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Abstract. In vivo insulin secretion is predominantly affected
by blood glucose concentration, blood concentration of amino
acids, gastrointestinal hormones and free nerve functional
status, in addition to other factors. Insulin is one of the most
important hormones in the body, and its secretion is precisely
controlled by nutrients, neurotransmitters and hormones. The
insulin exocytosis process is similar to the neurotransmitter
release mechanism. There are various types of proteins and
lipids that participate in the insulin secretory vesicle fusion
process, such as soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) protein, Ras-related
proteins and vacuolar-type H*-ATPase (V-ATPase). Notably,
the SNARE protein is the molecular basis of exocytotic
activity. In the current review, the role of the vesicle membrane
proteins (synaptobrevins, vesicle associated membrane
proteins and target membrane proteins) and auxiliary proteins
(Rab proteins and Munc-18 proteins) in vesicle fusion activity
were summarized. A summary of these key proteins involved
in insulin granule secretion will facilitate understanding of the
pathogenesis of diabetes.
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1. Introduction

Insulin is a peptide hormone, which is stored in cells in
large dense-core secretory granules and secreted by the
islets P-cells, released through granule exocytosis, upon
stimulation (1). Exocytosis, a key process in insulin secre-
tion, includes two steps; intracellular insulin secretory vesicle
transport and insulin secretory vesicle fusion with the plasma
membrane (2). Fusion of the insulin secretory vesicle and the
plasma membrane involves the formation of an array of soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex proteins (3), as well as many other impor-
tant proteins. The trafficking and fusion of secretory vesicles
involve multiple steps and complex proteins interactions, and
are subject to strict regulation. Currently, the specific mecha-
nisms of the biosynthesis and maturation of insulin particles,
as well as the specific mechanisms by which it is released from
cells remains unclear. Therefore, understanding the molecular
secretion process will improve the understanding of the patho-
genesis of diabetes mellitus (DM) and provide information for
the treatment of diabetes. The current study aims to demon-
strate the mechanism of insulin secretory vesicle exocytosis
and the regulation of insulin secretion.

2. Role of SNARE proteins in exocytosis

Types and construction of SNARE proteins. SNAREs are
content-rich transmembrane proteins. The SNARE protein
is a transmembrane protein family, which is located in cell
organelles and vesicles. There are >30 types of SNARE family
protein in mammalian cells, each of which is in a separate sub
cellular component. Although the size of SNARE:s varies, their
structure contains a common SNARE domain, which consists
of 60-70 amino acids, in a coiled-coil structure containing
seven repeats. This domain determines all the characteristics
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of SNAREs and mediates the formation of SNARE
complexes; therefore it is significant to SNARE function. In
addition, SNARESs contain two domains as follows: One that
is located in the transmembrane domain of the C-terminal
end, responsible for anchoring the bubble film (the fusion of
vesicle membrane proteins and target membrane proteins)
of SNARE:S in the target capsule. The synaptobrevin protein
promotes the SNARE zipper-like binding reaction through
the transmembrane domain of the C-terminal, resulting in
fusion of the vesicles. The second is the regulating domain of
the N-terminal, which is responsible for regulating SNARE
activity (4).

There are two classifications of SNARESs; the first is
based on the different subcellular localization, divided into
vesicle (v)-SNARESs and target (t)-SNAREs from the target
membrane. The second classification is based on the amino
acid located in the center of the SNARE domain, arginine
(Arg) or glutamine (Glu), which is divided into R-SNAREs
and Q-SNAREs, respectively (5). Under normal circum-
stances, there are more t-SNARESs than Q-SNAREs and more
v-SNARESs than R-SNARESs (4). In addition, Q-SNAREs are
further divided into Qa-SNARE:s (syntaxin), Qb-SNAREs and
Qc-SNARE:S (5).

t-SNARES. t-SNARE is distributed on the target membrane,
including the syntaxin and SNAP-25 families (5). Various
studies have confirmed that syntaxin-la and synaptosome
associated protein 25 (SNAP-25) have formed a specific
t-SNARE two element complex (6). In vitro studies have shown
that the interaction of the syntaxin-la/SNAP-25 complex with
vesicle-associated membrane protein 2 (VAMP2) produces
a coiled coil, which provides sufficient energy for driving
the fusion reaction (4). Prior to formation of the SNARE
complex, Secl/Muncl8 (SM) protein and Qa-SNARE binding
occurred, so that the space between membranes was closed.
When membrane fusion begins, the SM protein binds with
the N-terminal end of the Qa-SNARE, so that it is exposed to
the SNARE domain (7). First, the Qa-SNARE binds with the
Qc-SNARE and Qb-SNARE to form a three element complex.
When the vesicle membrane docks in the target membrane, the
three element complex of the SNARESs complex and R-SNARE
forms a specific four element complex (loose complex).
Subsequently, assembly of the SNAREs core complex.
SNAREs connect the vesicle membrane and cell membrane
via three molecular structures. One of which is composed of
synaptobrevin and syntaxin proteins, and SNAP-25 forms the
two other molecular structures. The SNAREs core complex is
composed of relational twisting of numerous parallel protein
spiral structures, forming a leucine zipper embedded struc-
ture, the leucine zipper enables the connection of two domains
between adjacent vesicles and cell membranes. The SNARE
transmembrane domain is anchored during the fusion of the
two films, while t-SNARE and v-SNARE mediate membrane
fusion to connect t-SNARE and v-SNARE at a certain posi-
tion (8). The t-SNARE complex contains a Glu relatively
conserved sequence, which is positioned in the center of the
helix bundle (termed Q-SNARE protein). The v-SNARE
contributes an Arg sequence (termed R-SNARE protein) and
is also in this position. Certain proteins [such as RAB3A,
member RAS oncogene family (Rab3A)] coexist on the
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vesicle membrane and the target membrane, establishing the
Q-R-SNARE classification model, which is an increasingly
prevalent model. This model is based on two conserved amino
acid sequences of the cytoplasmic domain of SNARE protein,
Glu (Q) is a conserved sequence, Arg (R) is another conserved
sequence. Those cytoplasmic domain contains Glu conserved
sequence of SNARE protein (such as Syntaxin, SNAP25) and
is classified as Q-SNARE, whereas SNARE protein (such as
VAMP and Rab3A) containing an Arg conserved sequence is
referred to as R-SNARE. The next R-SNARE and Qa-SNARE
transmembrane domain rearrangement forms cis-SNAREs,
prompting membrane distal binding and, thus, the formation
of fusion pores and fusion pore expansion, which releases the
material from inside the vesicle (9).

v-SNARE: (the role of VAMP proteins in exocytosis). VAMP is
a v-SNARE anchored to synaptic vesicles and secretory gran-
ules. v-SNARE is distributed on the vesicle membrane, along
with synaptobrevin/VAMPs and associated proteins (10).
The v-SNARE complex is formed during a membrane fusion
process, which requires a series of molecules, such as synap-
tobrevins, syntaxins and SNAREs core proteins (such as
synaptic-associated proteins) to achieve synergy. According
to recent analysis of VAMP (11), the detailed proteomic
characterizations of granule secretory vesicles were identified.
There are four identified VAMPs, including VAMP2, VAMP3,
VAMP7 and VAMPS. VAMP2, VAMP3 and VAMPS are
known to participate in exocytosis in various cell types and
to form a complex substance with syntaxin 4/SNAP-23 (12).
VAMP2, a v-SNARE granule protein, is important; it is a
structural protein of the synaptic vesicle membrane, which is
closely associated with all of the neurons and endocrine cells,
which are closely associated with neurotransmitter, hormone
release and synaptic plasticity.

For example, in the compound of syntaxin la, following
dissociation, VAMP2 or SNAP-25 toxins cause [3-cell insulin
secretion. Notably, in vitro studies have shown that the interac-
tion of the syntaxin 1/SNAP-25 complex and VAMP?2 produces
aspiral beam, which provides enough energy to drive the fusion
reaction (13). VAMP7 is predominantly located in the inner
body, lysosomes and the cell membrane, which is involved in
vesicle transport between the inner body and the lysosome.
VAMPS5, located in the cell membrane, is highly expressed in
muscle cells, and is associated with the cell membrane and
vesicle structure, and myotubes. VAMPS is usually considered
to be an adjustable vesicle that mediates docking and fusion of
vesicles to target membranes, and is important for membrane
transport of skeletal and cardiac muscle. VAMPS is located in
the cell membrane, and early and late endosomes found in the
trans Golgi network and other organelles, suggest its extensive
role. A previous study indicates that VAMPS mediated endo-
cytosis of glucose transporter type 4 (14).

R-SNARE (synaptobrevin). The SNARE protein is formed
accordingtothe zipper hypothesis; azipperexists at the interface
of the v-/t-SNARE interaction and, therefore, is equivalent
to providing a fusion reaction to an inward tension (15).
t-SNARE is distributed on the target membrane, including the
syntaxin and SNAP-25 families. v-SNARE:s are distributed on
the vesicle membrane, and include synaptobrevins/ VAMPS
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Figure 1. Role of synaptobrevin proteins in exocytosis. SNAP-25, synapto-
some associated protein 25.

and associated proteins. Synaptobrevins, syntaxins and
SNAP-25 form a stable melamine according to the proportion
of 1:1:1 (Fig. 1) (4). The SNARE motif in the three classes
of the SNARE protein is formed in parallel with the
o helical region of the N-motif, which forms the core
complex (N-ethylmaleimide-sensitive factor; NSF). Under
the assistance of the a/p3-soluble N-ethylmaleimide-sensitive
attachment proteins (SNAPs), the hydrolysis of ATP results in
SNARE polymer dissociation (16).

3. Role of vacuolar-type H*-ATPase (V-ATPase) in
exocytosis

Molecular characteristic of V-ATPase. A protein that is
widely distributed in the eukaryotic cell membrane and the
cell membrane of the cell membrane, which is associated with
a type of V-type H* ATPase. The structure of V-ATPase is
composed of two subunits, VI and VO in the cytoplasm. The
former provides a channel for H* and the latter decomposes
ATP, and provides energy for the transfer of H* against the
concentration gradient. VO and V1 are only involved in
polymeriztion (17). Tonoplast V-ATPase is a particularly
important type of proton pump, involved in ion homeostasis in
the cytoplasm and in cell metabolism. This enzyme is a large
multimeric enzyme composed of cytoplasmic and membrane
surface V1 and VO complexes. The V1 domain, located in
the cytoplasm, contains eight subunits (A3, B3, C, D, E, F,
G2 and H), which are responsible for the hydrolysis of ATP,
with subunits A and B being the most important. Subunit A
catalyzes the hydrolysis of ATP (subunit B is not conserved in
the glycine rich region; therefore, has no catalytic function, but
has the ability to regulate). ATP is involved in the hydrolysis
of the A3 and B subunits, which function in a similar way to
the F-ATPase (3 and a subunits (18). There are three copies of
each of the A and B subunits, to form the six polymer units.
The A subunit is the catalytic subunit of the hydrolysis of ATP
and the B subunit is a non-catalytic subunit, which is a site of
ATP binding. Certain residues of the A subunit are essential
for enzyme activity, such as E286, which is involved in proton
uptake. Negatively charged phosphate groups, located in the
glycine rich region, may be associated with the ATP phase
of K263. The B subunit is the regulatory subunit, and each
of the six polymer units contains three sites for the catalytic
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hydrolysis of ATP (19,20). The VO domain is composed of five
subunits (a, c, ¢", d and e), which are responsible for proton
transport.

Function of V-ATPase in exocytosis. V-ATPase activity
in neuronal synaptic vesicles produced a large number of
proton electrochemical gradients (21). This electrochemical
proton gradient is a low pH condition for the accumulation of
neurotransmitter in the synaptic vesicles or catecholamine in
the granules of the granule (22). The VO region of V-ATPase
was found to interact with proteins involved in the extracel-
lular region of the protein (Fig. 2). The interaction of VO and
VAMP2 may be expressed in the cis complex of the same
insulin secretory vesicles (15). The interaction between
V-ATPase and syntaxin-1 is also important for the regulation
of the cell, and these interactions are regulated by calmodulin
and Ca* (21).

4. Other proteins participate in insulin secretory granules
exocytosis

SM proteins participate in insulin secretory granule
exocytosis. The majority of transport pathways require
a SNARE protein complex that mediates the fusion of
transport vesicles and target membranes. Simultaneously,
another protein family, SM proteins, is significant to vesicle
transport (4). The SM protein is a type of hydrophilic protein,
which is composed of ~600 amino acids. The homology
between the family members is high. The spatial structure
of the family is roughly the ‘bow’ structural protein, which
is closely associated with secretion (5). It has been identified
that integration of the cell membrane in the vesicle transport
pathway requires SNARE protein family involvement (4).
The family is predominantly composed of two subtypes
of the target membrane, t-SNARE and v-SNARE vesicles.
v- and t-SNARESs are assembled into SNARE complexes,
which is promoted by the fusion of the vesicle membrane and
the target membrane, thus is key in the membrane transport
process. However, v- and t-SNARE do not spontaneously
assemble into a complex, the assembly of the anterior vesicle
anchored target membrane and the SNARE complex requires
the involvement of other proteins. This includes SM protein
family members, which are significant in SNARE-mediated
membrane fusion and vesicle trafficking events (3,22).
Previous studies suggest that SM proteins may regulate the
process of vesicle anchoring to the target membrane, and
may also be involved in the initiation, fusion and other steps
in the regulation (23). The interaction between SM proteins
and the SNARE complex has been identified to occur via
four primary mechanisms (24) as follows: i) The SM proteins
bind to the closed conformation of the syntaxin protein. This
combination makes the syntaxin-1 and muncl8-1 more stable
in the body relative to their respective monomer forms (6).
ii) Certain SM proteins interact in other ways with the
syntaxin protein family; the SM proteins combine with the N
terminal sequence of the conserved syntaxin protein, which
is termed the open state. This interaction is more common
than the aforementioned interaction (6,25). iii) The direct
combination of SM proteins and the SNARE complex.
SM proteins directly bind to the SNARE complex, which
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indicates that the SM protein is involved in the regulation of
the fusion of vesicles and target membranes (26). iv) A small
number of SM proteins do not interact directly with syntaxin,
but first bind to other soluble proteins and form a complex,
and subsequently bind to the syntaxin protein. Numerous
studies demonstrate that the correct assembly of the SNARE
complex predominantly depends on the regulation of SM

proteins, and the binding of SM proteins and the SNARE
complex ensures the stability of the SNARE complex (5).

Rab proteins and insulin secretory granule exocytosis.
Rab protein is the largest family of the small molecule
guanosine-5'-triphosphate (GTP) binding protein family
(small GTP-binding proteins). Composed of 200 amino acids,
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it comprises a conserved G domain with highly variable N
and C ends. The Rab protein serves as a vesicle trafficking
molecular switch, and its upstream regulator and downstream
effector specific interactions, coupled with the GTP binding
and hydrolysis process, are involved in the different stages
of vesicular transport (27). The Rab protein is ubiquitous in
vesicular transport components contributing to the basic func-
tions, as well as the regulatory functions of vesicle transport.
Rab proteins facilitate vesicle aggregation close to the target
membrane, triggering SNARE to release inhibiting factor.
Rab protein is a GTP binding protein and Rab-GTP guides
transport vesicles from the donor area to the target area of
the plasma membrane, with assistance from SNAP25. The
Rab-GTP complex combines with the vesicle SNAP receptor
(t-SNARE) to form the anterior fusion complex. The Rab
protein hydrolyzes GTP to generate guanosine-5'-triphosphate
(GDP), and the Rab-GDP complex separates from the vesicles
and binds with the GDP dissociation inhibitor (GDI) in the
cytoplasm. This is then transferred to the plasma membrane
of the donor site. Rab-GDP separates from GDI and combines
with guanine nucleotide exchange factor (GEF), stimulating
GTP replacement of GDP. Rab-GTP may then recombine with
transport vesicles; simultaneously, Three classes of SNAP
combine with the anterior fusion complex and combines with
the ATP enzyme, NSF. NSF hydrolyses ATP, which triggers
the fusion of vesicles and target membranes. Transport vesicles
are only able to form when they contain specific Rabs and
SNARES. Rab proteins connect or activate specific effectors,
and regulate vesicle transport during vesicle formation, trans-
port, adhesion, anchoring, and fusion at different transport
phases (28). Furthermore, vesicle formation requires interac-
tions between multiple proteins, such as ADP-ribosylation
factor GTPases, coatmer protein subunits, cohesion and grid
proteins. Thus, the Rab protein is essential for vesicle forma-
tion (29). In the cytosol, vesicular transport must occur over
a long distance. Rab proteins interact with actin and tubulin
in the cytoskeleton to regulate vesicle transport. For example
Rab-6 (Rabkinesin-6), a kinesin effector, is a member of the
kinesin family; it has the traditional structural characteristics
of kinesin. Rabkinesin-6 interacts with Rab6-GTP, and uses the
microtubule-based cytoskeleton to guide vesicle transport (30).
The Rab protein interacts with adhesion factors during the
formation of vesicles (i.e., in the absorption of SNARE to
transport vesicles). Rab protein interactions occur instanta-
neously by the same adhesion factor, in any order, during the
two stages (formation and adhesion) of vesicular transport and
have an important role (9). In the target membrane vesicles
are anchored by pairing of v- and t-SNARESs, and this pairing
provides specificity for the membrane fusion reactions. The
Rab protein interacts with adhesion factors and other effectors
to promote the pairing of v- and t-SNARESs, and subsequently
promotes vesicle fusion with the target membrane (27).

5. Regulation of insulin secretory granule exocytosis

Peptide and protein hormones are stored in and released by the
secretory vesicles. Large secretory vesicles are generated by
the Golgi to form a network structure. Subsequently, a series of
steps result in exocytosis as follows: Recruitment (the release
of secretory vesicles to the cell membrane), anchoring, priming
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(the maturation of the vesicles), and the final vesicle membrane
and cell membrane fusion. The inclusions are then released
into the extracellular fluid through the fusion pore (Fig. 3).

There are two types of factors regulating insulin
secretion: A class of nutrients, such as glucose, and the
neurotransmitters and hormones. Islet -cells integrate
these two kinds of signal functions of regulating factors, and
adjust their insulin levels in steady state. At the molecular
level, the insulin secretory vesicle exocytotic mechanism and
its regulation include two parts: One is the proximal step,
which involves adjusting the level of intracellular second
messenger substances. The second is the terminal adjustment
steps. In the proximal step, metabolism of glucose and other
nutrients, via alterations of the cytoplasm ATP/ADP ratio,
closes the ATP-sensitive potassium (K*) channel resulting
in membrane depolarization-induced calcium (Ca®") channel
opening. Increased intracellular Ca** ion levels stimulate the
release of insulin. Elevated intracellular Ca** leads to a rise
of ATP/ADP in the cytoplasm, and the K* channels close
causing membrane depolarization, Ca** influx and insulin
granular exocytosis (31). Glucose-dependent insulinotropic
polypeptide (32) and glucagon-like peptide 1 (GLP-1) (33) act
on membrane receptors to generate cytoplasmic cAMP and
regulate insulin secretion. The insulin pathway is initiated
by the binding of insulin to the receptor on the target tissue.
Under physiological conditions, insulin action on the insulin
receptor (INSR) of the target cell membrane combined with the
o subunit of the receptor, results in multiple 3 subunit tyrosine
phosphorylation of the INSR substrate, and subsequently
combines with the INSR substrates (IRS-1 and IRS-2). The
tyrosine protein substrates are phosphorylated by tyrosine
kinases of the INSR (34). Phosphorylated IRS-1 and IRS-2
interact with the p85 subunit of phosphoinositide 3-kinase
(PI3K),to bring it closer to the plasma membrane, leading to the
generation of phosphatidylinositol (3,4,5)-trisphosphate (35).
Through a series of signal transduction pathways, inhibition
of glycogen synthase kinase 3 (GSK-3) promotes glycogen
synthase (GS) phosphorylation, improves its activity, promotes
tissue glycogen synthesis and decreases the peripheral blood
glucose concentration (34).

6. Conclusion and future perspectives

The current review introduces the proteins that are involved
in insulin secretory vesicle exocytosis. It is these proteins that
pull the vesicle membrane and the cell membrane together,
resulting in the exocytosis process. Membrane fusion failure
may be associated with the occurrence of diabetes; therefore,
the specific mechanisms of membrane fusion are considered
to be significant in the prevention of diabetes. Currently, the
understanding of the various aspects of membrane fusion
remains hypothetical. Understanding the process of membrane
fusion and the underlying molecular mechanisms will mark-
edly promote the development of biology, as well as lay a solid
foundation for disease treatment. Furthermore, the pathogen-
esis of DM, particularly the early mechanisms, is unclear.
Inhibition of insulin secretory granule exocytosis is the
important pathological manifestation in the early stage of DM
development. Therefore, further in-depth investigation of DM
and disordered early insulin secretion, and timely clarification
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of pathophysiologic mechanisms are considered to be particu-
larly urgent. In biology and morphology, secretory vesicles and
lysosomes possess a high degree of homology and similarity.
In addition, lysosome membrane proteins, and the association
between insulin secretory vesicles and their role in exocytosis
have not yet been investigated in detail. Due to the biological
homology of lysosomes and vesicles, further investigations are
required to establish whether lysosomal membrane proteins
have an important role in the formation of insulin secretion
vesicles and insulin secretion. Thus, their involvement in
the early development of DM and insulin secretion disorder
requires further investigation.
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