiﬁcant role for the proton channel in the
modulation of pancreatic β cell function.
The acidification inside the secretory vesicles has a fundamental importance for
maintenance of whole-body homeostasis. It has been suggested for decades that the proton
gradients might be involved in the fusion of secretory vesicles to the target membrane
(26,27). Barg et al. (15) showed that the acidic pH might regulate priming of the granules
for secretion, a process involving pairing of SNARE proteins on the vesicles and target
membranes to establish fusion competence. The dependence of the insulin secretion on Hv1
activity reflects that the intragranule pH is directly involved in the secretion of secretory
granules. We presumed that loss of Hv1 would result in abnormal secretory vesicle
alkalinization, and thereby affect insulin synthesis.
The effects of glucose on the cytosolic pH (pHc) of the islet β cells are debated
(4-8,28,29). More confusing is the coupling between the pHc changes and insulin secretion.
Studies on changes in β cell pHc by manipulation of extracellular pH and ionic composition
proposed that alkalinization inhibited insulin secretion (3,9), while acidification increased
insulin release (10). Although NHE1 and NHE7 are the most expressed in mouse islets,
upon stimulation by glucose, the pHc similarly increased in NHE1 mutant and control islets
(30), suggesting that β cell alkalinization by glucose is not mediated by Na+/H+ exchangers
as sometimes proposed (6,28). However, either a decrease or an increase in pHc is
important for glucose-induced insulin secretion via the triggering or the amplifying
pathways. Manipulations of extra- and intracellular pH in pancreatic islets or β cells are
associated with changes in membrane potential, ionic fluxes, and insulin release (1,3).
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Glucose-induced priming of insulin secretion, which is thought to be mediated by the
amplifying pathway (31), has been proposed to link to the pH changes in β cells (32).
As a well-known PKC activator，PMA can activate PKC as an analog of DAG, and
the activation of PKC results in membrane depolarization, Ca2+ influx and then priming of
insulin secretion (33). PMA, as a well-known Hv1 activator (16,17), induces insulin
secretion through activating Hv1 activity, suggesting that Hv1 regulates insulin secretion
through the PKC signaling pathway. This important defect that ablates the Hv1 gene could
be predicted from the reduced depolarization as we observed in the β cell. This indicates
that β cells lacking Hv1 proton channel cannot generate Ca2+ influx when membrane
depolarization is limited.
The fact that heterozygous mice also have a hyperglycemia with a low insulin level
illustrates that Hv1 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
(34). These data further confirms that the Hv1 is closely related to insulin secretion. The
findings of the present study clearly demonstrate that Hv1 plays an important role in
positively regulating glucose-stimulated insulin secretion.
β cell failure is associated with not only decreased β cell insulin secretory function but
also reduced overall β cell mass (35). In present study, there was no difference in islet
morphology between Hv1KO and WT mice, and only a very modest decrease in islet size
and β cell mass. The smaller size observed in Hv1-deficient pancreatic islets may be related
to the decrease in β cell mass, and result from impaired insulin 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) cells caused decreased glucose-stimulated insulin secretion
(GSIS), suggesting that the in vivo decrease in insulin secretion in the Hv1KO mice was not
due to an in vivo β cell developmental defect.

EXPERIMENTAL PROCEDURES
Additional experimental procedures are provided in SI Methods.
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FIGURE LEGENDS
FIGURE 1. Hv1-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; n+/− = 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.
E: 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. Reduced insulin secretion of islets from Hv1-deficient mice.
A: Glucose- and KCl-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;

&&&

p < 0.001, Glc or KCl vs.

Basal for WT. Basal, 2.8 mM glucose; Glc, 16.7 mM glucose; KCl, 60 mM KCl.
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.
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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.

FIGURE 3. siRNA-mediated knockdown of Hv1 has an effect on insulin synthesis.
A: Glucose-induced insulin secretion from INS-1 (832/13) cells transfected with scramble
(control) or Hv1-targeting siRNA (siRNA) (n = 8 per condition). Data are mean ± SEM.
***p < 0.001, vs. corresponding control.
B and C: Insulin (B) and proinsulin (C) contents in the 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 siRNA (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) 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 4. Knockout of Hv1 decreases β cell mass.
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
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anti-glucagon antibody-stained pancreatic sections from 4 month-old WT, heterozygous
and KO mice. Scale bar, 50 μm.
B and C: Relative islet number based on immunohistochemical analysis of pancreatic
sections (B) and islet size calculated by isolated islet area (C) in 4 month-old WT and
Hv1KO mice (n = 6 per genotype). Data are mean ± SEM. NS (no significance), *p < 0.05,
vs. WT.
D: 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.
E: β cell mass of 4 month-old WT and KO mice based on immunostaining of pancreatic
sections (n = 6 per genotype). Relative β cell mass was determined as a ratio of total
insulin-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.
F: Pancreatic insulin content (n = 6 per genotype). Data are mean ± SEM. *p < 0.05, vs.
WT.

FIGURE 5. Deficiency of Hv1 affects the size of insulin granules, but not the number
and docking of the vesicles.
A: Representative TEM images of β cells from 4 month-old WT and KO mice. Scale bar, 2
μm.
B: Relative size distribution of vesicles in β cells based on TEM images. The size of
vesicles in Hv1KO mice shows smaller than WT mice (n = 50 per genotype). Data are
mean ±SEM. *p < 0.05, vs. WT.
C: Vesicle density in pancreatic β cells of 4 month-old WT and KO mice analyzed by TEM
images (n = 50 per genotype). Data are mean ±SEM. NS (no significance), vs. WT.
D: Number of vesicles docked onto cytoplasmic membrane in β cells of WT and KO islets.
from TEM-based analysis (n=50 per genotype). Data are mean ± SEM. NS (no
significance), vs. WT.
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FIGURE 6. Hv1 regulates insulin secretion through PKC signaling pathway.
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 μM forskolin, and 16.7
mM glucose containing 10 μM 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 contents of isolated islets transfected with scramble (control) or Hv1-targeting
siRNA (siRNA) at 16.7 mM glucose containing 10 μM forskolin (n = 6 per condition).
Data are mean ±SEM. NS (no significance), vs. control.
C: PMA-induced insulin secretion from isolated islets of WT and KO mice (n = 8 per
genotype). Data are means ± SEM. *P < 0.05, ***p < 0.001, vs. corresponding WT; ###p <
0.001, vs. corresponding at 0 μM PMA.
FIGURE 7. Deficiency of Hv1 limits Ca2+ entry and membrane depolarization,
decreases cytosolic pH and increases intragranular pH.
A and B: Knockdown of Hv1 limits Ca2+ entry in isolated islets (A) and isolated islet β
cells (B) from WT and Hv1KO mice. Cellular Ca2+ levels in isolated islets and β cells were
measured by Fura-2 fluorescence, which were kept at 2.8 mM glucose before switching to
stimulation by 16.7 mM glucose as indicated above the traces.
C: Deficiency of Hv1 limits membrane depolarization induced by glucose both in isolated
islet β cells. The membrane potential changes of isolated islet β cells during
glucose-stimulation were monitored by DiBAC4(3) fluorescence. The isolated islet β cells
from WT and Hv1KO mice were kept at 2.8 mM glucose before switching to stimulation
by 16.7 mM glucose as indicated above the traces.
D: Knockout of Hv1 results in an increase in intragranular pH monitored by LysoSensor
Green DND-189 fluorescence. The data are presented as ratios of LysoSensor Green
DND-189 intensity (F) over the corresponding initial fluorescence intensity (F0).
E: Deficiency of Hv1 reduces cytosolic pH in isolated islet β cells determined by BCECF
fluorescence.
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The arrows indicated the time when the high glucose (final concentration, 16.7 mM)
solution was added into the culture dishes, without interruptions in the recordings.
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