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An imbalance between the generation of reactive oxygen species (ROS) and antioxidant defense systems is known
as oxidative stress, and it is a major factor in diseases like atherosclerosis, vascular inflammation, endothelial
dysfunction, and others that are largely caused by elevated oxidative stress. Interestingly, oxidative stress has
also been implicated in the progression of prediabetes to type 2 diabetes (T2DM). Prediabetes, characterized by
increased blood glucose levels than the diabetes threshold, impacts a substantial portion of the global population.
In India alone, the estimated prevalence of prediabetes by 2023 is approximately 15.3 %. Hyperglycaemia, a
hallmark of prediabetes, can promote vascular dysfunction by increasing ROS formation and upregulating
chronic inflammatory markers. Additionally, oxidative stress contributes to insulin resistance and impaired beta
cell function. Various risk factors of oxidative stress are associated with prediabetes development. This review
focuses on ROS’s role in prediabetes pathogenesis and its risk factors increasing the effect of oxidative stress.
Various ROS scavengers were used as oxidative stress indicators, and ROS scavenging has a deleterious impact on
disease progression. Lack of study has reported on role of oxidative stress in prediabetes development and this
will be the first review covers pathogenesis and impact of oxidative stress biomarker in prediabetes. This review
comprises managing the risk factors of oxidative stress would pave the way for the management of prediabetes

progression to T2DM.

1. Introduction

Prediabetes is a condition with a raised position of blood glucose,
and below the threshold for the opinion of diabetes but linked to an
elevated threat of diabetes development. According to the World Health
Organization’s(WHO) criteria, Impaired glucose tolerance (IGT) and
impaired fasting glucose(IFG) are generally used to define prediabetes
[4]. In 2021, the global statistics estimated the prevalence of prediabetes
was 10.6% [73]. Based on a recent study, the overall frequency of pre-
diabetes in India by 2023 was about 15.3% [2]. By 2030, it’s reported to
be over 472 million cases of prediabetes worldwide, with 70 of these
cases progressing to diabetes [6]. Prediabetes is becoming more exten-
sively honored as a significant metabolic condition that raises an exis-
tent threat of developing diabetes [3]. Prediabetes is caused by several
threat factors, including high-calorie diets, smoking, alcohol consump-
tion, hypertension, hyperlipidemia, and abdominal rotundity. It’s sug-
gested that individuals with prediabetes, following a healthy life and
diet could minimize their threat of developing diabetes mellitus [7] (see
Tables 1-3)

Inflammation and oxidative stress influence significantly to the
development of metabolic comorbidities such hyperlipidemia, high
blood pressure, and raised glucose intolerance, several of which lead to
metabolic dysfunction [74]. Several comorbidities, including diabetes,
hypertension, insulin resistance, and hyperlipidemia, are associated
with rotundity, these conditions can raise the burden of oxidative stress,
but most constantly, they rise together. An illustration of such a condi-
tion is a metabolic pattern, which is honored by insulin resistance, hy-
pertension, and hyperlipidemia and is frequently seen in adult US
citizens [10]. Insulin resistance has been linked to prediabetes, a con-
dition that has a high threat of getting diabetes [5]. Prediabetics are
known to have inflammation and oxidative stress, which makes them
sensitive to dyslipidemia and cardiovascular problems [6]. Oxidative
stress is triggered by a conflict between the natural system’s ability to
eliminate these reactive consequences and the production of
oxygen-reactive species in cells. ROS acts as several physiological
functions, including cell signaling, which generally arise as derivations
of oxygen metabolism [9].

This oxidative stress, or unstable redox equilibrium, causes
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differences in cell signaling that affect anility, programmed cell death,
and the loss of vital cellular functions [10]. Oxidative stress, or an
imbalance between the body’s antioxidants and free radicals, can be
significantly affected by environmental and lifestyle factors. Numerous
diseases and conditions, including as aging, exercise, and cardiovascular
and neurological disorders, as well as cancer, are recognized to be
obstructed by oxidative stress [72]. Particularly, the impact of exercise
on redox balance is highly complex and varies according to age, sex, and
exercise intensity and duration.

Insulin resistance, a hallmark of prediabetes, significantly increases
the threat of developing diabetes. Individuals with prediabetes retain
elevated oxidative stress situations, emphasizing the need for effective
operation strategies [12]. However, Epigenetic alterations, such as DNA
methylation, histone modifications, and non-coding RNAs, have been
linked to the regulation of gene expression in beta-cell function and
insulin sensitivity. Understanding these epigenetic pathways could assist
us comprehend more thoroughly how genetic and environmental factors
interact to cause metabolic diseases [80]. Therapeutic advances have
demonstrated promising outcomes in preventing and treating disease by
targeting oxidative stress. Recent research have revealed unique insights
into the molecular mechanisms linking oxidative stress with insulin
resistance and beta-cell dysfunction, indicating possible treatment tar-
gets to prevent the progression from prediabetes to T2DM [81]. Un-
derstanding the interplay between several factors involved in oxidative
stress and prediabetes is pivotal for precluding complaint progression at
an early stage.

1.1. Pathophysiology

Prediabetes, a high-risk condition for developing diabetes, has been
related to insulin resistance. A person with prediabetes has elevated
levels of plasma glucose that are above normal but still below the
threshold of clinical diabetes. Total body elimination of glucose drops in
people with T2DM, with about 80 % of this impairment due to muscle
insulin resistance. Numerous risk factors, including obesity, insulin
resistance, inflammation, dyslipidemia, hypertension, and hereditary
factors, have been related to the development of prediabetes. Insulin
resistance and decreased beta-cell activity are often already evident in
prediabetes [15].

Insulin is an essential hormone that manages blood sugar levels;
prediabetes, diabetes, and its effects are all directly linked to insulin
resistance (IR). A pathophysiological component associated with
impaired glucose tolerance and insufficient p-cell compensation in
response to increasing IR leads to diabetes mellitus [25]. Insulin resis-
tance acts as a the best indicator for the early onset of T2DM develop-
ment from prediabetic conditions. In the peripheral insulin-sensitive

Table 1
The Role of Reactive Oxygen Species and biomarkers.
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Table: 2
Antioxidant enzymes: Their roles in ROS scavenging and implications for
prediabetes.

Enzyme Role in ROS scavenging Impact on prediabetes
Superoxide Alters superoxide radicals into Decreased levels of SOD in
Dismutase hydrogen peroxide and oxygen. prediabetes can lead to

(SOD) increased oxidative stress
and beta-cell dysfunction.

Catalase Breaksdown hydrogen peroxide = Reduced catalase activity
into water and oxygen. could exacerbate oxidative
stress, contributing to beta-
cell damage.

Glutathione Decreased hydrogen peroxide Lower GPx levels in
peroxidase and lipid peroxides using prediabetes could result in
(GPx) glutathione. higher oxidative stress and

impaired beta-cell
function.

Peroxiredoxin Reduces peroxides and protects Altered Prx activity in
(Prx) cells from oxidative damage. prediabetes can lead to

increased oxidative stress
and beta-cell dysfunction.

Paraoxonase Protects cells from oxidative Decreased PON1 activity in
(PON1) damage by hydrolyzing prediabetes can contribute

organophosphates and reducing  to oxidative stress and beta-
lipid peroxides. cell dysfunction.
Table 3

Role of oxidative stress and its impact on prediabetes development.

Factor Role in Oxidative Stress Impact on Prediabetes
Development
Hyperglycemia Increase ROS production  This leads to beta-cell dysfunction

and insulin resistance

Mitochondrial Produces excessive ROS Contributes to oxidative stress
dysfunction and cellular damage.
Inflammation Upregulates ROS Promotes beta-cell dysfunction
production and insulin resistance
Antioxidant Reduces the body’s Increase susceptibility to
deficiency ability to neutralize ROS.  oxidative stress and cellular

damage.

Exacerbates oxidative stress and
accelerates prediabetes
progression.

Affects an individual’s
susceptibility to oxidative stress
and prediabetes development.

Poor diet, lack of
exercise and obesity

Lifestyle factors

Influences antioxidant
enzyme levels and ROS
production

Genetic
predisposition

tissues, Glucose transporter 4 (GLUT-4) plays a vital role in transporting
the glucose from bloodstream to tissues. Increased expression of GLUT-4
receptors in the plasma membrane increases the absorption from the

ROS Agents Status (increase Sample Category Key findings Author & year of

or decrease) type publication

Hydroxyl Radical Increase Serum T2DM Insulin modified by hydroxyl radicals shows damage of a-helix and advance in p Talha et al.,2021

patients content. An increased level of hydroxyl radical implies T2DM individuals having [66]
diabetic complications.
Superoxide Anion Decrease Islets Wistar rat High level of glucose suppresses the mitochondrial superoxide development in Marten et al.,
Radical cells pancreatic beta cells. 2005 [67]
Hydrogen Increase Liver Mice Inducing hydrogen peroxide resulted in increased oxidative stress and cellular Heit et al., 2017
peroxide cells damage. [68]

Singlet oxygen Increase Plasma T2DM Mice Tsumura Suzuki obese diabetes (TSOD) mice observed increased levels of singlet Onyango et al.,
oxygen than the normal mice. Thus, excessive level of singlet oxygen species 2017 [91]
production resulted in the development of insulin resistance and T2DM.

Hypochlorite Increase - Hypochlorite contributes to oxidative stress by generating excessive ROS. This Saghir et al., 2023
imbalance resulted in cellular damage [6]

Nitric oxide Increase - Diabetes NO has beneficial effects, excessive production can damages cells and tissues. This Nikolaeva et al.,

radical mellitus oxidative stress is a key factor in the development of insulin resistance and beta-cell 2023 [64]
dysfunction, both of which are central to prediabetes

Peroxynitrite Increase - Diabetes Peroxynitrite can impair endothelial function, which is the health of the inner lining ~ Ann et al., 2023

mellitus of blood vessels, contributing to vascular complications associated with prediabetes  [65]
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bloodstream. Studies have shown that GLUT transporters play an
important role in identifying and treating metabolic disorders. Under-
standing the function of different GLUTs might result in better treatment
strategies [75]. Eventually, increased insulin signaling led to a negative
effect on GLUT-4 in the membrane. According to studies, the distribu-
tion of GLUT4 between the plasma membrane and the inside of human
muscle cells is constantly changing. However, adenosine 5-mono-
phosphate (AMP)-activated protein kinase (AMPK) regulates GLUT4
redistribution through controlling exocytosis and endocytosis, which is
necessary for glucose uptake [76]. As a result, blood glucose levels stay
high, and in reaction, the pancreas produces more insulin. This causes a
positive feedback loop that increases intravascular insulin levels and
desensitizes peripheral tissues to insulin [21]. Recent investigations
have shown that the expression of GLUT4 translocation-related genes is
altered in prediabetic conditions, highlighting the role of this trans-
porter in glucose homeostasis [78].

Hyperinsulinemia, or elevated plasma insulin levels, is linked to
prediabetes. This is the result of the pancreatic beta cells compensating
for the target tissues’ reduced sensitivity to insulin’s metabolic actions;
this is known as insulin resistance in prediabetes. Whereas, Hyper-
glycaemia is primarily caused by disruption of the liver’s glucostatic
function, as the liver produces the enzyme glucose 6-phosphatase, which
regulates the glucose to enter the bloodstream. Insulin promotes the
synthesis of glycogen while preventing the liver from producing glucose.
Insulin secretion often increases and hepatic glucogenesis typically de-
creases when plasma glucose levels are high. Since glucagon promotes
gluconeogenesis, it may be a factor in hyperglycemia. Insulin sensitivity
declines impedes the uptake and storage of carbohydrates, and results in
elevated blood glucose levels [27]. Research indicates that hepatic in-
sulin resistance plays a crucial role in the development of prediabetes,
with high levels of hepatic enzymes being strong predictors of predia-
betes and diabetes risk [79].

Pathophysiology of beta cell failure is associated with multiple po-
tential processes that influence the secretory rate of individual p-cells.
Genetic, epigenetic, or environmental factors acting on developing
pancreatic tissue both prenatally and postnatally and influencing the
differentiation of B-cell, insulin production, and cell death could be the
cause of such abnormalities. Moreover, p-cell failure is further aggra-
vated by glucotoxicity, lipotoxicity, endoplasmic reticulum (ER) stress,
mitochondrial dysfunction, inflammation, and other factors, creating a
vicious cycle [34]. In fat conditions, insulin resistance is manifested by
dropped glucose uptake by the insulin-sensitive tissues, performed in
patient hyperinsulinemia. As the beta cell becomes overburdened in
prediabetes, it no longer secretes sufficient insulin, performing in
disabled glycemia [37]. Recent studies has shown elevated glucose
levels and lipids in the liver activate serine kinases, which phosphorylate
and inactivate insulin signaling molecules [77]. Understanding the
molecular mechanisms behind insulin resistance and beta-cell dysfunc-
tion in prediabetes is critical for designing effective treatment methods.
Interventions that improve GLUT4 translocation, increase insulin
sensitivity, and safeguard beta-cell function show promise for avoiding
the transition from prediabetes to diabetes.

1.2. Lifestyle and environmental risk factors

Prediabetes’ etiology is multifaceted, with lifestyle and environ-
mental factors playing important roles. Understanding these compo-
nents is essential to effective prevention and management [83]. The risk
of prediabetes and diabetes rises with a rising body mass index (BMI),
the most often employed measurement to identify obesity levels, even
though studies revealed that persistent weight loss is being shown to
prevent the onset of prediabetes and diabetes [84]. At present, around
41.6 % of adult males and 25.6 % of adult women are obese, with the
greatest obesity rate of 46.7 % among those in their 30s have reported.
Also, people in their 30s also having unhealthy eating habits, such as
consuming too much fat, alcohol, and sodium, along with eating
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excessive fast foods and convenience meals [85].

Studies revealed that smoking is strongly linked to type 2 diabetes;
both active and passive smoking increased the chance of developing
type 2 diabetes, and those who smoke with type 2 diabetes had a higher
risk of having microvascular complications or glucose regulation over
nonsmokers [86]. Prediabetic individuals who smoke are at a consid-
erable risk of having different problems, particularly chronic obstructive
pulmonary disease (COPD) [87].

According to studies, oxidative stress and inflammation caused by
smoking play critical roles in the pathophysiology of COPD. Also,
smoking causes oxidative DNA damage, persistent inflammation, and
decreased immunity, all of which contribute to lung cancer [88].
However, environmental and lifestyle factors can have a substantial
impact on oxidative stress, which is an imbalance of the body’s anti-
oxidants and free radicals. Numerous diseases and ailments, such as
aging, exercise, cardiovascular and neurological disorders, and cancer,
have been linked to oxidative stress [72].

Furthermore, prediabetes prevention and management require a
comprehensive approach that includes lifestyle changes, environmental
interventions, and smoking cessation. By correcting these factors, we
can lower the prevalence of prediabetes and improve health outcomes
for vulnerable populations [89].

2. Free radicals

There are molecules called free radicals that have one or more un-
paired electrons in their outer shell. These molecules are unstable, but
they react more strongly than non-radical species. Redox reactions form
free radicals by breaking a chemical bond between the electrons and
cleaving one electron to give another [17]. Therefore, the unstable
molecule loses its electron and turns into a free radical state, resulting in
damage to the living cell [18]. Free radicals have two sources for pro-
duction: endogenous and exogenous. Various factors involved in the
production of free radicals include age, intense exercise, mental stress,
inflammation, ischemia, infection, malignancy, and immune cell acti-
vation. Meanwhile, exogenous factors comprise exposure of environ-
mental pollutants, such as heavy metals (Cd, Hg, Pb, Fe, and As), specific
drugs (cyclosporine, tacrolimus, gentamycin, and bleomycin), chemical
thinners, cooking (smoked meat, used oil, and fat), alcohol, cigarettes,
and radiation [16]. Overproduction leads the body to generate oxidative
stress, and this could be a major factor in the emergence of several
degenerative and chronic conditions, including cancer, diabetes, auto-
immune diseases, aging, cataracts, and cardiovascular, and neurological
conditions. Consequently, free radicals cause harm to proteins, fats, and
DNA and cause a variety of illnesses in people [17].

Via three diverse pathways, the PKC pathway, the aldose reductase
pathway, and the AGE generation pathway, free radicals are essential to
the development and progression of diabetes. Adequate aldose reductase
activity converts glucose to sorbitol utilizing the continuous oxidation of
sorbitol to fructose, which is dependent on nicotinamide adenine
dinucleotide phosphate (NADPH). Chronic hyperglycemia in diabetes
saturates this mechanism early on, leading to the polyol pathway being
the primary pathway for the metabolism of more than 30 % of glucose
[36].

2.1. Reactive oxygen species (ROS) and its mechanism

ROS are highly reactive molecules with unpaired electrons that can
interact quickly with other chemical compounds to change their struc-
ture and function. Reactive oxygen species are classified, Hydroxyl
radical (*OH), Superoxide radical anion (O2*"), Peroxyl radical (ROO"),
Alkoxyl radical (RO*), hydrogen peroxide (H203), perhydroxyl radical
(HOO¢), Singlet oxygen (102) [11]. However, ROS production is a
necessary part of normal metabolism, and maintaining normal physi-
ology requires some level of ROS formation. The primary cause of the
oxidative stress that is building up inside the cellular machinery is
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reactive oxygen species [13]. Overproduction of ROS has a significant
impact on cellular respiration by lowering the need for oxygen con-
sumption, which leads to aberrant metabolism and disease conditions.

One essential cause of ROS from the oxidative process is in the
mitochondria. The enzyme known as Superoxide dismutase (SOD) plays
a crucial role in the dismutation reaction that occurs inside the mito-
chondria and in the extracellular matrix of each cell, where it transforms
superoxide ions into hydrogen peroxide. These free radicals are recog-
nized to be stabilized by peroxidase in the extracellular matrix and
catalase in the peroxisome. They can transform hydrogen peroxide
(H205) into molecules of oxygen and water. HoO5 breakdown is aided by
both NADP * oxidation and glutathione (GSH) reduction [24].

Antioxidants maintain a highly complex balance between producing
ROS and protecting from oxidative damage. This includes enzymatic
(like superoxide dismutase, catalase, and glutathione peroxidase) and
non-enzymatic (like dietary antioxidants, vitamins, and thiols) mecha-
nisms. The oxidant-generating Enzymes cause proteins, lipids, and
nucleic acids to oxidize irreversibly due to the impaired activity of the
antioxidant level. This oxidative stress, or unbalanced redox equilib-
rium, causes alterations in cell signaling that result in senescence, pro-
grammed cell death, and the loss of vital cellular functions [10].

Increased ROS levels also activate several signal transduction path-
ways, including the MAPK pathway, and block the insulin signaling
pathway. Naturally occurring byproducts from normal cellular meta-
bolism comprise ROS, composed of free radicals and other highly
reactive chemicals [19]. Afterward, additional oxidase enzymes, like
cytochrome P450 enzymes in the smooth endoplasmic reticulum (SER)
and xanthine oxidase (XOD) in the cytoplasm, can also produce p-cell
027 in different cell compartments. In a recent research investigation,
intermittent high glucose eventually increased the XOD activity and 02~
of the INS-1 p-cell line. Additional repercussions of this included
reduced viability and an accumulation of cells in the growth phase
during the cell cycle. It was discovered that substantial fluctuations in
glucose concentration were more detrimental to f-cell function than
consistently elevated levels [53].

In addition to directly promoting the production of 02~ and other
ROS, the activity of these enzymes can also aid in the bioactivation of
harmful substances like nitrosamines, which are frequently derived from
harmful sources like processed or smoked meats [14]. Oy, other reactive
oxygen species, and nitrosamines are frequently produced by cyto-
chrome P450 enzymes. Furthermore, they have been demonstrated to
cause DNA damage in BRIN-BD11 f-cells and to be able to generate
highly reactive nitrogen species (RNS) [54]. As a crucial
rate-determining enzyme, glucokinase is necessary for a proper glyco-
lytic flux as well as the production of a high ATP/ADP ratio, which is
necessary on behalf of the release of insulin. It’s interesting to note that
3-morpholiydnonimine and hydroxylamine, two NO donors, likewise
encouraged insulin release in INS-1 cells. In INS-1 p-cells and rat islets, it
was found that intracellular -NO levels rise under glucose and Ca®*
influx, while scavenging of -NO inhibited insulin production. Conse-
quently, physiological signaling is influenced by low levels, whereas
B-cell activity is negatively impacted by greater levels [55].

Furthermore, p-cells in the diabetic condition may be exposed to
glucose overload long-term, which can result in increased Ca%* oscil-
lations, tricarboxylic acid cycle activity, and elevated glycolytic flux and
glucose oxidation [52]. However, when this reduction is not complete
and leaves behind a superoxide anion instead of water as the outcome,
ROS is created. Conversely, when an electron eludes the ETC process, a
single electron reduction of oxygen develops a superoxide anion. There
are more sources of ROS generation than there are documented sources
of mitochondria [51].

On the other hand, oxidative stress occurs after the body generates
more of these, and its antioxidant defenses can sustain them [35].
Hyperglycaemia and excess production of ROS overwhelm the body’s
natural defenses against oxidative stress, which may result in cell
damage and the onset of diabetes complications [39]. Vasoconstriction,
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endothelial dysfunction, and increased salt absorption are triggered by
elevated ROS levels in the kidney [33].

An increase in blood glucose causes oxidative stress by generating an
excess of free radicals through a range of metabolic processes. Several
factors associated with diabetes are adversely affected by this oxidative
stress, including reduced insulin sensitivity and beta-cell activity, which
results in poor glucose regulation [36]. Oxidative stress has become
considered a disease trigger and contributes significantly to the devel-
opment of inflammation and fibrogenesis. Moreover, elevated blood
glucose levels cause an increase in the production of ROS, which in turn
causes an elevated prooxidant condition [40].

Meanwhile, the effect of oxidative stress delves into pathological
aspects including male infertility. Researchers propose that oxidative
stress primarily causes abnormal male infertility. It was discovered that
the seminal plasma of 30 %—40 % of infertile males in the US exhibited
elevated ROS levels. Both endogenous and external factors can produce
ROS in human seminal plasma [47]. This is to be believed only because
of excessive alcohol intake and smoking along with some environmental
circumstances, including radioactive effects and toxins leading to
increased levels of ROS in seminal plasma in males. In this instance,
sperm harm may result from the incredibly high ROS levels in seminal
plasma. Numerous studies link abnormally high amounts of ROS, IL-6,
IL-8, and tumor necrosis factor to reduced sperm function [48]. Thus,
alcohol intake could lead to an increased ROS level in seminal plasma,
impairing the eminence of semen [49].

2.2. ROS and insulin resistance

Oxidative stress is considered an essential molecular mechanism in
insulin resistance. The overproduction of ROS based on hyperglycemia
can cause insulin resistance by disrupting insulin signaling [23]. The
impairment of the insulin signaling mechanism and the acceleration of
type 2 diabetes are caused by the stimulation of numerous signaling
pathways, such as c-Jun N-terminal kinase (JNK), MAPK, and NF-kB,
which are linked to the deprivation of IRS [24]. Studies revealed that
damage to ROS species has a direct effect on the progress of various
chronic conditions, comprising insulin resistance and type 2 diabetes
mellitus [21].

ROS alters different phases of insulin receptor signal transduction,
leading to a reduction in the expression of the GLUT-4 transporter in the
cellular membrane and the development of insulin resistance in pe-
ripheral tissues. The most extensively investigated pathway is the NF-xB
pathway, which is considered to be important for cellular responses that
cause inflammation and apoptosis. The activation of additional path-
ways in response to the overproduction of ROS triggered by hypergly-
cemia is initiated by this signaling cascade [43].

Studies revealed that Stress-activated kinases have been postulated
for enhancing the serine-phosphorylation of important mechanisms of
the insulin signalling, such as IRS or IR, leading to IRS degradation and
consequent interruption of the insulin-signaling pathway. In addition,
the phosphorylation of the IRS increases its ability to interact with the
insulin receptor and proteins that contain Src homology 2 (SH2) do-
mains, including PI3K. These stress-induced pathways play a crucial role
in ROS-induced IR because their activation is linked to altered insulin
signaling [44]. A study found that high levels of reactive oxygen species
(ROS) cause casein-kinase 2 (CK-2) to become active, which in turn
causes retromer activation. This process activates the trans-Golgi
network, facilitating the translocation of GLUT-4 to lysosomes rather
than the plasma membrane. The issue of hyperglycemia and hyper-
insulinemia in the tissues is exacerbated by this decline in GLUT-4 levels,
which leads to the resistance of peripheral tissues to insulin [45].

Insulin resistance and systemic inflammation are caused by inflam-
matory substances produced by both macrophages and adipocytes. In
adipocytes, some saturated free fatty acids (SFAs), laurate, myristate,
and palmitate increase the expression of inflammatory genes. Nuclear
factor kB (NF-xB) transactivation and the generation of ROS are linked
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to these processes [56]. It has recently been proposed that the patho-
physiology of obesity-associated is ultimately influenced by chronic ROS
generation. ROS is physiologically essential to adipocyte differentiation.
Insulin signaling regulates the short half-life of these physiological. Both
genetically and diet-induced obese mice exhibit significantly elevated
ROS levels within the visceral adipose tissue [57]. Studies revealed that
there has been increasing evidence that antioxidants might decrease
insulin resistance and restore insulin signaling in obese mice. To
improve insulin sensitivity in genetic and diabetic mice, for instance, the
antioxidant manganese tetrakis porphyrin and the cell-permeable
small-peptide  antioxidant SS31 (D-Arg-2,6-dimethyltyrosine-Ly-
s-Phe-NH2) are administered without affecting body weight [58].
Studies have shown a strong relationship between increased levels of
oxidative stress and insulin resistance [49].

2.3. ROS and beta cells

ROS are oxygen-derived reactive molecules and free radicals, with
02~ serving as the precursor for most forms. One of the main sources of
ROS is the mitochondrial electron transport chain, where oxidative
phosphorylation converts oxygen consumed into O up to 4 %. Syn-
thesis, storage, and release of insulin are carried out by pancreatic f cells
[32]. Beta cells function as glucose sensors and these cells are essential
for the release of insulin in response to glucose stimulation. Excessive
production of ROS during hyperglycaemic or hyperlipidaemic condi-
tions leads to f cell failure, which impairs the pancreatic islets to syn-
thesize and release insulin [41]. High glucose metabolism in f-cells
frequently produces ROS in the mitochondria, which impairs the func-
tion of the insulin secretory pathway. Therefore, ROS are often produced
in mitochondria due to the high amount of glucose metabolism in p-cells
[671.

Furthermore, the expression of antioxidant enzymes like SOD and
Gpx/catalase in p-cells are roughly 30 % and 5 % of liver values
respectively. B-cells are vulnerable to oxidative stress damage resulting
from the poor secretion of antioxidant enzymes. Although excessive
glucose exposure causes mitochondrial ROS production in B-cells, p-cells
may have compromised insulin secretory action [28]. The harmful ef-
fects of ROS result in beta-cell failure and death, affecting the production
and release of insulin. Insulin resistance is also a result of oxidative
stress, which reduces insulin’s ability to promote cells’ uptake of glucose
[36]. However, prolonged high glucose may result in intracellular
oxidative stress because of increased glucose metabolism and mito-
chondrial reactive oxygen species generation, particularly in the
pancreatic p-cell but also in several insulin-sensitive organs [50].

Glucose metabolism increases intracellular Ca®* levels, which acti-
vates protein kinase C and NADPH oxidase (NOX) and produces 0% [11].
Inhibiting NOX disrupts intracellular Ca®* dynamics and GSIS, resulting
in ROS production during GSIS. NOX2 does not influence p-cell function
or glucose-induced oxidative damage. Peroxynitrite (ONOO —), a reac-
tive species produced by O~ and free radical nitric oxide (NO), damages
B-cells in response to pro-inflammatory cytokines. However, cytokines
do not activate p-cells to cause ONOO-. Thioredoxins and peroxiredoxins
are overexpressed in the first line of defense against HyOo, and they are
required for redox signaling. The most highly upregulated gene in
human islets in response to glucose is thioredoxin-interacting protein
(TXNIP). TXNIP binds to and inhibits thioredoxin, which modifies the
cellular redox state and causes oxidative stress [29]. Owing to NOX’s
involvement in the functioning of immune cells and the newly discov-
ered dual beneficial roles of NOX isoforms in f-cell function,
pro-inflammatory cytokines (like IL-1p, TNF-a, and INF-y) and glucose
excess can cause NOX dysregulation in TIDM and T2DM, which can lead
to cellular dysfunction and impaired insulin secretion [50]. Further-
more, p-cells in the diabetic condition may be exposed to glucose
overload long-term, which can result in increased Ca®" oscillations,
tricarboxylic acid cycle activity, and elevated glycolytic flux and glucose
oxidation [52].
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2.4. ROS production and its effects on prediabetes development and
diabetes complications

The onset of prediabetes and T2DM are influenced by many factors,
including lifestyle habits, oxidative stress, and genetic predisposition
that might affect their onset and progression (Fig. 1) Increased secretion
of ROS in response to hyperglycemia (through the main mechanisms
described above) damages many macromolecules in cells, leads to cell
injury, and finally causes oxidative stress. Increased ROS and oxidative
stress are related to deficiencies in insulin secretion and action, as well
as p-cell dysfunction and the emergence of insulin resistance. T2DM and
its complications are influenced by several risk factors, also suppression
of antioxidant responses, and the elevation of oxidative stress [20].

3. Beta cells ROS scavenging

The regulation of p-cell function and glucose homeostasis appears to
involve the interaction of ROS, antioxidants, and the adaptive antioxi-
dant response. Antioxidants, which are classified into two types: enzy-
matic and nonenzymatic components, are required to minimize and/or
neutralize the negative effects of reactive substances. The three basic
enzymatic antioxidants—superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidases (GPx)—have been studied for the treatment
of diseases and catabolic states caused by oxidative stress and/or dam-
age [59]. Antioxidants protect p-cells from oxidative damage and mal-
function, but can also suppress ROS signaling activated by glucose,
reducing glucose-stimulated insulin production. Our bodies have a
several defense systems against reactive oxygen species (ROS) and
oxidative stress, including glutathione peroxidase, SOD, and catalase.
However, the chronic inflammation associated with diabetes impairs
these defense mechanisms, which accelerates the development of dam-
age and the disease ultimately [36]. The antioxidants are listed below.

3.1. Superoxide dismutase

SOD, an important antioxidant enzyme, creates HoOy and Oy by
dismutating the superoxide anion (02_). SOD is said to help with T2DM
by reducing oxidative stress caused by hyperglycemia. In T2DM pa-
tients, a drop in SOD concentrations may increase sensitivity to oxida-
tive stress [31]. SOD activity was decreased in prediabetes patients
compared to normoglycemic patients [30]. In addition, studies have
proven the antioxidant capabilities of chemically modified SOD in
streptozotocin (STZ)-induced diabetic rats (such as
carboxymethylcellulose-SOD and polymethyl vinyl ether-co-maleic
anhydride-SOD).

3.2. Catalase

Catalase is an antioxidant enzyme that converts hydrogen peroxide
into water and oxygen. This enzyme is found in all aerobic species and is
thought to be the final step in detoxification, where SOD is initiated
[60]. Furthermore, investigations conducted by Japanese, Swiss, and
Hungarian individuals have shown that the catalase enzyme possesses
peroxidase activity when it interacts with H* sources such as methanol,
ethanol, formic acid, or phenol. CAT gene polymorphisms and some
mutations can result in a catalase deficiency. Low HyO3 excretion due to
CAT deficiency or mutation has been linked to oxidative stress, which
can cause diseases like diabetes, hyperlipidemia, gangrene, atheroscle-
rosis, and hypertension [61]. Decreased CAT levels make it difficult for
pancreatic f-cells to protect against hazardous quantities of H3Oo,
especially when glucose is used to activate the cells [62].

Catalase deficiency raises the risk of T2DM and contributes to the
failure of p-cell function by shielding them from ROS-induced damage
[31]. Low CAT levels can hinder pancreatic f-cells’ ability to guard
against dangerous excess HyO,, particularly when glucose is used to
activate the cells.
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Fig. 1. ROS production and its effects on prediabetes development and diabetic complications.

3.3. Glutathione peroxides

Lipid and intracellular hydrogen peroxides are reduced by the
selenium-dependent enzyme glutathione peroxidase 1 (GPX1) [63]. The
enzymatic antioxidant defense system is largely supported by the
glutathione peroxidase (GPx) family. GPx1, an isoform of the GPx family
that is widely expressed, detoxifies toxic lipid peroxides by converting
hydrogen peroxide to water and lipid alcohol [33].

The mitochondria of mammalian cells contain the majority of this
antioxidant enzyme, while the cytoplasm contains trace amounts. To
further protect the cell from various oxidative stresses, GPx detoxifies
the cell from both organic and inorganic peroxides [38]. Wang and
colleagues’ study in China found a significant decrease in pancreatic
B-cells, as well as hyperinsulinemia, mild hyperglycemia, and decreased
ATP generation. In a different study, Gpx1—/—2 mice were given a
high-calorie diet for 12 weeks and showed symptoms of chronic and
systemic oxidative stress associated with hyperglycemia. Chronic
oxidative stress from ROS led to decreased f-cell mass and insulin
secretion, despite no variation in insulin sensitivity. This was linked to
Pdx1 gene expression [64].

Clinical evidence has connected human GPX1 gene variants to an
increased risk of diabetes onset and progression [38]. Subsequent
research, including epidemiological studies, has found that high or low
selenium intake is associated with an increased risk of diabetes [65].

3.4. Paraoxonase

Paraoxonase, often known as PON1, is a glycoprotein that has anti-
inflammatory and antioxidant activity. Mostly produced in the liver
and delivered into the bloodstream, it then attaches to high density li-
poprotein (HDL) in the circulation. PON1’s antioxidant characteristics
may promote insulin secretion with high glucose levels by protecting
against oxidative damage [40].

PON1 appears to have a cytoprotective impact on p cells, increasing
their viability and insulin production. PON1 increases insulin synthesis
in B cells, showing its crucial role in insulin production [42].

4. Oxidative stress and prediabetes
4.1. Influence of oxidative stress on insulin signalling

Prediabetes, the most significant predictor of T2DM, is described as
impaired glucose tolerance or fasting glucose levels. It has also been
associated with dyslipidemia, endothelial dysfunction, hypertension,
and impaired fibrinolysis [42]. Obesity, advancing age, and inadequate
nutrition are among the most prominent risk factors that contribute to
an oxidative environment that may change insulin sensitivity by
reducing insulin resistance or worsening glucose tolerance. Reactive
oxygen species (ROS) have been found to disrupt insulin signaling, with
dose- and time-dependent effects. Millimolar ROS concentrations play a
physiological role in insulin signaling via a process involving NADPH
oxidase. Increased ROS levels also activate various signal transduction
pathways, including the MAPK pathway, while inhibiting the insulin
signaling pathway [10].

Insulin stimulation causes a transient and low-dose exposure to ROS
via an increase in HyO5 production. Insulin resistance has been linked to
a variety of causes, with ROS being identified as a major contributor to
its development. Studies have found that treating the mouse adipocyte
cell line with hydrogen peroxide-ROS resulted in insulin resistance [22].
This exposure stimulates the insulin signaling cascade by inhibiting
tyrosine phosphatase activity, resulting in increased basal tyrosine
phosphorylation of the insulin receptor and its substrates. The most
common symptom of poor insulin signaling is insulin resistance, which
occurs when normal insulin levels are insufficient to permit muscle, fat,
or liver cells to respond appropriately to insulin. Oxidative stress in-
terferes with insulin signaling, leading to insulin resistance [26].

T2DM occurs when f-cells fail to adapt to decreasing insulin sensi-
tivity caused by increasing insulin resistance. This impairs the pancreas,
liver, bones, and brain’s capacity to operate properly. According to
studies, hepatic insulin resistance impairs glucose absorption and the
insulin signaling pathway in persons with liver disease, reducing
glycogenesis and raising blood sugar levels [40].

Increased ROS levels also activate various signal transduction path-
ways, including the MAPK pathway, while inhibiting the insulin
signaling pathway. T2DM and associated consequences are principally
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caused by the stimulation of multiple pro-inflammatory (TNF-a, NF-kB),
pro-fibrotic (TGF-p) factors, macromolecular changes (typically lipids
and proteins), mitochondrial dysfunction, and cellular injury by ROS
[24].

4.2. Relationship between oxidative stress and prediabetes

However, ROS synthesis is an essential component of regular meta-
bolism, and maintaining normal physiology necessitates some amount of
ROS formation [10]. The body’s overproduction of free radicals causes
oxidative stress. This could play a significant role in the onset of a va-
riety of degenerative and chronic ailments, such as cancer, diabetes,
autoimmune diseases, aging, cataracts, and cardiovascular and neuro-
logical disorders. Obesity, insulin resistance, inflammation, dyslipide-
mia, hypertension, and genetic factors all contribute to the development
of prediabetes. As a result, free radicals damage proteins, lipids, and
DNA, causing a wide range of human disorders [17].

This stress caused numerous dysfunctions in pancreatic beta cells and
may have affected sensitivity in the liver and adipose tissues. Thus,
prediabetes is caused by the degradation of insulin secretion and fat
[69]. A study in Iran found that prediabetes had a lower dietary total
antioxidant capacity (DTAC) than the control group. Thus, it emphasizes
the role of free radicals in oxidative stress in prediabetics [8].

Therefore, excessive free radical production might play a role in the
pathogenesis of prediabetes. Another study from Saudi Arabia reported
that individuals with prediabetes were associated with dyslipidemia,
decreased total antioxidant capacity, and obesity. According to experi-
mental research, oxidative stress impairs insulin signaling and lowers
insulin production from beta cells in the pancreas, hastening the pro-
gression from insulin resistance to type 2 diabetes.

5. Progression rate of prediabetes to diabetes

Every year, between 10 % and 15 % of people with prediabetes
develop diabetes; however, the conversion rate varies depending on the
characteristics of the population and how prediabetes is defined. The
prevalence of prediabetes, diabetes, and “any dysglycaemia” was found
to be 22.2, 29.5, and 51.7 cases per 1000 person-years, in that order.

A total of 45.1 % of those with normal glucose tolerance transitioned
to dysglycemia, with 19.4 % developing diabetes and 25.7 % becoming
prediabetic. Additionally, 58.9 % of people with prediabetes eventually
developed diabetes. Factors such as growing older, a family history of
diabetes, 2-h plasma glucose, glycated hemoglobin (HbAlc), poor HDL
cholesterol, and physical inactivity were all associated with a higher risk
of dysglycemia [27].

A Danish population study indicated that patients with prediabetes
had the highest risk for major adverse cardiovascular events and all-
cause death. This underscores that prediabetes is linked to serious
health implications in adults [46].

6. Proposed management strategies

Studies have revealed, a healthy lifestyle, sustainable dietary
changes, physical activity, particularly regular exercise that promotes
weight loss, and psychological support with medication can all help
regulate pre-diabetes [82].

Motivational interviewing and individualized diet are critical com-
ponents of patient involvement, while routine diagnostics, such as
HbAlc testing and fasting plasma glucose, as well as the use of digital
technologies, are required for monitoring and follow-up [90].

7. Conclusion
Prediabetes often results in insulin resistance and impaired beta-cell

activity. Hyperglycaemia can promote vascular dysfunction by
increasing the formation of ROS and upregulating indicators of chronic
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inflammation. Low antioxidant levels cause ROS levels to increase in
prediabetes. This damages the body’s lipids, proteins, carbohydrates,
and DNA, affecting cellular structure and function. To delay the onset of
diabetes and prevent diabetic complications, it is essential to effectively
manage hyperglycemia and suppress the elevated levels of ROS. Our
paper summarizes that excessive production of ROS affects the beta cell
function leading to failure. There has been lack of studies which ad-
dresses the role of oxidative stress in prediabetes development. This
review comprises the pathogenesis and impact of oxidative stress
biomarker in prediabetes. Also, this review implies a complete under-
standing of oxidative stress plays an important role as one of pre-
diabetes’s underlying causes may pave the way for early prediabetes
diagnosis and therapy, preventing its progression into type 2 diabetes
mellitus.
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