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Abstract: Oxidative stress is an important factor in the development of type 2 diabetes (T2D) and
associated complications. Unfortunately, most clinical studies have failed to provide sufficient
evidence regarding the benefits of antioxidants (AOXSs) in treating this disease. Based on the known
complexity of reactive oxygen species (ROS) functions in both the physiology and pathophysiology
of glucose homeostasis, it is suggested that inappropriate dosing leads to the failure of AOXs in T2D
treatment. To support this hypothesis, the role of oxidative stress in the pathophysiology of T2D is
described, together with a summary of the evidence for the failure of AOXs in the management of
diabetes. A comparison of preclinical and clinical studies indicates that suboptimal dosing of AOXs
might explain the lack of benefits of AOXs. Conversely, the possibility that glycemic control might be
adversely affected by excess AOXs is also considered, based on the role of ROS in insulin signaling.
We suggest that AOX therapy should be given in a personalized manner according to the need, which
is the presence and severity of oxidative stress. With the development of gold-standard biomarkers
for oxidative stress, optimization of AOX therapy may be achieved to maximize the therapeutic
potential of these agents.
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1. Introduction

Oxidative stress is an imbalance between the generation and neutralization of Reactive
Oxygen Species (ROS) in favor of the accumulation of oxidants. ROS are defined as oxygen-
containing reactive species. Among this family of molecules or molecular fragments,
some are highly reactive free radicals, containing one or more unpaired electrons, which
increase their reactivity with other molecules. Several other ROS, including H,O,, do
not contain unpaired electrons and thus are non-radical oxidizing agents [1]. The varied
ROS differ vastly in their molecular targets and levels of reactivity [2,3] and may interact
with each other to produce other reactive molecules or react with a variety of proteins,
nucleic acids and lipids, altering their structure and function while forming new reactive
species to generate a chain reaction [3,4]. Most intracellular ROS are naturally generated
as byproducts of the mitochondrial respiratory chain. An incomplete electron transfer,
mainly through electron complexes I and III, reduces O, to form superoxide, which might
be converted to HyO, by the activity of superoxide dismutase (SOD) [5]. ROS are also
generated as the main product of several physiological processes, such as the enzyme
activity of the NADPH oxidase (Nox) family [1].

The free-radical theory of aging, proposed by D. Harman [6], suggests that aging and
various age-related chronic diseases, such as atherosclerosis, neurodegenerative diseases
and Diabetes mellitus Type 2 (T2D), are induced or intensified by the cumulative damage
induced by ROS. With the recognition of the harm induced by ROS, it was proposed that
the use of antioxidants to prevent or to slow their production might impair the develop-
ment of these age-related diseases. Actually, the commercial market of antioxidant (AOX)
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supplements has flourished, currently being valued at over 3 billion USD a year (by 2020),
and is still on the rise [7]. Unfortunately, the free-radical theory of aging was challenged
by disappointing results, showing that AOXSs fail to prevent the prevalence of certain
oxidative stress-associated diseases or to attenuate their severity [8-10]. Moreover, some
findings were reported that raise concerns regarding the safety of AOX supplementation
in certain situations [11]. These observations led to the recognition of the important role
of ROS in several physiological functions. Accordingly, the free-radical theory of aging
had been rephrased accurately as the ‘oxidative-stress theory of aging’, emphasizing the
idea that ROS are damaging agents only upon their pathological accumulation. Accord-
ingly, it was concluded that the degree of redox balance can range from physiological
oxidative stress (eustress), which is a temporal event, to an excessive and toxic oxidative
burden (distress) [12,13]. Thus, in line with the principle coined by Paracelsus—'The dose
makes the poison'—ROS are involved in both physiological and pathological processes, in
dependency on the ability to maintain a delicate redox balance.

Type 2 diabetes (T2D) is a ubiquitous metabolic disorder, affecting more than 500 million
adults according to numbers available for 2021 [14]. The disease is characterized by inadequate
glucose homeostasis and is intimately linked to obesity, which is considered its major risk factor.
T2D is developed from a combination of several pathophysiological factors, including insulin
resistance and pancreatic 3-cell dysfunction, as well as metabolic inflammation and oxidative
stress. The interaction between oxidative stress and T2D is bi-directional; oxidative stress may
result in a response to metabolic alterations associated with T2D, but has also been implicated
as a contributor to both onset and progression of T2D and its associated complications [15].
Unfortunately, a summary of several decades of research indicates that AOX therapy on
glucose homeostasis in diabetic subjects may be disappointing at best. The complexity of
ROS effects, in both the physiology and pathophysiology of glucose homeostasis, appears to
complicate the potential benefits of AOX therapy and might explain the disappointing results
of AOXs in the prevention and treatment of T2D [16].

In this review, we will discuss the bidirectional effects of ROS in the various systems
that are involved in regulation of glucose balance. We will briefly summarize the involve-
ment of ROS in the pathophysiology of T2D, the evidence for the effects of AOXs in the
prevention and treatment of diabetes, and will discuss possible explanations for the failure
of AOX therapy in T2D.

2. The Role of Oxidative Stress in the Pathophysiology of Type 2 Diabetes
2.1. Oxidative Stress Is Developed in T2D

An extensive literature has demonstrated the presence of oxidative stress in diabetic
patients. Increased levels of molecules generated by oxidation reactions, such as products
of lipid peroxidation and protein carbonylation, were found in plasma and urine of T2D
patients [17-21]. In addition, higher levels of oxidation products were detected in adipose
tissue, liver, and muscle of diabetic animals [22,23].

Many of the common risk factors for T2D, such as obesity, inflammation, and an
unhealthy diet, contribute to an oxidative environment. Chronic inflammation, detected
in most obese subjects and subjects with T2D, is accompanied by ROS generation [24]. In
addition, metabolic overload, associated with obesity and T2D and manifested by elevated
glucose and free fatty acids (FFA), was found to increase intracellular ROS accumulation in
pancreatic 3 cells and in insulin target tissues [25,26]. The energy overload, and specifically
an oversupply of glucose, enhances oxidative respiration, eventually leading to an increase
in mitochondrial ROS, which are by-products of the electron transfer chain. Specifically,
pancreatic 3-cells are highly affected by high glucose flux, since pancreatic islets are per-
fused with a dense microcirculation that supplies a relatively high blood flow. Moreover,
a high expression of Glut2, a transporter that carries glucose according to its concentra-
tion gradient, makes these cells highly affected by hyperglycemia and the production of
mitochondrial ROS [27].
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Another significant source of ROS generation in (3-cells is the increasing demand for
insulin, as occurs in conditions of insulin resistance, which leads to elevated synthesis
of this hormone. This is because insulin processing requires the generation of disulfide
bonds, a process that produces large amounts of ROS, depletes the GSH pool [28,29]
and eventually generates oxidative stress in pancreatic beta cells. Thus, several different
pathophysiological events associated with T2D promote the development of oxidative
stress in different related organs.

In addition to elevated ROS generation, diminished activity of the endogenic AOX
system might contribute to ROS accumulation and oxidative stress development. However,
evidence regarding the expression and activity of AOX enzymes in diabetic patients is
inconsistent and depends on the specific AOX enzyme measured, tissue of interest and
severity of the disease. Thus, while some studies showed a decrease in the expression of
AOX enzymes (including SOD, catalase and Gpx), others reported the opposite [30]. The
inconsistency is at least partially attributed to the fact that oxidative stress might increase
the activity of AOX systems as an adaptive response [31]. Regarding levels of GSH, the
principal intracellular AOX, many studies showed a negative correlation between its levels
and blood glucose or the severity of diabetes [31,32]. Depletion of GSH in T2D might
result from high demand for this AOX upon oxidative stress, which induces irreversible
utilization of GSSG and a lack of both GSH and GSSG [33]. In addition, impaired recycling
of GSSG into GSH also contributes to GSH depletion in T2D. Poor recycling results from
a deficiency in NADPH, a cofactor of glutathione reductase, due to the high utilization
rate of NADPH in the sorbitol/polyol pathway, under hyperglycemic conditions [34].
Moreover, several studies demonstrated that synthesis of GSH is impaired in T2D as
a result of either limited substrate availability or dysfunction of enzymes required for
GSH synthesis, such as gamma-glutamyl transpeptidase, glutamine-cysteine ligase and
glutathione synthetase [33,35,36]. Therefore, oxidative stress is developed in T2D as a result
of both elevated ROS generation and insufficient ROS neutralization (Figure 1).
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Figure 1. The role of oxidative stress in the pathophysiology of T2D. Oxidative stress is developed

in T2D as a result of low GSH and increased ROS generation due to (1) metabolic overload and the
consequential mitochondrial dysfunction, (2) inflammation and (3) the increasing demand for insulin
synthesis, resulting in ER stress. Oxidative stress, in turn, induces insulin resistance and impairs
pancreatic {3 cell viability and function, leading to an additional worsening of the pathology. Created
with BioRender.com (accessed on 5 March 2023).
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2.2. Oxidative Stress Contributes to the Progression of T2D

Oxidative stress is promoted by several pathological factors associated with T2D.
Unfortunately, oxidative stress by itself has an additional negative impact on glucose
homeostasis and is suggested to be a causal factor of the disease, not merely a consequence
of it [37,38]. Some of the negative outcomes of an oxidative environment that promotes
the development of T2D are impaired glucose tolerance, impaired insulin signaling, (3-cell
dysfunction, and mitochondrial dysfunction [39]. Thus, the presence of oxidative stress
lead to an additional deterioration in the functionality of the physiological systems required
for maintaining glucose balance (Figure 1).

2.2.1. Oxidative Stress as a Cause of Insulin Resistance

Insulin resistance is defined as an impairment of insulin action in its target tissues,
including mainly the liver, adipose tissue and muscle. Oxidative stress has been implicated
as a major contributor to insulin resistance. Prolonged exposure of various cell types to H,O,
at the millimolar range inhibits insulin action, decreases insulin-induced glucose transport
and membrane translocation of GLUT-4 [39-41]. The exact mechanism by which oxidative
stress impairs insulin signaling is not fully understood, but several mechanisms have been
proposed. Oxidative stress increases IRS1 serine phosphorylation, which disrupts the ability
of an IRS protein to interact with an insulin receptor and impairs the protein’s ability to
recruit and activate downstream components of the cascade. This leads to suppression of
insulin-induced glucose transport [42]. In addition, activation of stress-sensitive Ser/Thr
MAPKSs, such as c-Jun N-terminal kinase (JNK) and p38 pathways [37,42—44], which are
negative regulators of insulin signaling, is suggested to mediate the inhibitory effect of
oxidative stress on insulin action. Oxidative stress-dependent alterations in gene expression
may also affect insulin signaling. Several transcription factors have been found to be
regulated by oxidative stress, including NFkB, NF-1 and AP-1 [45,46], leading to reduced
GLUT4 expression [45,47].

Another mechanism mediating the adverse effect of ROS on insulin sensitivity is the
development of mitochondrial dysfunction [48]. Most intracellular ROS are generated
as byproducts of oxidative phosphorylation in mitochondria, with an elevated rate of
ROS production under conditions of an imbalance between nutrient supply and ATP
requirements. The accumulated ROS damage the mitochondria, leading to deterioration of
the mitochondrial capability of fuel oxidation. Reduced numbers and sizes of mitochondria,
and an abnormally low activity of the respiratory chain, were observed in target tissues of
insulin in T2D subjects [28,49-51]. In addition to elevated ROS production, an impaired
mitochondrial capacity leads to the accumulation of lipid intermediates, such as ceramides
that suppress insulin signaling through inhibition of Akt, and diglycerides, which are
allosteric activators of PKC-f3, 3, and 6, that phosphorylate IRS on serine residues, leading
to inhibition of transmission of the insulin cascade [52].

2.2.2. Oxidative Stress Impairs Insulin Secretion

As mentioned, hyperglycemia and insulin resistance lead to elevated ROS production
in (-cells as a result of an increased rate of oxidative phosphorylation and insulin synthesis,
respectively [28]. However, while (3-cells are exposed to elevated levels of ROS, these cells
have a weak antioxidant defense system compared to other tissues [25,53-55]. Eventually,
the imbalance of ROS production with their dissimilation leads to oxidative stress, impaired
(-cell function and reduced (3-cell mass [56,57]. Activation of the JNK pathway is a major
mechanism mediating the adverse effects of oxidative stress on 3-cells. Elevated activity
of JNK disturbs nuclear localization of the pancreatic and duodenal homeobox 1 (PDX-1)
transcription factor, leading to decreased insulin gene expression, lower insulin content
in B-cells, and reduced insulin secretion [57,58]. In addition, JNK activation, along with
some additional stress pathways (p38 and p53), induces apoptosis of 3-cells in response to
oxidative stress [59,60].
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3. Oxidative Stress Contributes to Hyperglycemia-Induced Diabetic Complications

Beyond its involvement in the pathophysiology of T2D, ROS has been closely im-
plicated in the development of diabetic complications [61]. It is well known that hyper-
glycemia causes tissue damage, which renders diabetic patients highly susceptible to
developing microvascular complications, including retinopathy, nephropathy and neu-
ropathy, and macrovascular phenomena, such as cardiovascular diseases. Oxidative stress
mediates at least part of the destructive outcomes of hyperglycemia. Accumulated ROS ox-
idize various types of molecules, modifying their structure and functionality, thus leading
to extensive and non-specific tissue damage. In addition, hyperglycemia-induced oxidative
stress activates certain specific harmful mechanisms including the (1) sorbitol/polyol path-
way, (2) hexosamine pathway, (3) increased levels of AGEs and their receptor (RAGE), and
(4) activation of certain PKC isoforms. All these mechanisms contribute further to the de-
velopment of diabetic complications and are involved in diabetic vascular damage [61,62].
These deleterious effects of ROS are mediated through oxidative post-translational modifi-
cations of the glycolytic enzyme glyceraldehyde-3 phosphate dehydrogenase (GADPH),
leading to its inhibition [63]. As a result of GAPDH inhibition, there is an accumula-
tion of all upstream glycolytic intermediates, such as glyceraldehyde-3-phosphate (GA3P)
and fructose-6 phosphate (F6P), as well as an increase in glucose levels [64,65]. The el-
evated level of these intermediates stimulates all four pathways mentioned above; the
sorbitol/polyol pathway is stimulated by high glucose levels, the hexosamine pathway
is stimulated by elevated F6P, while high GA3P, being a precursor of glyceraldehyde and
methylglyoxal, promotes the advanced glycation end-products (AGE) pathway [66]. In
addition, GA3P might be converted to glycerol-P, leading to an increased de-novo synthesis
of diacylglycerol and activation of classic protein kinase C (PKC) isoforms [67], which are
implicated in cardiovascular pathologies [68].

Diabetic vascular complications are also mediated by oxidative stress-induced alter-
ations in endothelial cyclooxygenases (COXs) activity. Enzymes of the COX family produce
prostanoids that act as contracting or relaxing factors. Oxidative stress alters the activity
of these enzymes, with an upregulation of COX2, favoring the generation of contracting
prostanoids and the resulting increase in vascular tone [69].

Another mechanism linking oxidative stress to diabetic complication is the ROS-
dependent upregulation of VEGE, which leads to pathological angiogenesis and con-
tributes largely to diabetic retinopathy [70,71]. In addition, elevated ROS stimulate pro-
inflammatory pathways, leading to inflammation, which has a role in the development of
retinopathy, nephropathy and neuropathy [72-75].

4. AOX for the Management of Diabetes: Limited Benefits in Clinical Studies

Given the contribution of oxidative stress to the onset and progression of diabetes, it
would be reasonable to expect that AOX therapy might be beneficial for the prevention of
T2D. In addition, it was expected that AOX supplements would improve glycemic control
and reduce the risk of complications when given as an add-on therapy to anti-diabetic drugs.
Since T2DM leads to severe complications in several distinct organs, it is assumed that
AOKX treatment will be effective as a whole-body treatment attenuating ROS in parallel in
many organs. Accordingly, a large number of studies, utilizing in vitro and in vivo models
of diabetes, demonstrated the benefits of AOXs in restoration of glucose homeostasis. For
example, augmentation of antioxidant defense in animal models of diabetes, achieved
by enhancing antioxidant enzyme activity or by dietary supplementation was shown to
improve markers of insulin sensitivity [76-83]. It was also shown that increasing activity
of the antioxidant systems in pancreatic 3 cells, either through NAC administration or
overexpression of AOX enzymes, affords protection from ROS and preserves their function
and survival [79,84-87].

Exogenous administration of AOX enzymes or their mimetics had anti-diabetic effects in
cellular and rodent models [88]. Liposome-embedded SOD or SOD mimics improved glucose
tolerance and insulin sensitivity in diet-induced obese mice and diabetic rats [§9-91], attenuated
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the progression of diabetic nephropathy in T2D mice [92], and protected 3-cells from oxidative
damage [93]. Similarly, ebselen, a GPx mimic, also improved insulin sensitivity [94], preserved
pancreatic 3-cell function in diabetic rodents [95] and prevented diabetes-related atherosclerosis
and renal damage [96].

In contrast, however, to the vast support from in vitro and in vivo experiments for
the potential of AOX therapy for the treatment of diabetes, many clinical studies failed
to validate such benefits of AOX supplementation [97]. The inconsistency in clinical
trials regarding the effectivity of AOXs in T2D therapy, might be attributed to the huge
heterogeneity between studies in several aspects of study design [98,99]. Thus, there are
variations between studies with regard to inclusion/exclusion criteria; in some studies,
the target population was T2D patients, whereas in other studies included prediabetic but
not diabetic patients [100-102]. In addition, studies vary with regard to the specific type
of AOX given as well as the dosage and duration of supplementation. Moreover, many
compounds, considered to act as AOXs, exert additional biological functions that make
it difficult to isolate the anti-oxidative effect from other bioactivities of the compounds.
For example, polyphenols are commonly used as AOX; however, these molecules might
improve management of diabetes in various mechanisms that are not necessarily related
to their antioxidative properties [103]. Thus, the improvement in some metabolic indices
observed might be unrelated to neutralization of oxidative stress. In an effort to focus
on the pure AOX effects, we will include in this discussion only studies of compounds
with bioactivity which is mostly attributed to their function as AOX, such as vitamin C, E,
selenium, the GPx1 mimetic ebselen, and N-acetylcysteine (NAC).

Unfortunately, Vitamins C and E were not found to prevent the onset of type 2 diabetes,
as concluded from several large randomized controlled trials [104-106]. In addition, meta-
analyses, and umbrella reviews of the use of these vitamins for the treatment of T2D, mostly
agreed with the conclusion that these AOXs had only mild effects on glycemic control and
on diabetic complications, such as cardiovascular and kidney diseases [107-116]. The effects
of selenium on the prevalence of T2D were investigated as well. Selenium is incorporated
into selenoproteins such as glutathione peroxidases and thioredoxin reductases, which are
part of the AOX system. Unfortunately, selenium supplementation did not prevent T2D,
and even increased the risk for the disease [117]. Ebselen also failed to reduce blood glucose
and HbA1C in diabetic patients, however oxidative stress profile was not improved as well
by this GPx1 mimetic [118]. Several clinical studies had also been performed regarding
NAC, which exerts its AOX properties mainly by replenishing GSH pools and reducing
disulfide bonds in proteins [119], and has an established safety profile [120]. Meta-analysis
of NAC effects on diabetes-related cardiovascular complications did show some promising
results [121], but effects of NAC on blood glucose levels have scarcely been reported, and
the results are inconsistent (as described below).

With these disappointing data, obtained after several decades of research, there is a
risk that the research of AOXs as potentially beneficial agents for the treatment of T2D
would be abandoned. However, as stated by Malcolm Forbes “Failure is success if we learn
from it”, we believe that by analyzing in depth the failed trials, there are several lessons that
might be learned, and can direct as to a successful implementation of AOXs into the clinic.

5. Inappropriate Dosing as an Explanation for the Lack of Benefit

As mentioned, several explanations have been suggested for the disappointing results
of AOXs supplementations in the prevention and treatment of T2D in human. In this
review, we will focus on the ‘inappropriate dosing” hypothesis, suggesting that with the
lack of gold-standards for the diagnosis of oxidative stress in patients, either at baseline,
during intervention, or at the end of the interventional course, AOXs are blindly given.
Therefore, dose selection might be insufficient, leading to inadequate oxidative stress
neutralization. Moreover, it might also be hypothesized, that with the lack of personalized
evaluation of need, AOXs might be given in excess, especially when given as a preventive
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strategy, leading to undesirable depletion of ROS. In the next sections we will discuss these
hypotheses.

5.1. Sub-Optimal Dosing of AOX as a Cause of Failure?

Clinical trials with the use of NAC at a maximal dose of 1200 mg/day, have demon-
strated some efficacy in lowering diabetes-related complications such as high blood pres-
sure and platelet-monocyte conjugation, while glycemic control was unaffected [122,123].
By comparing in vivo and clinical studies, we suggest that a NAC dose of 1200 mg/day
might be less than require to be effective. Most in vivo studies, performed in rodents,
demonstrated beneficial effects on the treatment of T2D and its complications upon ad-
ministration of 600-1500 mg/kg/day of NAC [77-79,83,124]. By adapting mice to a hu-
man dose, using a metabolic conversion factor [125], the human effective dose should be
32-50 mg/kg/day, or 2.2-3.5 g/day for a 70 kg person. In accord with this, oral NAC
administration of 600 or 1200 mg/day did not affect plasma thiol derivatives in healthy
subjects [126]. Similarly, it was demonstrated that NAC alters cysteine- and glutathione-
based thiols in a dose-dependent manner, showing an increase with 35 mg/kg/day and
a maximal effect at 70 mg/kg/day (2.5 and 5 g, respectively, for a 70 kg person) [127].
These doses equal the above-mentioned effective calculated dose and suggest a simple
explanation for the failure of studies using sub-optimal doses of NAC.

Moreover, the effective dose, for the alleviation of glucose intolerance and insulin
resistance, must be adjusted to the target population. In mice, an effective NAC dose was
different among research models; doses required to introduce an improvement in glucose
tolerance in mice models of diabetes were higher than those required in glucose-intolerance
models [77,83,124,128]. In support of the importance of a personalized AOX administration,
it was reported that in non-obese, non-diabetic PCOS patients, NAC improved insulin
sensitivity when given at 1.8 gr/day [100,101,129], whereas a higher dose (3 gr/day) and a
longer time of treatment were required in obese patients [101]. In addition, it was recently
reported that NAC at a dose of 1.8 gr/day improved insulin sensitivity in non-diabetic
MetS patients [130]. Thus, by increasing the NAC dose to 1.8 gr/day, insulin sensitivity
appears to be significantly improved in non-diabetic individuals. It is expected that an even
higher dose would be required to improve indices of diabetes in patients with overt type 2
diabetes. Although clinical data on NAC supplementation to T2D patients are lacking, a
recent pilot study showed that a combination of a high dose of NAC and glycine (7 gr/day
each, for a 70 kg person) improved insulin sensitivity in poorly-controlled T2D patients,
presumably by restoration of GSH pools [102].

Therefore, we assume that one of the possible explanations for the minimal beneficial
outcomes of AOX therapy in diabetes is simply the use of sub-optimal doses. This hypoth-
esis might explain the failure of some clinical studies utilizing NAC as an anti-diabetic
therapy, but presumably might also be implicated for other AOXs.

5.2. Can Glycemic Control Be Adversely Affected by Excess AOXs?

In spite of their destructive potential, it is well-known that physiological levels of
ROS are required for several cell functions [131] and that controlled changes in ROS
concentration temporarily alter the redox state, enabling redox signaling and regulation of
various cellular processes [4]. Accordingly, it might further be hypothesized that excess
AOX consumption may adversely affect health as a result of ROS depletion. In the following
sections, we will describe principles of redox signaling, the role of ROS in insulin signaling
and insulin secretion, and we will discuss the clinical relevance of these observations.

5.2.1. Redox Regulation of Proteins and Cell Signaling

Redox signaling involves reversible oxidative modifications of proteins. Certain
cysteine thiol groups (-SH) of proteins are maintained in a reduced state by default, and
the oxidative environment allows these thiols to become temporarily oxidized to the form
of sulfenic acid [132,133]. Sulfenic acid is an unstable intermediate for the generation of
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disulfide bonds (S-S) which may be formed between either protein subunits or different
domains of the same protein, thus altering conformation and activity. Additionally, sulfenic
acid is an intermediate state for the glutathionylation of the thiol (S-SG) residue for the
generation of mixed disulfides [134-136]. Protein glutathionylation is a reversible post-
translational modification that can either increase or decrease activity of proteins [137,138].

Reversible oxidative modifications of signaling proteins play a role in regulating cell
signaling, somewhat reminiscent of the well-characterized regulation by reversible phos-
phorylation/dephosphorylation [136,139]. However, reversible oxidative modifications
might be oxidized further, leading to irreversible protein modification, which usually re-
sults in protein dysfunction and degradation and/or the formation of dysfunctional protein
aggregates [136]. Thus, the protein cysteine residue can be reversibly oxidized to sulfenic
acid (SOH), which is a physiological event and an intermediate step in the generation of
disulfide bonds or the glutathionylation of proteins [136]. These kinds of modifications
affect protein—protein interactions and protein function and thus are important players
in regulating cell signaling. However, under oxidized conditions, sulfenic acid might
be irreversibly further oxidized to sulfinic (SO,H) and sulfonic acids (SOsH), leading to
protein misfolding, aggregation, and degradation. This scenario demonstrates the necessity
for tight regulation of redox homeostasis to enable delicate and temporal redox balance
shifts for the transmission of redox signaling, thus preventing chronic, supra-physiological
levels of ROS that generate oxidative stress.

Many cellular processes, such as cell cycle regulation, cellular growth, and protein
phosphorylation/dephosphorylation, are regulated by redox signaling [39]. Signaling
proteins, which are found to be a target of redox regulation, include transcription factors
(i.e., AP-1, Nrf2 and NF-gB), kinases (Src family kinases, MAP kinases), as well as protein
tyrosine phosphatases (PTPs) [4].

5.2.2. Redox Regulation of Insulin Signaling

Accumulating evidence suggests the modulation of insulin signaling by ROS, as
was reviewed previously [140,141]. This effect seems to be dependent upon both ROS
concentration and the duration of exposure [40,142]. HyO, in particular has been reported
to influence several physiological functions of insulin, such as glucose transport, glycogen
synthesis, lipogenesis and regulation of gene expression [16,40,143,144]. Furthermore,
insulin stimulation of cells was found to be accompanied by sulfhydryl oxidation and
the generation of small amounts of HyO, via the NADPH oxidase (NOX)-dependent
system [40,142,145]. NOX inhibition abolished the insulin-dependent phosphorylation of IR
and IRS], indicating that insulin-induced generation of H,Oj is necessary for transmission
of the cascade. Thus, insulin itself provokes the generation of ROS, which play a role as
second messengers in insulin signaling [146-148].

Tyrosine phosphorylation of insulin receptor (IR) and its substrate (IRS) is crucial for
the initiation and transmission of insulin signaling, leading to a cascade of protein phos-
phorylations that mediate the metabolic effects of the hormone. In contrast, phosphatases
dephosphorylate and—for the most part—negatively regulate the insulin signaling cascade.
It was shown that both kinases and phosphatases are regulated by oxidative modifica-
tions [4,147,149,150]. The kinase activity of IR itself is modulated by H,O, through the
oxidation of Cys1245-Cys1308, leading to an alteration in ATP binding, which is required
for the auto-phosphorylation of the receptor [149]. Another interesting mechanism that
might link redox balance to the capability to activate insulin receptors is through the glu-
tathionylation of galectin 3. Galectin 3 is a member of the 3-galactoside-binding lectin
family, mainly produced by immune cells, and was found to be elevated in T2D patients.
Direct binding of galectin 3 to insulin receptor decreases autophosphorylation and acti-
vation of the receptor, leading to attenuation of insulin-induced glucose transport [151].
Interestingly, a recent publication demonstrated that galectin 3 is prone to glutathionyla-
tion (Cys 187), an event that eliminates its interaction with the receptor [152]. Whereas
a moderate oxidative environment promotes galectin 3 glutathionylation, this process is
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abolished under conditions of both oxidative and reductive stress, further emphasizing the
effects of redox imbalance on IR activation.

Physiological concentrations of H,O, inhibit the tyrosine phosphatase PTP1B by oxi-
dizing thiol residues located in the catalytic area of the enzyme. Inactivation of PTP1B leads
to elevated basal tyrosine phosphorylation of both IR and IRS, thereby enhancing insulin
signaling [40,142,147,153]. Other phosphatases, such as mitogen-activated protein (MAP)
kinase phosphatase 1 [154] and phosphatase, and tensin homolog deleted on chromosome
10 (PTEN), are also found to be important targets for redox regulation, the process being
inhibited by oxidation [147,154,155]. PTEN dephosphorylates phosphoinositol triphos-
phate (PIP3), which is required for the recruitment of Akt to the plasma membrane and
for its activation. Akt is an important Ser/Thr kinase, mediating insulin action. While
insulin-induced activation of PI3K increases PIP3 levels, PTEN dephosphorylates this lipid,
leading to the attenuation of insulin signaling [147]. Thus, by oxidation of PTEN and
inhibition of its activity, transmission of insulin signaling is enhanced. In addition, the
dephosphorylation of Akt is mediated by Ser/Thr protein phosphatase 2A (PP2A), which
is inhibited by oxidation as well [156]. Thus, the oxidative reaction inhibits the activity
of a set of phosphatases, leading to augmentation of insulin signaling. Moreover, Akt
by itself is reversibly oxidized on cysteine residues located in PH domains, leading to an
increased binding affinity to PIP3 [157]. Interestingly, oxidation of thiol residues, located in
the kinase domain, reduces Akt activity and elevates its degradation in the proteasome,
indicating the presence of highly specific machinery that regulates thiol oxidation in a
site-specific manner [154,157]. The positive and negative effects of ROS on insulin signaling
are illustrated in Figure 2.

Finally, oxidants are also required for protein folding in the ER, and the lack of oxidants
will lead to ER stress and stimulation of the unfolded-protein response, which alters insulin
sensitivity in muscle and liver [158,159].

5.2.3. ROS Depletion and Insulin Signaling

Since ROS are necessary for insulin signaling, a lack of these species might be ex-
pected to attenuate the transmission of the signal. In fact, ROS depletion may promote
insulin resistance. Overexpression of the AOX enzyme Gpx1 led to insulin resistance and
hyperglycemia in mice, whereas a deficiency of Gpx1 may actually protect mice from
obesity-induced insulin resistance [160-162]. Furthermore, an increase in the levels of Se-
lenoprotein P, which is responsible for the transport of selenium from liver to other tissues,
was reported to be associated with increased risk of T2D [163]. This adverse effect is sug-
gested to be mediated by impaired insulin signaling and dysregulated glucose metabolism
in hepatocytes and myocytes, presumably as a result of a reductive stress [163,164]. In
addition, we showed that NAC inhibited insulin-stimulated glucose uptake in adipocytes.
In addition, insulin-induced phosphorylation of signaling proteins was diminished in
NAC-treated myotubes and adipocytes [143]. NAC is a precursor of glutathione; thus, the
effects of elevated glutathione levels on insulin signaling is of interest. NAC increased
levels of glutathione and free thiols in myotubes and adipocytes and reduced the extent of
protein glutathionylation [143]. Among these proteins, we found galectin 3 to be deglu-
tathionylated, suggesting a putative mechanism for the inhibition of insulin signaling by
NAC, through the induction of galectin 3-insulin receptor binding.

In additional studies, it was reported that GSH inhibited insulin-dependent IRS-1 and
Akt phosphorylation in 3T3-L1 adipocytes [165], presumably resulting from a reduction
in disulfide bonds in certain proteins [166]. Furthermore, GSH levels were found to be
elevated in adipose tissue of diabetic ob/ob mice [165], and glutathionylated proteins were
reduced in obese compared to lean rats [167]. These reports indicate that excessive levels
of reduced species may be as detrimental as oxidative stress and could be implicated in
insulin resistance.
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Figure 2. Redox regulation of insulin signaling in target tissues of insulin action (i.e., muscle, adipose
tissue and liver). ROS exert positive and negative effects on insulin signaling. Stimulatory events
are marked in green numbers, while inhibitory events are marked in red numbers. ROS-dependent
stimulatory mechanisms: The inhibitory effect of Galectin-3 on insulin receptor is prevented upon
glutathionylation of the lectin (1). PTP1B is inhibited by oxidation of critical thiols located in catalytic
area, enabling stimulation of insulin signaling (3). PTEN is inhibited by oxidation, thus abolishing
PIP3 dephosphorylation (4). Oxidation of thiol residue in the PH domain of Akt enhances its binding
affinity to PIP3 (5). Oxidation of PTP2A diminishes its activity, thus preserving phosphorylation and
activation of Akt (7). ROS-dependent inhibitory mechanisms: Oxidation of thiol groups (Cys1245-
Cys1308) located on the intracellular domain of insulin receptor abrogates ATP binding and receptor
activation (2). Proteasomal degradation of Akt is stimulated upon oxidation of Cys in kinase domain
(6). ROS might activate stress pathways such as Jnk and p38, leading to an increase in IRS serine
phosphorylation, associated with insulin resistance (8). See details in text. Created with BioRender.
com (accessed on 5 March 2023).

While most in vivo studies have demonstrated the benefits of AOX supplementation
in reducing the severity of glucose intolerance and insulin resistance, it was also shown
that excess AOXs negatively affect insulin sensitivity in rodents. An inverted U-shaped
curve of insulin sensitivity was reported in NAC-treated T2D mice, demonstrating adverse
effects of high-dose NAC on insulin signaling [124]. In addition, administration of NAC
to normo-glycemic C57bl mice caused a reduction in insulin-induced phosphorylation of
Akt, GSK3p and PRAS40, even though other parameters, such as blood glucose levels,
were unaffected [143]. Similarly, chronic administration of vitamin C and E to normo-
glycemic, healthy rats impaired glucose tolerance and insulin sensitivity, effects that were
well-correlated with an increase in hepatic GSH in these animals [168]. In addition, there
are reports showing that by neutralizing ROS generated during physical activity, AOXs
eliminate beneficial metabolic outcomes of physical activity and enhance the risk of devel-
oping insulin resistance [169-172]. These data indicate that excessive AOXs impair insulin
signaling and further emphasize the deleterious consequences of an unbalanced redox shift
to the reduced side, leading to a “reductive stress”.

Thus, reductive stress, achieved by genetic manipulation of AOX enzymes or by AOX
treatment, may lead to harmful effects on insulin action. However, since these observations
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were obtained from in vitro and in vivo experiments, the clinical relevance of these findings
must be validated. Evidence of adverse effects of AOX consumption on insulin sensitivity
in humans is scarce and mostly documented for selenium. These studies report a U-shaped
therapeutic dose effect for selenium, with a narrow window of beneficial dose [173] and an
increased risk of T2D with elevated selenium levels [117,174,175].

5.2.4. Redox Regulation of Insulin Secretion

Pancreatic (3-cells maintain blood glucose levels by secreting insulin in response
to increased glucose concentration in the blood. The mechanism of insulin secretion is
stimulated by glucose entry to 3-cells, facilitated by glucose transporter 2 (GLUT2). Glucose
is then metabolized, leading to an elevated ATP/ADP ratio and closure of ATP-sensitive
K* channels. The resulting depolarization stimulates the opening of voltage-dependent
Ca?* channels and influx of Ca®*, thereby triggering exocytosis of insulin-containing
vesicles [176].

On the one hand, the deleterious effects of oxidative stress on pancreatic beta-cells are
well known [26]. On the other hand, the role of physiological levels of ROS in regulating
beta-cell function is controversial [177,178], with ROS suggested to be either positive or
negative regulators of insulin secretion [176]. There is evidence demonstrating that ROS
enhances glucose-induced insulin secretion [177,179], and it was further suggested that
glucose-induced activation of NOX, leading to the generation of ROS, is actually required
for insulin secretion [180,181]. However, many other studies demonstrated completely
opposing observations, showing that physiological levels of ROS reduce insulin secretion.
Thus, H,O; reportedly stimulates the activity of ATP-sensitive K* channels, leading to
cell hyperpolarization and depression of insulin secretion [182]. In addition, low-dose
H,0O; inhibited glucose-induced insulin secretion in isolated rat pancreatic islets [178].
Moreover, glucose reduces ROS levels in a dose-dependent manner [183], thus enabling
proper secretion of insulin. We also found that low concentrations of 5 uM HO,, which is
within the physiological range, inhibited insulin secretion under low-glucose conditions,
while insulin secretion, stimulated by high-glucose levels, was not impaired [184]. Cell
death was observed only with higher doses of HyO, (100 uM), suggesting that the negative
effect of HyO, on insulin secretion is mediated by redox regulation of the process, rather
than an outcome of oxidative stress damage. Finally, in support of a negative correlation
between ROS and insulin secretion, it was reported that HFD feeding reduced NOX
expression in rat pancreatic islets, leading to diminished ROS production and elevated
insulin secretion [181].

The inhibitory effect of HyO, on insulin secretion is presumably mediated by the
attenuation of glucose oxidation, perhaps through the inhibition of glyceraldehyde-3-
phosphate-dehydrogenase and aconitase [178,185,186]. Slowing down the rate of glucose
metabolism decreased the ATP/ADP ratio and downstream events required for insulin
secretion. Thus, a negative correlation was observed between ROS levels in beta cells
and insulin secretion. It was suggested that glucose activates a fast response of increased
AOKX capacity for the reduction of ROS. It was shown that glucose actually increased
the GSH/GSSG ratio, in parallel with an increase in the NADPH/NADP* ratio [183,187].
The fast AOX response includes activation of SOD and the NADPH-generating pentose-
phosphate pathway, leading to reduced ROS levels and proper insulin secretion [188,189].

Therefore, most studies conclude that physiological concentrations of ROS are in-
volved in the negative regulation of insulin secretion. This is mediated by redox signaling
and is a transitory and reversible event. As glucose levels rise, ROS levels are reduced, and
insulin secretion increases. In contrast to physiological conditions, chronic hyperglycemia
leads to a persistent pathological increase in ROS associated with oxidative stress and
accumulating damage to beta cells, leading to their dysfunction and death.

The controversy among the various studies regarding stimulatory or inhibitory effects
of ROS on insulin secretion represents the complexity of redox signaling leading to the dual
impact of ROS, found to be either positive or negative regulators of insulin secretion. These
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opposing effects might depend on nutrient regulation and the metabolic state of the cells as
well as on the subcellular compartmentation of ROS [176,190,191].

5.2.5. ROS Depletion and Insulin Secretion

As discussed above, there is disagreement regarding the role of ROS in the regulation
of insulin secretion. With most studies demonstrating the inhibitory effect of ROS, it might
be expected that neutralizing ROS would antagonize the ROS effect and improve insulin
secretion.

NOX inhibition, achieved either by genetic manipulation or pharmacological interven-
tion, leads to elevated insulin secretion [192,193]. Similar results were obtained by increas-
ing the activity of the antioxidant system, either by administration of PEG-catalase or by
Gpx1 overexpression, both of which preserve the function and survival of the islets [84,189].
Potential benefits were also observed with vitamin E. Derivatives of vitamin E (tocotrienols)
potentiated insulin secretion in rat islets [194]. In GK rats, a model of non-obese T2D, it was
reported that chronic hyperglycemia induces oxidative stress in pancreatic (3-cells. Vitamin
E administration to these rats increased insulin secretion, leading to improved glucose
tolerance and lower HbAlc levels [195].

NAC has also been investigated for its effects on pancreatic beta cells. NAC improved
glucose tolerance and prevented hyperinsulinemia in diabetic db/db mice, while islets
mass was increased, presumably resulting from blockade of apoptosis [196]. In HFD-fed
mice, NAC improved insulin sensitivity, an effect that prevents compensatory hypertrophy
of islets and resulting hyperglycemia and avoids HFD-induced loss of beta-cell identity. It
is difficult, however, to differentiate between direct benefits of NAC on pancreatic islets
function and those from its insulin-sensitizing properties [197]. Therefore, conclusions
regarding effects of NAC and other AOXs on pancreatic islets” functionality and their
survival are mostly derived from in vitro and ex vivo experiments. In these studies, it
was reported that insulin secretion was indeed elevated in isolated islets of NAC-treated
diabetic KK-Ay mice [143] as well as in NAC-treated Zucker diabetic rats [79]. When
given to isolated islets, NAC neutralized oxidative stress and restored insulin secretion
in oxidatively stressed dexamethasone-treated islets [198]. However, in islets of normo-
glycemic ICR mice, NAC did not exert any positive or negative effects on pancreatic
beta-cell function or viability, even at millimolar concentrations which were found to
disturb insulin action in adipocytes and myotubes [143]. The absence of negative outcomes
of NAC-dependent reductive stress in these islets indicates that, whereas pancreatic islets
are highly vulnerable to oxidative shifts, they are not much affected by reductive stress.
Therefore, NAC appears to possess the capability to neutralize oxidative stress and to
improve function in oxidative stressed islets but does not impair islets” function even when
given in excess.

6. Summary and Clinical Implications

In this review, we have discussed the effects of ROS on glucose balance in both
physiological conditions and in situations of ROS accumulation to pathological levels,
namely oxidative stress. Oxidative stress has detrimental effects on all systems involved
in glucose homeostasis, including insulin-responsive tissues and in insulin-secreting cells.
Conversely, physiological levels of ROS regulate certain signaling pathways and might be
positive or negative regulators of cellular functions in a tissue-specific manner. Accordingly,
and considering ROS action, AOXs may be beneficial for both neutralization of oxidative
stress and prevention of its deleterious consequences, but might also exert negative effects
if administered unnecessarily as a result of an excessive ROS depletion.

With this in mind, we may conclude that AOX supplementation as a strategy to
prevent onset of T2D in the absence of any indices for the presence of oxidative stress
would not be recommended and might even impair insulin sensitivity. With regard to
therapy of an overt disease, since T2D is coupled to the presence of oxidative stress, we
may assume that patients might benefit from AOX therapy. However, the efficiency of
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Insufficient Antioxidant

AOX treatment should be significantly optimized by adjusting dosage to the severity of
oxidative stress (see Figure 3). For this approach, biomarkers to be used as measures of
the need and the dose should be defined in order to be sufficient—but not excessive—to
neutralize oxidative stress. Unfortunately, measurement of oxidative stress is challenging.
It might be evaluated by analyzing the ratio between oxidized /reduced molecules (i.e.,
GSH/GSSG), and the level of AOXs or markers of oxidative stress-induced damage (i.e.,
MDA and protein carbonyls). With the understanding that oxidative stress may not be
properly measured by a single biomarker, several approaches have been used to establish
an oxidative stress score. This issue is not in the scope of this review and is covered by
several recent publications [199,200]. However, there is still no accepted gold-standard
score, which is a major obstacle in the path towards optimizing the therapeutic potential
of AOXs.
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Figure 3. Inappropriate dosing of AOXs may contribute to the failure of these agents in clinical
studies. Homeostatic redox balance is required to preserve an optimal insulin secretion and insulin
sensitivity. Insufficient AOX activity leads to oxidative stress that promotes development of T2D. It is
assumed that elevating severities of oxidative stress is presented in patients with MetS, obesity and
overt T2D. AOX dose should be adapted to severity of oxidative stress. On the other hand, excess
AOXs might deplete ROS, leading to a reductive stress, which was shown to impair insulin signaling.
Therefore, AOX supplementations given as a preventive strategy to a healthy subject might lead to
adverse outcomes. Biomarkers for accurate measurement of oxidative stress should be developed to
optimize AOX benefits.

7. Conclusions

In order to optimize its benefits, AOX therapy should be given in a personalized
manner according to an individual assessment which includes the presence and severity
of oxidative stress. Unfortunately, while oxidative stress is a well-recognized pathological
factor, clear clinical definitions for its diagnosis are missing, and no gold-standard biomark-
ers for the quantification of this alteration have been defined. Thus, AOXs are blindly
consumed without an examination of their necessity. Furthermore, with the absence of
gold standards for the detection of oxidative stress, one cannot know whether treatment
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goals might have been achieved according to redox balance. Therefore, until accurate
measures of OS are characterized, AOX to prevent ROS depletion should definitely not
be recommended as a preventive strategy for T2D. With regard to the treatment of overt
diabetes, we believe that the current failure of AOX to improve indices of diabetes might be
simply related to the insufficient neutralization of oxidative stress. With the development
of OS biomarkers, optimization of AOXs therapy should be determined to maximize the
therapeutic potential of these agents.
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