IJMCM
Spring 2020, Vol 9, No 2

Review Article

DOI: 10.22088/IJMCM.BUMS.9.2.107

Factors Influencing Mitochondrial Function as a Key Mediator of
Glucose-Induced Insulin Release: Highlighting Nicotinamide
Nucleotide Transhydrogenase
Zahra Aghelan1, Sara Kiani2, Abolfazl Nasiri1, Masoud Sadeghi2, Alireza Farrokhi2, Reza Khodarahmi2
1. Department of Clinical Biochemistry, Kermanshah University of Medical Sciences, Kermanshah, Iran.
2. Medical Biology Research Center, Health Technology Institute, Kermanshah University of Medical Sciences,
Kermanshah, Iran.
Submmited 3 January 2020; Accepted 4 August 2020; Published 10 August 2020

Pancreatic β-cells recognize blood glucose changes and release insulin that is a peptide hormone responsible for
stable glycemia. Diabetes, a chronic disorder of insulin insufficiency, leads to disturbed glucose homeostasis and
multi-organ problems. Glucose and insulin are key markers in the follow-up and control of this disease.
Mitochondrial metabolism of pancreatic beta cells is a crucial part of glucose-stimulated cascade of insulin
secretion. Effective factors on β-cells mitochondrial function in production of compounds such as tricarboxylic
acid intermediates, glutamate, nicotinamide adenine dinucleotide phosphate, and reactive oxygen species can
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have great effects on the secretion of insulin under diabetes. This review enhances our knowledge of factors
influencing mitochondrial function as a key mediator of glucose-induced insulin release that accordingly will be
helpful to further our understanding of the mechanisms implicated in the progressive beta cell failure that results
in diabetes.
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P

reserving glucose metabolism is essential for

impairment. In opposition, type 2 diabetes mellitus

organismal homeostasis, for that insulin-

(T2DM) is induced by disturbance of glucose

producing pancreatic beta cells are metabolically

homeostasis due to insulin resistance in insulin

bound to physiological glycemic homeostasis

responsive tissues and impairment of insulin

maintenance (1). Pancreatic β-cells recognize

secretion in pancreatic β-cells (2). Dysfunctions of

alterations in blood glucose and release insulin to

β cells along with damaged glucose-stimulated

create normoglycemia. Insufficient secretion of

insulin secretion are the principal defects in T2DM

insulin causes a chronic disorder called diabetes

since beta cells mass reduction differs greatly

that leads to the disturbance of glucose homeostasis

between various studies. Dysfunction of mitocho-

and multi-organ problems. Type 1 diabetes mellitus

ndria is a common element of disease progression

eventuates principally from autoimmune β-cell

in both type 1 and type 2 diabetes mellitus.
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Mitochondria play a significant role in
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metabolism,

energy

production,

and

controlled via β cell glucokinase (GCK), β cells

redox

glucose sensing is mainly controlled through GCK

homeostasis. Insulin release in reply to a powerful

activity and mitochondrial metabolism, which

stimulation via glucose is biphasic, i.e. a fast initial

impels the respiratory chain and ATP production by

peak is pursued with a slower but maintained

oxidative phosphorylation afterwards (OxPhos).

second phase of insulin release. Mitochondria have

Since oxidative phosphorylation has a fundamental

an important role in providing signals that control

function in sensory system, oxygen pressure can

these processes. Although the relationship between

have an important function in glucose sensing.

mitochondrial function and insulin resistance has

Available evidence indicate that tissue oxygenation

not been determined, it has been well documented

plays a remarkable role in susceptibility to T2DM

that β-cells of mitochondria have a decisive

(10). Hexokinase 1, 2, 3, and 4 GCK enzyme

function in glucose-stimulated insulin release and

kinetics and protein structure are entirely distinct.

contribute to the actions of insulin on its target

GCK has a low affinity for glucose binding and

tissues (3). Recent investigations indicate that

lack

glucose metabolism in mitochondria, in addition to

inhibition (8). In addition to GCK, taste receptor

the changes in adenosine triphosphate: adenosine

type 1 member 3 (T1R3) homodimer, a subunit of

diphosphate (ATP: ADP) ratio, generates signals

sweet taste receptor in beta cells, is another factor

that are important for control of insulin secretion

that acts as a glucose sensing receptor (GSR).

(4). In this study, we review new insights into the

Elimination of T1R3 gene or blocking of this

role of mitochondrial metabolism in regulation of

receptor with guramine reduces glucose-dependent

insulin release coupling in β-cells underlying

insulin secretion from beta cells. Glucose can also

diabetes. Based on the results of various studies,

boost insulin release in absence of cell surface

our hypothesis is that the effective factors on β-cells

GSR; although, the beginning of secretion is

mitochondrial function in production of compounds

delayed and the magnitude of secretory response is

such as tricarboxylic acid (TCA) interm-ediates,

decelerated. Kojima et al. showed that a non-

glutamate, nicotinamide- adenine- dinucle- otide-

metabolizable glucose can increase metabolism and

phosphate (NADPH), and reactive oxygen species

intracellular ATP (ATPi). They also indicated that

(ROS) can have great effects on the secretion of

T1R3 knockdown with shRNA leads to decrease of

insulin under diabetes.

glucose-dependent raise of ATPi. This means that

Glucose-sensing pathway in β cells and glucose-

glucose cannot show all its capabilities in the

dependent insulin release

absence of T1R3 (11-15). At the end of aerobic

of

considerable

end-product

feedback

Pancreatic β cells sense blood glucose changes

glycolysis, pyruvate is produced from glucose.

and secrete insulin to retain normoglycemia (5). D-

Pyruvate can enter the mitochondrial TCA cycle in

glucose enters the β-cells by facilitated diffusion

two ways, either through oxidative decarboxylation

through a membrane bound D-glucose transporter

to acetyl-CoA by pyruvate dehydrogenase complex

(GLUT1 or GLUT2) (6,7). The set point of

or through carboxylation to oxaloacetate by

glucose-induced insulin release in pancreatic islets

pyruvate carboxylase (16) that both of these

is about 5 mM. Decreased glucose sensitivity leads

pathways are essential for glucose-dependent

to an increased threshold for glucose-induced

insulin secretion (17). A significant amount of

insulin

in

produced ATP is the result of mitochondrial

hyperglycemia (8,9). However, glucose-induced

oxidation of glucose-derived pyruvate. Elevation

insulin

of ATP/ADP ratio closes ATP-sensitive K+ (K+ATP)

release
release

which

eventually

threshold

is

not

results

exclusively
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Fig. 1. Glucose sensing pathway in β cells and glucose-stimulated insulin release. Glucose initially affects the cell-surface glucose
sensing receptor (GSR) that produces a signal to initiate metabolism in mitochondria. Glucose then enters β cells by facilitated diffusion via
D-glucose transporter 2 (GLUT2) and is metabolized to pyruvate. Pyruvate enters the TCA cycle either through oxidative decarboxylation to
acetyl-CoA by pyruvate dehydrogenase (PDH) complex or through carboxylation to oxaloacetate by pyruvate carboxylase (PC). Elevation
of ratio of ADP to ATP inhibits ATP-sensitive K+ (K+ATP ) channels and subsequently leads to depolarization of the plasma membrane that
leads to opening of a voltage-dependent calcium channel in plasma membrane and calcium entry into the cell, and finally leading to
exocytosis of insulin granules.

channels, and subsequently results in depolarization

The K+ATP channel independent pathway of

of plasma membrane (18). Increasing the plasma

glucose-dependent insulin secretion suggests that

membrane potential to -40 Mv (8) leads to voltage-

even in the presence of K+ATP depolarizing

dependent calcium channel opening in plasma

concentrations along with diazoxide, which inhibits

membrane, and calcium enters the cell. An increase

K+ATP channel closure, the presence of ATP and

in cytosolic calcium leads to activation of protein

fuel metabolism is essential for glucose-dependent

kinases A and C (19), and eventually insulin

insulin secretion (18).

secretion outside the cell (20) (Figure 1). This

is

one

of

the

most

important

process is damaged in T2DM mostly due to

mitochondrial outer membrane proteins. VDAC1

defective mitochondrial metabolism.

and VDAC2 control the cell's life and death through

Abnormalities in ion channels of the beta cells

controlling the transfer of metabolites, ions, as well

plasma membrane can lead to changes in glucose

as nucleotides, including ADP and ATP, between

sensing. These ion channels are: voltage-gated

the mitochondria and the cytosol. Zhang et al.

potassium channels (Kv7.1), voltage dependent

showed that overexpression of VDAC1 leads to

anion channels (VDACs),

malfunction of the beta cells plasma membrane in

voltage

dependent

calcium channels (VDCCs), and KATP channels.
Mutations and abnormalities in K
[ DOI: 10.22088/IJMCM.BUMS.9.2.107 ]

VDAC

+

insulin secretion which is due to the absence of

channels

ATP and its role in insulin secretion. Direct VDAC1

lead to an increase in the amount of ATP needed to

inhibition in human T2DM β cells restitutes

close these channels, so normal amounts of glucose

glucose-dependent insulin secretion, and prevents

cannot produce enough ATP to close these

the progression of diabetes in db/db mice (22).

ATP

channels. Accordingly, plasma membrane of β cells
is continuously hyperpolarized,

and

glucose-

dependent insulin secretion does not occur (21).
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Insulin is secreted in two phases. A few
seconds after the beta cells come in contact with the
fuel secretions, a significant amount of insulin is
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released. This step is called the first phase. The

β-cells (29). In the fat sand rat (Psammomys

peak of insulin secretion at this phase may be due to

obesus) islets; insulin release was not stimulated by

the presence of granules near the plasma membrane

succinate in the absence of glucose, whereas pro-

or due to increased cellular calcium. The second

insulin biosynthesis was increased five-fold. In

phase, also called the amplification phase, is more

contrast, under stimulating glucose levels, succinate

important in terms of the amount of insulin

doubled the insulin release, indicating the glucose

secretion because in this phase insulin is secreted

dependence (30).

for a longer period of time. The secondary phase

Studies have indicated that α-ketoglutarate can

also needs calcium and ATP. Activation of the first

act as an insulin secretagogue, and inhibition of α-

phase of insulin secretion and

ketoglutarate-dependent

increase

in

glucose stimulated insulin release. Increased malate

or arginine, non-metabolic stimulants of insulin

in matrix will equilibrate with fumarate formation,

secretion, but they cannot cause insulin secretion in

decrease of succinate oxidation to fumarate, and

the second phase.

causes subsequent increase of oxaloacetate which is

Evidence indicates that only fuel secretions

a powerful inhibitor of succinate dehydrogenase

can activate both phases of insulin secretion, so the

(31). Reduced equivalents in mitochondrial matrix

second phase, in addition to ATP, depends on other

are

fuel metabolism products (23,24).

metabolite shuttles and TCA cycle (32).

in insulin release

[ Downloaded from ijmcmed.org on 2021-12-09 ]
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intracellular calcium can occur with high potassium

The role of tricarboxylic acid cycle intermediates
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hydroxylases

principally

generated

by

mitochondrial

Mitochondrial GTP (mtGTP), another strong
signaling

molecule,

is

created

within

the

Recent metabolomic investigations in models

mitochondrion as a product of the TCA cycle in the

of type 1 diabetes have shown down-regulation of

reaction of succinyl-CoA to succinate, and is not

the key TCA cycle, mitochondrial proteins, and

exported to the cytosol. Two different isoforms of

enzyme

succinyl-CoA synthetase couple this reaction to the

activities.

intermediates,

All

known

comprising

TCA

cycle
α-

production of one molecule of either ATP or GTP.

ketoglutarate, succinate, fumarate, and malate are

Silencing of the ATP-producing isoform results in a

important

secretion,

noticeable increase in glucose stimulated- insulin

especially in the secondary phase (4). Among these

release, while knockdown of GTP-producing form

intermediates, succinate and α -ketoglutarate are

has a negative consequence on glucose-stimulated

most closely related to insulin secretion in the

insulin release (33). The basis of relationship

secondary phase. Various studies have shown the

between insulin secretion and mitochondrial matrix

importance of these metabolites in insulin secretion

GTP requires more studies.

by examining the metabolic pathways associated

Matrix calcium concentration ([Ca2+]mito) in

with these compounds as well as the role of

insulin release

components

of

citrate/isocitrate,
insulin

mitochondrial metabolic carriers (25,26). The

Cellular calcium signaling has an important

performance of these intermediate compounds in

relationship with mitochondrial function. Only a

insulin secretion during the first and second phases

small portion of the calcium accumulated in the

has been achieved through numerous studies on

mitochondria is free, and its concentration is highly

832/13 cells (27,28).

regulated. Following mitochondrial stimulation, the

Hals et al. showed that succinate alone could
support respiration, which suggests that succinate
may also be a strong inducer of phosphorylation in

absorption of calcium exceeds the mitochondrial
capacity

for

calcium

excretion

that

causes

2+

the temporarily increase of [Ca ]mito from 0.5 to
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several µM (34).

dependent mitochondrial calcium is eliminated by

The elevation of intra mitochondrial calcium

blocking the uptake of mitochondrial calcium with

causes an increase in the activity of several matrix

ruthenium red. Studies have shown that the

enzymes, including oxoglutarate dehydrogenase,

suggested insulin secretion KATP independent

isocitrate

pyruvate

pathway is managed by mitochondrial a factor of

dehydrogenase, with the net effect of increasing

which relies on anaplerosis and possibly calcium

NADH production. The ATP synthase is also

signaling (40).

dehydrogenase,

and

2+

directly activated with an increase in [Ca ]mito

Potential role of mitochondrial membrane and

(35,36).

matrix pH in insulin release

Calcium homeostasis of mitochondria is

(membrane

potential

Δψmito, and ΔpHmito) gradient across the inner

efflux. Calcium excretion from mitochondria is

membrane of mitochondria causes ATP synthesis

2+

for Na

+

+

or H (32).

(32).
The pH of matrix is a regulator of energy

Mitochondrial sodium calcium exchanger

metabolism in beta cells. The distinguishing feature

(NCLX) and leucine zipper-EF hand-containing

of beta cells from other cells is the presence of an

transmembrane protein 1 (LETM1) are two known

acidic pHmito under resting conditions. Nutritional

mitochondrial antiporters activating calcium efflux.

stimuli alkalize the matrix without significant effect

NCLX pharmacological blocking in β cells raises

on pH of the cytosol. Ionophores by stopping the

2+
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electrochemical

extremely regulated by balanced calcium influx and
performed via antiporters exchanging Ca
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The

[Ca ]mito and speeds up mitochondrial oxidative

nutrient-dependent

metabolism and glucose-stimulated insulin release

annihilate

(37,38).

ion/metabolite

Calcium

is

transported

through

the

ΔpHmito

changes

proton-coupled
transport,

ATP

increase

mitochondrial
synthesis,

and

the

glucose induced insulin release regardless of

mitochondrial calcium uniporter (MCU) into the

increased Δψmito. Accordingly, pathogens causing a

mitochondria where more energy metabolism is

decrease of ΔpHmito can critically decline ATP

spent on insulin secretion in second phase. Quan et

generation and insulin release in pancreas β cells

al. indicated that inhibiting MCU gene expression

(41,42).

and thus reducing the absorption of calcium by

Matrix pH appears to affect metabolism–

mitochondria leads to a remarkable reduction in

secretion coupling independent of its effect on

activity of respiratory chain and increased ΔpH mito

electrochemical

in intact and permeabilized insulin secreting cells

mitochondrial membrane, as if indicated via a study

(32). These imperfections eventuate in damaged

using the unspecific K+ H+ ionophore nigericin to

ATP synthesis and insulin release, emphasizing the

induce matrix acidification (43).

gradient

across

the

inner

critical role of mitochondrial calcium absorption in

Mitochondrial membrane potential has a

establishment of ΔpHmito through metabolism-

considerable function in glucose-stimulated insulin

secretion coupling (32).

release in pancreatic β cells. At high concentrations

Mitochondrial calcium uptake is momentous to
maintain NADPH

for

deletion of

of glucose, glucose oxidation is almost entirely

hydrogen

responsible for the stabilization of hyperpolarized

peroxide (H2O2) because all enzymes that produce

Δψmito whereas in low-glucose concentrations

mitochondrial NADPH acquire their substrates

proton leak plays a more important role in the

from the Krebs cycle (39).

homeostatic control of Δψmito. A study indicated

Increased insulin secretion and succinate-
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that increased downstream glucose oxidation by
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Δψmito reinforces glucose-evoked Δψmito hyperpola-

which both enzymes are essential for glucose-

rization. These investigations suggest a positive

dependent insulin secretion (17). The β cells have a

feedback loop in β cell energetics regulation as well

higher amount of mitochondrial enzyme pyruvate

as the possible regulatory role of proton leak in the

carboxylase than islet non-β-cells. Roughly 40% of

fasting state (44).

pyruvate is imported into TCA cycle during glucose

The mitochondrial membrane potential of
diabetic β-cells has been found to be a distinct
response to acute inhibition of ATP synthesis

[ Downloaded from ijmcmed.org on 2021-12-09 ]

carboxylase.
The products of pyruvate dehydrogenase and

during glucose stimulation. As a result, the

pyruvate

mechanistic deficit in glucose-stimulated insulin

oxaloacetate,

release and mitochondrial hyperpolarization of

shuttle, oxaloacetate is converted into malate by

human diabetic β-cells is located upstream of the

malate dehydrogenase of mitochondria. Malate is

TCA cycle, and is dampening the control of Δψmito

removed from the mitochondria, and enters cytosol

by glucose metabolism (45).

where it is converted to pyruvate concomitant with

The role of mitochondrial anaplerotic metab-

the NADPH generation via cytosolic malic enzyme

olites in insulin release

(ME1). Pyruvate then re-enters the mitochondria,

carboxylase

are

respectively.

acetyl-CoA
In

and

pyruvate/malate

In pancreatic beta cells, mitochondria has a

and is again carboxylated via pyruvate carboxylase.

significant function in anaplerosis that is the net

Because this process is repeated in cyclic mode,

synthesis of citric acid cycle intermediates that are

high amounts of NADPH are produced at the

expelled to cytosol where they are transformed to

expense of mitochondrial ATP and NADH.

several

other

products

that

amplify

insulin

The production of short chain acyl-CoAs

secretion. This pathway is termed the “metabolic

derivative

amplifying pathway.”

mitochondrial-derived metabolites are needed for

of

glucose

in

cytosol

from

classic

glucose-dependent insulin release in pancreatic β

KATP channel-dependent mechanism of glucose-

cells. Another path for -producing oxaloacetate by

dependent insulin release does not completely

pyruvate carboxylase is the pyruvate/citrate shuttle.

illustrate glucose effect on insulin secretion (46).

In pyruvate/citrate shuttle, citrate is produced

Findings of recent studies propose that a number of

through a reaction involving citrate synthase which

metabolites produced during the TCA cycle,

allows oxaloacetate and acetyl-CoA combination in

including NADPH, α-ketoglutarate, and GTP

mitochondria. The citrate is then transferred from

enhance insulin secretion in secondary phase (47).

the mitochondria to the cytosol, where it is

Glucose

converted by ATP citrate lyase into two products,

Recent

evidence

dependent

indicates

pyruvate

that

can

enter

the

anaplerosis pathway by pyruvate carboxylase and
affect

insulin

Mitochondrial-derived citrate can be a source

signaling

of short-chain acyl-CoAs production in cytosol, as

molecules such as NADPH from the malate-

acetyl-CoA carboxylase carboxylates the cytosolic

pyruvate shuttle, citrate cataplerosis (48), glutamate

acetyl-CoA to form malonyl-CoA, and malonyl-

(49), and signaling lipid molecules from the

CoA is believed to be a momentous signal in insulin

malonyl-CoA/LC-CoA

release or can be used for fatty acid synthesis

of

secretion

via

enhancing

acetyl-CoA and oxaloacetate.

the

production
[ DOI: 10.22088/IJMCM.BUMS.9.2.107 ]

stimulation with its carboxylation by pyruvate

metabolism-derived

pathway

(50).

After

pyruvate enters the mitochondria through the
pyruvate carrier, it is almost equally affected by
pyruvate dehydrogenase and pyruvate carboxylase

(50-52).
In

another

pathway

that

occurs

in

mitochondria, pyruvate is converted to acetyl-CoA
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by pyruvate dehydrogenase. From the combination

various metabolic coupling factors, such as ATP,

of two molecules of acetyl-CoA, acetoacetyl-CoA

NADPH, and fatty acyl-CoA (61).

is

The role of nicotinamide nucleotide transhyd-

produced

which

can

be

converted

into

acetoacetate via succinyl-CoA: 3- ketoacid-CoA

rogenase (NNT) and insulin release

transferase, and released from mitochondria to
cytosol where it produces acetoacetyl-CoA by

by

acetoacetyl-CoA

isocitrate dehydrogenase, glutamate dehydrogenase,

synthetase.

Finally,

cytosolic

malic

nucleotide

enzyme.

transhydrogenase,

and

acetoacetyl-CoA that can act as a signal to insulin

transhydrogenase

release (53-56).

mitochondrial inner membrane (65). This enzyme

Nicotinamide

(NNT)

is

nucleotide

placed

in

the

uses the electrochemical proton gradient to hydride

insulin

transfer from NADH to NADP+, thereby increasing

secretion (57) and prepare a momentous energy

the ratio of NADPH/NADP+ in mitochondrial

source as nutrients.

matrix (66). Because NNT uses NADH as an

diverse

cellular

processes,

including

In TCA cycle, citrate produces α-ketoglutarate

electron donor to produce NADPH, it can link the

by dehydrogenation and then decarboxylation.

NAD-dependent dehydrogenases of TCA cycle to

aminates α-

NADPH production. As NNT unites reductive

Matrix glutamate dehydrogenase

[ Downloaded from ijmcmed.org on 2021-12-09 ]

nicotinamide

acetyl-CoA and malonyl-CoA are produced from

Free fatty acids act as signaling molecules in

ketoglutarate and produces glutamate. Afterwards,

potentials

glutamate is pushed out of the mitochondria

considered as a high capacity source for NADPH

through glutamate carrier 1. In addition, glutamate

production

is produced by deamination of glutamine which is

dependent isocitrate dehydrogenase converts α-

promoted most likely by glutaminase 2 (58-60). In

ketoglutarate to isocitrate and in this way, NADPH

beta

is transferred outside of the mitochondria.

cells,

glutamate

like

an

intracellular

of

mitochondrial

(67).

The

substrates,

mitochondrial

it

is

NADP-

messenger, can enter the secretory granules, and

Ronchi et al. (68) indicated that inactivation

increase glucose and incretin –dependent insulin

of Nnt gene in C57BL/6J mice (J-mice) reduces the

release. Glutamate is transported via the insulin-

production of glucose-dependent insulin release,

containing secretory granules. The transport of

and also glucose tolerance which is the result of

glutamate leads to acidification of secretory

defects in mitochondrial oxidative stress and

granules which is necessary for both conversion of

reduced calcium influx and production of glucose-

pro-insulin to mature insulin, and for insulin

dependent ATP.

exocytosis through fusion of secretory granules
with plasma membrane (61,62).
In mitochondria, following the oxidative
deamination

of

glutamate

Santos et al. (65) showed that absence of Nnt
did not change the influx of glucose -induced

by

calcium and upstream mitochondrial events, but

glutamate

both phases of glucose-dependent insulin secretion

dehydrogenase, products such as NADH, NADPH,

via calcium-dependent exocytosis, and its metabolic

+

[ DOI: 10.22088/IJMCM.BUMS.9.2.107 ]

NADPH in mitochondria is basically generated

α-ketoglutarate, and ammonium ions (NH4 ) are

amplification were reduced. They demonstrated that

produced with ATP production by NADH and

very low concentration of glucose or absence of

NADPH through oxidative phosphorylation leading

glucose, lead to a decrease in oxidation of cytosolic

ultimately to increased insulin secretion by closing

glutathione, both in presence and in absence of

KATP channels (63,64). As a result, decomposition

exogenous H2O2. This suggests that absence of

of intracellular glutamate seems to increase

NNT reverse reaction may lead to the retention

glucose-induced insulin release by generation of

of β cells against cytosolic oxidative stress when

113 Int J Mol Cell Med Spring 2020; Vol 9 No 2
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glucose metabolism is markedly decreased.
In pathophysiological circumstances, NNT

is a requisite for glucose-stimulated insulin
secretion.

catalyzes reverse reaction to produce NADH for

If mitochondrial DNA mutations accumulate,

ATP production and retain ΔΨmito by proton

these mutations can be linked with improper

pumping. Moreover, the reverse mode NNT

performance of mitochondria, increased ROS

reaction can act to generate more reactive oxygen

production, and elevated oxidative damage in

species (39,69) (Figure 2). Accordingly, one of

human diseases and aging.

these pathological conditions may be diabetes.

Mitochondria are known to be an important

Confirmation of this hypothesis, however, requires

regulator of apoptosis cell death. It should be noted

more studies.

that the onset of T2DM is accompanied by a

The role of mitochondrial ROS in insulin release

decrease in the mass of beta cells, which can be due

Because many diabetic patients show signs of

to increased apoptosis of beta cells (74-78).

oxidative damage along with excessive ROS

Accumulation of H2O2 leads to an increase in

production, oxidative injury is believed to be the

generation of reactive hydroxyl radical due to the

reason of diabetic complications (70,71). Also,

reactions of fenton and Haber-Weiss of O•−2 and

studies

antioxidant

HO•. The increased intensity of O•−2 and HO•

compounds alleviates the complications of diabetes

activate the release of mitochondrial cytochrome c

by reducing the oxidative stress (72,73).

which initiates the apoptosis process (79). The

have

shown

that

using

release of cytochrome c may be due to the direct

highly exposed to oxidative damage that results in

reaction of ROS with mitochondrial cardiolipin

depolarized mitochondrial membrane, induced lipid

which results in oxidation of cardiolipin and the

peroxidation, and perturbed ATP production which

weakening of its reaction with cytochrome c, that

[ DOI: 10.22088/IJMCM.BUMS.9.2.107 ]
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Mitochondrial inner membrane ingredients are

Fig. 2. The role of nicotinamide nucleotide transhydrogenase in physiological and pathological conditions. The reverse mode
nicotinamide nucleotide transhydrogenase (NNT) reaction can act to generate more reactive oxygen species.
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ultimately leads to the release of cytochrome c into
the cytoplasm via outer membrane pores.

The electron transport chain in the inner
mitochondrial membrane uses NADH electrons to

Damaged respiration capacity of mitochondria

create proton electrochemical gradient which

and ROS-mediated uncoupling protein-2 (UCP2)

supplies the energy required to pump protons across

expression results in insufficient ATP production

the inner mitochondrial membrane, and leads to

during glucose stimulation, which leads to a defect

ATP synthesis.
Because β cells have very low lactate

in subsequent insulin release signaling (80).
UCP2, a member of the mitochondrial anion

dehydrogenase

oxidoreductase (complex I), the starting point for

ATP by proton leak and decrease of mitochondrial

receiving electrons from the NADH in electron

membranes potential, and thus has a negative effect

transport chain, is the main enzyme responsible for

on insulin secretion (81).

oxidizing NADH to NAD+ which is essential

The mitochondrial NADH/NAD+ ratio and

for

secretion

of

glucose-dependent

insulin.
+

Consequently, the re-production of NAD and the
+

Nicotinamide adenine dinucleotide (NAD /

continuation of the glycolysis depend on the

NADH) is a crucial coenzyme for oxido-reduction

activity of complex I. Since the increase in NADH

reactions in metabolism which has recently been

oxidation by complex I is associated with a leakage

known as a signaling molecule involved in calcium

of electron and further partial oxygen reduction, the

signaling, epigenetic regulation of catabolism gene

production of ROS also increases, and acts asa

expression, mitochondrial biogenesis and oxidative

damaging factor in beta cells.

stress response (82,83).
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NADH-ubiquinone

carrier protein (MACP), reduces the synthesis of

insulin release

[ DOI: 10.22088/IJMCM.BUMS.9.2.107 ]

activity,

an

Pathways such as polyol, which produce

It has been demonstrated which TCA cycle is

NADH by consuming NAD+, increase the ratio of

oxygen-dependent

NADH

pathway

that

produces

NAD+,

to

thereby

production.

metabolic intermediates. The ratio of NADH to

conditions, nearly 30% of glucose is metabolized
via

allosteric regulation of TCA cycle because it is a

inflammation caused by chronic pseudohypoxic

coupler of oxidative phosphorylation. As cell

status due to increased ROS production can lead to

proliferation requires the proper performance of

β cell dysfunction (90-97).

TCA cycle, the ratio of oxidized or reduced state of

The role of mitochondrial dynamics in pancr-

this coenzyme can have different effects on glucose

eatic β- cell biology

(84-86).

pathway.

in diabetic

NAD in mitochondria plays an important role in

and glutamine consumption in the TCA cycle

polyol

that

ROS

NADH necessary to ATP synthesis by oxidizing
+

It is proposed

increasing

Eventually,

chronic

Mitochondrial morphology plays an important
role in glucose-dependent insulin release, because

Movement of NADH from cytoplasm to

mitochondrial

metabolism

and

function

are

mitochondria is accomplished via two redox

influenced by the dynamics and morphology of

shuttles, glycerol phosphate shuttle and malate-

mitochondria (98). The mitochondrial dynamics

aspartate shuttle. Nevertheless, the malate–aspartate

change in pancreatic β cells seems to be the starting

shuttle has been suggested as the key physiological

point of the progression of T2DM (99). In

regulator

to

mammalian

by

networks whose life cycle is specified by fission,

contributing to the amplifying pathway of insulin

fusion, and autophagy. Reduced mitochondrial

secretion (87-89).

fusion activity has been detected to be associated

of

mitochondrial

cytosolic
matrix

in

NADH
the

transfer

beta

cell
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cells,

mitochondria

are

tubular
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with T2DM (98). Balancing between the events of

induced insulin release (98,99,103-107). Therefore,

fission and fusion is important for attainment of

both

mitochondrial morphology required for a specific

stimulated insulin secretion are comprehensibly

function (100). Mitofusins1 and 2 (MFN1/2) and

adapted to levels of this fission protein.

0ptic-atrophy 1(OPA1) are fusion regulators of

Conclusion

mitochondria; whereas, mitochondrial fission is

[ Downloaded from ijmcmed.org on 2021-12-09 ]

The

onset

of

dynamics

and

glucose-

glucose-dependent

insulin

regulated via dynamic-related protein 1 (DRP1) and

secretion is accompanied by the transfer of glucose

fission protein 1 (FIS1). GTPase gene Drp1 has a

into the beta cell, followed by phosphorylation in

crucial function in fission because it is only able to

the glycolysis pathway and eventually oxidation in

compress mitochondria (101,102). Blocking Drp1

mitochondria.

or

of mitochondrial energy metabolism via glucose

Fis1

by

RNA

reduces

autophagy

of

mitochondria, and causes oxidized mitochondrial

[ DOI: 10.22088/IJMCM.BUMS.9.2.107 ]

mitochondrial

Damaged

activation

has been indicated in type 2 diabetic β-cells.

proteins accumulation, decreases respiration, and

Glucose phosphorylation and glukokinase play

induces defective release of insulin (103). Down-

highly significant roles in determining the threshold

regulation of Drp1 in INS1 cells reduces the

of glucose-stimulated insulin secretion. In addition

potential of mitochondrial membrane and ATP

to glukokinase, T1R3 homodimer is another factor

production.

glucose-

that acts as a glucose sensing receptor. Elimination

dependent insulin secretion is shown in INS1 cells

of T1R3 gene reduces glucose-dependent insulin

and mouse pancreatic islets. As a result, expression

secretion from beta cells. Kojima et al. indicated

of Drp1 is momentous in β cells to retain the

that T1R3 knockdown with shRNA leads to

regulation

acute

decrease of glucose-dependent raise of ATPi. This

pharmacological blocking of mitochondrial fission

means that glucose cannot show all its capabilities

protein Drp1, Sesakiet al. showed that fission of

in the absence of T1R3 (11). It is interesting that

mitochondria is essential for secretion of glucose-

glucose stimulates a biphasic enhancement in ATPi.

dependent insulin in the mouse and human islets

The initial peak arises around 1 min, followed by

(104). They corroborated that Drp1 genetic

the secondary sustained phase.

An

important

loss

of insulin release.

of

Through

silencing increased the mitochondrial proton leak in

Metabolic coupling factors

produced by

MIN6 cells. Fis1 is an important regulator in

glucose oxidation enhance the effect of calcium on

pancreatic beta cells because both mitochondrial

insulin release, which is called the booster pathway

dynamics and release of glucose-dependent insulin

of insulin release.

correspond to accurate gene expression levels of

Providing control signals is the significant role

this fission protein. Schultzet al. indicated that

of mitochondria for first and second phases of

mitochondrial dynamics in cells with defective

insulin release.

glucose-induced

insulin

release

(INS1-832/2)

All

known

cycle

isocitrate,

intermediates,
α-ketoglutarate,

decrease in comparison with glucose-responsive

comprising

cells (INS1-832/13) (99). Blocking of Fis1 via

succinate, fumarate, and malate, are important

shRNA in both INS1-832/13 cells and primary

components of insulin release, especially in the

mouse beta cells causes a lack of glucose response

secondary phase (4). It has been demonstrated that

and

prolonged

TCA cycle is an oxygen-dependent pathway that

mitochondria. Fis1 overexpression in mouse early

produces NADH needed to synthesize ATP by

beta cells demonstrated an upper limit at which

oxidizing metabolic intermediates. The ratio of

higher Fis1 expression decreased the glucose-

NADH to NAD+ in mitochondria plays an

a

remarkably

number

of

citrate/

TCA

Int J Mol Cell Med Spring 2020; Vol 9 No 2 116
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important role in allosteric regulation of TCA cycle

elevated adaptive antioxidant response. Food Chem Toxicol

because it is a coupler of oxidative phosphorylation.

2017;100:161-7.

The ΔΨmito and its response to glucose are
principal

irritants

of

ATP

synthesis

in

insulin secretion in the pancreatic beta-cell. Mol Cell Endocrinol

mitochondria, and hence a central mediator of

2012;353:128-37.

glucose-induced insulin release.

4. Huang M, Joseph JW. Assessment of the metabolic pathways

NNT catalyzes reverse reaction to produce

associated with glucose-stimulated biphasic insulin secretion.

NADH for ATP production and retain ΔΨmito by

Endocrinology 2014;155:1653-66.

proton pumping. Accordingly, perhaps one of these

5. Lu H, Koshkin V, Allister EM, et al. Molecular and metabolic

pathological

the

evidence for mitochondrial defects associated with beta-cell

confirmation of which requires more studies. The

dysfunction in a mouse model of type 2 diabetes. Diabetes

reverse mode NNT reaction can act to produce

2010;59:448-59.

more

membrane

6. Oh YS, Bae GD, Baek DJ, et al. Fatty Acid-Induced

ingredients are highly exposed to oxidative damage

Lipotoxicity in Pancreatic Beta-Cells During Development of

that results in depolarized mitochondrial membrane,

Type 2 Diabetes. Front Endocrinol (Lausanne) 2018;9:384.

induced lipid peroxidation, and defective ATP

7. Salvucci M, Neufeld Z, Newsholme P. Mathematical model of

production, which is a requisite for glucose-

metabolism and electrophysiology of amino acid and glucose

stimulated insulin secretion.

stimulated insulin secretion: in vitro validation using a beta-cell

ROS.

conditions

is

Mitochondrial

diabetes,

inner

The morphology of mitochondria affects the
function
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3. Wiederkehr A, Wollheim CB. Mitochondrial signals drive

and

The

8. Lu M, Li C. Nutrient sensing in pancreatic islets: lessons from

mitochondrial dynamics change in pancreatic β

congenital hyperinsulinism and monogenic diabetes. Ann N Y

cells seems to be the starting point of the

Acad Sci 2018;1411:65-82.

progression of T2DM. This study increases our

9. Prentki M, Matschinsky FM, Madiraju SR. Metabolic

knowledge about the mechanism of action of

signaling in fuel-induced insulin secretion. Cell Metab

factors affecting amplifying pathways of insulin

2013;18:162-85.

release that accordingly will be helpful to further

10. Wilson DF, Matschinsky FM. Oxygen dependence of

our understanding of mechanisms involved in beta

glucose sensing: role in glucose homeostasis and related

cell defects which results in diabetes.

pathology. J Appl Physiol (1985) 2019;126:1746-55.
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