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Summary

Redox status plays a multifaceted role in the intricate physiology
and pathology of pancreatic B-cells, the pivotal regulators of
glucose homeostasis through insulin secretion. They are highly
responsive to changes in metabolic cues where reactive oxygen
species are part of it, all arising from nutritional intake. These
molecules not only serve as crucial signaling intermediates for
insulin  secretion but also participate in the nuanced
heterogeneity observed within the B-cell population. A central
aspect of B-cell redox biology revolves around the localized
production of hydrogen peroxide and the activity of
NADPH oxidases which are tightly regulated and serve diverse
physiological functions. Pancreatic B-cells possess a remarkable
array of antioxidant defense mechanisms although considered
relatively modest compared to other cell types, are efficient in
preserving redox balance within the cellular milieu. This intrinsic
antioxidant machinery operates in concert with redox-sensitive
signaling pathways, forming an elaborate redox relay system
essential for B-cell function and adaptation to changing metabolic
demands. Perturbations in redox homeostasis can lead to
oxidative stress exacerbating insulin secretion defect being
a hallmark of type 2 diabetes. Understanding the interplay
between redox signaling, oxidative stress, and B-cell dysfunction
is paramount for developing effective therapeutic strategies
aimed at preserving B-cell health and function in individuals with
type 2 diabetes. Thus, unraveling the intricate complexities of
B-cell redox biology presents exciting avenues for advancing our

understanding and treatment of metabolic disorders.
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Introduction to redox milieu in B-cells with
emphasis on pro-oxidative sources

There is no doubt that redox homeostasis is
a critical feature of cellular signaling in a variety of cells.
A transient increase in cellular reactive oxygen species
(ROS) has been identified as an essential second
messenger, while permanently increased production leads
to oxidative stress, which has been linked to many
diseases, including diabetes [1,2]. Many have shown that
pancreatic B-cells, as the major glucose sensor in the
body, are sensitive to perturbations in redox homeostasis
and that long-term disruption of redox homeostasis leads
to deterioration of B-cells and thus insulin secretion and
glucose balance in the body, the prominent feature of
diabetes (more in [3-7]).

It has been suggested that glucose-induced
metabolism in f-cells can produce ROS via many
pathways [8]. However, due to significant limitations in
the methods used to detect ROS in situ (in terms of their
species and cellular localization), the exact site of
ROS production and oxygen species remained
undetermined until recently [9,10]. By using redox probes
targeting organelles that are also more ROS species-
specific, we observed the increased production of ROS,
particularly hydrogen peroxide (H.0.), under condition
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of glucose stimulation in the
NADPH oxidase, isoform 4, NOX 4 [11] (Fig.1).
Interestingly, the production of ROS (especially
superoxide) in the mitochondrial matrix was decreased
upon glucose induction due to the decreasing
NADH/NAD? ratio in the mitochondrial matrix [12]. This
does not necessarily refute the role of mitochondria as
asource of ROS during glucose induction, as the
complex Il of the respiratory chain is able to produce
superoxide outside the mitochondria and is therefore
undetectable with probes in the mitochondrial matrix
(Fig. 1). Increased glucose-stimulated metabolism can
also lead to increased autooxidation of glyceraldehyde,
producing H»O, and ketoaldehydes in diabetes [13].
Glycolysis produces dihydroxyacetone, which undergoes
the reduction to glycerol-3-phosphate and acylation,
producing diacylglycerol, which activates protein kinase
C (PKC) [14-17]. PKC can phosphorylate NOX isoforms
leading to the induction of their activity and thus increase
in cytosolic ROS production. Metabolism of sorbitol,
hexosamine, or methylglyoxal derived from glucose
catabolism can also stimulate ROS production in diabetic
conditions [8,18]. However, mitochondrial
ROS production in B-cells has been documented mainly
under conditions of the increased flux of fatty acids and
amino acids as substrates, the conditions associated with
diabetic pathology [11,19-24] (Fig.1). Superoxide
produced along the electron transport chain (complex
I/IIN) is rapidly converted by superoxide dismutase,
SOD2 isoform, to H,0,, being able to diffuse out of
mitochondria [19,24-29] This production has been found
to be controlled by the uncoupling activity of UCP2 in
B-cells [30-32].

Be that as it may, H.O. has been identified as
a critical molecule for signal transduction in pancreatic
B-cells. Its low concentration (nanomolar) is involved in
signal transduction by cysteine oxidation of participating
proteins, known as redox relay [33,34] (Fig. 1), whereas
increased production in the micromolar concentration
range causes oxidative stress because B-cells are unable
to adequately increase antioxidant protection especially in
long-term horizon [35] (Fig.2). H2O: is a small
electroneutral molecule that can cross lipid membranes
either alone or through peroxiporins, members of the
aquaporin family (more in [36]). Its toxicity is tracked by
the production of hydroxyl radicals (OH), which are
generated when it encounters free iron or copper, rather
than interacting with protective high-affinity thiols [37].
Hydroxyl radicals have a high oxidation potential, and

cytoplasm by

their small radius and uncharged state provide great
mobility so that chemical reactions can proceed at high
rates [37]. Therefore, H2O- is also a crucial mediator of
toxicity under conditions of chronic oxidative stress.

The specific properties of H;O, in terms of its
reactivity allow it to specifically target reactive thiols of
cysteine residues within protein structures. However,
only some thiols are predetermined to undergo the
oxidation reaction. This is given by the vicinity of the
surrounding amino acids (local electrostatic environment)
and pH. Thus, cysteines in proteins must display low
pKa, to enhance the thiolate fraction, as a prerequisite for
fast and efficient oxidation by peroxides, although its
nucleophilicity (to attack the H.O. electrophile) and its
capacity to stabilize both the transition state with the
reactant, H.O,, and the leaving group (which occurs after
the rupture of the peroxidic bond) also must be preserved
[38]. The reactive thiols then react with H,O; to form
sulfenic acid (reversible oxidation). The oxidized thiols
are regenerated by reaction with other thiols groups on
i) diverse proteins giving rise to the so-called redox relay
system by which the redox signal is transferred or
ii) proteins of the antioxidant defense system serving as
the ROS scavengers [33,39].

The specific redox situation prevails in the
endoplasmic reticulum (ER) of B-cells since ROS are
involved in oxidation during insulin folding in B-cells
(Fig. 1). Each proinsulin molecule folded at ER generates
3 molecules of H,O, [40]. This is generated during
protein disulfide isomerase oxidoreductase (PDI)
reoxidation by ER oxidoreductin 1 (ERO1), which are
involved in insulin folding. High amounts of H,O, with
limited efflux from ER and a low ratio of reduced to
oxidized glutathione (GSH/GSSG) create a strong
oxidative milieu in the ER of B-cells [41]. In the case of
chronic nutrient excess, e.g., obesity, when p-cells struggle
to maintain glucose homeostasis in the body by
overproduction of insulin (hyperinsulinemia), ER stress
develops [42]. This is associated with an imbalance in
redox status in ER and leads to B-cell exhaustion over time.

The inappropriate composition of nutrition and
especially its chronic overload leads not only to an
increase in blood glucose levels but also to an increase in
fatty acid levels circulating in the bloodstream, being
sensed by p-cells. Under conditions of increased
circulation of fatty acids in the blood, long-chain and
medium-chain fatty acids can produce H,O, during their
B-oxidation in peroxisomes and mitochondria, where
little catalase is present [41] (Fig. 1). The B-oxidation in
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Fig. 1. Physiological amplification of insulin secretion by redox signaling in pancreatic B-cells. Glucose, the major trigger of insulin
secretion, initiates glycolysis while being phosphorylated by glucokinase (GCK). As it proceeds, the metabolites also enter the pentose
phosphate cycle (PPP), which generates NADPH in the cytosol, the substrate for NADPH oxidase 4 or human isoform 5 (NOX4, hu
NOX5). Pyruvate, the product of glycolysis, enters the mitochondria to generate ATP and possibly superoxide (*O2-) on Complex 111
directed out of the mitochondria. Glycerol-3-phosphate derived from glycolysis is involved in lipogenesis in B-cells. Stimulation by
glucose leads to increased activity of NOX4/hu NOX5, generating H202, which at nM concentration is involved in redox relay signaling to
target proteins involving peroxiredoxins (PRX) and thioredoxins (TXN). Redox signaling, H20: directly, and together with increased ATP
lead to inhibition of the Kare channel, causing plasma membrane depolarization, calcium influx, and insulin granule release. Stimulation
by glucose also increases endoplasmic reticulum (ER) activity, where folding of proinsulin requires a pro-oxidant environment,
i.e., 3 molecules of H202 per 1 proinsulin. The presence of long-chain fatty acids (LC-FA) allows their accumulation in lipid droplets or,
at low glucose, fatty acid oxidation (FAO) in mitochondria or peroxisomes, potentially generating ROS. Branched chain amino acids
(BCAA) exhibit insulinotropic effects through a-keto acid metabolism, TCA cycling in mitochondria with the potential for ROS production.
Pancreatic B-cells show low expression of catalase and glutathione peroxidases but express various forms of thioredoxins (TXN),
peroxiredoxin (PRX), and superoxide dismutases (SOD) compartmentalized intracellularly.

peroxisomes produces H,O, and shortens the length of
the fatty acid chain before it is passed to mitochondria for
complete oxidation, another site of ROS production [42].
Thus, mitochondria are functionally linked to
peroxisomes in fatty acid processing. Chronically
elevated concentrations of free fatty acids termed
lipotoxicity = together — with  hyperglycemia  (often
associated with diabetes) cause the impairment of insulin
secretion and f-cell death. Another insulinotropic
potentiator of B-cell is selected amino acids. The state of
elevated dietary branched-chain amino acids (BCAAS)
such as leucine, isoleucine, and valine, plays a critical

role in stimulating insulin secretion by serving as both
metabolic fuel and allosteric activator of glutamate
dehydrogenase [43,44] (Fig.1). Its acute action
stimulates insulin secretion via direct inhibition of
Kate channel currents in B-cells [45], where ROS may be
part of the signaling action originating from mitochondria
or NADPH oxidases [23,46].

Thus, it is clear that redox status reflects the
nutritional conditions to which B-cells are subjected. The
major signaling molecule is H,O,. Its involvement in
redox signaling is required for efficient insulin secretion
and function while its long-term increase leads to
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Fig. 2. Detrimental prooxidative intracellular environment upon chronic nutrient overload in pancreatic B-cells. Chronic hyperglycemia
activates NADPH oxidase 4, which leads to increased assembly of inflammasome and maturation of IL1p, initiating local inflammation.
Increased requirement for insulin secretion and enhanced pro-oxidative milieu in cytoplasm establish unfolded protein response (UPR),
which is accompanied by oxidative stress in endoplasmic reticulum (ER). Increased amount of proinsulin is secreted (blue circles).
Increased amount of free fatty acids (FFA) in plasma induces ceramide accumulation with the potential to induce apoptosis. FFA also
signal through the GPR40 receptor to induce the activity of phospholipase C (PLC), protein kinase C (PKC) to regulate NADPH oxidase 2
(NOX2) to produce ROS and contribute to calcium release from ER for insulin granule release. FFA also enter peroxisomes for FAO,
generating enhanced ROS because of the low expression of catalase. Prooxidative intracellular environment induces the degradation of
glutathione outside of the cells to produce components for its synthesis inside the cells.

development of oxidative stress accompanying the
development of diabetes.

NOXs are good and evil in the redox
homeostasis of pancreatic -cells

There is an increasing number of reports
showing that NOXs are significantly involved in B-cells
physiology and pathology. They are essential regulators
of physiological insulin secretion and promote
superoxide/H,O, for efficient signaling of insulin
secretion. At the same time, they can have deleterious
effects when chronically overactivated. There is ample
evidence for the specific expression of isoforms of
NOX1, NOX2, NOX4, and p22phox and their cytosolic

regulators in rodent and human B-cells [43,44]. NOX5 is
expressed only in human B-cells and no homolog was
found in rats and mice [45]. Regarding its role and
activity in B-cells, it was revealed that knocking down
p47phox, the subunit of the originally phagocytic
NOX2 isoform, significantly reduced glucose-induced
H>O; production and insulin secretion (GSIS) [46].
However, direct ablation of NOX2 in mice showed no
impairment of GSIS. Until recently, many studies using
nonspecific inhibitors also failed to shed light on the
function of NOXs in B-cells [44,47]. Recently, we found
that the NOX4 isoform, which is constitutively expressed
and lacks many regulatory subunits present in other
isoforms, is metabolically stimulated to activity, resulting
in H20- production that supports GSIS [11] (Fig. 1). This
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was previously demonstrated with the nonspecific
NOX4 inhibitor GLX351322 [48]. Its activity depends on
the amount of NADPH normally derived from glucose
metabolism in the vicinity of the enzyme. Unfortunately,
the exact intracellular location in B-cells has not yet been
defined due to a lack of reliable antibodies. However,
NOXs are transmembrane proteins that transport
electrons across biological membranes and reduce
oxygen to superoxide or directly produce H.O, (more in
[49]). Inhibition of NOX4 either by silencing of cultured
B-cells or its ablation, specifically in mouse pancreatic
B-cells, significantly increased the probability of Katp
channel opening, thereby reducing the first phase of GSIS
in particular [11]. Interestingly, p-cell specific
Nox4 knockout animals show suppressed insulin
secretion upon glucose stimulation and constantly secrete
low levels of insulin, prolonging the time needed to
establish normoglycemia. This affects the feeding habits
of these knock-out mice, as they consume less food to
maintain the physiological glucose concentration [50].
NOX4 is thus an important redox molecule in the
physiology of pancreatic -cells. Recently, human NOX5
was also found to be important for proper GSIS [45].
However, NOXs may also contribute to p-cell
dysfunction in chronic hyperglycemia in animals and
humans with type 2 diabetes (T2D) (Fig. 2). Chronic
overeating activates NOXs to produce superoxide/Hz0O,
leading to long-term oxidative stress and consequent
B-cell damage and apoptosis [4,51]. Proinflammatory,
hyperglycemic, and lipotoxic conditions have been shown
to activate NOXs [11,52-55]. Gene expression profiling
of islets from patients with T2D also showed increased
expression of NOX2/4/5 compared with nondiabetic
individuals (Geoprofiles GDS3382). Proinflammatory
cytokines upregulate the expression of 12-lipoxygenase,
which can activate NOX1 in B-cells, leading to their
failure [56,57]. Lipotoxicity, particularly from saturated
free fatty acids, induces NOX2 activity, leading to
impaired insulin secretion, calcium homeostasis, and
viability [54]. It has been shown that GPR40, the free
fatty acid receptor, can also activate NOX2 in B-cells
[58]. Thus excess palmitate activates NOX2 triggering
transient receptor potential melastatin 2 (TRPM2)
channels. This can lead to an increase in mitochondrial
zinc ions, resulting in a loss of membrane potential and
mitochondrial fission, affecting energy metabolism and
thus B-cell viability [53]. Upregulation of NOXS5 has been
shown to  worsen insulin  secretion  under
hyperglycemic/diabetogenic (palmitate-induced)

conditions by increasing the depletion of cAMP, a critical
enhancer component of insulin secretion [45]. We have
observed that chronic overnutrition induced either by
high-fat diet in vivo or by hyperglycemia in vitro, causes
chronic activation of NOX4 and establishes an
intracellular pro-oxidant status [50]. This leads to the
assembly and activation of the inflammasome and further
maturation of the proinflammatory interleukin 13 (IL1p).
The release of ILIB from B-cells can then activate
macrophages toward proinflammation, causing local
inflammation (Fig. 2). Thus, chronic overproduction of
ROS by NOXs in B-cells leads to their pathology and
eventual loss of viability. Recent reports have shown that
islets from Nox2 knockout mice improved islet
transplantation outcome. Nox2” islets showed decreased
superoxide production, higher GSIS, and enhanced
antioxidant defense by increased expression of Nrf2, and
Sodl, improved Hol expression causing early
revascularization. This leads to restoration of
normoglycemia in diabetic transplanted mice [59].

New inhibitors of specific NOX isoforms have
been developed and are being investigated in the
treatment of diabetes (more in [60]). Many diabetic
complications such as diabetic nephropathy, retinopathy,
neuropathy, and cardiopathy, collectively termed diabetic
vasculopathy, have been associated with chronic NOX
activity. NOXs, especially NOX2 and 4, have been
associated with endothelial dysfunction and are the target
of the studies. However, the role of NOX overactivation
and prooxidant signaling in pancreatic B-cells under
conditions of chronic overeating require the development
of antioxidants or inhibitors that target f-cells only. Their
short-term treatment could be useful in restoring B-cell
signaling and viability during the development of
diabetes.

Pancreatic p-cells antioxidant defense system:
Are B-cells so vulnerable towards oxidative
stress?

Cellular  antioxidant  defense  comprises
enzymatic machinery and glutathione (GSH), which can
buffer excessive reactive (oxygen, nitrogen, and sulfur)
species produced by cellular metabolism. Cellular
compartments differ in their pH, redox potential, and
concentrations of reactive metabolites allowing redox
signaling events or direct usage of these reactive
compounds for metabolic reactions (e.g. protein folding
in ER) in a specifically compartmentalized manner
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[61,62]. Consequently, the antioxidant enzymes are also
strictly compartmentalized, with specific isoforms of the
enzymes in these compartments. Also, the content of
glutathione redox couple ie., GSH/GSSG
(reduced/oxidized glutathione) and its redox potential,
differs throughout the compartments [63,64]. The
difference is given not only by the diverse
NADPH concentration and availability, ROS production,
and expression of antioxidant enzymes but also because
GSH is only synthesized in cytosol and can be only
transported through the membranes in its reduced form
[65]. Notably, the compartment-specific redox state of
GSH affects not only the direct redox GSH partners but
also the specialized function given by the respective
organelle [66]. GSH is synthesized by a two-step
enzymatic  reaction involving y-glutamylcysteine
synthetase (y-GCS) and GSH synthetases (GSHS) in
sequence. y-GCS catalyzes the formation of the dipeptide
y-glutamylcysteine (y-Glu-Cys), and GSHS catalyzes the
binding of glycine to y-Glu-Cys to form GSH [67]. The
rate-limiting step of the synthesis is the presence of
cysteine, which is mainly derived from the trans-
sulfuration pathway of methionine and/or the reduction of
cystine, which is transported from the extracellular space
[67]. Except for these traditional pathways, a study done
by Fu et. al. revealed that 25 % of carbon derived from
glucose in human islets is directed to GSH synthesis via
pyruvate carboxylase pathway and probably glutamate
[68]. The degradation of GSH occurs in extracellular
space, where it is converted to cysteinylglycine (CysGly)
and then to Cys at tissue sites rich in the ectoenzymes y-
glutamyltranspeptidase (y-GT) and dipeptidases (mainly
kidney and lung) by the sequential action of these two
enzymes [69] (Fig. 2). The amino acids can be taken by
the cells again and used for GSH de novo biosynthesis.
Interestingly pancreatic B-cells express significantly
higher amounts of GSH degradation enzymes than those
of the synthesis pathway, and as a result, rely on
glutathione transferred from the liver [70].

From the historical perspective, p-cells were
considered to contain low amounts of the main
antioxidant enzymes [71,72] (Fig. 1). Still, this feature
has always been compared with the liver and kidney,
specialized organs for detoxification, which naturally
contain high amounts of antioxidant enzymes [71]. An
explanation for the low expression profile is nowadays
interpreted by the fact that redox signaling, which is
tightly associated with glucose sensing and its
metabolism in pancreatic B-cells, is a required coupling

factor for insulin secretion [11].

Superoxide dismutase (SOD) is considered one
of the most important antioxidant enzymes. The enzyme
accelerates the otherwise spontaneous dismutation of
superoxide anion O? to less reactive H,O up to 10* [73].
SOD exists in three isoforms, whose activity is optimized
according to the compartment-specific conditions. Cu/Zn-
SOD1 is expressed in the cytosol, the mitochondrial
intermembrane space, the peroxisomes, and the nucleus.
Mn-SOD?2 is expressed in the mitochondrial matrix, and
Cu/Zn-SOD3 is targeted to extracellular space, but its
expression in B-cells has only been detected on the
mRNA level [74]. In addition to SODs other H,O»
degrading enzymes are expressed in p-cells. Interestingly,
catalase is expressed at a very low level and is even
considered one of the disallowed genes in f-cells [75].
Glutathione peroxidase 1 (GPX1) is expressed in cytosol
and peroxisomes, GPX7/8 and PRDX4 in ER, and
PRDX3 exclusively in mitochondria [40]. However, the
expression profile also depends on species, as GPX1 and
catalase were shown to have protective effects in human
pancreatic islets but not in rodents [76]. In recent years
the opinion of oxidative damage vulnerable B-cells is
shifting as B-cells were shown to express thioredoxin
(TXN) and thioredoxin reductase (TXNRD) isoforms,
glutathione reductases (GSR), glutaredoxins (GRX), and
peroxiredoxins (PRDX) [34,77-82].

Interestingly it has also been shown that cells are
able to secrete oxidoreductases to extracellular milieu
[83]. This phenomenon has been first observed for
immune cells, but secretion of cytoplasmic isoforms of
TXNI1 and TXNRDI by murine and porcine B-cells has
been revealed under hypoxic and inflammatory
conditions [84]. Extracellular TXN1 seems to cause
autocrine or paracrine regulation of B-cells, overall
having beneficial effect by improving cell viability and
blood glucose control, preventing apoptosis, and
preserving insulin secretion [84,85].

The pB-cells therefore possess delicate redox
balance in which a rich antioxidant system is involved.
This enables effective redox signaling. Nevertheless,
B-cells do not have such a robust antioxidant system and
are therefore unable to withstand prolonged oxidative
stress, leading to a deterioration in their function and
ultimately contributing to the onset of diabetes.
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Redox status in other endocrine cells of
pancreatic islets

B-cells are the most studied and represented cell
type of the pancreatic islets. However, there are other
important endocrine cell types that are required for proper
islet function. These are glucagon-producing a-cells,
somatostatin-producing 8-cells, ghrelin-producing &-cells,
and pancreatic polypeptide-producing PP cells. There is
little knowledge about these endocrine cells in terms of
their redox status and signal transduction. However, their
synchronized paracrine function with the pB-cells is
critical for proper islet activity. Cell lines of individual
type of endocrine cells are scarce (this does not apply to
a-cells, for which a cell line already exists), and
individual cell types are difficult to isolate from islets,
which probably explains the lack of knowledge [86].
Moreover, redox status setting of cell lines might differ
from primary endocrine cells as the cell lines are adapted
to cultivation conditions which significantly vary in terms
of oxygen pressure, glucose levels etc.

As a-cells are the second best studied cell type
after B-cells, pertinent information exists about their
capacity. Human a-cells are capable
producers of antioxidant enzymes such as catalase and
GPX. Interestingly, human a-cells express more of these
enzymes than human B-cells. p-cells showed increased
oxidative damage to DNA and decreased viability when
exposed to H2O; and NO donors, whereas a-cells showed
no change in viability [87]. Expression of antioxidant
enzymes is clearly associated with enhanced protection of
a-cells from oxidative stress. In addition, the pancreas of
T2D patients exhibited increased numbers of apoptotic
B-cells but not a-cells [88]. However, both endocrine cell
types showed increased volume density of ER [89].
Moreover, the better survival of a-cells in T1D was
explained by differences in the expression of SOD2
compared to B-cells, in addition to the specificity of the
immune response [90]. On the other hand, mouse cell
cultures of a- and B-cells showed increased expression of
mitochondrial SOD and catalase in [-cells under
hyperglycemic conditions. In a-cells, these enzymes are
decreased [91]. The question here is whether the
difference in expression of these enzymes is due to
species or to the different effects and timing of the
various oxidants. Inhibition of phosphoinositide 3-kinases
(PI3K) signaling in a-cells does reduce mitochondrial
SOD expression under hyperglycemic conditions,
suggesting that this pathway is involved in mitochondrial

antioxidant

SOD expression [91].

Thus, we lack the knowledge about the paracrine
redox signaling and involvement of redox status within
individual endocrine cell types in synchronized action of
insulin and other endocrine hormones secretion by
pancreatic islet.

Heterogeneity of B-cells and the role of redox
status

Pancreatic ~ B-cells  exhibit  considerable
heterogeneity, contributing to the complexity of islets
[92]. Distinct subpopulations differ at the molecular,
morphological, and functional levels [93,94]. Most
importantly, individual B-cells have diverse sensitivity to
glucose, which subsequently affects their ability to
synthesize and secrete insulin [95,96]. Thus, the
heterogeneity of B-cells and B-cell intercommunication
within subpopulations is critical for the regulation of
insulin secretion [94,97]. Changes in p-cell heterogeneity
as well as altered redox homeostasis have been associated
with T2D, however, their interconnection is far from
being understood [98,99].

The origins of B-cell heterogeneity research go far
back in history. Already in the 1940s, it was found that
[-cell size differs between large and small pancreatic islets
[100]. Later, regional differences in the nuclear size and
the position of the nucleoli within the nuclei of various
B-cells were identified [101]. Also, morphological
differences in response to glucose stimulation were
described  with B-cell  localization.
Hyperglycemia decreased the volume density of B-cell
secretory granules and increased the size of the
endoplasmic reticulum and Golgi apparatus earlier in
B-cells within the core of the islets compared to the
peripheral fB-cells [102]. The distinct insulin secretory
patterns broadly divided p-cells into two types — responsive
and unresponsive [103]. The differences in insulin
secretory response were also associated with altered gene
expression of important enzymes, such as glucokinase
[104]. Recently, it has been described that insulin secretion
responses were orchestrated by two populations of cells:
hub cells with pacemaker properties dictating the insulin
secretion dynamics and follower cells controlled by the
hubs through calcium waves [105]. The development of
molecular methods has enabled the identification of many
markers specific to distinct B-cell populations, including
E-cadherin (CDH1) [106]; polysialylated-neural cell
adhesion molecule (PSA-NCAM) [107]; Flattop (FLTP)

regards  to
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[108]; CD9 molecule (CD9) [109,110]; ST8 alpha-N-
acetyl-neuraminide alpha-2,8-sialyltransferasel (ST8SIAL)
[110]; Dickkopf WNT signaling pathway inhibitor 3
(DKK3) [111]; solute carrier family 18 member
(A2SLC18A2/VMAT?2) [112].

For instance, p-cells can be divided into two
subpopulations with different glucose responsiveness
according to the level of surface PSA-NCAM, a prominent
marker of functional B-cells [107]. Low PSA-NCAM-
labeled B-cell population (B'¥-cells) exhibited altered gene
expression profile (e.g. downregulation of Neurod1, Pdx1,
Nkx6.1, Pax6, i.e. B-cell identity genes; and upregulation of
Ldha, Hklm, i.e. -cell forbidden genes) which suggested
that these cells were composed of immature and/or non-
functional cells in contrast to high PSA-NCAM-labeled
population (B"9"-cells). Moreover, these two populations
also differed in the expression of antioxidant enzymes. For
example, Gpx1 was upregulated, while Sod2 and Trx2
were significantly downregulated in p'“-cells. Besides
antioxidant enzymes, the expression of nitric oxide
synthase 1 (Nosl) was also decreased [107]. These results
indicate extensive dysregulation of the redox state in the
poorly  glucose-responsive  B-cells. Importantly, the
distribution of "9 and B'*“-cells was completely inversed
in ZDF rats (a genetic model of T2D) as the
Blow-cells became the predominant population in these
animals [107]. In ST8SIA1+ B-cells, which are also less
responsive to glucose compared to ST8SIAL-B-cells,
Gpx3 was significantly enriched. Representation of these
cells was found to be abnormally high in T2D islets [110].

Although subpopulations of B-cells have been
shown to differ in redox homeostasis in response to
altered metabolism, redox regulations independent of
B-cell heterogeneity have also been reported. Inhibition of
NOX4 protected human islets from glucolipotoxicity
regardless of their size, activity, and reactivity to glucose.
These results suggested that NOX4-induced B-cell death
occurs in all types of islets and may involve a mechanism
that acts independently of the insulin-releasing activity of
the islet [113].

Since redox homeostasis is a key factor
determining B-cell fate, identification of differences in
redox regulations in distinct populations of B-cells is
required to unravel the role of B-cell heterogeneity in the
physiology and pathology of pancreatic islets. Our
laboratory focuses on this topic. This knowledge could
potentially lead to novel therapeutic approaches to
restoring B-cell function and mass.

Interestingly, a-cells were reported also in

several distinct subpopulations based on proglucagon-
derived peptides [114]. It was suggested to be reflected
by the a-cell maturity state. However, no link to the redox
state was reported.

Conclusions

There is no doubt that redox status is a critical
determinant of pancreatic B-cell function. Their fragile
redox homeostasis is a key part of nutrition-induced
insulin signaling. However, long-term chronic nutritional
overload leading to metabolic dysregulation impairs
insulin secretion, induce inflammation, and consequently
glucose homeostasis in the body. This leads to the
development of T2D. It is important to decipher the
mechanisms of balanced homeostasis and its disruption
leading to oxidative stress and subsequent dysregulation
of signaling in pancreatic f-cells. It is known that to
maintain glycemic control and reduce oxidative stress and
inflammation, restrained caloric intake and physical
activity show the strongest beneficial effects. Chronic
physical activity reduces ROS production, increases
antioxidant potential, and improves insulin sensitivity.
However, we must also define how to act in the
prediabetic phase, when the first glucose imbalance
occurs. To do this, we need to determine the right targets
and timing for ROS production in pancreatic B-cells.
NOXs in pancreatic B-cells in prediabetic conditions
could be one of them for pharmacotherapy.

Conflict of Interest
There is no conflict of interest.

Acknowledgements

This work was supported by the Grant Agency of the
Czech Republic, grant No. 22-11439S to L.P.-H. and by
the project National Institute for Research of Metabolic
and Cardiovascular Diseases (Programme EXCELES, ID
Project No. LX22NP05104) — Funded by the European
Union Next Generation EU to the Institute of Physiology.
All figures were created in Biorender.com, thus we
kindly acknowledge the software.



2024 Redox Homeostasis in Pancreatic -Cells 9
References
1. Jonas JC, Bensellam M, Duprez J, Elouil H, Guiot Y, Pascal SM. Glucose regulation of islet stress responses and

10.

11.

12.

13.

14,

15.

16.

17.

beta-cell failure in type 2 diabetes. Diabetes Obes Metab 2009;11(Suppl 4):65-81. https://doi.org/10.1111/].1463-
1326.2009.01112.x

Benéakovéa S, Holendova B, Plecita-Hlavata L. Redox Homeostasis in Pancreatic B-Cells: From Development to
Failure. Antioxidants (Basel) 2021;10:526. https://doi.org/10.3390/antiox10040526

Nishikawa T, Araki E. Impact of mitochondrial ROS production in the pathogenesis of diabetes mellitus and its
complications. Antioxid Redox Signal 2007;9:343-353. https://doi.org/10.1089/ars.2006.1458

Newsholme P, Morgan D, Rebelato E, Oliveira-Emilio HC, Procopio J, Curi R, Carpinelli A. Insights into the
critical role of NADPH oxidase(s) in the normal and dysregulated pancreatic beta cell. Diabetologia
2009;52:2489-2498. https://doi.org/10.1007/s00125-009-1536-z

Roma LP, Jonas JC. Nutrient Metabolism, Subcellular Redox State, and Oxidative Stress in Pancreatic Islets and
beta-Cells. J Mol Biol 2020;432:1461-1493. https://doi.org/10.1016/j.jmb.2019.10.012

Pi J, Bai Y, Zhang Q, Wong V, Floering LM, Daniel K, Reece JM, Deeney JT, Andersen ME, Corkey BE, Collins S.
Reactive Oxygen Species as a Signal in Glucose-Stimulated Insulin Secretion. Diabetes 2007;56:1783-1791.
https://doi.org/10.2337/db06-1601

Plecita-Hlavata L, Engstova H, Jezek J, Holendova B, Tauber J, Petraskova L, Kren V, Jezek P. Potential of
Mitochondria-Targeted Antioxidants to Prevent Oxidative Stress in Pancreatic beta-cells. Oxid Med Cell Longev
2019;2019:1826303. https://doi.org/10.1155/2019/1826303

Robertson RP. Chronic oxidative stress as a central mechanism for glucose toxicity in pancreatic islet beta cells in
diabetes. J Biol Chem 2004;279:42351-42354. https://doi.org/10.1074/jbc.R400019200

lhara Y, Toyokuni S, Uchida K, Odaka H, Tanaka T, lkeda H, Hiai H, Seino Y, Yamada Y. Hyperglycemia
causes oxidative stress in pancreatic beta-cells of GK rats, a model of type 2 diabetes. Diabetes 1999;48:927-932.
https://doi.org/10.2337/diabetes.48.4.927

Bindokas VP, Kuznetsov A, Sreenan S, Polonsky KS, Roe MW, Philipson LH. Visualizing Superoxide
Production in Normal and Diabetic Rat Islets of Langerhans. J Biol Chem 2003;278:9796-9801.
https://doi.org/10.1074/jbc.M206913200

Plecita-Hlavata L, Jaburek M, Holendova B, Tauber J, Pavluch V, Berkova Z, Cahova M, Schroeder K, Brandes
RP, Siemen D, Jezek P. Glucose-Stimulated Insulin Secretion Fundamentally Requires H202 Signaling by
NADPH Oxidase 4. Diabetes 2020;69:1341-1354. https://doi.org/10.2337/db19-1130

Plecita-Hlavata L, Engstova H, Holendova B, Tauber J, Spa¢ek T, Petraskova L, Kfen V, Spackova J, Gotvaldova
K, Jezek J, Dlaskova A, Smolkova K, JeZzek P. Mitochondrial Superoxide Production Decreases on Glucose-
Stimulated Insulin Secretion in Pancreatic B Cells Due to Decreasing Mitochondrial Matrix NADH/NAD(+)
Ratio. Antioxid Redox Signal 2020;33:789-815. https://doi.org/10.1089/ars.2019.7800

Wolff SP, Dean RT. Glucose autoxidation and protein modification. The potential role of ‘autoxidative
glycosylation' in diabetes. Biochem J 1987;245:243-250. https://doi.org/10.1042/bj2450243

Koya D, King GL. Protein kinase C activation and the development of diabetic complications. Diabetes
1998;47:859-866. https://doi.org/10.2337/diabetes.47.6.859

Lee TS, Saltsman KA, Ohashi H, King GL. Activation of protein kinase C by elevation of glucose concentration:
proposal for a mechanism in the development of diabetic vascular complications. Proc Natl Acad Sci U S A
1989;86:5141-5145. https://doi.org/10.1073/pnas.86.13.5141

Inoguchi T, Battan R, Handler E, Sportsman JR, Heath W, King GL. Preferential elevation of protein kinase C
isoform beta 1l and diacylglycerol levels in the aorta and heart of diabetic rats: differential reversibility to
glycemic control by islet cell transplantation. Proc Natl Acad Sci U S A 1992;89:11059-11063.
https://doi.org/10.1073/pnas.89.22.11059

Ishii H, Jirousek MR, Koya D, Takagi C, Xia P, Clermont A, Bursell SE, Kern TS, Ballas LM, Heath WF,
Stramm LE, Feener EP, King GL. Amelioration of vascular dysfunctions in diabetic rats by an oral PKC beta
inhibitor. Science 1996;272:728-731. https://doi.org/10.1126/science.272.5262.728



https://doi.org/10.1111/j.1463-1326.2009.01112.x
https://doi.org/10.1111/j.1463-1326.2009.01112.x
https://doi.org/10.3390/antiox10040526
https://doi.org/10.1089/ars.2006.1458
https://doi.org/10.1007/s00125-009-1536-z
https://doi.org/10.1016/j.jmb.2019.10.012
https://doi.org/10.2337/db06-1601
https://doi.org/10.1155/2019/1826303
https://doi.org/10.1074/jbc.R400019200
https://doi.org/10.2337/diabetes.48.4.927
https://doi.org/10.1074/jbc.M206913200
https://doi.org/10.2337/db19-1130
https://doi.org/10.1089/ars.2019.7800
https://doi.org/10.1042/bj2450243
https://doi.org/10.2337/diabetes.47.6.859
https://doi.org/10.1073/pnas.86.13.5141
https://doi.org/10.1073/pnas.89.22.11059
https://doi.org/10.1126/science.272.5262.728

10

Holendova et al. Vol. 73

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Brownlee M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001;414:813-820.
https://doi.org/10.1038/414813a

Ly LD, Xu S, Choi SK, Ha CM, Thoudam T, Cha SK, Wiederkehr A, Wollheim CB, Lee IK, Park KS. Oxidative
stress and calcium dysregulation by palmitate in type 2 diabetes. Exp Mol Med 2017;49:e291.
https://doi.org/10.1038/emm.2016.157

Lin N, Chen H, Zhang H, Wan X, Su Q. Mitochondrial reactive oxygen species (ROS) inhibition ameliorates
palmitate-induced INS-1 beta cell death. Endocrine 2012;42:107-117. https://doi.org/10.1007/s12020-012-9633-z
Graciano MFR, Valle MMR, Kowluru A, Curi R, Carpinelli AR. Regulation of insulin secretion and reactive
oxygen species production by free fatty acids in  pancreatic islets. Islets;3:213-223.
https://doi.org/10.4161/isl.3.5.15935

Gehrmann W, Elsner M, Lenzen S. Role of metabolically generated reactive oxygen species for lipotoxicity in
pancreatic B-cells. Diabetes, Obesity and Metabolism 2010;12:149-158. https://doi.org/10.1111/j.1463-
1326.2010.01265.x

Li N, Frigerio F, Maechler P. The sensitivity of pancreatic beta-cells to mitochondrial injuries triggered by
lipotoxicity and oxidative stress. Biochem Soc Trans 2008;36:930-934. https://doi.org/10.1042/BST0360930
Jezek P, Holendova B, Jablirek M, Dlaskova A, Plecita-Hlavata L. Contribution of Mitochondria to Insulin
Secretion by Various Secretagogues. Antioxid Redox Signal 2022;36:920-952.
https://doi.org/10.1089/ars.2021.0113

Lortz S, Gurgul-Convey E, Lenzen S, Tiedge M. Importance of mitochondrial superoxide dismutase expression in
insulin-producing cells for the toxicity of reactive oxygen species and proinflammatory cytokines. Diabetologia
2005;48:1541-1548. https://doi.org/10.1007/s00125-005-1822-3

Escribano-Lopez I, Bafiuls C, Diaz-Morales N, lannantuoni F, Rovira-Llopis S, Gomis R, Rocha M, Hernandez-
Mijares A, Murphy MP, Victor VM. The Mitochondria-Targeted Antioxidant MitoQ Modulates Mitochondrial
Function and Endoplasmic Reticulum Stress in Pancreatic § Cells Exposed to Hyperglycaemia. Cell Physiol
Biochem 2019;52:186-197. https://doi.org/10.33594/000000013

Edalat A, Schulte-Mecklenbeck P, Bauer C, Undank S, Krippeit-Drews P, Drews G, Difer M. Mitochondrial
succinate dehydrogenase is involved in stimulus-secretion coupling and endogenous ROS formation in murine
beta cells. Diabetologia 2015;58:1532-1541. https://doi.org/10.1007/s00125-015-3577-9

Barlow J, Affourtit C. Novel insights into pancreatic B-cell glucolipotoxicity from real-time functional analysis of
mitochondrial energy metabolism in INS-1E insulinoma cells. Biochem J 2013;456:417-426.
https://doi.org/10.1042/BJ20131002

Sarre A, Gabrielli J, Vial G, Leverve XM, Assimacopoulos-Jeannet F. Reactive oxygen species are produced at
low glucose and contribute to the activation of AMPK in insulin-secreting cells. Free Radic Biol Med
2012;52:142-150. https://doi.org/10.1016/j.freeradbiomed.2011.10.437

Barlow J, Hirschberg Jensen V, Affourtit C. Uncoupling protein-2 attenuates palmitoleate protection against the
cytotoxic production of mitochondrial reactive oxygen species in INS-1E insulinoma cells. Redox Biol 2015;4:14-22.
https://doi.org/10.1016/j.redox.2014.11.009

Mailloux RJ, Fu A, Robson-Doucette C, Allister EM, Wheeler MB, Screaton R, Harper M-E. Glutathionylation
State of Uncoupling Protein-2 and the Control of Glucose-stimulated Insulin Secretion. J Biol Chem
2012;287:39673-39685. https://doi.org/10.1074/jbc.M112.393538

Pi J, Collins S. Reactive oxygen species and uncoupling protein 2 in pancreatic f-cell function. Diabetes Obes
Metab 2010;12(Suppl 2):141-148. https://doi.org/10.1111/j.1463-1326.2010.01269.x

Holendova B, Plecita-Hlavata L. Cysteine residues in signal transduction and its relevance in pancreatic beta cells.
Front Endocrinol (Lausanne) 2023;14:1221520. https://doi.org/10.3389/fendo.2023.1221520

Stancill JS, Corbett JA. The Role of Thioredoxin/Peroxiredoxin in the B-Cell Defense Against Oxidative Damage.
Front Endocrinol (Lausanne) 2021;12:718235. https://doi.org/10.3389/fendo.2021.718235

Ransy C, Vaz C, Lombés A, Bouillaud F. Use of H(2)O(2) to Cause Oxidative Stress, the Catalase Issue.
Int J Mol Sci 2020;21. https://doi.org/10.3390/ijms21239149

Bienert GP, Chaumont F. Aquaporin-facilitated transmembrane diffusion of hydrogen peroxide. Biochim Biophys
Acta 2014;1840:1596-1604. https://doi.org/10.1016/j.bbagen.2013.09.017



https://doi.org/10.1038/414813a
https://doi.org/10.1038/emm.2016.157
https://doi.org/10.1007/s12020-012-9633-z
https://doi.org/10.4161/isl.3.5.15935
https://doi.org/10.1111/j.1463-1326.2010.01265.x
https://doi.org/10.1111/j.1463-1326.2010.01265.x
https://doi.org/10.1042/BST0360930
https://doi.org/10.1089/ars.2021.0113
https://doi.org/10.1007/s00125-005-1822-3
https://doi.org/10.33594/000000013
https://doi.org/10.1007/s00125-015-3577-9
https://doi.org/10.1042/BJ20131002
https://doi.org/10.1016/j.freeradbiomed.2011.10.437
https://doi.org/10.1016/j.redox.2014.11.009
https://doi.org/10.1074/jbc.M112.393538
https://doi.org/10.1111/j.1463-1326.2010.01269.x
https://doi.org/10.3389/fendo.2023.1221520
https://doi.org/10.3389/fendo.2021.718235
https://doi.org/10.3390/ijms21239149
https://doi.org/10.1016/j.bbagen.2013.09.017

2024

Redox Homeostasis in Pancreatic -Cells 11

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47,

48.

49,

50.

51.

52.

53.

Lenzen S, Lushchak VI, Scholz F. The pro-radical hydrogen peroxide as a stable hydroxyl radical distributor:
lessons from pancreatic beta cells. Arch Toxicol 2022;96:1915-1920. https://doi.org/10.1007/s00204-022-03282-6
Poole LB. The basics of thiols and cysteines in redox biology and chemistry. Free Radic Biol Med 2015;80:148-157.
https://doi.org/10.1016/j.freeradbiomed.2014.11.013

Winterbourn CC, Hampton MB. Thiol chemistry and specificity in redox signaling. Free Radic Biol Med
2008;45:549-561. https://doi.org/10.1016/j.freeradbiomed.2008.05.004

Lenzen S. Chemistry and biology of reactive species with special reference to the antioxidative defence status in
pancreatic B-cells. Biochim Biophys Acta Gen Subj 2017;1861:1929-1942.
https://doi.org/10.1016/j.bbagen.2017.05.013

Konno T, Pinho Melo E, Lopes C, Mehmeti I, Lenzen S, Ron D, Avezov E. ERO1-independent production of
H202 within the endoplasmic reticulum fuels Prdx4-mediated oxidative protein folding. J Cell Biol
2015;211:253-259. https://doi.org/10.1083/jcb.201506123

Cnop M, Ladriére L, Igoillo-Esteve M, Moura RF, Cunha DA. Causes and cures for endoplasmic reticulum stress
in lipotoxic B-cell dysfunction. Diabetes Obes Metab 2010;12(Suppl 2):76-82. https://doi.org/10.1111/j.1463-
1326.2010.01279.x

Oliveira HR, Verlengia R, Carvalho CR, Britto LR, Curi R, Carpinelli AR. Pancreatic beta-cells express
phagocyte-like NAD(P)H oxidase. Diabetes 2003;52:1457-1463. https://doi.org/10.2337/diabetes.52.6.1457
Uchizono Y, Takeya R, Iwase M, Sasaki N, Oku M, Imoto H, lida M, Sumimoto H. Expression of isoforms of
NADPH oxidase components in rat  pancreatic islets. Life  Sci 2006;80:133-139.
https://doi.org/10.1016/j.1fs.2006.08.031

Bouzakri K, Veyrat-Durebex C, Holterman C, Arous C, Barbieux C, Bosco D, Altirriba J, Alibashe M, Tournier
BB, Gunton JE, Mouche S, Bietiger W, Forterre A, Berney T, Pinget M, Christofori G, Kennedy C, Szanto I.
Beta-Cell-Specific Expression of Nicotinamide Adenine Dinucleotide Phosphate Oxidase 5 Aggravates High-Fat
Diet-Induced Impairment of Islet Insulin Secretion in Mice. Antioxid Redox Signal 2020;32:618-635.
https://doi.org/10.1089/ars.2018.7579

Morgan D, Rebelato E, Abdulkader F, Graciano MFR, Oliveira-Emilio HR, Hirata AE, Rocha MS, Bordin S, Curi
R, Carpinelli AR. Association of NAD(P)H Oxidase with Glucose-Induced Insulin Secretion by Pancreatic [3-
Cells. Endocrinology 2009;150:2197-2201. https://doi.org/10.1210/en.2008-1149

Imoto H, Sasaki N, Iwase M, Nakamura U, Oku M, Sonoki K, Uchizono Y, lida M. Impaired Insulin Secretion by
Diphenyleneiodium Associated with Perturbation of Cytosolic Ca <sup>2+</sup> Dynamics in Pancreatic B-
Cells. Endocrinology 2008;149:5391-5400. https://doi.org/10.1210/en.2008-0186

Anvari E, Wikstrom P, Walum E, Welsh N. The novel NADPH oxidase 4 inhibitor GLX351322 counteracts
glucose intolerance in high-fat diet-treated C57BL/6 mice. Free Radic Res 2015;49:1308-1318.
https://doi.org/10.3109/10715762.2015.1067697

Bedard K, Krause K-H. The NOX Family of ROS-Generating NADPH Oxidases: Physiology and
Pathophysiology. Physiol Rev 2007;87:245-313. https://doi.org/10.1152/physrev.00044.2005

Holendova B, Benakova S, Krivonoskova M, Pavluch V, Tauber J, Gabrielova E, Jezek P, Plecita-Hlavata L.
NADPH oxidase 4 in mouse beta cells participates in inflammation on chronic nutrient overload. Obesity (Silver
Spring) 2024;32:339-351. https://doi.org/10.1002/0by.23956

Syed I, Kyathanahalli CN, Jayaram B, Govind S, Rhodes CJ, Kowluru RA, Kowluru A. Increased phagocyte-like
NADPH oxidase and ROS generation in type 2 diabetic ZDF rat and human islets: role of Rac1-JNK1/2 signaling
pathway in  mitochondrial dysregulation in the diabetic islet. Diabetes 2011;60:2843-2852.
https://doi.org/10.2337/db11-0809

Weaver JR, Grzesik W, Taylor-Fishwick DA. Inhibition of NADPH oxidase-1 preserves beta cell function.
Diabetologia 2015;58:113-121. https://doi.org/10.1007/s00125-014-3398-2

Li F, Munsey TS, Sivaprasadarao A. TRPM2-mediated rise in mitochondrial Zn(2+) promotes palmitate-induced
mitochondrial fission and pancreatic p-cell death in rodents. Cell Death Differ 2017;24:1999-2012.
https://doi.org/10.1038/cdd.2017.118



https://doi.org/10.1007/s00204-022-03282-6
https://doi.org/10.1016/j.freeradbiomed.2014.11.013
https://doi.org/10.1016/j.freeradbiomed.2008.05.004
https://doi.org/10.1016/j.bbagen.2017.05.013
https://doi.org/10.1083/jcb.201506123
https://doi.org/10.1111/j.1463-1326.2010.01279.x
https://doi.org/10.1111/j.1463-1326.2010.01279.x
https://doi.org/10.2337/diabetes.52.6.1457
https://doi.org/10.1016/j.lfs.2006.08.031
https://doi.org/10.1089/ars.2018.7579
https://doi.org/10.1210/en.2008-1149
https://doi.org/10.1210/en.2008-0186
https://doi.org/10.3109/10715762.2015.1067697
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1002/oby.23956
https://doi.org/10.2337/db11-0809
https://doi.org/10.1007/s00125-014-3398-2
https://doi.org/10.1038/cdd.2017.118

12

Holendova et al. Vol. 73

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Vilas-Boas EA, Nalbach L, Ampofo E, Lucena CF, Naudet L, Ortis F, Carpinelli AR, Morgan B, Roma LP.
Transient NADPH oxidase 2-dependent H(2)O(2) production drives early palmitate-induced lipotoxicity in
pancreatic islets. Free Radic Biol Med 2021;162:1-13. https://doi.org/10.1016/j.freeradbiomed.2020.11.023

Sato Y, Fujimoto S, Mukai E, Sato H, Tahara Y, Ogura K, Yamano G, Ogura M, Nagashima K, Inagaki N.
Palmitate induces reactive oxygen species production and B-cell dysfunction by activating nicotinamide adenine
dinucleotide  phosphate  oxidase through Src  signaling. J Diabetes Investig 2014;5:19-26.
https://doi.org/10.1111/jdi.12124

Weaver J, Taylor-Fishwick DA. Relationship of NADPH Oxidase-1 expression to beta cell dysfunction induced
by inflammatory cytokines. Biochem Biophys Res Commun 2017;485:290-294.
https://doi.org/10.1016/j.bbrc.2017.02.089

Weaver JR, Holman TR, Imai Y, Jadhav A, Kenyon V, Maloney DJ, Nadler JL, Rai G, Simeonov A, Taylor-
Fishwick DA. Integration of pro-inflammatory cytokines, 12-lipoxygenase and NOX-1 in pancreatic islet beta cell
dysfunction. Mol Cell Endocrinol 2012;358:88-95. https://doi.org/10.1016/j.mce.2012.03.004

Nunes Marsiglio-Librais G, Aparecida Vilas-Boas E, Carlein C, Hoffmann MDA, Roma LP, Carpinelli AR.
Evidence for NADPH oxidase activation by GPR40 in pancreatic B-cells. Redox Rep 2020;25:41-50.
https://doi.org/10.1080/13510002.2020.1757877

Wrublewsky S, Glas J, Carlein C, Nalbach L, Hoffmann MDA, Pack M, Vilas-Boas EA, Ribot N, Kappl R,
Menger MD, Laschke MW, Ampofo E, Roma LP. The loss of pancreatic islet NADPH oxidase (NOX)2 improves
islet transplantation. Redox Biol 2022;55:102419. https://doi.org/10.1016/j.redox.2022.102419

Laddha AP, Kulkarni YA. NADPH oxidase: A membrane-bound enzyme and its inhibitors in diabetic
complications. Eur J Pharmacol 2020;881:173206. https://doi.org/10.1016/j.ejphar.2020.173206

Casey JR, Grinstein S, Orlowski J. Sensors and regulators of intracellular pH. Nat Rev Mol Cell Biol 2010;11:50-61.
https://doi.org/10.1038/nrm2820

Jones DP, Go YM. Redox compartmentalization and cellular stress. Diabetes Obes Metab 2010;12(Suppl 2):116-125.
https://doi.org/10.1111/j.1463-1326.2010.01266.x

Kemp M, Go YM, Jones DP. Nonequilibrium thermodynamics of thiol/disulfide redox systems: a perspective on redox
systems biology. Free Radic Biol Med 2008;44:921-937. https://doi.org/10.1016/j.freeradbiomed.2007.11.008

Kirlin WG, Cai J, Thompson SA, Diaz D, Kavanagh TJ, Jones DP. Glutathione redox potential in response to
differentiation and enzyme inducers. Free Radic Biol Med 1999;27:1208-1218. https://doi.org/10.1016/S0891-
5849(99)00145-8

Véazquez-Meza H, Vilchis-Landeros MM, Vazquez-Carrada M, Uribe-Ramirez D, Matuz-Mares D. Cellular
Compartmentalization, Glutathione Transport and Its Relevance in Some Pathologies. Antioxidants (Basel)
2023;12. https://doi.org/10.3390/antiox12040834

Deponte M. Glutathione catalysis and the reaction mechanisms of glutathione-dependent enzymes. Biochim
Biophys Acta 2013;1830:3217-3266. https://doi.org/10.1016/j.bbagen.2012.09.018

Giustarini D, Milzani A, Dalle-Donne |, Rossi R. How to Increase Cellular Glutathione. Antioxidants (Basel)
2023;12:1094. https://doi.org/10.3390/antiox12051094

Fu A, van Rooyen L, Evans L, Armstrong N, Avizonis D, Kin T, Bird GH, Reddy A, Chouchani ET, Liesa-Roig
M, Walensky LD, Shapiro AMJ, Danial NN. Glucose metabolism and pyruvate carboxylase enhance glutathione
synthesis and  restrict  oxidative stress in  pancreatic islets. Cell Rep 2021;37:110037.
https://doi.org/10.1016/j.celrep.2021.110037

Meister A. Glutathione metabolism. Methods Enzymol 1995;251:3-7. https://doi.org/10.1016/0076-
6879(95)51106-7

Azarova |, Polonikov A, Klyosova E. Molecular Genetics of Abnormal Redox Homeostasis in Type 2 Diabetes
Mellitus. Int J Mol Sci 2023;24. https://doi.org/10.3390/ijms24054738

Lenzen S, Drinkgern J, Tiedge M. Low antioxidant enzyme gene expression in pancreatic islets compared with
various other mouse tissues. Free Radic Biol Med 1996;20:463-466. https://doi.org/10.1016/0891-5849(96)02051-5
Tiedge M, Lortz S, Drinkgern J, Lenzen S. Relation between antioxidant enzyme gene expression and antioxidative
defense status of insulin-producing cells. Diabetes 1997;46:1733-1742. https://doi.org/10.2337/diab.46.11.1733



https://doi.org/10.1016/j.freeradbiomed.2020.11.023
https://doi.org/10.1111/jdi.12124
https://doi.org/10.1016/j.bbrc.2017.02.089
https://doi.org/10.1016/j.mce.2012.03.004
https://doi.org/10.1080/13510002.2020.1757877
https://doi.org/10.1016/j.redox.2022.102419
https://doi.org/10.1016/j.ejphar.2020.173206
https://doi.org/10.1038/nrm2820
https://doi.org/10.1111/j.1463-1326.2010.01266.x
https://doi.org/10.1016/j.freeradbiomed.2007.11.008
https://doi.org/10.1016/S0891-5849(99)00145-8
https://doi.org/10.1016/S0891-5849(99)00145-8
https://doi.org/10.3390/antiox12040834
https://doi.org/10.1016/j.bbagen.2012.09.018
https://doi.org/10.3390/antiox12051094
https://doi.org/10.1016/j.celrep.2021.110037
https://doi.org/10.1016/0076-6879(95)51106-7
https://doi.org/10.1016/0076-6879(95)51106-7
https://doi.org/10.3390/ijms24054738
https://doi.org/10.1016/0891-5849(96)02051-5
https://doi.org/10.2337/diab.46.11.1733

2024 Redox Homeostasis in Pancreatic -Cells 13

73. Buettner GR. Superoxide dismutase in redox biology: the roles of superoxide and hydrogen peroxide. Anticancer
agents Med Chem 2011;11:341-346. https://doi.org/10.2174/187152011795677544

74. Bogdani M, Henschel AM, Kansra S, Fuller JM, Geoffrey R, Jia S, Kaldunski ML, Pavletich S, Prosser S, Chen
YG, Lernmark A, Hessner MJ. Biobreeding rat islets exhibit reduced antioxidative defense and N-acetyl cysteine
treatment delays type 1 diabetes. J Endocrinol 2013;216:111-123. https://doi.org/10.1530/JOE-12-0385

75. Schuit F, Van Lommel L, Granvik M, Goyvaerts L, de Faudeur G, Schraenen A, Lemaire K. beta-cell-specific
gene repression: a mechanism to protect against inappropriate or maladjusted insulin secretion? Diabetes
2012;61:969-975. https://doi.org/10.2337/db11-1564

76. Welsh N, Margulis B, Borg LA, Wiklund HJ, Saldeen J, Flodstrém M, Mello MA, Andersson A, Pipeleers DG,
Hellerstrém C. Differences in the expression of heat-shock proteins and antioxidant enzymes between human and
rodent pancreatic islets: implications for the pathogenesis of insulin-dependent diabetes mellitus. Mol Med
1995;1:806-820. https://doi.org/10.1007/BF03401895

77. Bensellam M, Van Lommel L, Overbergh L, Schuit FC, Jonas JC. Cluster analysis of rat pancreatic islet gene
MRNA levels after culture in low-, intermediate- and high-glucose concentrations. Diabetologia 2009;52:463-476.
https://doi.org/10.1007/s00125-008-1245-z

78. Godoy JR, Funke M, Ackermann W, Haunhorst P, Qesteritz S, Capani F, Elsdsser HP, Lillig CH. Redox atlas of
the mouse. Immunohistochemical detection of glutaredoxin-, peroxiredoxin-, and thioredoxin-family proteins in
various  tissues  of  the laboratory ~ mouse. Biochim Biophys  Acta  2011;1810:2-92.
https://doi.org/10.1016/j.bbagen.2010.05.006

79. Stancill JS, Broniowska KA, Oleson BJ, Naatz A, Corbett JA. Pancreatic beta-cells detoxify H202 through the
peroxiredoxin/thioredoxin antioxidant system. J Biol Chem 2019;294:4843-4853.
https://doi.org/10.1074/jbc.RA118.006219

80. Jin MH, Shen GN, Jin YH, Sun HN, Zhen X, Zhang YQ, Lee DS, Cui YD, Yu LY, Kim JS, Kwon T, Han YH.
Peroxiredoxin I deficiency increases pancreatic B-cell apoptosis after streptozotocin stimulation via the
AKT/GSK3 signaling pathway. Mol Med Rep 2020;22:1831-1838. https://doi.org/10.3892/mmr.2020.11279

81. Pacifici F, Della-Morte D, Capuani B, Coppola A, Scioli MG, Donadel G, Andreadi A, Ciccosanti F, Fimia GM, Bellia
A, Orlandi A, Lauro D. Peroxiredoxin 6 Modulates Insulin Secretion and Beta Cell Death via a Mitochondrial Dynamic
Network. Front Endocrinol (Lausanne) 2022;13:842575. https://doi.org/10.3389/fendo.2022.842575

82. Vivoli A, Ghislain J, Filali-Mouhim A, Angeles ZE, Castell AL, Sladek R, Poitout V. Single-Cell RNA
Sequencing Reveals a Role for Reactive Oxygen Species and Peroxiredoxins in Fatty Acid-Induced Rat B-Cell
Proliferation. Diabetes 2023;72:45-58. https://doi.org/10.2337/db22-0121

83. Lorenzen I, Eble JA, Hanschmann EM. Thiol switches in membrane proteins - Extracellular redox regulation in
cell biology. Biological chemistry 2020;402:253-269. https://doi.org/10.1515/hsz-2020-0266

84. Hanschmann EM, Petry SF, Eitner S, Maresch CC, Lingwal N, Lillig CH, Linn T. Paracrine regulation and
improvement of B-cell function by thioredoxin. Redox Biol 2020;34:101570.
https://doi.org/10.1016/j.redox.2020.101570

85. Asami K, Inagaki A, Imura T, Sekiguchi S, Fujimori K, Masutani H, Yodoi J, Satomi S, Ohuchi N, Goto M.
Thioredoxin-1 attenuates early graft loss after intraportal islet transplantation in mice. PLoS One 2013;8:e70259.
https://doi.org/10.1371/journal.pone.0070259

86. Quesada I, Todorova MG, Soria B. Different metabolic responses in alpha-, beta-, and delta-cells of the islet of
Langerhans  monitored by  redox confocal  microscopy. Biophys J  2006;90:2641-2650.
https://doi.org/10.1529/biophysj.105.069906

87. Miki A, Ricordi C, Sakuma Y, Yamamoto T, Misawa R, Mita A, Molano RD, Vaziri ND, Pileggi A, Ichii H.
Divergent antioxidant capacity of human islet cell subsets: A potential cause of beta-cell vulnerability in diabetes
and islet transplantation. PLoS One 2018;13:€0196570. https://doi.org/10.1371/journal.pone.0196570

88. Rahier J, Guiot Y, Goebbels RM, Sempoux C, Henquin JC. Pancreatic beta-cell mass in European subjects with
type 2 diabetes. Diabetes Obes Metab 2008;10 Suppl 4:32-42. https://doi.org/10.1111/j.1463-1326.2008.00969.x

89. Marroqui L, Masini M, Merino B, Grieco FA, Millard I, Dubois C, Quesada I, Marchetti P, Cnop M, Eizirik DL.
Pancreatic a Cells are Resistant to Metabolic Stress-induced Apoptosis in Type 2 Diabetes. EBioMedicine
2015;2:378-385. https://doi.org/10.1016/j.ebiom.2015.03.012



https://doi.org/10.2174/187152011795677544
https://doi.org/10.1530/JOE-12-0385
https://doi.org/10.2337/db11-1564
https://doi.org/10.1007/BF03401895
https://doi.org/10.1007/s00125-008-1245-z
https://doi.org/10.1016/j.bbagen.2010.05.006
https://doi.org/10.1074/jbc.RA118.006219
https://doi.org/10.3892/mmr.2020.11279
https://doi.org/10.3389/fendo.2022.842575
https://doi.org/10.2337/db22-0121
https://doi.org/10.1515/hsz-2020-0266
https://doi.org/10.1016/j.redox.2020.101570
https://doi.org/10.1371/journal.pone.0070259
https://doi.org/10.1529/biophysj.105.069906
https://doi.org/10.1371/journal.pone.0196570
https://doi.org/10.1111/j.1463-1326.2008.00969.x
https://doi.org/10.1016/j.ebiom.2015.03.012

14

Holendova et al. Vol. 73

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Gorasia DG, Dudek NL, Veith PD, Shankar R, Safavi-Hemami H, Williamson NA, Reynolds EC, Hubbard MJ,
Purcell AW. Pancreatic beta cells are highly susceptible to oxidative and ER stresses during the development of
diabetes. J Proteome Res 2015;14:688-699. https://doi.org/10.1021/pr500643h

Kim MK, Shin HM, Jung H, Lee E, Kim TK, Kim TN, Kwon MJ, Lee SH, Rhee BD, Park JH. Comparison of
pancreatic beta cells and alpha cells under hyperglycemia: Inverse coupling in pAkt-FoxO1. Diabetes Res Clin
Pract 2017;131:1-11. https://doi.org/10.1016/j.diabres.2017.05.017

Pipeleers DG. Heterogeneity in pancreatic  beta-cell population. Diabetes 1992;41:777-781.
https://doi.org/10.2337/diab.41.7.777

Gutierrez GD, Gromada J, Sussel L. Heterogeneity of the Pancreatic Beta Cell. Front Genet 2017;8:22.
https://doi.org/10.3389/fgene.2017.00022

Da Silva Xavier G, Rutter GA. Metabolic and Functional Heterogeneity in Pancreatic § Cells. J Mol Biol
2020;432:1395-1406. https://doi.org/10.1016/j.jmb.2019.08.005

Kiekens R, In 't Veld P, Mahler T, Schuit F, Van De Winkel M, Pipeleers D. Differences in glucose recognition
by individual rat pancreatic B cells are associated with intercellular differences in glucose-induced biosynthetic
activity. J Clin Invest 1992;89:117-125. https://doi.org/10.1172/JCI1115551

Van Schravendijk CF, Kiekens R, Pipeleers DG. Pancreatic beta cell heterogeneity in glucose-induced insulin
secretion. J Biol Chem 1992;267:21344-21348. https://doi.org/10.1016/S0021-9258(19)36615-3

Van De Winkel M, Pipeleers D. Autofluorescence-activated cell sorting of pancreatic islet cells: purification of
insulin-containing B-cells according to glucose-induced changes in cellular redox state. Biochem Biophys Res
Commun 1983;114:835-842. https://doi.org/10.1016/0006-291X(83)90857-4

Benninger RKP, Kravets V. The physiological role of B-cell heterogeneity in pancreatic islet function. Nat Rev
Endocrinol 2022;18:9-22. https://doi.org/10.1038/s41574-021-00568-0

Benakova S, Holendova B, Plecita-Hlavata L. Redox Homeostasis in Pancreatic f-Cells: From Development to
Failure. Antioxidants (Basel) 2021;10:526. https://doi.org/10.3390/antiox10040526

Hughes H, Hughes GE. The Effects of Prolonged Administration of Small Doses of Alloxan upon the Islet Tissue
of the Rat Pancreas. Br J Exp Pathol 1944;25:126-130.

Hellerstrom C, Petersson B, Hellman B. Some properties of the B cells in the islet of Langerhans studied with
regard to the position of the cells. Acta Endocrinol  (Copenh)  1960;34:449-456.
https://doi.org/10.1530/acta.0.XXX1V0449

Stefan Y, Meda P, Neufeld M, Orci L. Stimulation of insulin secretion reveals heterogeneity of pancreatic B cells
in vivo. J Clin Invest 1987;80:175-183. https://doi.org/10.1172/JC1113045

Giordano E, Bosco D, Cirulli V, Meda P. Repeated glucose stimulation reveals distinct and lasting secretion
patterns of individual rat pancreatic B cells. J Clin Invest 1991;87:2178-2185. https://doi.org/10.1172/JC1115251
Jetton TL, Magnuson MA. Heterogeneous expression of glucokinase among pancreatic beta cells. Proc Natl Acad
Sci U S A 1992;89:2619-2623. https://doi.org/10.1073/pnas.89.7.2619

Johnston NR, Mitchell RK, Haythorne E, Pessoa MP, Semplici F, Ferrer J, Piemonti L, Marchetti P, Bugliani M, Bosco
D, Berishvili E, Duncanson P, Watkinson M, Broichhagen J, Trauner D, Rutter GA, Hodson DJ. Beta Cell Hubs Dictate
Pancreatic Islet Responses to Glucose. Cell Metab 2016;24:389-401. https://doi.org/10.1016/j.cmet.2016.06.020

Bosco D, Rouiller DG, Halban PA. Differential expression of E-cadherin at the surface of rat beta-cells as
a marker of functional heterogeneity. J Endocrinol 2007;194:21-29. https://doi.org/10.1677/JOE-06-0169

Karaca M, Castel J, Tourrel-Cuzin C, Brun M, Géant A, Dubois M, Catesson S, Rodriguez M, Luquet S, Cattan P,
Lockhart B, Lang J, Ktorza A, Magnan C, Kargar C. Exploring functional beta-cell heterogeneity in vivo using
PSA-NCAM as a specific marker. PLoS One 2009;4:e5555. https://doi.org/10.1371/journal.pone.0005555

Bader E, Migliorini A, Gegg M, Moruzzi N, Gerdes J, Roscioni SS, Bakhti M, Brandl E, Irmler M, Beckers J,
Aichler M, Feuchtinger A, Leitzinger C, Zischka H, Wang-Sattler R, Jastroch M, Tschép M, Machicao F, Staiger
H, Héring HU, Chmelova H, Chouinard JA, Oskolkov N, Korsgren O, Speier S, Lickert H. Identification of
proliferative ~and mature B-cells in the islets of Langerhans. Nature 2016;535:430-434.
https://doi.org/10.1038/nature18624

Li X, Yang KY, Chan VW, Leung KT, Zhang XB, Wong AS, Chong CCN, Wang CC, Ku M, Lui KO. Single-
Cell RNA-Seq Reveals that CD9 Is a Negative Marker of Glucose-Responsive Pancreatic B-like Cells Derived



https://doi.org/10.1021/pr500643h
https://doi.org/10.1016/j.diabres.2017.05.017
https://doi.org/10.2337/diab.41.7.777
https://doi.org/10.3389/fgene.2017.00022
https://doi.org/10.1016/j.jmb.2019.08.005
https://doi.org/10.1172/JCI115551
https://doi.org/10.1016/S0021-9258(19)36615-3
https://doi.org/10.1016/0006-291X(83)90857-4
https://doi.org/10.1038/s41574-021-00568-0
https://doi.org/10.3390/antiox10040526
https://doi.org/10.1530/acta.0.XXXIV0449
https://doi.org/10.1172/JCI113045
https://doi.org/10.1172/JCI115251
https://doi.org/10.1073/pnas.89.7.2619
https://doi.org/10.1016/j.cmet.2016.06.020
https://doi.org/10.1677/JOE-06-0169
https://doi.org/10.1371/journal.pone.0005555
https://doi.org/10.1038/nature18624

2024 Redox Homeostasis in Pancreatic -Cells 15

from Human Pluripotent Stem Cells. Stem Cell Reports 2020;15:1111-1126.
https://doi.org/10.1016/j.stemcr.2020.09.009

110. Dorrell C, Schug J, Canaday PS, Russ HA, Tarlow BD, Grompe MT, Horton T, Hebrok M, Streeter PR, Kaestner
KH, Grompe M. Human islets contain four distinct subtypes of B cells. Nat Commun 2016;7:11756.
https://doi.org/10.1038/ncomms11756

111. Hermann M, Pirkebner D, Draxl A, Berger P, Untergasser G, Margreiter R, Hengster P. Dickkopf-3 is expressed
in a subset of adult human pancreatic beta cells. Histochem Cell Biol 2007;127:513-521.
https://doi.org/10.1007/s00418-007-0278-6

112. Saisho Y, Harris PE, Butler AE, Galasso R, Gurlo T, Rizza RA, Butler PC. Relationship between pancreatic
vesicular monoamine transporter 2 (VMAT2) and insulin expression in human pancreas. J Mol Histol
2008;39:543-551. https://doi.org/10.1007/s10735-008-9195-9

113. Elksnis A, Cen J, Wikstrom P, Carlsson PO, Welsh N. Pharmacological Inhibition of NOX4 Improves
Mitochondrial ~ Function and  Survival in  Human  Beta-Cells.  Biomedicines  2021;9:1865.
https://doi.org/10.3390/biomedicines9121865

114. Campbell SA, Golec DP, Hubert M, Johnson J, Salamon N, Barr A, MacDonald PE, Philippaert K, Light PE.
Human islets contain a subpopulation of glucagon-like peptide-1 secreting a cells that is increased in type 2
diabetes. Mol Metab 2020;39:101014. https://doi.org/10.1016/j.molmet.2020.101014



https://doi.org/10.1016/j.stemcr.2020.09.009
https://doi.org/10.1038/ncomms11756
https://doi.org/10.1007/s00418-007-0278-6
https://doi.org/10.1007/s10735-008-9195-9
https://doi.org/10.3390/biomedicines9121865
https://doi.org/10.1016/j.molmet.2020.101014

	REVIEW
	Received October 17, 2023
	Summary
	Key words
	Redox homeostasis ( Pancreatic β-cells ( NOX ( Heterogeneity

