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Abstract
Apoptosis or programme cell death is a normal phenomenon required for maintaining cell 
homeostasis. Several studies indicate that excessive or insufficient apoptosis can lead to 
various diseases. In diabetes enhanced cellular apoptosis has been associated with micro 
and macro-vascular complications. Accumulating evidences suggest the involvement 
of voltage-dependent anion channel (VDAC) towards increased apoptosis observed in 
diabetes. VDAC, a multifunctional mitochondrial porin is a protein located on the outer 
mitochondrial membrane which contributes to apoptosis either through Ca2+ overload 
into mitochondria or by release of apoptotic protein from the mitochondria by opening 
the mitochondrial permeability transition pore (mPTP) or rupture of the mitochondrial 
outer membrane. Here, we provide a short review on VDAC-mediated apoptosis and its 
pathogenic role in the progression of diabetic complications.

Keywords: Apoptosis, diabetes, voltage-dependent anion channel, diabetic complica-
tions.

Introduction

  Diabetes is a metabolic disorder characterized by hyperglycemic condition caused 
by deficiency in the secretion of insulin, ineffective insulin action or both (American 
Diabetes Association, 2009). There are two major forms of diabetes: type 1 (T1D) and 
type 2 (T2D). T1D results from insufficient insulin production due to destruction of β 
cells of the pancreas (American Diabetes Association, 2009). T2D results from impaired 
insulin secretion and insulin resistance and is associated with obesity, lack of exercise, 
stress, as well as aging. In both types of diabetes, the late diabetic complications in 
different tissues arise from chronic or intermittent hyperglycemia (Forbes and Cooper, 
2013). Hyperglycemia-induced cell death due to apoptosis appears to play a pivotal role 
in micro-and macro-vascular complications such as angiopathy, retinopathy, neuropathy, 
atherosclerosis, impaired wound healing and periodontitis (Allen et al., 2005). The 
present review will discuss the role of cellular death in diabetes with particular emphasis 
on apoptosis-mediated via voltage-dependent anion channel (VDAC) in the pathogenesis 
of diabetes as a disease.
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Apoptosis in diabetes

  Apoptosis or programme cell death is a coordinated series of events which is 
tightly regulated and occurs as a homeostatic mechanism to maintain cell population in 
tissues (Lee and Pervaiz, 2007). Apoptosis also occurs as a defence mechanism such as 
in immune reactions or when cells are damaged by disease or noxious agents. However, 
when apoptosis malfunctions, it results into a variety of pathological states where failure 
in apoptosis could lead to cancer, autoimmune diseases while excessive apoptosis could 
lead to cell loss such as in HIV/AIDS, neurodegenerative diseases and diabetes mellitus 
(Lee and Pervaiz, 2007). There are many mechanisms and pathways that can initiate 
apoptosis but the two distinct pathways are (i) extrinsic or death receptor pathway and (ii) 
intrinsic or mitochondria-mediated pathway as shown in Figure 1. 

Figure 1. The intrinsic and extrinsic pathway of apoptosis. Apoptosis can occur through either 
one of the two pathways: extrinsic (death ligand and receptor mediated which involve TNF, Fas 
as some of the ligands with formation of death-inducing signalling complex, DISC being a critical 
step in Fas-mediated apoptosis). The latter pathway results from mitochondrial dysfunction which 
releases cytochrome c and subsequent activation of the caspases.   
  Extrinsic pathway is triggered following signals through death receptors such as 
tumour necrosis factor (TNF) family death receptors; the intrinsic pathway is activated 
by cellular stress such as oxidative stress (Zhaoyu and El-Deiry, 2005), Ca2+ overload and 
is regulated primarily by the pro-apoptotic and the anti-apoptotic members of the Bcl-2 
family. Both pathways activate a cascade of proteolytic enzymes called caspases that 
mediate the rapid dismantling of cellular organelles and architecture although caspase-
independent pathways have also been reported (Leist and Jaattela, 2001). 

  Several reports suggest the occurrence of enhanced apoptosis during diabetes i.e., in 
both T1D and T2D. Among which, apoptosis of β cells has been discussed most widely under 
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diabetes (Wali et al., 2013). In T1D, β-cells are destroyed by immunological mechanisms, 
whereas in T2D metabolic abnormalities contribute to β-cell failure and subsequent 
apoptosis. Therefore, regardless of the diabetes type, highly conserved intracellular 
pathways of apoptosis are triggered.  In T1D and T2D, β -cell death occurs by both the 
extrinsic and intrinsic pathway (Cnop et al., 2005). Similarly, in other cells/tissues, both 
the pathways have been found to play a role under diabetes. Reports of apoptosis in other 
cells/tissues such as renal (Habib, 2013), hepatocytes (Schattenberg and Schuchmann, 
2009), cardiomyocyte (Ouyang et al., 2014), retina cells (Barber et al., 2011) have been 
shown to cause diabetic complications such as diabetic nephropathy, diabetic neuropathy, 
liver injury, diabetic cardiomyopathy, diabetic retinopathy respectively (Feenstra et al., 
2013). The mechanisms that lead to diabetes-induced cell death are complex and are 
not fully understood but several lines of evidences have implicated that high glucose 
promotes the upregulation or activation of several molecules involved in different pro-
apoptotic pathways and there are no specific pathways for high glucose-induced cell death. 
Many studies have demonstrated hyperglycemia-induced or glucose-induced intrinsic 
apoptosis in beta-cells (McKenzie et al., 2010; Wali et al., 2013) endothelial cells (Peng 
et al., 2013), mesangial cells (Mishra et al., 2005) etc. In intrinsic mitochondria apoptosis 
pathway cytochrome c is released from the intermembrane space of mitochondria through 
a process called mitochondrial outer membrane permeabilization (MOMP). MOMP is 
regulated by Bcl-2 protein family. The balance of pro- and anti-apoptotic Bcl-2 proteins 
in mitochondrial and endoplasmic reticulum membranes regulates MOMP in part by 
regulating calcium compartmentalization. Bcl-2, Bcl-XL and Mcl-1 prevent MOMP 
whereas pro-apoptotic members, Bax and Bak activate MOMP (Kroemer et al., 2007). 
Once released, cytochrome c binds Apaf-1 (Apoptotic proteases activating factor), dATP 
and procaspase-9 creating a complex called apoptosome which activates procaspase-9 
to cleave into caspase-9 generating caspase-3 eventually causing apoptosis. MOMP can 
also be initiated by an abrupt increase in the permeability to ions and small solutes of the 
inner mitochondrial membrane (IMM) by a process known as mitochondrial permeability 
transition (MPT). MPT appears to be mediated by a multiprotein complex that is assembled 
at the juxtaposition sites between the outer mitochondria membrane (OMM) and inner 
membrane (IMM), the so-called permeability transition pore complex (PTPC) (Kroemer 
et al., 2007). One of the main components of the PTPC, is the mitochondrial voltage-
dependent anion channel (VDAC) (Kroemer et al., 2007) also known as mitochondrial 
porin which is the most abundant protein in OMM. Several studies have reported that 
VDAC is associated with T2D (Turko and Murad, 2003; Mostyn et al., 2004) which is an 
important link between diabetes and mitochondrial function. VDAC has also been found 
to play a role in coronary endothelial cell dysfunction in T1D mice (Sepassi et al., 2013). 
Thus, VDAC might contribute to apoptosis related to diabetes and is consequently the 
main focus of this review. 

Voltage dependent anion channel-mediated apoptosis: Its role in the pathogenesis 
of diabetic complications
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VDAC and its isoforms

  VDAC acts as a channel for the transfer of ions and other small metabolites 
from outside into the mitochondria and as a selective channel for cations and uncharged 
molecules. In its open state, it allows the passage of hydrophilic molecules of oxidative 
phosphorylation substrates (pyruvate, oxaloacetate, malate, succinate, ATP, ADP, 
inorganic phosphate), urea cycle substrates and exchange of methyl groups (Colombini, 
2004; Vander Heiden et al., 2000). However, under special conditions these channels can 
be closed which reduces the permeability of OMM thereby, blocking metabolite exchange 
(Colombini, 2004; Holmuhamedov and Lemasters, 2009). VDAC exist as three isoforms 
VDAC1, 2 and 3 (Caterino et al., 2017) and their amino acid sequences has already been 
determined. The three proteins have similar structure, conductance (Shoshan-Barmatz 
et al., 2017), voltage-gating properties with molecular weights of 30-35 kDa and shares 
approximately 70% identity. All three can be found in most tissues with VDAC1 being 
the most abundant and VDAC3 being the least common form. All the three isoforms 
are encoded by distinct genes located on different chromosomes and they share the 
same exon-intron organization (De Pinto et al., 2010). These VDACs complement each 
other and have some functional redundancy (Teplova et al., 2011) although, they are 
significantly different with relation to functionality (Shoshan-Barmatz et al., 2010; De 
Pinto et al., 2010; De Pinto et al., 2016). Table 1 shows the function of different VDAC 
isoforms. 

Table 1. VDAC isoforms and functions
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VDAC 
isoforms

VDAC function References

VDAC1 Form oligomeric pores associated with stress and 
mitochondria DNA (mtDNA) release in diseases

Kim et al., 2019

Involved in transmission of Ca2+ signals to mito-
chondria during apoptosis 

De Stefani et al., 
2011; Shoshan-Bar-
matz et al., 2018

Important for ROS control Reina et al., 2010
Regulator of mitochondrial membrane permeabi-
lization and apoptosis

Tajeddine et al., 
2008; Yuan et al., 
2008

Interacts with hexokinase and Bcl-2 to mediate 
anti-apoptotic activity

Abu-Hamad et al., 
2009, Zhang et al., 
2019b
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VDAC2 Important for ROS control Reina et al., 2010
Abundant in the outer dense fiber and might be 
involved in the regulation of sperm motility

Hinsch et al., 2004

Porin2 isoform in Drosophila melanogaster 
suggested to be involved in sperm maturation

Guarino et al., 2006

VDAC3 Possible involvement in mtDNA through forma-
tion of oligomeric pores

Kim et al., 2019

Abundant at the outer dense fiber of sperm fla-
gellum and might be involved in the regulation of 
sperm motility

Hinsch et al., 2004

Deficient VDAC3 produces healthy infertile mice 
maybe due to immotile sperm

Sampson et al., 2001

Functional alteration of complex IV of the heart Anflous-Pharayra et 
al., 2011

Moderates centriole assembly and recruits Msp1 
protein to centrosomes

Majumder et al., 
2012

  Structurally VDACs (primarily VDAC1) are β-barrel-forming transmembrane 
channels and through biochemical studies, it was shown to composed of one helix and 13 
β-sheets with some relatively long loops between β-sheets which was proposed to play a 
role in protein-protein interaction (Colombini, 2004).  However, crystal structure showed 
a β-barrel is formed by 19 β-sheets with the N-terminal α-helix lying within the pore 
(Ujwal et al., 2008). Several studies suggest the N-terminal region mobility is involved 
in channel gating and serve as the interaction site of apoptosis-regulating proteins of the 
Bcl-2 family (Abu-Hamad et al., 2009; Arbel et al., 2012) and hexokinase (Arzoine, 
2008). The N-terminal segment was also proposed to regulate cytochrome c release and 
subsequent apoptosis (Abu-Hamad et al., 2009).

Role of VDAC-mediated apoptosis in diabetic complications

  Chronic hyperglycemia and associated risk factors lead to irreversible diabetic 
complications affecting kidney, retina, peripheral nerves, brain and cardiovascular system. 
Diabetes mellitus both type 1 and type 2 are associated with an enhanced apoptosis of 
different cells and tissues which accelerates the occurrence of diabetic complications. 
Studies have shown that high glucose-mediated apoptotic cell death is relevant to diabetic 
complications as high glucose causes activation of several proteins involved in the 
apoptotic cell death (Allen et al., 2005). There are several reports which have explained 
the possible mechanism by which high glucose increases the rate of apoptosis such as high 
glucose induced oxidative and nitrosative stress, via MAPK, p53 including mitochondria-
dependent and-independent mechanisms particularly involving Bax or Bad. In previous 
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reports, high glucose in mesangial cells was shown to initiate oxidative-stress-induced 
apoptosis via Bax-mediated mitochondrial permeability and cytochrome c release (Allen 
et al., 2005). In a process carried out by insulin-like growth factor-I (IGF-I), high glucose-
induced apoptosis was prevented by IGF-I causing phosphorylation of Bad at Ser112(Kang 
et al., 2003). 

  Previous studies have demonstrated that high glucose exposure of pancreatic 
β-cells results into cell dysfunction and cell death. One of the possible factors as 
described by the study performed by Kim et al.(2005), is through decreasing glucokinase 
(GCK) or hexokinase IV protein expression and its interactions with VDAC which 
correlates with decrease in Bad phosphorylation. GCK belongs to the hexokinase family 
that converts glucose to glucose-6-phosphate by transferring a phosphate group from 
ATP to glucose, the initial step of glucose metabolism (Nordlie et al., 1999). Glucose 
regulates Bad phosphorylation (Danial et al., 2003) and phosphorylated Bad promotes 
interactions between hexokinase and VDAC necessary for pumping of ATP from 
mitochondria (Majewski et al., 2004). Decreased Bad phosphorylation increases the 
chances of apoptosis. Bad is a member of the Bcl-2 family which induces apoptosis by 
inhibiting antiapoptotic Bcl-2 family members Bcl-xL, Bcl-2, allowing, Bak and Bax, 
pro-apoptotic proteins to aggregate and induce release of cytochrome c and eventually 
to apoptosis (Bergmann, 2002). High glucose exposure decreases the association of 
GCK to mitochondria, thereby increasing the interaction between Bax and mitochondria 
eventually leading to Bax oligomerisation, cytochrome c release followed by β-cell 
apoptosis (Kim et al., 2005). Zhang et al. (2019a) reported that VDAC1 overexpression 
in T2D causes ATP loss in β- cell which on direct inhibition of VDAC1 restored glucose-
stimulated insulin secretion (GSIS) and prevented development of diabetes in db/db mice. 
Study performed by Ahmed et al. (2010), on prolonged exposure of INS1E cell lines to 
high glucose was accompanied with marked expression of the VDAC1 and a reduction of 
VDAC2 suggesting that VDAC1 and VDAC2 expression could represent a consequence 
of early step in the β-cell dysfunction that could be an important target process to prevent 
altered insulin secretion and β-cell apoptosis. In other studies, hyperglycemia have shown 
to increase VDAC1 expression in β-cells (Salehi, 2010), in kidney (Gong et al., 2009) 
including mouse coronary endothelial cells (MCECs) isolated from diabetic mice showed 
increased VDAC expression. VDAC inhibition restored the increased Ca2+, O2- and mPTP 
opening activity in diabetic MCECs suggesting normalising VDAC protein may decrease 
the incidence of cardiac ischemia in diabetes by decreasing endothelial cell apoptosis and 
increase in capillary density in the hearts (Sasaki et al., 2012). Li et al. (2016) reported 
that IncRNA H19/miR-675 axis regulates cardiomyocyte apoptosis by targeting VDAC1 
in diabetic cardiomyopathy. In retina, VDAC is localised to mitochondria predominantly 
at photoreceptors where results suggest that VDAC is involved in the regulation of 
cytosolic and mitochondrial Ca2+ concentration and mPTP assembly and/or activation. In 
retinal neurons especially ganglion cells, ischemia, diabetes apoptotic events appear to be 
promoted by an abnormal concentration of intracellular Ca2+. VDAC being permeable to 
Ca2+ and as a component of mPTP may be involved in inducing mitochondrial swelling. 
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Therefore, VDAC may play a key role in processes of retinal degeneration that result 
from ATP depletion and Ca2+ overload. In one of the previous studies performed by Jones 
et al., 2008 showed VDAC as a potential target of O-linked beta-N-acetylglucosamine 
(O-GlcNAc) modification. O-GlcNAc modification is a type of post-translation 
modification that modulates cellular function. In this study, they found that the adult 
mouse heart with elevated O-GlcNAc levels had more O-GlcNAc-modified VDAC 
and were found to be more resistant to calcium-induced swelling which was critical for 
survival providing a mechanism of cardioprotection. Increased apoptosis occurred in the 
tubular cells of db/db mice which on Mito Q administration were inhibited. Mito Q is a 
mitochondria-targeted antioxidant comprising of coenzyme Q10 and TPP cations. VDAC 
expression was found to increase in tubular of db/db mice. 

  However, there are contradictory results showing decreased VDAC on the 
mitochondrial kidneys of diabetic rats where the up-regulation of VDAC on α-Lipoic 
acid treatment exerted a protective role against mitochondrial injury (Wang et al., 
2013). In another study involving Zucker diabetic fatty obese (ZDFO) rats with early 
T2D, VDAC protein expression were significantly lower in the cerebral microvessels 
indicating deterioration of mitochondrial function in the cerebral vasculature during at an 
early stage of T2D (Merdzo et al., 2017).  The lower VDAC in the cerebral microvessels 
of the ZDFO rats might represent a compensatory mechanism to minimize the detrimental 
consequences of increased oxidative stress in T2D. 

Inhibition of VDAC in diabetes treatment

  Inhibition of VDAC and VDAC-mediated apoptosis offers a potential strategy 
for combating diseases like diabetes.  There are many known inhibitors of  VDAC which 
affects its voltage gating (Holmuhamedov and Lemasters, 2009; Ben-Hail et al., 2016), 
however, still few experimental data are available with respect to their use for diabetes 
treatment. Metformin, an antidiabetic drug has been shown to counteract VDAC1 
induction by direct blocking it in db/db mice and restored the impaired ATP generation 
along with glucose-stimulated insulin secretion in T2D islets (Zhang et al. 2019a). In 
the study by Zhang et al. (2019a), two other VDAC inhibitors, VBIT-4 and AKOS 
(AKOS022075291) were also studied. VBIT-4 and AKOS are novel group of piperarazine-
and piperidine-based compounds which directly interact with VDAC1 thereby inhibiting 
VDAC activities that are associated with metabolite transport, oligomerization as well 
as activities related to changes in intracellular calcium levels, reactive oxygen species 
and mitochondrial membrane potential due to mitochondria dysfunction. Recent study 
by Pittala et al. (2020) demonstrated that treatment of T2D model with VDAC1-based 
peptide, R-Tf-D-LP4 restored the elevated blood glucose levels and caused an increase 
in number and average size of islets and their insulin content suggesting that this peptide 
has potential for diabetes treatment. Patent filed by the inventors (Salehi et al., 2018) 
on 2017-12-21, disclosed the use of substituted piprazine and piperidine derivatives as 
specific inhibitors of VDAC1 for preventing the progression of and treating prediabetes 
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and diabetes. 

  Apart from chemical compounds, natural plant products are another alternative for 
treating diabetes and diabetic complications without adverse side effects. This alternative 
has been one of the areas of interest for targeting VDAC in the treatment of diabetes and 
other diseases. Curcumin, an active compound found in turmeric, has glucose-lowering 
effect and improve β-cell function in T2D (Wickenberg et al., 2010). This promising 
antidiabetic property has been postulated to be due to the ability to bind to and inhibit 
VDAC (De Marchi et al., 2020). Further, methyl jasmonate, a cyclopentanone lipid-
belonging to the family of plant stress hormones, can detach hexokinase from VDAC1 
from mitochondria causing a dissociated glycolysis, decrease in ATP and release of 
cytochrome c ultimately leading to cell death (Goldin et al., 2007; 2008). Therefore, 
targeting VDAC particularly in the β-cell, can prove beneficial in restoring normal β-cell 
functions in diabetes.

Conclusion

  Diabetes is associated with enhanced apoptotic cell death which has been linked 
to a spectrum of diabetic complications. VDAC a key mitochondrial membrane protein 
involved in apoptosis has been explored for its contribution to the pathogenesis of diabetes. 
Several studies have demonstrated that inhibition of  VDAC prevents progression of 
diabetes. Thus, targeting VDAC may provide a novel therapeutic strategy for the treatment 
of diabetes and its complications.
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