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Abstract: Diabetes mellitus is a chronic metabolic disorder characterized by hyperglycaemia and
oxidative stress. Oxidative stress plays a crucial role in the development and progression of diabetes
and its complications. Nutritional antioxidants derived from dietary sources have gained significant
attention due to their potential to improve antidiabetic therapy. This review will delve into the world
of polyphenols, investigating their origins in plants, metabolism in the human body, and relevance to
the antioxidant mechanism in the context of improving antidiabetic therapy by attenuating oxidative
stress, improving insulin sensitivity, and preserving β-cell function. The potential mechanisms of,
clinical evidence for, and future perspectives on nutritional antioxidants as adjuvant therapy in
diabetes management are discussed.
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1. Introduction

Diabetes mellitus (DM) is a global health concern with increasing prevalence. It is a
chronic metabolic disorder characterized by high blood glucose levels (hyperglycaemia)
due to inadequate insulin production, impaired insulin action, or a combination of these [1].
Diabetes is classified into two types: type 1 and type 2. Diabetes can appear during
pregnancy, under other conditions, such as drug or chemical toxicity, genetic disorders,
endocrinopathies, and insulin receptor disorders, and in association with pancreatic ex-
ocrine diseases.

Hyperglycaemia occurs in type 1 diabetes mellitus (T1DM) due to a complex disease
process in which genetic and environmental factors cause an autoimmune response that
has yet to be fully understood [2]. The pancreatic cells within the islets of Langerhans are
destroyed during this process, resulting in individuals with this condition relying primarily
on exogenous insulin administration for survival. However, a subset has significant residual
C-peptide production [3]. Type 1 diabetes is usually diagnosed in children and young
adults, although it can develop at any age. It accounts for about 5–10% of all diabetes
cases. Indeed, several major genetic determinants of T1DM account for only 40–50% of
the familial clustering of this disorder [4]. Furthermore, there is a 6% annual increase in
the risk of developing T1DM in developed countries, which remains unexplained but is
thought to be caused by environmental triggers [5].

Type 2 diabetes mellitus (T2DM), also known as non-insulin-dependent diabetes
or adult-onset diabetes, is characterized by insulin resistance and inadequate insulin
secretion. In this condition, cells become less responsive to insulin, leading to elevated
blood sugar levels. Type 2 diabetes is the most common form of diabetes, accounting
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for approximately 90–95% of all cases. It often develops in adults but has become more
prevalent in children and adolescents due to lifestyle changes and obesity [6]. The link
between the obesity and DM is related to adiposopathy, meaning the dysfunction in
hormonal activity of adipose tissue promotes chronic inflammation, dysregulated glucose
homeostasis, and impaired adipogenesis, leading to the accumulation of ectopic fat and
insulin resistance [7]. Peripheral insulin resistance and the compensatory hypersecretion
of insulin from pancreatic islets may precede a decline in islet secretory function in this
form of the disease. Skeletal muscle, liver, and adipose tissue have the most prominently
reduced insulin sensitivity due to these sites’ specific glucose uptake and metabolism
requirements. However, it is increasingly thought that in most subjects, a relative decrease
in insulin secretion is the final event that leads to hyperglycaemia [8]. The rise in the
incidence of type 2 diabetes, particularly in developing countries, corresponds to the trend
of urbanization and lifestyle changes, perhaps most notably a “Western-style” diet with
resulting obesity. This suggests that environmental factors play an essential role in this
disease’s pathogenesis, which also has a strong genetic component. It is still unlikely that
genetic factors or aging alone can explain the dramatic rise in type 2 diabetes prevalence. It
is unclear how increased caloric and dietary fat intake, reduced exercise, and an associated
increase in body weight lead to type 2 diabetes.

Gestational diabetes mellitus (GDM) affects 2–10% of all pregnant women, depending
on the type of applied diagnostic tests and investigated population [9]. There has been rapid
growth recently in the incidence of GDM, both throughout the world and in Poland, caused
by the obesity epidemic, the increase in mothers’ ages, and a lack of physical activity [10].
Gestational diabetes leads to numerous severe complications in both mothers and their
children [11]. Considering mothers, GDM is a significant risk factor for developing type
2 diabetes later in life; it is estimated that approx. 20–30% of women with gestational
diabetes develop type 2 diabetes within 10 years of having a baby. The risk of T2DM is
almost 10 times higher in women diagnosed with GDM than in women whose pregnancy
is proceeding correctly [12]. In turn, children of women with GDM are at higher risk
of developing macrosomia, neonatal hypoglycaemia, and jaundice complications. At a
later age, the consequences may relate to the onset of metabolic syndrome, obesity, and
diabetes [13].

In 2014, there were 422 million patients who were affected by diabetes, nearly twice as
many as in 1980 [9]. According to projections, there will be 578 million diabetic patients
by 2030 and 700 million by 2045 [14]. The disease reduces both a person’s quality of life
and life expectancy. It imposes a significant economic burden on the health care system
globally and affects the lives of patients and their families.

Oxidative stress, resulting from an imbalance between reactive oxygen species (ROS)
production and antioxidant defence, contributes to the pathogenesis of diabetes and its
complications [15]. Nutritional antioxidants in various dietary sources have shown promise
in reducing oxidative stress and improving glycaemic control in individuals with diabetes.
These antioxidants can exert their effects by neutralizing ROS, modulating intracellular
signalling pathways, and enhancing the antioxidant defence system [16]. An antioxidant-
rich diet has been found to decrease oxidative markers and improve insulin sensitivity in
T2DM individuals [17],which also has been supported by the results obtained by van der
Schaft and coworkers [18].

The enzymatic antioxidant defence system is pivotal in neutralizing ROS and main-
taining cellular redox homeostasis. Critical components of this system include superoxide
dismutase (SOD), catalase, and glutathione peroxidase, along with sirtuins and peroxi-
some proliferator-activated receptor gamma (PPAR-gamma) [19]. The study conducted by
Guzik et al. found that diabetes-related vessels produce significantly more superoxide from
two main sources: first, the activity and protein levels of the vascular NAD(P)H oxidase
system are increased; second, in diabetic vessels, the endothelium is a net contributor to
the total vascular superoxide release rather than superoxide scavenging by NO production.
This increased endothelial superoxide production appears to be caused by dysfunctional
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endothelial NO synthase (eNOS), which is mediated by tetrahydrobiopterin (BH4) avail-
ability. Finally, Protein kinase C (PKC) signaling appears to be involved in these changes,
at least in part [20].

A diverse group of organic compounds called polyphenols is abundant in plants.
They have attracted much interest because of their potential health advantages, especially
as antioxidants.

Numerous plant-based food sources, such as fruits, vegetables, whole grains, legumes,
nuts, and seeds, are high in polyphenols. Berries (such as blueberries, strawberries, and
raspberries), citrus fruits, apples, grapes, green tea, cocoa, and spices such as turmeric
and cinnamon are notable sources of polyphenols. The specific polyphenol content varies
among plant sources. Therefore, it is beneficial to incorporate a diverse range of fruits,
vegetables, and other plant-based foods into one’s diet [21].

This review outlines the recent progress in polyphenols’ application as an anti-
inflammatory and antioxidant factor in diabetes mellitus with particular emphasis on
molecular mechanisms.

2. Damaging Effects Mediated by Oxygen Free Radicals

The term “reactive oxygen species” (ROS) encompasses molecules such as free radicals,
neutral atoms, molecules, and ions [22,23]. Free radicals are molecules with one or more
unpaired electrons on the atomic or molecular orbitals, and they are natural byproducts of
oxygen metabolism in all aerobic organisms. Oxygen is the precursor of radicals in aerobic
organisms. The molecule in the ground state is the diradical (•O=O•) consisting of two
unpaired electrons on the two anti-bonding orbitals p*2p. The oxygen molecule can be
excited with the change of spin of one electron on orbital p*2p, forming a singlet oxygen
molecule (1O2). This molecule is highly reactive, can directly induce lipid peroxidation,
DNA (particularly guanine), and protein oxidation (particularly histidine, tyrosine, and
tryptophan), and participates in the synthesis of other ROS [24]. Free radicals are highly
reactive species that can induce chain reactions resulting in new free radicals’ synthesis.
Singlet oxygen (1[O2]), hydrogen peroxide (H2O2), peroxide ion (O2

−), and hypochlorous
acid (HOCl) are nonradical ROS. ROS also comprise oxygen radicals, including the super-
oxide anion (O2•−), hydroxyl radical (HO•), hydroxide radical (HO2•), peroxide radical
(ROO•), and alkoxyl radical (RO•) [25–27].

ROS are formed in living organisms as a result of the action of various external envi-
ronmental factors, including ionizing and ultraviolet radiation, ultrasound, or cigarette
smoke (exogenous sources), as well as numerous intracellular biochemical processes occur-
ring in mitochondria, peroxisomes, microsomes, or phagocytic leukocytes (endogenous
sources) [27,28] (Figure 1).

The primary sources of ROS are mitochondria in the mitochondrial electron transport
chain, where ATP, as a result of oxidative phosphorylation, is produced. About 1–3% of all
electrons in the transport chain are “leaking” to generate superoxide which can be further
reduced to HO• and H2O2 instead of contributing to the reduction of oxygen to water.
The mitochondrial respiratory chain (RC) is a significant site of ROS production in the
cell. Therefore, it has been suggested that mitochondria are the prime targets for oxidative
damage [25]. Several alternative pathways also lead to their formation: NADPH-oxidase
(NOX), immune reactions, xanthine oxidase, arachidonic acid metabolism, etc. [29].

ROS are poisonous and pathogenic at uncontrolled high concentrations, but at physio-
logical concentrations, ROS are mediators and regulators of many critical cellular processes,
such as proliferation, differentiation, and apoptosis [30,31]. ROS can thus play a significant
physiological role as secondary signalling messengers through protein kinases, transcrip-
tion factors, and proinflammatory factors’ genomic expression [32]. It has been found that
some growth factors can induce ROS production in non-phagocytic cells by interacting
with specific receptor proteins [33].
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When ROS overwhelm the cellular antioxidant defence system, whether through an
increase in ROS concentration or a decrease in the cellular antioxidant capacity, oxidative
stress occurs. Oxidative stress results in direct or indirect ROS-mediated damage, including
nucleic acids (DNA or RNA) [34], the oxidation of proteins [35], and the lipid peroxidation
of polyunsaturated fatty acids (such as membrane phospholipids) [36]. These changes
have been identified in carcinogenesis, neurodegeneration, atherosclerosis, diabetes, and
ageing [37]. However, the involvement of ROS in the pathogenesis of diseases is not
confined to macromolecular damage. There is increasing evidence that ROS signalling
contributes to diseases.

2.1. Oxidative Damages of DNA

To date, more than 100 products have been identified from the oxidation of DNA. ROS
reactions with DNA lead to a multitude of oxidative damage to macromolecules, which
comprise (a) single- or double-strand breaks of DNA; (b) the structural modification of
purine and pyrimidine bases; (c) the formation of DNA-protein binding and the formation
of various types of adducts; (d) the introduction of basic sites; and (e) the cross-linking
between DNA chains [38–40]. The consequences of damage to DNA may include the
inhibition of replication and transcription or the presence of mutations leading to genomic
instability. All these changes lead to disturbances in the normal functions of cells and the
development of many diseases, including cancer and ageing [23,41].

Oxidative DNA damage encompasses mainly physicochemical changes in DNA,
which can affect the interpretation and transmission of genetic information [42,43]. ROS
(mainly HO•) in DNA can react with the nucleobases and deoxyribose, triggering signifi-
cant oxidative reactions. This can lead to mutations, carcinogenesis, apoptosis, necrosis, and
hereditary diseases [43]. DNA breaks occur due to nucleosome fragmentation (fundamental
structures for the organization of DNA within chromosomes), thus initiating complications
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in forming DNA within chromatin. Chromatin plays an essential role in regulating gene
transcription [44], and accordingly, modifications in its functional properties may result in
errors leading to mutagenesis (Figure 2).

Biomolecules 2023, 13, x FOR PEER REVIEW 5 of 31 
 

2.1. Oxidative Damages of DNA 
To date, more than 100 products have been identified from the oxidation of DNA. 

ROS reactions with DNA lead to a multitude of oxidative damage to macromolecules, 
which comprise (a) single- or double-strand breaks of DNA; (b) the structural modifica-
tion of purine and pyrimidine bases; (c) the formation of DNA-protein binding and the 
formation of various types of adducts; (d) the introduction of basic sites; and (e) the cross-
linking between DNA chains [38–40]. The consequences of damage to DNA may include 
the inhibition of replication and transcription or the presence of mutations leading to ge-
nomic instability. All these changes lead to disturbances in the normal functions of cells 
and the development of many diseases, including cancer and ageing [23,41]. 

Oxidative DNA damage encompasses mainly physicochemical changes in DNA, 
which can affect the interpretation and transmission of genetic information [42,43]. ROS 
(mainly HO•) in DNA can react with the nucleobases and deoxyribose, triggering signif-
icant oxidative reactions. This can lead to mutations, carcinogenesis, apoptosis, necrosis, 
and hereditary diseases [43]. DNA breaks occur due to nucleosome fragmentation (fun-
damental structures for the organization of DNA within chromosomes), thus initiating 
complications in forming DNA within chromatin. Chromatin plays an essential role in 
regulating gene transcription [44], and accordingly, modifications in its functional prop-
erties may result in errors leading to mutagenesis (Figure 2). 

 
Figure 2. Types of ROS-mediated DNA damage based on Bui et al. [44]. 

The hydroxyl radical adds to purines, giving rise to C4-OH-, C5-OH-, and C8-OH-
adduct radicals, while the addition to the pyrimidine leads to the formation of adducts at 
the C5-OH and C6-OH positions. 8-hydroxyguanine (8-OH-dG) has been the most exten-
sively studied one so far. It is relatively quickly formed and is both mutagenic and car-
cinogenic. It is a promising biomarker of an organism’s oxidative stress and a potential 
carcinogenesis biomarker [45]. It has been demonstrated that 8-OH-dG induces transver-
sions of GC → TA, whose presence has been identified in several mutant oncogenes (e.g., 
the DNA mismatch repair protein—MSH2) and tumour suppressor genes (e.g., P53, 
BRCA1, APC) [46]. Other known products of oxidative DNA damage, which are also 
highly mutagenic, include 8-oxo-adenine, 5-hydroxyuracyl, thymine glycol, and uracil 
glycol [47]. 

Figure 2. Types of ROS-mediated DNA damage based on Bui et al. [44].

The hydroxyl radical adds to purines, giving rise to C4-OH-, C5-OH-, and C8-OH-
adduct radicals, while the addition to the pyrimidine leads to the formation of adducts at the
C5-OH and C6-OH positions. 8-hydroxyguanine (8-OH-dG) has been the most extensively
studied one so far. It is relatively quickly formed and is both mutagenic and carcinogenic.
It is a promising biomarker of an organism’s oxidative stress and a potential carcinogenesis
biomarker [45]. It has been demonstrated that 8-OH-dG induces transversions of GC→ TA,
whose presence has been identified in several mutant oncogenes (e.g., the DNA mismatch
repair protein—MSH2) and tumour suppressor genes (e.g., P53, BRCA1, APC) [46]. Other
known products of oxidative DNA damage, which are also highly mutagenic, include
8-oxo-adenine, 5-hydroxyuracyl, thymine glycol, and uracil glycol [47].

Mitochondrial DNA (mtDNA) is particularly susceptible to oxidative damage since
mitochondria have limited repair mechanisms through nucleotide excision. Moreover,
mtDNA is not protected by histone proteins. The results of many studies have confirmed
respiratory chain dysfunction in many cancer cells due to mutations in the genes encoding
its enzymatic components [22,45].

DNA damage in cells leads to point mutations in particular regulatory genes that may
activate oncogenes and inactivate tumour suppressor genes, thus initiating and developing
cancer. However, specific and general repair mechanisms can repair DNA base modifica-
tions. In the case of extending oxidative damage to DNA that repair mechanisms cannot
cope with, the cell goes into the process of programmed death called apoptosis.

Increased levels of 8-oxo-dG in the tissues of diabetic rats and the urine of patients
with type 1 and type 2 diabetes were observed [48] with the levels being significantly
higher in patients with albuminuria or other diabetic complications [49]. In patients with
impaired fasting glucose in the prediabetic state, their levels of 8-OHdG increased com-
pared to those of normoglycemic patients [50]. An increased concentration of 8-Oxo-dG
and TG in familial combined hyperlipidaemic (FCH) subjects was detected compared to
that of healthy controls. 8-oxo-dG was positively correlated with insulin and triglycerides
and negatively with high-density lipoprotein cholesterol in FCH subjects [51]. Accord-
ing to Simone et al.’s study, the hyperglycaemia-induced redox-dependent activation of
protein kinase—Akt—augmented the phosphorylation of the tuberin protein and, as a
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consequence, also downregulated human 8-oxoguanine-DNA glycosylase 1 (hOGG1), an
enzyme engaged in the DNA base excision repair pathway (BER) [49].

Some studies have directly correlated DNA damage and HbA1c in T2DM individuals.
When Xavier et al. [52] investigated peripheral blood mononuclear cells, individuals with
poor glycaemic control (HbA1c > 7%) revealed higher DNA damage indicator levels com-
pared to those of normoglycemic (HbA1c < 7%) individuals. In leukocytes from controlled
T2DM patients, an elevated level of DNA damages was observed in comparison to that of
healthy individuals [53,54]. However a positive correlation between antioxidant capacity
and glucose or HbA1c levels in poorly controlled T2DM subjects was noted, which is
consistent with the theory that their antioxidant capacity is improved to compensate for
the excess of free radical species [54]. Other studies have examined blood lymphocytes
obtained from T2DM patients, which exhibit increased DNA oxidative damage, a more
heightened receptivity for mutagens, and insufficient DNA repair systems, further con-
tributing to the development and progression of T2DM and an increased risk of cancer in
those individuals [55].

Some literature data indicate a correlation between DNA damage and the risk of GDM
development; however, the results are inconsistent. Patients with GDM or mild gestational
hyperglycaemia may have higher oxidative DNA damage [56,57].

2.2. Lipid Peroxidation

Polyunsaturated fatty acids (PUFAs) present in membrane phospholipids are very
susceptible to oxidation by ROS [58]. ROS, particularly hydroxyl and peroxyl radicals, can
react with PUFAs and initiate lipid peroxidation chain reactions [59,60].

The first step of lipid peroxidation is an initiation reaction, which starts with the hy-
drogen abstraction from the methylene group of polyunsaturated fatty acids (in particular,
linoleic and arachidonic acid), and, as a result, the alkyl radical (R•) is formed. In the next
propagation step, a radical R• reacts with oxygen to form peroxyl radicals (ROO•) capable
of abstracting a hydrogen atom from another polyunsaturated fatty acid and thus starting a
chain reaction. As a result, fatty acid peroxides (ROOH) and another radical, R•, are formed.
The free radical chain reaction propagates until two free radicals conjugate each other to
terminate the chain. The reaction can also terminate in the presence of a chain-breaking
antioxidant such as vitamin C or vitamin E (α-tocopherol).

Lipid peroxidation products may be endoperoxides, epoxides, aldehydes, or dimers
of fatty acids. Malondialdehyde (MDA) is the best-known end product of lipid peroxi-
dation. It has been found that MDA has mutagenic properties by forming DNA adducts
in bacterial and mammalian cells and is carcinogenic in rats [61]. In addition to MDA,
in the process of lipid peroxidation, other α, β-unsaturated aldehydes and hydroxy alde-
hydes, including 4-hydroxyalkenals, 2-alkenals, hepta-2,4-dienal, 5-hydroxyoktanal, and
4-hydroxy-2-nonenal (HNE) are generated. HNE is mutagenic and highly toxic. MDA
and HNE are good oxidative stress markers, and their presence has been confirmed,
i.a., in cardiovascular diseases, diabetes, and Parkinson’s and Alzheimer’s diseases [62].
4-HNE, which reacts with cellular proteins and DNA, giving stable adducts, is a signalling
molecule that affects the regulation of several stress-sensitive transcription factors, such as
Nrf2, activating protein-1 (AP-1), NF-κB, and peroxisome proliferator-activated receptors.
Moreover, it is also involved in activating some stress response pathways, such as MAPK,
epidermal growth factor receptor/Akt, and PKC pathways [59].

ROS-induced lipid peroxidation contributes to reactive carbonyl species (RCS) forma-
tion which plays a vital role in the development of various diseases, for example, diabetes.
RCS may have cytotoxic and genotoxic properties depending on their concentration at the
tissue or the systemic level. The augmented concentration of 4-HNE in serum, plasma,
blood, urine, cells, and tissues may be linked to diabetic complications [63]. Many studies
on type 1 and type 2 diabetes from various tissues for 4-HNE levels confirmed this con-
cept [64,65]. In type 1 diabetic mice, about a 2.5-fold higher level of 4-HNE was detected
compared to that of the controls [65].
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A higher level of 4-HNE-modified proteins in the pancreatic beta cells of aged type 2
diabetic rats was observed compared to that of the controls, correlated with an increase in
the fibrosis of pancreatic islets [66]. Toyokuni et al. revealed significantly higher levels of
4-HNE-modified albumin in the serum of type 2 diabetes patients [64].

MDA may be a promising biomarker in T2DM. Uncontrolled T2DM patients with
an HbA1c level >7% exhibited significantly higher MDA levels than the control group.
However, there was no statistically significant difference between T2DM-controlled patients
(HbA1c level < 7%) and the control group. Moreover, a significant positive correlation
between the MDA concentration and lipid parameters (except HDL-C) was observed,
which may indicate the coexistence of atherogenic risk factors and oxidative stress [67].
Furthermore, the MDA levels were elevated compared to those of normoglycemic controls
in T2DM patients without complications and with retinopathy [68]. Desco et al. also
reported higher levels of plasma MDA in type 1 DM patients [69].

2.3. Oxidations of Proteins

The mediators of oxidative damage to proteins are HO• and, to a lesser extent, O•2
−

and H2O2. The reaction of HO• with the protein backbone starts with the abstraction of the
hydrogen atom from the α carbon atom of an amino acid, which leads to the creation of
an alkyl radical which then reacts with oxygen to form a radical alkyl peroxide [70]. This
product is then transformed into alkylperoxide. In the next step, alkylperoxide is converted
into an alkoxyl radical which may be converted into a hydroxyl derivative of an amino
acid or lead to the breaking of the polypeptide chain. In the case of oxygen deficiency, the
formation of radical alkylperoxide is demanding, and alkyl radicals react with each other,
forming cross-links between polypeptide chains.

Thiol groups of cysteine and methionine are particularly susceptible to ROS attacks
resulting in the formation of both intramolecular (P1-SS-P1) and intermolecular (P1-SS-P2)
disulfide bridges and oxidation products containing sulfenic group sulfinate or sulfonate,
metionylosulfoxides, or metionylosulfonyl [71].

The aromatic amino acid residues are also highly susceptible to ROS attacks. It has
been found that the oxidation of tyrosine residues formed 3,4- dihydroxyphenylalanine
or 2,5-tyrosine and the oxidation of tryptophan residues formed formylkynurinine and
kynurenine [72]. The markers of oxidative damage to proteins are carbonyl derivatives
formed by the oxidation of amino acids containing free amino-, amido- or hydroxyl- groups
by ROS. Carbonyl derivatives may react with the free amino groups of lysine residues,
leading to cross-link formation in the same or another protein molecule. Modified and
improperly folded protein chains are directed to the proteolytic pathways and eliminated
through proteasome ubiquitination [72].

Advanced glycation end products (AGEs) are diverse compounds that may be formed
in non-enzymatic reactions between glucose or other saccharides and proteins or lipids.
Environmental factors, including cigarette smoke, high levels of refined and simple carbohy-
drates, hypercaloric diets, foods cooked at a high temperature, and a sedentary lifestyle, can
initiate the production of AGEs and consequently damage cell lipids and proteins [67,73].
ROS may also catalyse the formation of AGEs and advance lipooxidation end products
(ALEs). AGEs are synthesized in the non-enzymatic Maillard reaction of nonreducing
sugars and amino groups in proteins, lipids, and nucleic acids, resulting in nonstable
Schiff bases that undergo the Amadori rearrangement, leading to the formation of stable
ketamine. These compounds may be transformed into more stable products (with peptides
or proteins to form protein cross-links) in a reversible reaction. An alternative to AGEs is
the polyol pathway in which the Heyns product is created, followed by Heyns rearrange-
ment [74]. The AGEs of these pathways belong to the following groups: fructose-derived
AGEs (Fru-AGE) and glucose-derived AGEs (Glu-AGE) (Figure 3)[75].
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These compounds may also participate in oxidation, dehydration, or polymerization
reactions to result in numerous other AGEs [76,77].

The oxidation of proteins is associated with the loss of biological activity and an
increased susceptibility to aggregation and proteolysis. AGEs are involved in cell toxicity.
AGEs can play a central role in the pathophysiology of different diseases, for example,
diabetes. The AGE-induced pathophysiology of diabetes mellitus encompasses two mech-
anisms. AGEs may act directly by trapping and cross-linking proteins or indirectly by
binding to the cell surface receptor.

AGEs can interact and modulate cell signalling through binding to various receptors,
for example, Toll-like receptors, scavenger receptors, G-protein-coupled receptors, and
pattern recognition receptors (RAGEs). The latter are specific receptors for AGEs, and, in
homeostasis, they are expressed at basal levels.

The accumulation of a high amount of sugar compounds may contribute to increased
levels of AGEs called glycotoxins and their interactions with human amino acids, peptides,
and proteins. There is a hypothesis that carbohydrates from food can affect internal glucose
levels and impair glucose pathways in tissues, which, consequently, can strongly and nega-
tively influence human health [78]. Under pathological conditions or chronic inflammation,
such as diabetes mellitus (DM), cardiovascular disease, Alzheimer’s disease, cancer, and
natural ageing, their expression is elevated. It has been reported that in diabetes, both
ROS and AGE concentrations are increased [79]. Elevated concentrations of AGEs in the
bloodstream, a consequence of hyperglycaemia in diabetes, may induce a signalling cas-
cade through RAGE. This activation involves a variety of downstream effectors, including
mitogen-activated protein kinase (MAPK), p38, stress-activated protein kinase/c-Jun N-
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terminal kinase (SAPK/JNK), Ras-mediated extracellular signal-regulated kinase (ERK1/2),
and Janus kinase signal transducer and activator of transcription (JAK/STAT) pathway
which will sequentially lead to sustained activation transcription factors, such as NF-κB,
STAT3, HIF-1α, and AP-1 [74,80,81]. Mounting evidence suggests that AGEs/RAGE-
induced signalling pathways encompassing NF-κB activation, inflammation, and ROS
formation are directly linked to the pathogenesis of insulin resistance by increased IRS-1
serine phosphorylation and degradation, therefore blocking the insulin signalling path-
way [82]. Hyperglycaemia resulting from elevated AGE levels in the pancreas may have a
toxic effect on beta cells by triggering inflammatory cascades and oxidative stress [83,84].
This effect can be observed as upregulated RAGE expression in pancreatic islets [85]. It also
confirmed that AGEs may be suitable biomarkers in gestational diabetes mellitus (GDM)
by increasing the concentrations of TNF-α (tumour necrosis factor-alpha) and hs-CRP
(high-sensitivity C-reactive protein), which are responsible for inflammatory reactions [86].

3. The Role of Oxidative Stress and Inflammation in Aetiology of Diabetes Mellitus

Pancreatic β-cell dysfunction and insulin resistance in hepatocytes, myocytes, and
adipocytes significantly contribute to T2DM pathogenesis. The cellular and molecular
mechanisms underlying these abnormalities are not fully understood. The imbalance
between the production and elimination of reactive oxygen species (ROS) causes oxidative
stress (OS), which stems from chronic low-grade inflammation and chronic hyperglycaemia
resulting from insulin resistance, leading to abnormal cytokine overproduction and the
activation of inflammatory signalling pathways in the above-mentioned insulin-sensitive
tissues [87]. Hyperglycaemia linked to insulin resistance is the major pathogenetic factor of
T2DM. Numerous pre-clinical and clinical studies investigate the influence of increased
glycaemia on redox homeostasis and inflammatory responses. OS plays a pivotal role in the
pathophysiology of diabetic complications related to lipid peroxidation, DNA damage, and
mitochondrial dysfunction. Its involvement is visible in many other pathological conditions
and age-related disorders. Ageing-related disorders are defined as the progressive loss
of function in tissues subjected to OS and many other mechanisms [88]. The oxidative
stress theory by many researchers is considered the primary background of ageing and
age-related complications. Thus, maintaining the proper balance of the redox state is
essential in oxidative stress-induced complications and insulin resistance prevention [89].

Some of the mechanisms described below underlying the development of T2DM and
its complications in correlation to OS are presented in Figure 4. This chapter provides
evidence on how increased glucose and insulin resistance affect ROS overproduction and
the antioxidant defence system, leading to OS and immune system activation in diabetic
individuals (Figure 4).

Prediabetes, an elevated blood glucose level not reaching the diabetes criteria (the
range from 100 to 125 g/dL (5.6 mmol/L to 6.9 mmol/L) according to ADA criteria) [1],
can predispose patients to T2DM due to hyperglycaemia-related OS, underlying ROS
overproduction, and increased inflammation markers. Prolonged inflammation and OS
overload can lead to impaired insulin secretion, insulin resistance, and further T2DM
development [90]. Some OS- and inflammation-related changes are already present in the
prediabetes phase; ongoing and progressing prediabetes-related hyperglycaemia enhances
these alterations. Evolving OS leads to muscle insulin resistance, impaired pancreatic cell
function, and insulin secretion. Some studies have revealed that using nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase inhibitors (Apocynin) causes the reduction of OS
in a prediabetes state [91]. It has been shown that insulin resistance is associated with OS in
non-diabetic individuals and those with increased risk factors for DM development, such
as obesity or impaired fasting glucose. The involvement also of the gastrointestinal tract in
glucose homeostasis is nowadays emphasised as an important factor in DM development
and progression [92] which is why many ongoing studies investigate the influence of a
polyphenol-rich diet and the incorporation of polyphenols into the gastrointestinal tract
in other forms as well as their beneficial outcomes on DM management and treatment in
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the context of OS [93,94]. The Framingham Offspring Study on the association of oxidative
stress, insulin resistance, and diabetes risk phenotypes revealed a positive correlation
between insulin resistance and urinary 8-epi-prostaglandin F2α (8-epi-PGF2α),- an OS
marker [95].
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Lipid peroxidation, DNA damage, and mitochondrial dysfunction are some of the
examples of processes by which the OS executes a pivotal role in the pathophysiology
of various complications of diabetes. Several experimental studies have proven that in-
creased mitochondrial ROS production is associated with high glucose levels in leukocytes,
endothelial cells, and adipocytes. Pancreatic β-cells are prone to glucose toxicity due to
chronic OS in DM caused by the deficient expression of antioxidant enzymes compared
to other tissues [96]. It has been proposed that excessive ROS production may cause the
impairment of β-cells by the decreased expression and DNA-binding activity of some
tissue-specific transcriptional factors, precisely pancreas duodenum homeobox-1 and V-
maf musculoaponeurotic fibrosarcoma oncogene homolog A. This phenomenon causes
reduced insulin gene expression, content, and secretion [97].

Acharya et al. [98] revealed the correlation between hyperglycaemia, oxidative stress,
and β-cell dysfunction in newly diagnosed diabetic individuals when comparing the OS
parameters at their time of diagnosis and eight weeks after antihyperglycemic treatment,
thus finding a significantly increased OS at at the point of diagnosis with T2DM. Irrespective
of the type of hypoglycaemic treatment used, lowered oxidative stress and improved β-cell
function were observed.

Numerous ongoing and completed clinical trials have revealed the importance of
anti-inflammatory constituents and their contribution to glucose homeostasis. A study in-
vestigating the glucose-lowering effect of Salsalate (a pro-drug of salicylate) demonstrated
its effectiveness in lowering the HbA1c and fasting glucose levels of T2DM individu-
als [99].There is a growing body of evidence showing that low-grade chronic inflammation
is one of the multiple factors underlying the pathophysiology of insulin resistance, DM,
and its complications; furthermore, it is also clear that these processes might affect the
insulin signalling transduction and beta cell function [61,100]. Janus kinase pathways
(JNKs) induced by some cytokines further stimulate IRS-1 serine phosphorylation causing
abnormalities in insulin signalling pathways [101]. Other inflammatory mediators, such
as TNF-α and Nf-κb, have been reported to modulate IRS-1 serine phosphorylation and
further affect the proper insulin signalling transduction.
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In patients with T2DM, the increased activity of monocytes and macrophages and in-
creased levels of proinflammatory mediators, such as CX3CL1 (fractalkine), CRP, TNF-α, IL-
6 (interleukin-6), IL-1β, IL-18, MCP-1 (monocyte chemoattractant protein-1), resistin, PAI-1
(plasminogen activator inhibitor-1), E-selectin, and IFN-γ (interferon-gamma), have been re-
ported, which indicates the potential benefits of incorporating agents of anti-inflammatory
activity into therapeutic approaches in diabetes management. Additionally, Toll-like re-
ceptors (TLR) 2 and 4 were found to be suppressed in peripheral mononuclear cells in
T2DM patients [102]. Guerrero-Romero et al. revealed a strong association between hyper-
glycaemia/poor glycaemic control and increased CRP levels in prediabetic and diabetic
patients [103]. Besides the increased CRP levels, IL-6 was also found to be elevated in
diabetic individuals [104]. However, it has been proven that an improvement in glycaemic
control is accompanied by a reduction in the above-mentioned inflammatory markers and
the TBARS (thiobarbituric acid-reactive substances) concentration—an OS marker [105].

The monocyte cell subset is essential among circulating immune cells considering
diabetes’ pathophysiology due to the increased levels of monocyte proinflammatory cy-
tokines measured in T2DM individuals [106]. Thus, human monocytes have become the
subject of many in vitro studies, revealing the upregulation of critical inflammatory genes
such as cytokines—TNF-α and IL-1β, their receptors, and chemokines—MCP-1 in high-
glucose conditions of culture [107]. The NF-κB regulates many hyperglycaemia-induced
genes; thus, this transcription factor’s importance in regulating high-glucose-induced
immune responses has been broadly investigated. The CREB-binding protein (CBP) and
p300, both displaying intrinsic HAT (histone acetyltransferase) activity, are coactivators
for p65, the NF-κB component. The high-glucose-induced hyperacetylation of p65 and the
inhibition of HDACs (histone deacetylases) have been reported to be stimulated by the
CBP/p300, resulting in NF-κB activation and the further increased transcription of IL-6 and
TNF-α in monocytes [108].The above-mentioned study by Yun et al. revealed curcumin’s
ability to decrease monocyte hyperglycaemia-induced cytokine production, probably via
epigenetic changes in NF-κB, proving the direct action of curcumin on the inflammatory
response. Since then, curcumin, a polyphenolic compound, has become a valuable subject
in antidiabetic approaches.

Gonzalez et al. [109] reported the decreased monocyte CD33 expression and increased
TNF-α production by human monocytes under hyperglycaemic conditions, thus making
CD33—a member of the family of sialic acid-binding, immunoglobulin-like lectins—a
subject of many studies related to the hyperglycaemia-induced inflammatory response.
Gonzalez et al., using α-tocopherol, reported the reversal of the above-mentioned alterna-
tions, suggesting that hyperglycaemia-induced oxidative stress might cause CD33 down-
regulation. Oxidative stress and inflammation are two significant abnormalities underlying
the development and progression of T2DM. They are promoted by chronic hyperglycaemia,
a key factor for DM, thus indicating the reciprocal nature of their correlation. All of the
above-mentioned findings strongly suggest that antioxidative compounds can effectively
improve disturbed insulin secretion and action, thus positively influencing human glucose
and oxidative homeostasis.

Enzymatic Antioxidant Defence System

Substances that can delay, prevent, or remove OS-related damages are classified as
antioxidants and are categorized into two major groups: enzymatic and non-enzymatic
antioxidants. Enzymatic antioxidants contain the enzymes that play a crucial role as the first
line of defence against ROS, including superoxide dismutase (SOD; EC.1.15.1.1), catalase
(CAT; EC 1.11.1.6), and glutathione peroxidase (GPx; EC 1.11.1.19). The nuclear erythroid
2-related factor-2 (Nrf2) is a transcription factor that regulates the expression of all the
above-mentioned enzymes. Thus, Nrf2 maintains cellular redox balance by modulating the
antioxidant response. In animal model studies, the beneficial effects of Nrf2 action on β-cell
dysfunction and insulin resistance have been revealed, as well as on the development of
diabetes-related micro- and macrovascular complications [110].
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SOD is an enzyme that catalyses superoxide radicals’ dismutation into hydrogen
peroxide and molecular oxygen. It exists in different isoforms, including copper-zinc
SOD (SOD1) which is present in the cytosol, manganese SOD (SOD2) which is found in
the mitochondrial matrix, and extracellular SOD (SOD3). These isoforms are distributed
in different cellular compartments and exhibit distinct regulatory mechanisms. SODs
are critical in scavenging superoxide radicals and preventing their conversion into more
reactive species [111].

Catalase is a heme-containing enzyme in peroxisomes that facilitates the decomposi-
tion of hydrogen peroxide into water and molecular oxygen. Catalase efficiently detoxifies
hydrogen peroxide, thereby protecting cells from oxidative damage. Its activity is tightly
regulated through transcriptional, post-transcriptional, and post-translational mechanisms.
It is present in most cells, tissues, and organs and, at higher levels, in the liver and erythro-
cytes [112].

Glutathione peroxidases are a family of selenium-dependent enzymes that catalyse the
reduction of hydrogen peroxide and lipid hydroperoxides using glutathione as a cofactor.
These enzymes play a crucial role in maintaining the cellular redox balance and protecting
against oxidative damage. Different isoforms of glutathione peroxidase are expressed in
various tissues and exhibit distinct substrate specificities. Free thiol groups are oxidized to
disulphide bonds during the process shown below, and reduced glutathione serves as an
efficient electron donor [30] (Figure 5).
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Glutathione is a tripeptide (γ-L-glutamyl-L-cysteinylglycine) present in millimolar
concentrations in cells. It acts as a major intracellular antioxidant and participates in redox
reactions by working as a reducing agent and a cofactor for enzymes such as glutathione
peroxidase. Glutathione levels are tightly regulated, and alterations in its concentration
have been associated with oxidative-stress-related disorders [112].

4. Polyphenols as Nutritional Antioxidants

Like other secondary metabolites, polyphenols serve as plants’ first line of defence.
They are possibly the most significant non-nutrient bioactive groups in the human diet be-
cause plants constitute a primary nutritional component in human diets, and phenolics are
more numerous than other phytochemicals in plant diets [113]. Among the several possible
health advantages of dietary polyphenols, their capacity to inhibit oxidation stands out.
They have consistently been demonstrated as powerful antioxidants, preventing oxidative
damage and reducing inflammation. A diet high in phenolic-rich fruits, vegetables, and
whole grains lowers one’s risk of cancer, cardiovascular disease, chronic inflammation,
and metabolic disorders [21]. The mechanisms of phenolic compounds’ antioxidant and
anti-inflammatory properties are linked with their capacity to scavenge free radicals, restore
antioxidant enzyme activity, and regulate cytokine-induced inflammation.

In vitro, dietary phenolics are potent antioxidants, capable of neutralizing free radicals
by donating an electron or a hydrogen atom to a wide range of reactive oxygen, nitrogen,
and chlorine species, •, including O2

•−, OH peroxyl radicals RO2
•, hypochlorous acid

(HOCl), and peroxynitrous acid (ONOOH) [114]. As efficient radical scavengers, polyphe-
nols disrupt the propagation stage of the lipid autoxidation chain reactions or function
as metal chelators to convert hydroperoxides or metal prooxidants into stable molecules.
As metal chelators, phenolic compounds can directly block Fe3+‘s reduction by lowering
the formation of reactive OH in the Fenton reaction [115]. Although phenolic acids and
flavonoids have excellent radical scavenging action, their metal chelating potential and
reducing power might differ depending on their structural characteristics.
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Based on their chemical structure, the plant-derived antioxidants are classified as
carotenoids, phenolics, alkaloids, nitrogen-containing compounds, and organosulfur com-
pounds, along with the sterols, terpenes, fibre, and organoselenium compounds which are
also distinguished in such a classification [113]. Flavonoids (such as flavonols, flavanols,
flavones, and anthocyanins), phenolic acids (ellagic acid, caffeic acid), stilbenes (resvera-
trol), and lignans are just a few of the numerous substances that fall under the category of
polyphenols. Every type of polyphenol has distinct antioxidant qualities and health advan-
tages [116]. Synergistic interactions between polyphenols frequently result in combined
effects that are more significant than the sum of their individual effects. These findings
suggest that eating foods high in polyphenols may offer better antioxidant protection than
taking supplements of isolated polyphenols [117].

Polyphenols have anti-inflammatory effects in addition to antioxidant ones. By lower-
ing the production of proinflammatory molecules and fostering a more balanced immune
response, they can help modulate inflammatory pathways. Polyphenols may aid in the
prevention and treatment of inflammatory diseases by reducing chronic inflammation [118].

Additionally, polyphenols can affect the cellular signalling networks that control
inflammation and oxidative stress. Specific enzymes, such as Nrf2 (nuclear factor erythroid
2-related factor 2), also govern antioxidant defence. Polyphenols can activate these enzymes,
increasing the body’s natural antioxidant capacity by modulating these pathways [119].
In addition to neutralizing free radicals in the aqueous environment, polyphenols shield
lipids from oxidation. Lipid peroxidation can produce dangerous byproducts that harm
cell membranes and exacerbate several diseases. The chain reaction of lipid peroxidation
can be stopped by polyphenols, maintaining the structure and functionality of cellular
membranes [120].

It is of high importance to also mention that numerous researchers are now making
efforts to develop potentially beneficial and applicable synthetic derivatives of naturally
occurring polyphenolic compounds that could be used as subjects for antidiabetic ap-
proaches. Compounds such as iminosugars and other sugar derivatives are some examples
of subjects of ongoing studies and are being considered as promising for their potential
applications as antidiabetic agents obtained by the chemical modification of plant-derived
stem compounds [121].

5. Polyphenols Present in the Diet and Incidence of Various Diseases

Some studies indicate that the presence of polyphenols in one’s diet can reduce the
risk of developing diseases, such as cardiovascular diseases, some types of cancer, and
neurodegenerative diseases [122,123]. In a randomized double-blind placebo-controlled
trial study, after supplementation with polyphenolic extract (Hibiscus sabdariffa and Lippia
citriodora) for over 84 days, type 1 hypertensive patients of both sexes exhibited a decrease
in daytime systolic blood pressure (SBP) in comparison to a placebo group. However,
their diastolic blood pressure remained at similar values as the baseline. The mechanism
by which the polyphenol extracts decreased their blood pressure may be related to the
modulation of different metabolic pathways and the activation of the AMPK pathway
favouring lipolysis and, therefore, fat loss. Polyphenols present in HS and LC extracts
may possess vasodilatory properties and the capacity to inhibit low-density lipoprotein
oxidation as well as decrease the atherosclerotic process [124,125].

Xiao et al. demonstrated that green tea polyphenols alleviated the disorganized arterial
wall and the increased intima-media thickness induced by a high-fat diet (HFD). The effect
was also observed in the rats group fed with a standard diet. These results indicated that
excess fat intakes could induce early vascular ageing (EVA) in young rats, and GTP could
reverse such early vascular damage in HFD rats [126].

Talarid et al. revealed the hypertension- and glycaemia-lowering activity of polyphe-
nols in grape-pomace-derived seasoning in subjects with a high level of cardiovascular
risk. These results indicate that the reduction rate after the nutritional intervention (2 g of
seasoning per day for 6 weeks) was relatively moderate. Grape pomace could also help in
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the control of cardiometabolic risk factors and metabolic syndrome (MetS), especially at
the initial stages. [127].

Polyphenols regularly consumed in the diet may also exert anticancer properties by
decreasing the growth and development of various types of cancer. Ávila-Gálvez et al.
have attempted the metabolic profiling of isoflavones, lignans, and curcuminoids for the
first time in breast tissues from breast cancer (BC) patients. Their results demonstrated
that a mixture of polyphenolic metabolites reached the mammary tissues (MTs) from BC
patients and suggest that some metabolites, especially the free curcumin occurring in MT,
might exert anticancer activity after long-term exposure. The obtained results indicated
that the consumption of high amounts of polyphenols could improve the glucuronidation
reaction in terms of its saturation, which could allow some dietary polyphenols to reach
systemic tissues in their free, much more bioactive form [128].

Polyphenols are often used to support the treatment of chronic non-communicable
diseases such as diabetes and neurodegenerative diseases whose pathophysiology involves
oxidative stress (OS) and inflammation [129]. Resveratrol—a polyphenol belonging to
stilbenes—has proven antioxidative and anti-inflammatory activities that are attributed
to its ability to activate sirtuin 1 (SIRT1), and, consequently, this activation stimulates
AMP-dependent protein kinase (AMPK), which manages to improve biogenesis and mito-
chondrial function, increase insulin sensitivity, attenuate oxidative damage, and regulate
metabolic homeostasis. In some studies on animal models with T2DM, resveratrol exerted
antioxidant, anti-inflammatory, and even hypoglycaemic effects [130]. In this context,
García-Martínez et al. demonstrated in a randomized clinical trial on adults with T2D that
supplementation with resveratrol (with two doses: 1000 mg/day and 500 mg/day) resulted
in an increase in the total antioxidant capacity, antioxidant gap, percentage of subjects with-
out oxidant stress, and sirtuin 1 levels in comparison to those of the controls. Moreover, the
observed antioxidant effect of resveratrol was more noticeable for the 1000 mg dose [131].

In the context of T2DM, Grabežet al. conducted a prospective, randomized, double-
blind, placebo-controlled trial of the effect of polyphenols in pomegranate peel extract
(PoPEx) on the outcomes of inflammatory factors and oxidative stress in patients with
type 2 diabetes mellitus. Patients were randomly assigned to one of two groups: the first
(n = 30) received PoPExin 250 mg capsules twice a day, while the second (n = 30) received
placebo capsules twice a day. The plasma levels of inflammatory factors (IL-6, TNF-, and
high-sensitivity C reactive protein (hsCRP)), oxidative stress biomarkers (thiobarbituric
acid reactive substances (TBARS)), nitrites (NO2

−), the superoxide anion radical (O2•−),
hydrogen peroxide (H2O2), the total antioxidant capacity (TAC), homocysteine, and the
lipid profile were measured. The PoPEx therapy reduced inflammatory factors (IL-6, TNF-,
hsCRP), oxidative stress biomarkers (TBARS, NO2

−, O2•−), and homocysteine, while
increasing TAC. Furthermore, the PoPEx group showed a significant improvement in lipid
profile. In the PoPEx group, there was a significant opposite relationship between the
decreases in all the determined inflammatory markers and TAC [132].

Polyphenols belonging to various groups have also demonstrated neuroprotective and
anti-ageing properties. Their activity in the brain encompasses the prevention of neuronal
fatty acids’ oxidation, a reduction in the damage caused by reactive oxygen and nitrogen
species, and an improvement in neurocognition by facilitating de novo protein synthesis in
key sites and neurogenesis in the dentate gyrus [133]. For example, Vina et al. found that
patients with Alzheimer’s disease supplemented with genistein at a dose of 120 mg/day
for 12 months exhibited a significant improvement in two of the tests used (dichotomized
direct TAVEC and dichotomized delayed Centil REY copy). In genistein-treated patients,
the amyloid-beta deposition analysis revealed that they did not increase their uptake in
the anterior cingulate gyrus after treatment as opposed to the placebo-treated group for
which an increase was noted [134]. This study demonstrated that genistein may have a
therapeutical role in and may have delayed the onset of Alzheimer’s dementia in patients
with prodromal Alzheimer’s disease. In another study, Boespflug et al. showed that in older
adults with cognitive impairment, blueberry powder (with an anthocyanin concentration
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near 15 mg) supplementation improved their neuronal responses, observed by magnetic
resonance imaging (MRI) during memory challenges [135].

6. Metabolism of Polyphenols:

The bioavailability of polyphenols can be influenced by multiple factors such as
the food matrix, processing methods, and individual variations in metabolism. Some
polyphenols may have low bioavailability and thus a significantly low absorption or rapid
metabolism. It needs to be emphasized that polyphenols present poor absorption in the
small intestine, and their bioactivity in living organisms is also generally strictly correlated
with the activity of the microbiota [136]. Nevertheless, even if their systemic concentra-
tion is relatively low, polyphenols can still exert local effects on the gastrointestinal tract,
contributing to gut health and microbiota [137]. Polyphenols undergo various biotransfor-
mation processes, including phase I and phase II reactions. Phase I reactions involve the
conversion of polyphenols by enzymes such as cytochrome P450, resulting in the formation
of intermediate metabolites. These reactions include hydroxylation, demethylation, dehy-
droxylation, and oxidation. The resulting products are intermediate metabolites, which
can exhibit different biological activities compared to the parent compounds. Phase II
reactions include conjugation with endogenous compounds, such as glucuronic acid, sul-
phate, or methyl groups, leading to water-soluble metabolites that can be readily excreted.
The gut microbiota also plays a crucial role in the metabolism of polyphenols, generating
metabolites with potential biological activities. Polyphenols that escape metabolism in
the upper gastrointestinal tract reach the large intestine, where they undergo extensive
microbial metabolism by the gut microbiota. The gut microbiota can enzymatically convert
polyphenols into smaller phenolic acids and other metabolites. These microbial metabolites
can have unique biological activities and contribute to the overall health benefits associated
with polyphenol consumption [138].

The daily consumption of polyphenols has been estimated to be 900 mg [139]. This
level of intake is ten times that of vitamin C and one hundred times that of vitamin E or b-
carotene [137]. Several factors, however, make an accurate calculation of polyphenol intake
hard: (1) Polyphenols have an extensive variety of chemical structures. (2) Polyphenols
are typically found in a wide range of foods. Some polyphenols, such as quercetin, can
be found in a number of foods, whereas others, such as flavanones in citrus, are often
specific to a particular species of plant or plant family. (3) The amount of each in a
specific food can vary greatly as a result of a variety of factors. (4) There are no standard
procedures for determining polyphenols in foods or methods of quantification. Catechins
and proanthocyanidins are the most abundant flavonoids in the human diet, accounting for
roughly three-quarters of the total flavonoids consumed. Phenolic acids make up a large
portion of the polyphenols consumed by coffee drinkers. Estimates of total polyphenol
intake are clearly affected by the number of polyphenol classes or subclasses included in
the survey, particularly the inclusion of proanthocyanidins and phenolic acids. Few authors
have included these two final polyphenol groups.

Several studies have investigated polyphenol intake in different populations by
using 24-hour recalls or semi-quantitative food frequency questionnaires and polyphe-
nols databases [140–143]. For example, the average daily intake of polyphenols in the
Spanish diet is around 3000 mg/person/day [140], although the PREDIMED research of
7000 Spanish people found their total phenols intake to be 820 ± 323 mg per day, with
flavonoids and phenolic acids being the most abundant components [142]. In France, the
total polyphenol intake in 4000 adults is estimated at 1193 ± 510 mg/d [141] and in Poland,
it is estimated at 1756.5 ± 695.8 mg/d [143].

Despite an increasing body of evidence for polyphenol bioavailability in the systemic
circulation [144], little is known about their ability to reach the central nervous system
(CNS). Animal studies show that polyphenols can cross the blood–brain barrier (BBB)
and colocalize in tissues of the brain despite the route of administration. For example,
naringenin was discovered in the brain after the injection [145], whereas epigallocatechin
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gallate [146], epicatechin [147], and anthocyanins [148,149] were identified after swallowing.
Schaffer et al. demonstrated that polyphenols usually localize in the brain at levels below
1 nmol/g tissue [150]. Polyphenols and their degraded metabolites can also aid in the
treatment of T2D. These components converted into secondary metabolites by certain
gut microbiota have higher absorption and bioactivity than their precursors [151]. The
flavonoid metabolites 3,4-dihydroxyphenylacetic acid and 3-hydroxyphenylpropionic acid
which are derived from microbes may have anti-diabetic properties through encouraging
the growth and functioning of pancreatic cells [152]. Furthermore, polyphenol microbial
metabolites could control bile acid production, which impacts the metabolism of the host.

It is worth mentioning that the cellular environment and/or concentration of polyphe-
nols is a factor with a diverse influence on the form of the displayed activity of polyphenols,
either antioxidants or pro-oxidants [153]. Due to their pro-oxidant properties, polyphenols
can have toxicological effects when consumed in high concentrations [154,155]. Their
potential detrimental effects on health can be attributed to their capacity to activate tran-
scription factors, such as NF-B, activating protein-1 (AP-1), tumour protein (p53), and
Nrf2, as well as cause cell damage through the collapse of the mitochondrial membrane
potential, favouring the propagation of reactive species and subsequently the inflammatory
process [156].

In this regard, Moridani and colleagues evaluated the toxicity of flavonoids in iso-
lated rat hepatocytes and in HeLa tumour cells. They discovered that epicatechin had
the lowest toxicity (LD50 = 17,000 µmol) and that galangin had the highest toxicity after
2 h, with lipophilicity being the primary determinant of the cytotoxicity of the evaluated
polyphenols [157]. According to a study by Chen et al. [158], genistein consumption at
high concentrations (200 µmol) increased the production of reactive oxygen species (ROS)
in a way that was dependent on 5-lipoxygenase, an essential enzyme in the biosynthesis
of leukotrienes, which in turn plays a crucial role in the inflammatory response. Further-
more, high dietary doses of green tea polyphenols (0.5–10%) also worsen colitis and colon
carcinogenesis in ICR mice and cause nephrotoxicity, hepatotoxicity, and the negative
regulation of the expression of antioxidant enzymes and molecular chaperones [159]. Since
phenolic compounds can adversely affect health depending on the concentration used,
careful consideration must be given to their intake [156].

6.1. Mechanisms of Antidiabetic Activity of Phenolics

The inhibition of carbohydrate digestion by salivary and pancreatic α-amylase and
α-glucosidase inhibition in the small intestine, glucose absorption inhibition, and insulin se-
cretion stimulation and protective activity towards pancreatic β-cells against glucotoxicity
damage are indicated as potential mechanisms of the hypoglycaemic action of polyphenolic
compounds. The effects of the suppression of gluconeogenesis in the liver and increase in
glucose uptake in peripheral tissues on the modulation of intracellular signalling pathways
are other proposed mechanisms of polyphenols’ activity [160]. De Paulo Farias et al. [161]
presented in their review the antidiabetic effects of dietary phenolic compounds and their
mechanisms of action. It was discovered that these compounds have a high therapeutic
potential for diabetes management, and their mode of action includes several mechanisms
related to oxidative stress reduction, the inhibition of DPP-IV and enzymes involved in
carbohydrate metabolism, a reduction in insulin resistance, and AGE formation, among
others. Nevertheless, it is necessary to note that the anti-diabetic properties of phenolic
compounds largely depend on factors such as food concentration, bioaccessibility, absorp-
tion, metabolism, and bioavailability, indicating the need for research into the relationship
of these factors with phenolic bioactivity to outline strategies aimed at maximizing its
effects on diabetes management. Moreover, care should be taken to establish safe doses, as
these compounds can have negative health effects when consumed in large quantities.

Next sections of this paper are presenting some of the already revealed antidiabetic
activities of most investigated phenolic compounds, the chemical structures of mentioned
compounds are presented in Figure 6.
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6.2. Animal Studies on AntidiabeticEffects of Polyphenols

Many studies have used diabetic streptozotocin (STZ) models or leptin-deficient db/db
mice. Although in a mechanistic manner, some of the applied models seems to be more
suitable for the investigation of T1DM than T2DM. Nonetheless, they provide helpful
information on some of the numerous anti-diabetic properties of polyphenolic compounds.

Do et al. [162] studied resveratrol supplementation in db/db mice, and they concluded
that this famous stilbene decreased blood glucose and HbA1c levels. Simultaneously,
increased plasma and pancreatic insulin content was observed. It could suggest that
resveratrol improves glucose tolerance and β-cell mass preservation [163].

Curcumin administration to rats fed a high-fat diet (HFD) and STZ resulted in lower
fasting blood glucose levels, increased insulin levels, and insulin sensitivity [164]. Curcumin
treatment reduced blood glucose and Hb1Ac levels in alloxan-induced diabetic rats and
db/db mice [165]. Curcumin has also been shown to improve insulin resistance and glucose
tolerance in db/db mice and HFD-fed mice [166], as well as to increase insulin levels in
db/db mice. Curcumin supplementation did not, however, affect blood glucose levels in a
similar study of db/db mice [167].

Studies on treating animals with green tea demonstrated that it could prevent hypergly-
caemia, hyperinsulinemia, and insulin resistance in a high-fructose diet [168]. Additionally,
it significantly reduced the amount of glucose in the blood of STZ-diabetic and db/db
diabetic mice; nevertheless, it exhibited no effect on serum insulin levels [169]. However,
some studies also demonstrated that particular green tea components showed inconsistent
results. In the case of Epigallocatechin gallate (EGCG), its antidiabetic effects depend on
the way of its administration. In STZ-treated mice, an intraperitoneal injection of EGCG
decreased hyperglycaemia while preserving islet mass [170]. After 4 weeks, oral EGCG
showed no effect on blood glucose levels in mice fed a HFD [171]. On the other hand,
long-term oral dosing has been shown to reduce blood glucose in db/db mice, non-obese
diabetic mice, and STZ rats [172].

Both rutin and its aglycone derivative compound, quercetin, also show interesting
antidiabetic properties. STZ-rats treated orally with rutin showed decreased plasma glu-
cose levels and increased insulin levels [173], and the C-peptide concentration was also
increased [174]. Quercetin additionally protected β-cells against STZ-activated degenera-
tion [175].
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6.3. Human Studies on Antidiabetic Effects of Polyphenols

Ultimately, pre-clinical data have confirmed polyphenols as chemicals having metabolic
regulation effects that may help to prevent or postpone the onset of type 2 diabetes,
although human evidence is still lacking. There have only been a few meta-analyses of
randomized controlled human studies examining the impact of polyphenols on diabetes
biomarkers or incidence, and some of them have shown confusing results. For example,
in one meta-analysis, biomarkers such as blood glucose, fasting insulin, or HbA1c were
reported to be affected by a specific polyphenol but not another [176–178].

Many experiments with green tea and similar catechins have been conducted, but the
findings have not been consistent. Zheng et al. [178] performed a meta-analysis to identify
and quantify the effects of green tea catechins and green tea catechins’ caffeine mixture on
the glucose metabolism of adults. These studies showed that green tea catechins, with or
without caffeine, substantially lowered fast blood glucose levels but had no effect on fast
blood insulin, HbA1c, or the homeostatic model assessment of insulin resistance (HOMA-
IR). A subgroup analysis revealed that the glucose-lowering impact was more pronounced
when the follow-up period exceeded a median of 12 weeks. Green tea doses, intervention
type (with or without caffeine), research quality, ethnicity, habitual caffeine intake, and
participant health status did not appear to significantly impact the pooled mean differences
in the fast blood glucose or fast blood insulin concentrations. Another meta-analysis of
green tea’s effect on individuals with T2DM or prediabetes revealed no effect on the fasting
blood glucose, HbA1c, insulin, or HOMA-IR. However, these findings may be less credible
due to the small sample numbers and the diverse quality of the research evaluated [179].

In turn, Rienks et al. [180] evaluated polyphenol exposure and risk of T2DM devel-
opment and demonstrated that diets high in polyphenols, particularly flavonoids, can
help avoid type 2 diabetes. Evidence of nonlinearity was discovered for most relation-
ships, indicating a recommended level of consumption linked with the lowest risk of
type 2 diabetes.

Human research on resveratrol has likewise had inconsistent results. Four weeks of
resveratrol supplementation at a low dosage (10 mg/day) lowered HOMA-IR in T2DM
patients but did not affect blood insulin levels or βß-cell function indicators [181]. In
contrast, 12 weeks of a significantly larger dosage (3 g/day) in participants with T2DM
did not improve HOMA-IR, despite a nonsignificant drop in HbA1c [182]. In contrast,
Timmers et al. [183] discovered that 30 days of 150 mg/day resveratrol lowered levels of
fasting plasma glucose, insulin, triglycerides, and HOMA-IR. Further follow-up trials have
also failed to provide any significant differences. A 6-month experiment in T2DM patients
exhibited no difference in levels of blood glucose, HbA1c, insulin, C-peptide, HOMA-IR, or
FFA [184].

Studies on curcumin are much more promising. Some evidence has suggested that
12 weeks of therapy, including curcumin in participants with a high risk of T2DM devel-
opment, caused decreased levels of plasma insulin with no effect on glucose levels [185].
Curcuminoid medication for three months lowered fasting blood glucose, HbA1c levels,
and insulin resistance in individuals diagnosed with T2DM or prediabetes [186].

Ostadmohammadi et al. [187] conducted a systematic review to determine the effect of
quercetin supplementation on glycaemic control among patients with metabolic syndrome
(MetS) and related disorders. A meta-analysis found that quercetin supplementation did
not affect glycaemic control in people with MetS and other associated illnesses. A subgroup
study based on an 8-week-long trial with quercetin doses of 500 mg/day significantly low-
ered FPG levels. In addition, in trials with participants aged 45 years and quercetin doses
of 500 mg/day, their insulin levels decreased considerably after quercetin supplementation.

More detailed data revealed in all described above studies are presented in the Table 1.
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Table 1. Details of antidiabetic activities revealed in reported studies.

Investigated
Phenolic Compounds

and Their Origin
Experimental Design Revealed Antidiabetic Activities Ref.

Animal Model Studies In Vitro and In Vivo

Resveratrol
(3,5,4′-trihydroxy-

trans-stilbene)
Calss: Stilbenoid

C57BL/KsJ-db/db mice
fed with a normal diet with
RV (0.005% and 0.02%, w/w)
or rosiglitazone (0.001%, w/w)
for 6 weeks

↓blood glucose
↓plasma free fatty acid and triglyceride,
↓apo B/apo AI levels
↓HbA1c levels
↓hepatic gluconeogenic enzyme activity and
hepatic glycogen
↓hepatic triglyceride content and p-IKK protein expression
↑plasma insulin levels
↑pancreatic insulin protein
↑skeletal muscle GLUT4 protein
↑plasma adiponectin levels
↑hepatic glycolytic gene expression and enzyme activity
↑skeletal muscle glycogen synthase protein expression
↑hepatic UCP and skeletal muscle UCP expression

[162]

db/db and db/dm mice
(non-diabetic control) were
treated with or without RV
(20 mg/kg BW daily) for
12 weeks

↑glucose tolerance at 2 h of OGTT in db/db mice
↑pancreas weight and β-cell mass
↓urinary 8-OHdG levels
↓percentage of islet nuclei that were positive for
8-OHdG immunostaining

[163]

Curcumin
(1E,6E)-1,7-Bis(4-

hydroxy-3-
methoxyphenyl)hepta-

1,6-diene-3,5-dione)
Class: Curcuminoid

diabetic rats induced by
high-fat diet plus STZ
(30 mg/kg BW) were fed a
diet containing 50, 150, or
250 mg/kg BW curcumin for
7 wks

↓plasma lipids and glucose
↓glucose and insulin tolerance
↓pyruvate dehydrogenase 4 and GS expression
↑2-deoxy-[(3)H]d-glucose uptake by L6 myotubes
↑phosphorylated AMPK, CD36, and carnitine palmitoyl
transferase 1 expression
↑phosphorylated acetyl COA carboxylase in L6 myotubes

[164]

male C57BL/KsJ-db/db mice
and their age-matched lean
non-diabetic db/+ mice, fed
with or without curcumin
(0.02%, w/w) for 6 weeks

↓blood glucose and HbA 1c levels, as well as body
weight loss
↓glucose-6-phosphatase and phosphoenolpyruvate
carboxykinase activities
↓hepatic activities of fatty acid synthase, beta-oxidation,
3-hydroxy-3-methylglutaryl coenzyme reductase, and
acyl-CoA: cholesterol acyltransferase
↓plasma free fatty acid, cholesterol, and
triglyceride concentrations
↑homeostasis model assessment of insulin resistance and
glucose tolerance
↑plasma insulin level
↑hepatic glucokinase activity
↑hepatic glycogen and skeletal muscle lipoprotein lipase

[165]

male C57BL/6J mice were fed
either a normal diet or
HFD.After 16 weeks, 10
HFD-fed mice were further
treated with daily curcumin
oral gavage (50 mg/kg BW)

↓glucose intolerance
↓HFD-induced elevations of MDA and ROS in the
skeletal muscle
↑skeletal muscle content of Nrf2 and oxygenase-1

[166]

db/db livers of 15-week-old
mice treated with 0.75%
curcumin mixed in their diet
for 8 weeks

↑expression of AMPK and PPARγ
↓NF-κB protein levels [167]
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Table 1. Cont.

Investigated
Phenolic Compounds

and Their Origin
Experimental Design Revealed Antidiabetic Activities Ref.

Green tea
polyphenols

(mixture)

SpragueDawley rats fed with
standard chow and deionized
distilled water and a “green
tea” group fed the same chow
diet but with green tea instead
of water (0.5 g of lyophilized
green tea powder dissolved in
100 mL of deionized distilled
water) for 12 weeks

↓fasting plasma levels of glucose, insulin, triglycerides, and
free fatty acids
↑insulin-stimulated glucose uptake and insulin binding;
adipocytes were significantly increased
↑basal and insulin-stimulated glucose uptake of adipocytes
in vitro

[168]

C57BLKS/J db+/db+ mice and
age-matched control
C57BLKS/J +m/+m mice.
Male ddY mice were singly
injected with STZ (150 mg/kg,
i.v.)and 4–6 weeks after the
injection the samples were
analyzed.The age-matched
normal ddY mice were
also used

↓blood glucose levels in diabetic db+/db+ mice and
streptozotocin-diabetic mice 2–6 h after administration at
300 mg/kg
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Epigallocatechin
gallate

((EGCG),
(2R,3R)-3′,4′,5,5′,7-

Pentahydroxyflavan-
3-yl 3,4,5-

trihydroxybenzoate)
Class: Catechin

maleC57BL/KsJ
mice aged 6 weeks induced
with multiple low doses of
streptozotocin (MLD-STZ,
(40 mg/kg BW). EGCG
(100 mg/kg/day) was
administered with STZ for
5 days and then EGCG alone
was administered for a further
5 days

↓blood glucose levels
↓iNOS expression ex vivo
↓decrease in islet mass induced by MLD-STZ

[170]

Epigallocatechin
gallate continued

C57BL/6 male mice
(6 weeks old) were fed with
ND, HFD, or HFD with
EGCG supplementation for
12 weeks. EGCG (50 mg/kg
daily) was administered by
gavage for 9–12 weeks

Inhibition of Caspase-1 activation and IL-1β secretion in
mice bone marrow by suppressing NLRP3
inflammasome activation
Inhibition of NLRP3-mediated ASC speckle formation and
alleviated pyroptosis in BMDMs
Improved high-fat-diet (HFD)-induced glucose tolerance

[171]

male albino Wistar rats
induced with by a single i.p.
injection of 60mg/kg−1STZ
received EGCG 25mg/kg/day
for 8 weeks 1 week after the
induction of diabetes

Hypoglycaemic effect in diabetic rats
Improved serum lipid profile
Attenuation of increased MDA content
and reduced activity of SOD in liver.

[172]

Rutin
(3′,4′,5,7-

Tetrahydroxy-3-[α-L-
rhamnopyranosyl-

(1→6)-β-D-
glucopyranosyloxy]

flavones)
Class: Flavonoid

glycoside

adult male SpragueDawley
rats injected withSTZ i.p.
(55mg/kg BW) after induction
ofdiabetic neuropathy.Rutin
(5mg/kg, 25mg/kg and
50mg/kg BW) was daily given
to the diabetic rats for 2 weeks

Inhibition of mechanical hyperalgesia, thermal hyperalgesia,
and coldallodynia
↑Na+, K+-ATPase activities insciatic nerves
↑hydrogen sulfide(H2S) level, upregulated expression of
nuclear factor-E2-related factor-2 (Nrf2), and heme
oxygenase-1 (HO-1) in DRG
↓caspase-3 expression indorsal root ganglions
↓plasma glucose, attenuatedoxidative
stress,andneuroinflammation
Partial restoration ofnerve conductionvelocities in
diabetic rats

[173]
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Table 1. Cont.

Investigated
Phenolic Compounds

and Their Origin
Experimental Design Revealed Antidiabetic Activities Ref.

male albino Wistar rats
induced with i.p. injection of
STZ (50 mg/kg BW).Rutin (25,
50, 100 mg/kg BW) was orally
administered to normal and
diabetic rats (1 mL/rat) using
an intragastric tube for a
period of 45 days

↑fasting plasma glucose, HbA1c, thiobarbituric acid reactive
substances, and lipid hydroperoxides
↓blood insulin, C-peptide, total haemoglobin, protein levels,
non-enzymic antioxidants: glutathione, vitamin C, vitamin
E, and ceruloplasmin

[174]

Quercetin
(3,3′,4′,5,7-

Pentahydroxyflavone)
Class: Falvonoid

Male adult albino Wistar rats
induced by a single injection
of STZ (45 mg/kg, i.p.).
Diabetic rats were orally
treated with sitagliptin
(70 mg/kg BW), quercetin
(50 mg/kg BW), or a
combination of these daily for
3 weeks

↑increased SOD, GSH
↓NF-κB expression
Normalized Islet number, β-cells’ number, area, and
perimeter alongside the restoration of the immunostaining
intensity of β-cells.

[175]

Human studies

Green tea
polyphenols

(mixture)

A total of 17 trials comprising
a total of 1133 subjects were
included in the current
meta-analysis

↓fasting blood glucose
↓Hb A1c
↓fasting blood insulin

[188]

Green tea catechins
(mixture)

A total of 22 eligible
randomized controlled trials
with 1584 subjects were
identified

↓fasting blood glucose
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with by a single i.p. injection of 
60mg/kg−1STZ received EGCG 
25mg/kg/day for 8 weeks 1 week 
after the induction of diabetes 

Hypoglycaemic effect in diabetic rats 
Improved serum lipid profile 
Attenuation of increased MDA content  
and reduced activity of SOD in liver. 

[172] 

fasting blood insulin

Biomolecules 2023, 13, x FOR PEER REVIEW 20 of 31 
 

male C57BL/KsJ-db/db mice and 
their age-matched lean non-diabetic 
db/+ mice, fed with or without 
curcumin (0.02%, w/w) for 6 weeks 

↓blood glucose and HbA 1c levels, as well as body weight loss 
↓glucose-6-phosphatase and phosphoenolpyruvate carboxykinase 
activities 
↓hepatic activities of fatty acid synthase, beta-oxidation, 3-hydroxy-3-
methylglutaryl coenzyme reductase, and acyl-CoA: cholesterol 
acyltransferase 
↓plasma free fatty acid, cholesterol, and triglyceride concentrations 
↑homeostasis model assessment of insulin resistance and glucose 
tolerance 
↑plasma insulin level 
↑hepatic glucokinase activity 
↑hepatic glycogen and skeletal muscle lipoprotein lipase 

[165] 

male C57BL/6J mice were fed either 
a normal diet or HFD.After 16 
weeks, 10 HFD-fed mice were 
further treated with daily curcumin 
oral gavage (50 mg/kg BW) 

↓glucose intolerance 
↓HFD-induced elevations of MDA and ROS in the skeletal muscle 
↑skeletal muscle content of Nrf2 and oxygenase-1 

[166] 

db/db livers of 15-week-old mice 
treated with 0.75% curcumin mixed 
in their diet for 8 weeks 

↑expression of AMPK and PPARγ 
↓NF-κB protein levels [167] 

Green tea polyphenols 
(mixture) 

SpragueDawley rats fed with 
standard chow and deionized 
distilled water and a “green tea” 
group fed the same chow diet but 
with green tea instead of water (0.5 
g of lyophilized green tea powder 
dissolved in 100 mL of deionized 
distilled water) for 12 weeks 

↓fasting plasma levels of glucose, insulin, triglycerides, and free fatty 
acids 
↑insulin-stimulated glucose uptake and insulin binding; adipocytes were 
significantly increased 
↑basal and insulin-stimulated glucose uptake of adipocytes in vitro 

[168] 

C57BLKS/J db+/db+ mice and age-
matched control C57BLKS/J +m/+m 
mice. Male ddY mice were singly 
injected with STZ (150 mg/kg, 
i.v.)and 4–6 weeks after the injection 
the samples were analyzed.The age-
matched normal ddY mice were also 
used 

↓blood glucose levels in diabetic db+/db+ mice and streptozotocin-
diabetic    mice 2–6 h after administration at 300 mg/kg 
↔serum insulin level 

[169] 

Epigallocatechin 
gallate 

((EGCG), (2R,3R)-
3′,4′,5,5′,7-

Pentahydroxyflavan-3-
yl 3,4,5-

trihydroxybenzoate) 
Class: Catechin 

maleC57BL/KsJ 
mice aged 6 weeks induced with 
multiple low doses of streptozotocin 
(MLD-STZ, (40 mg/kg BW). EGCG 
(100 mg/kg/day) was 
administered with STZ for 5 days 
and then EGCG alone 
was administered for a further 5 
days 

↓blood glucose levels  
↓iNOS expression ex vivo 
↓decrease in islet mass induced by MLD-STZ 

[170] 

Epigallocatechin 
gallate continued 

C57BL/6 male mice 
(6 weeks old) were fed with ND, 
HFD, or HFD with 
EGCG supplementation for 12 
weeks. EGCG (50 mg/kg daily) was 
administered by gavage for 9–12 
weeks 

Inhibition of Caspase-1 activation and IL-1β secretion in mice bone 
marrow by suppressing NLRP3 inflammasome activation 
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HOMA-IR

[189]

Green tea
(mixture and extracts)

A total of six studies with
382 subjects were pooled into
random-effects meta-analysis
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fasting blood glucose

[176]

Polyphenols
(mixture in

supplements and food)

A total of 36 controlled
randomized trials with 1954
subjects were included in
28 mg to 1.5 g of polyphenol
mixture, supplemented for
0.7 to 12 months

↓HbA1c in T2DM individuals [179]

Polyphenols
(51 different

compounds in Total)

A total of 18 studies
investigated the association
between polyphenols and
type 2 diabetes

Evidence showing that diets rich in polyphenols, and
particularly flavonoids, play a role in the prevention of type
2 diabetes.

[180]

Resveratrol
(3,5,4′-trihydroxy-

trans-stilbene)
Calss: Stilbenoid

A total of 19 patients enrolled
in the 4-week-long
double-blind study were
randomly assigned into two
groups: an RV group
receiving oral 2 × 5 mg RV
and a control group
receiving placebo

↓HOMA-IR
↓urinary ortho-tyrosine excretion
↑pAkt:Akt ratio in platelets

[181]

Ten subjects with T2DM were
randomized in a double-blind
fashion to receive 3 g RV or
placebo daily for 12 weeks

↑SIRT1 expression
↑pAMPK to AMPK expression ratio
↓average daily activity
↓step counts

[182]
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Table 1. Cont.

Investigated
Phenolic Compounds

and Their Origin
Experimental Design Revealed Antidiabetic Activities Ref.

A total of 11 healthy and
obese men received placebo
and 150 mg/day RV in a
randomized double-blind
crossover study for 30 days

↓sleeping and resting metabolic rate
↓intrahepatic lipid content
↓circulating glucose, triglycerides, and
alanine-aminotransferase
↓inflammation markers
↓systolic blood presure
↑AMPK activity
↑SIRT1 and PGC-1α protein levels
↑citrate synthase activity
↑intramyocellular lipid levels
Improved muscle mitochondrial respiration on a fatty
acid-derived substrate and HOMA-IR index

[183]

Resveratrol continued

double-blind, randomized,
placebo-controlled trial,
with192 T2DM patients
randomized to receive RV
500mg/day, 40mg/day, or
placebo for 6months
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after the induction of diabetes 

Hypoglycaemic effect in diabetic rats 
Improved serum lipid profile 
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weight, BMI, waist circumference
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arterial blood pressure
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fasting glucose, plasma insulin, C-peptide, free fatty
acids, liver transaminases, uric acid, adiponectin, and
interleukin-6
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HbA1c

[184]

Curcumin
(1E,6E)-1,7-Bis(4-

hydroxy-3-
methoxyphenyl)hepta-

1,6-diene-3,5-dione)
Class: Curcuminoid

Plasma samples from
29 participants recruited for a
randomised controlled trial
with curcumin (180 mg/day)
for 12 weeks were analysed

↓Levels of circulating GSK-3β and IAPP
↓insulin resistance [190]

Curcumin + Zinc

A total of 84 subjects were
randomized into curcumin
(500 mg), zinc (30 mg), zinc
and curcumin, and placebo
groups for 90 days

↓BMI
Improved fasting blood glucose, HbA1c, blood insulin, and
HOMA-IR

[186]

Quercetin
(3,3′,4′,5,7-

Pentahydroxyflavone)
Class: Falvonoid

A total of nine studies of
781 participants involved in
meta-analysis
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fasting plasma glucose, HOMA-IR, HbA1c
↓fasting blood glucose in studies with a duration of
≥8 weeks
↓insulin concentrations in studies that enrolled individuals
aged <45 years

[187]

In conclusion, considering the significant attention and quantity of randomized con-
trolled trials investigating the influence of polyphenols on metabolic- or diabetes-related
outcomes, the results remain disputed. Inconsistent findings may be attributable to dis-
crepancies in terms of the sample dose, time frame, health status of individuals, whether
participants were taking other medications, and the small sample sizes frequently used. It
needs to be emphasized that outcomes are not always comparable with a treatment’s dose
or time-dependent impact. The data show that polyphenol therapies may help decrease
blood glucose and maybe improve insulin sensitivity, although more and better research is
needed. Natural polyphenols have a favourable safety profile and are found in relatively
high concentrations in the average human diet.

7. Conclusions

This review focused on the anti-diabetic properties of dietary phenolic compounds
and their mechanisms of action. Nevertheless, it is essential to note that the final anti-
diabetic activity of phenolic compounds is dependent on numerous factors, including their
concentration in food, absorption, metabolism, and bioavailability, indicating the need for
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research into the association of these factors with phenolic bioactivity to outline strategies
aimed at maximizing the impact on diabetes management. Therefore, given the importance
of diabetes and the rising number of people suffering from it, there is a clear need for novel
medicines that may lessen the detrimental effects of the condition while also ensuring the
safety and well-being of the community. In this regard, polyphenols might be a possible
option for controlling the course of this metabolic disease.

Presented in this review, numerous in vitro and in vivo studies have been selected
from copious, currently ongoing, or recently completed studies and trials. They all indicate
that a diet rich in polyphenolic compounds benefits glucose homeostasis through multiple
and complex mechanisms of action in various human body organs such as the intestine,
liver, muscle, adipocytes, and pancreatic β-cells. Polyphenol intake seems to be associated
with a lower T2DM development and progression rate. The clinical studies that have been
conducted have shown significant limitations and inconsistencies when considering dietary
polyphenol supplementation. However, applying these compounds in glucose and insulin
homeostasis management seems to be the right direction and a promising approach for
further studies and research.

Due to the poor bioavailability of polyphenols, progress in micro- and nanoencapsula-
tion methodologies of phenolic compounds could be applied as supportive supplements
for diabetes treatment. The encapsulation of phenolic compounds may additionally cover
the unpleasant flavour of some plant extracts, paving the way for the development of future
functional foods, nutraceuticals, or orally administered polyphenol-based diabetes drugs.

Author Contributions: Conceptualization—M.B.-M.; validation, L.A.W. and M.B.-M.; writing—original
draft preparation, I.B.-P., M.K., M.B.-M. and L.A.W.; writing—review and editing, M.B.-M., L.A.W.;
supervision, L.A.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. American Diabetes Association (2). Classification and diagnosis of diabetes. Diabetes Care 2015, 38, S8–S16. [CrossRef] [PubMed]
2. Davies, J.L.; Kawaguchi, Y.; Bennett, S.T.; Copeman, J.B.; Cordell, H.J.; Pritchard, L.E.; Reed, P.W.; Gough, S.C.; Jenkins, S.C.;

Palmer, S.M.; et al. A genome-wide search for human type 1 diabetes susceptibility genes. Nature 1994, 371, 130–136. [CrossRef]
[PubMed]

3. Keenan, H.A.; Sun, J.K.; Levine, J.; Doria, A.; Aiello, L.P.; Eisenbarth, G.; Bonner-Weir, S.; King, G.L. Residual insulin production
and pancreatic ß-cell turnover after 50 years of diabetes: Joslin Medalist Study. Diabetes 2010, 59, 2846–2853. [CrossRef] [PubMed]

4. Nejentsev, S.; Howson, J.M.; Walker, N.M.; Szeszko, J.; Field, S.F.; Stevens, H.E.; Reynolds, P.; Hardy, M.; King, E.; Masters, J.; et al.
Localization of type 1 diabetes susceptibility to the MHC class I genes HLA-B and HLA-A. Nature 2007, 450, 887–892. [CrossRef]
[PubMed]

5. Harjutsalo, V.; Sjöberg, L.; Tuomilehto, J. Time trends in the incidence of type 1 diabetes in Finnish children: A cohort study.
Lancet 2008, 371, 1777–1782. [CrossRef]

6. Temneanu, O.R.; Trandafir, L.M.; Purcarea, M.R. Type 2 diabetes mellitus in children and adolescents: A relatively new clinical
problem within pediatric practice. J. Med. Life 2016, 9, 235–239.

7. Artasensi, A.; Mazzolari, A.; Pedretti, A.; Vistoli, G.; Fumagalli, L. Obesity and Type 2 Diabetes: Adiposopathy as a Triggering
Factor and Therapeutic Options. Molecules 2023, 28, 3094. [CrossRef]

8. Kahn, S.E.; Prigeon, R.L.; McCulloch, D.K.; Boyko, E.J.; Bergman, R.N.; Schwartz, M.W.; Neifing, J.L.; Ward, W.K.; Beard, J.C.;
Palmer, J.P.; et al. Quantification of the relationship between insulin sensitivity and beta-cell function in human subjects. Evidence
for a hyperbolic function. Diabetes 1993, 42, 1663–1672. [CrossRef]

9. World Health Organization Global Health Observatory. Available online: www.who.int: (accessed on 10 November 2021).
10. Ferrara, A. Increasing prevalence of gestational diabetes mellitus: A public health perspective. Diabetes Care 2007, 30 (Suppl. S2),

S141–S146. [CrossRef]
11. Plows, J.F.; Stanley, J.L.; Baker, P.N.; Reynolds, C.M.; Vickers, M.H. The Pathophysiology of Gestational Diabetes Mellitus. Int. J.

Mol. Sci. 2018, 19, 3342. [CrossRef]
12. Li, Z.; Cheng, Y.; Wang, D.; Chen, H.; Ming, W.K.; Wang, Z. Incidence Rate of Type 2 Diabetes Mellitus after Gestational Diabetes

Mellitus: A Systematic Review and Meta-Analysis of 170,139 Women. J. Diabetes Res. 2020, 2020, 3076463. [CrossRef] [PubMed]
13. Adane, A.A.; Mishra, G.D.; Tooth, L.R. Diabetes in Pregnancy and Childhood Cognitive Development: A Systematic Review.

Pediatrics 2016, 137, e20154234. [CrossRef]

https://doi.org/10.2337/dc15-S005
https://www.ncbi.nlm.nih.gov/pubmed/25537714
https://doi.org/10.1038/371130a0
https://www.ncbi.nlm.nih.gov/pubmed/8072542
https://doi.org/10.2337/db10-0676
https://www.ncbi.nlm.nih.gov/pubmed/20699420
https://doi.org/10.1038/nature06406
https://www.ncbi.nlm.nih.gov/pubmed/18004301
https://doi.org/10.1016/S0140-6736(08)60765-5
https://doi.org/10.3390/molecules28073094
https://doi.org/10.2337/diab.42.11.1663
www.who.int:
https://doi.org/10.2337/dc07-s206
https://doi.org/10.3390/ijms19113342
https://doi.org/10.1155/2020/3076463
https://www.ncbi.nlm.nih.gov/pubmed/32405502
https://doi.org/10.1542/peds.2015-4234


Biomolecules 2023, 13, 1402 24 of 30

14. Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.; Ogurtsova,
K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from the
International Diabetes Federation Diabetes Atlas, 9(th) edition. Diabetes Res. Clin. Pract. 2019, 157, 107843. [CrossRef]

15. Darenskaya, M.A.; Kolesnikova, L.I.; Kolesnikov, S.I. Oxidative Stress: Pathogenetic Role in Diabetes Mellitus and Its Complica-
tions and Therapeutic Approaches to Correction. Bull. Exp. Biol. Med. 2021, 171, 179–189. [CrossRef]

16. Deng, L.; Du, C.; Song, P.; Chen, T.; Rui, S.; Armstrong, D.G.; Deng, W. The Role of Oxidative Stress and Antioxidants in Diabetic
Wound Healing. Oxid. Med. Cell Longev. 2021, 2021, 8852759. [CrossRef] [PubMed]

17. Ganjifrockwala, F.A.; Joseph, J.T.; George, G. Decreased total antioxidant levels and increased oxidative stress in South African
type 2 diabetes mellitus patients. J. Endocrinol. Metab. Diabetes South Afr. 2017, 22, 21–25. [CrossRef]

18. van der Schaft, N.; Schoufour, J.D.; Nano, J.; Kiefte-de Jong, J.C.; Muka, T.; Sijbrands, E.J.G.; Ikram, M.A.; Franco, O.H.; Voortman,
T. Dietary antioxidant capacity and risk of type 2 diabetes mellitus, prediabetes and insulin resistance: The Rotterdam Study. Eur.
J. Epidemiol. 2019, 34, 853–861. [CrossRef]

19. Hassan, W.; Noreen, H.; Rehman, S.; Gul, S.; Kamal, M.A.; Kamdem, J.P.; Zaman, B.; da Rocha, J.B.T. Oxidative Stress and
Antioxidant Potential of One Hundred Medicinal Plants. Curr. Top. Med. Chem. 2017, 17, 1336–1370. [CrossRef] [PubMed]

20. Guzik, T.J.; Mussa, S.; Gastaldi, D.; Sadowski, J.; Ratnatunga, C.; Pillai, R.; Channon, K.M. Mechanisms of Increased Vascular
Superoxide Production in Human Diabetes Mellitus. Circulation 2002, 105, 1656–1662. [CrossRef] [PubMed]

21. Scalbert, A.; Manach, C.; Morand, C.; Remesy, C.; Jimenez, L. Dietary polyphenols and the prevention of diseases. Crit. Rev. Food
Sci. Nutr. 2005, 45, 287–306. [CrossRef]

22. Valko, M.; Rhodes, C.J.; Moncol, J.; Izakovic, M.; Mazur, M. Free radicals, metals and antioxidants in oxidative stress-induced
cancer. Chem. -Biol. Interact. 2006, 160, 1–40. [CrossRef] [PubMed]

23. Juan, C.A.; Pérez de la Lastra, J.M.; Plou, F.J.; Pérez-Lebeña, E. The Chemistry of Reactive Oxygen Species (ROS) Revisited:
Outlining Their Role in Biological Macromolecules (DNA, Lipids and Proteins) and Induced Pathologies. Int. J. Mol. Sci. 2021,
22, 4642. [CrossRef]

24. Di Meo, S.; Venditti, P. Evolution of the Knowledge of Free Radicals and Other Oxidants. Oxid. Med. Cell Longev. 2020, 2020,
9829176. [CrossRef] [PubMed]

25. Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazur, M.; Telser, J. Free radicals and antioxidants in normal physiological
functions and human disease. Int. J. Biochem. Cell Biol. 2007, 39, 44–84. [CrossRef] [PubMed]

26. Jones, D.P. Radical-free biology of oxidative stress. Am. J. Physiol. Cell Physiol. 2008, 295, C849–C868. [CrossRef]
27. Halliwell, B. Reactive species and antioxidants. Redox biology is a fundamental theme of aerobic life. Plant Physiol. 2006, 141,

312–322. [CrossRef]
28. Kovacic, P.; Pozos, R.S.; Somanathan, R.; Shangari, N.; O’Brien, P.J. Mechanism of mitochondrial uncouplers, inhibitors, and

toxins: Focus on electron transfer, free radicals, and structure-activity relationships. Curr. Med. Chem. 2005, 12, 2601–2623.
[CrossRef]

29. Forrester, S.J.; Kikuchi, D.S.; Hernandes, M.S.; Xu, Q.; Griendling, K.K. Reactive Oxygen Species in Metabolic and Inflammatory
Signaling. Circ. Res. 2018, 122, 877–902. [CrossRef]

30. Droge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, 82, 47–95. [CrossRef]
31. Kuksal, N.; Chalker, J.; Mailloux, R.J. Progress in understanding the molecular oxygen paradox—Function of mitochondrial

reactive oxygen species in cell signaling. Biol. Chem. 2017, 398, 1209–1227. [CrossRef]
32. Sies, H. Oxidative Stress: Concept and Some Practical Aspects. Antioxidants 2020, 9, 852. [CrossRef] [PubMed]
33. Leonarduzzi, G.; Sottero, B.; Testa, G.; Biasi, F.; Poli, G. New insights into redox-modulated cell signaling. Curr. Pharm. Des. 2011,

17, 3994–4006. [CrossRef] [PubMed]
34. Yan, L.L.; Zaher, H.S. How do cells cope with RNA damage and its consequences? J. Biol. Chem. 2019, 294, 15158–15171. [CrossRef]

[PubMed]
35. Hawkins, C.L.; Davies, M.J. Detection, identification, and quantification of oxidative protein modifications. J. Biol. Chem. 2019,

294, 19683–19708. [CrossRef] [PubMed]
36. Ito, F.; Sono, Y.; Ito, T. Measurement and Clinical Significance of Lipid Peroxidation as a Biomarker of Oxidative Stress: Oxidative

Stress in Diabetes, Atherosclerosis, and Chronic Inflammation. Antioxidants 2019, 8, 72. [CrossRef]
37. Ray, P.D.; Huang, B.W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell. Signal.

2012, 24, 981–990. [CrossRef]
38. Dahlmann, H.A.; Vaidyanathan, V.G.; Sturla, S.J. Investigating the biochemical impact of DNA damage with structure-based

probes: Abasic sites, photodimers, alkylation adducts, and oxidative lesions. Biochemistry 2009, 48, 9347–9359. [CrossRef]
39. Thompson, P.S.; Cortez, D. New insights into abasic site repair and tolerance. DNA Repair 2020, 90, 102866. [CrossRef]
40. Dizdaroglu, M.; Jaruga, P. Mechanisms of free radical-induced damage to DNA. Free Radic. Res. 2012, 46, 382–419. [CrossRef]
41. Patel, J.; Baptiste, B.A.; Kim, E.; Hussain, M.; Croteau, D.L.; Bohr, V.A. DNA damage and mitochondria in cancer and aging.

Carcinogenesis 2020, 41, 1625–1634. [CrossRef]
42. Auboeuf, D. Physicochemical Foundations of Life that Direct Evolution: Chance and Natural Selection are not Evolutionary

Driving Forces. Life 2020, 10, 7. [CrossRef]
43. Srinivas, U.S.; Tan, B.W.Q.; Vellayappan, B.A.; Jeyasekharan, A.D. ROS and the DNA damage response in cancer. Redox Biol. 2019,

25, 101084. [CrossRef]

https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1007/s10517-021-05191-7
https://doi.org/10.1155/2021/8852759
https://www.ncbi.nlm.nih.gov/pubmed/33628388
https://doi.org/10.1080/16089677.2017.1324590
https://doi.org/10.1007/s10654-019-00548-9
https://doi.org/10.2174/1568026617666170102125648
https://www.ncbi.nlm.nih.gov/pubmed/28049396
https://doi.org/10.1161/01.CIR.0000012748.58444.08
https://www.ncbi.nlm.nih.gov/pubmed/11940543
https://doi.org/10.1080/1040869059096
https://doi.org/10.1016/j.cbi.2005.12.009
https://www.ncbi.nlm.nih.gov/pubmed/16430879
https://doi.org/10.3390/ijms22094642
https://doi.org/10.1155/2020/9829176
https://www.ncbi.nlm.nih.gov/pubmed/32411336
https://doi.org/10.1016/j.biocel.2006.07.001
https://www.ncbi.nlm.nih.gov/pubmed/16978905
https://doi.org/10.1152/ajpcell.00283.2008
https://doi.org/10.1104/pp.106.077073
https://doi.org/10.2174/092986705774370646
https://doi.org/10.1161/CIRCRESAHA.117.311401
https://doi.org/10.1152/physrev.00018.2001
https://doi.org/10.1515/hsz-2017-0160
https://doi.org/10.3390/antiox9090852
https://www.ncbi.nlm.nih.gov/pubmed/32927924
https://doi.org/10.2174/138161211798764906
https://www.ncbi.nlm.nih.gov/pubmed/22188450
https://doi.org/10.1074/jbc.REV119.006513
https://www.ncbi.nlm.nih.gov/pubmed/31439666
https://doi.org/10.1074/jbc.REV119.006217
https://www.ncbi.nlm.nih.gov/pubmed/31672919
https://doi.org/10.3390/antiox8030072
https://doi.org/10.1016/j.cellsig.2012.01.008
https://doi.org/10.1021/bi901059k
https://doi.org/10.1016/j.dnarep.2020.102866
https://doi.org/10.3109/10715762.2011.653969
https://doi.org/10.1093/carcin/bgaa114
https://doi.org/10.3390/life10020007
https://doi.org/10.1016/j.redox.2018.101084


Biomolecules 2023, 13, 1402 25 of 30

44. Bui, A.D.; Sharma, R.; Henkel, R.; Agarwal, A. Reactive oxygen species impact on sperm DNA and its role in male infertility.
Andrologia 2018, 50, e13012. [CrossRef]

45. Valko, M.; Izakovic, M.; Mazur, M.; Rhodes, C.J.; Telser, J. Role of oxygen radicals in DNA damage and cancer incidence. Mol. Cell
Biochem. 2004, 266, 37–56. [CrossRef]

46. D’Errico, M.; Parlanti, E.; Dogliotti, E. Mechanism of oxidative DNA damage repair and relevance to human pathology. Mutat.
Res. 2008, 659, 4–14. [CrossRef] [PubMed]

47. Iyama, T.; Wilson, D.M., 3rd. DNA repair mechanisms in dividing and non-dividing cells. DNA Repair 2013, 12, 620–636.
[CrossRef]

48. Dandona, P.; Thusu, K.; Cook, S.; Snyder, B.; Makowski, J.; Armstrong, D.; Nicotera, T. Oxidative damage to DNA in diabetes
mellitus. Lancet 1996, 347, 444–445. [CrossRef] [PubMed]

49. Simone, S.; Gorin, Y.; Velagapudi, C.; Abboud, H.E.; Habib, S.L. Mechanism of oxidative DNA damage in diabetes: Tuberin
inactivation and downregulation of DNA repair enzyme 8-oxo-7,8-dihydro-2’-deoxyguanosine-DNA glycosylase. Diabetes 2008,
57, 2626–2636. [CrossRef]

50. Al-Aubaidy, H.A.; Jelinek, H.F. Oxidative stress and triglycerides as predictors of subclinical atherosclerosis in prediabetes. Redox
Rep. 2014, 19, 87–91. [CrossRef] [PubMed]

51. Ferri, J.; Martínez-Hervás, S.; Espinosa, O.; Fandos, M.; Pedro, T.; Real, J.T.; Chaves, F.J.; Cerdá, C.; Sáez, G.; Ascaso, J.F. 8-oxo-7,8-
dihydro-2’-deoxyguanosine as a marker of DNA oxidative stress in individuals with combined familiar hyperlipidemia. Med.
Clin. 2008, 131, 1–4. [CrossRef]

52. Xavier, D.J.; Takahashi, P.; Manoel-Caetano, F.S.; Foss-Freitas, M.C.; Foss, M.C.; Donadi, E.A.; Passos, G.A.; Sakamoto-Hojo, E.T.
One-week intervention period led to improvements in glycemic control and reduction in DNA damage levels in patients with
type 2 diabetes mellitus. Diabetes Res. Clin. Pract. 2014, 105, 356–363. [CrossRef]

53. Dinçer, Y.; Akçay, T.; Alademir, Z.; Ilkova, H. Assessment of DNA base oxidation and glutathione level in patients with type 2
diabetes. Mutat. Res. 2002, 505, 75–81. [CrossRef]

54. Lodovici, M.; Giovannelli, L.; Pitozzi, V.; Bigagli, E.; Bardini, G.; Rotella, C.M. Oxidative DNA damage and plasma antioxidant
capacity in type 2 diabetic patients with good and poor glycaemic control. Mutat. Res. 2008, 638, 98–102. [CrossRef] [PubMed]

55. Blasiak, J.; Arabski, M.; Krupa, R.; Wozniak, K.; Zadrozny, M.; Kasznicki, J.; Zurawska, M.; Drzewoski, J. DNA damage and repair
in type 2 diabetes mellitus. Mutat. Res. 2004, 554, 297–304. [CrossRef] [PubMed]

56. Gelaleti, R.B.; Damasceno, D.C.; Lima, P.H.; Salvadori, D.M.; Calderon, I.e.M.; Peraçoli, J.C.; Rudge, M.V. Oxidative DNA damage
in diabetic and mild gestational hyperglycemic pregnant women. Diabetol. Metab. Syndr. 2015, 7, 1. [CrossRef] [PubMed]

57. Collins, A.R.; Raslová, K.; Somorovská, M.; Petrovská, H.; Ondrusová, A.; Vohnout, B.; Fábry, R.; Dusinská, M. DNA damage in
diabetes: Correlation with a clinical marker. Free Radic. Biol. Med. 1998, 25, 373–377. [CrossRef]

58. Bukowiecka-Matusiak, M.; Burzynska-Pedziwiatr, I.; Szczesna, D.; Malgorzata, C.-K.; Fabian, A.; Wozniak, L.A. Erythrocyte
membranes in metabolic and neurological diseases—Supplementation with fatty acids and membranes remodeling. In Dietary
Sugar, Salt and Fat in Human Health; Preuss, H.G., Bagchi, D., Eds.; Elsevier: London, UK, 2020; pp. 505–528. [CrossRef]

59. Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde
and 4-Hydroxy-2-Nonenal. Oxidative Med. Cell. Longev. 2014, 2014, 360438. [CrossRef]

60. Spiteller, G.; Afzal, M. The action of peroxyl radicals, powerful deleterious reagents, explains why neither cholesterol nor
saturated fatty acids cause atherogenesis and age-related diseases. Chemistry 2014, 20, 14928–14945. [CrossRef]

61. Eizirik, D.; Colli, M.; Ortis, F.; Eizirik, D.L.; Colli, M.L.; Ortis, F. The role of inflammation in insulitis and β-cell loss in type 1
diabetes. Nat. Rev. Endocrinol. 2009, 5, 219–226. [CrossRef]

62. Peña-Bautista, C.; Vento, M.; Baquero, M.; Cháfer-Pericás, C. Lipid peroxidation in neurodegeneration. Clin. Chim. Acta 2019, 497,
178–188. [CrossRef]

63. Dham, D.; Roy, B.; Gowda, A.; Pan, G.; Sridhar, A.; Zeng, X.; Thandavarayan, R.A.; Palaniyandi, S.S. 4-Hydroxy-2-nonenal, a lipid
peroxidation product, as a biomarker in diabetes and its complications: Challenges and opportunities. Free Radic. Res. 2021, 55,
547–561. [CrossRef]

64. Toyokuni, S.; Yamada, S.; Kashima, M.; Ihara, Y.; Yamada, Y.; Tanaka, T.; Hiai, H.; Seino, Y.; Uchida, K. Serum 4-hydroxy-
2-nonenal-modified albumin is elevated in patients with type 2 diabetes mellitus. Antioxid. Redox Signal. 2000, 2, 681–685.
[CrossRef]

65. Zhao, Y.; Song, W.; Wang, Z.; Jin, X.; Xu, J.; Bai, L.; Li, Y.; Cui, J.; Cai, L. Resveratrol attenuates testicular apoptosis in type
1 diabetic mice: Role of Akt-mediated Nrf2 activation and p62-dependent Keap1 degradation. Redox Biol. 2018, 14, 609–617.
[CrossRef]

66. Ihara, Y.; Toyokuni, S.; Uchida, K.; Odaka, H.; Tanaka, T.; Ikeda, H.; Hiai, H.; Seino, Y.; Yamada, Y. Hyperglycemia causes
oxidative stress in pancreatic beta-cells of GK rats, a model of type 2 diabetes. Diabetes 1999, 48, 927–932. [CrossRef]

67. Morsi, H.K.; Ismail, M.M.; Gaber, H.A.; Elbasmy, A.A. Macrophage Migration Inhibitory Factor and Malondialdehyde as Potential
Predictors of Vascular Risk Complications in Type 2 Diabetes Mellitus: Cross-Sectional Case Control Study in Saudi Arabia.
Mediat. Inflamm. 2016, 2016, 5797930. [CrossRef]

68. Khalili, F.; Vaisi-Raygani, A.; Shakiba, E.; Kohsari, M.; Dehbani, M.; Naseri, R.; Asadi, S.; Rahimi, Z.; Rahimi, M. Oxidative stress
parameters and keap 1 variants in T2DM: Association with T2DM, diabetic neuropathy, diabetic retinopathy, and obesity. J. Clin.
Lab. Anal. 2022, 36, e24163. [CrossRef] [PubMed]

https://doi.org/10.1111/and.13012
https://doi.org/10.1023/B:MCBI.0000049134.69131.89
https://doi.org/10.1016/j.mrrev.2007.10.003
https://www.ncbi.nlm.nih.gov/pubmed/18083609
https://doi.org/10.1016/j.dnarep.2013.04.015
https://doi.org/10.1016/S0140-6736(96)90013-6
https://www.ncbi.nlm.nih.gov/pubmed/8618487
https://doi.org/10.2337/db07-1579
https://doi.org/10.1179/1351000213Y.0000000080
https://www.ncbi.nlm.nih.gov/pubmed/24520969
https://doi.org/10.1157/13123034
https://doi.org/10.1016/j.diabres.2014.06.004
https://doi.org/10.1016/S0027-5107(02)00143-4
https://doi.org/10.1016/j.mrfmmm.2007.09.002
https://www.ncbi.nlm.nih.gov/pubmed/17964614
https://doi.org/10.1016/j.mrfmmm.2004.05.011
https://www.ncbi.nlm.nih.gov/pubmed/15450427
https://doi.org/10.1186/1758-5996-7-1
https://www.ncbi.nlm.nih.gov/pubmed/25810781
https://doi.org/10.1016/S0891-5849(98)00053-7
https://doi.org/10.1016/C2018-0-01686-2
https://doi.org/10.1155/2014/360438
https://doi.org/10.1002/chem.201404383
https://doi.org/10.1038/nrendo.2009.21
https://doi.org/10.1016/j.cca.2019.07.037
https://doi.org/10.1080/10715762.2020.1866756
https://doi.org/10.1089/ars.2000.2.4-681
https://doi.org/10.1016/j.redox.2017.11.007
https://doi.org/10.2337/diabetes.48.4.927
https://doi.org/10.1155/2016/5797930
https://doi.org/10.1002/jcla.24163
https://www.ncbi.nlm.nih.gov/pubmed/34861061


Biomolecules 2023, 13, 1402 26 of 30

69. Desco, M.C.; Asensi, M.; Márquez, R.; Martínez-Valls, J.; Vento, M.; Pallardó, F.V.; Sastre, J.; Viña, J. Xanthine oxidase is involved
in free radical production in type 1 diabetes: Protection by allopurinol. Diabetes 2002, 51, 1118–1124. [CrossRef] [PubMed]

70. Caimi, G.; Hopps, E.; Noto, D.; Canino, B.; Montana, M.; Lucido, D.; Lo Presti, R.; Averna, M.R. Protein oxidation in a group of
subjects with metabolic syndrome. Diabetes Metab. Syndr. 2013, 7, 38–41. [CrossRef] [PubMed]

71. Lo Conte, M.; Carroll, K.S. The redox biochemistry of protein sulfenylation and sulfinylation. J. Biol. Chem. 2013, 288, 26480–26488.
[CrossRef]

72. Venturini, D.; Simao, A.N.; Dichi, I. Advanced oxidation protein products are more related to metabolic syndrome components
than biomarkers of lipid peroxidation. Nutr. Res. 2015, 35, 759–765. [CrossRef]

73. Perrone, A.; Giovino, A.; Benny, J.; Martinelli, F. Advanced Glycation End Products (AGEs): Biochemistry, Signaling, Analytical
Methods, and Epigenetic Effects. Oxid. Med. Cell Longev. 2020, 2020, 3818196. [CrossRef]

74. Twarda-Clapa, A.; Olczak, A.; Białkowska, A.M.; Koziołkiewicz, M. Advanced Glycation End-Products (AGEs): Formation,
Chemistry, Classification, Receptors, and Diseases Related to AGEs. Cells 2022, 11, 1312. [CrossRef]

75. Wilmut, I.; Schnieke, A.; McWhir, J.; Kind, A.; Campbell, K. Viable Offspring Derived from Fetal And Adult Mammalian Cells.
Cloning Stem Cells 2007, 9, 3–7. [CrossRef] [PubMed]

76. Perez-Burillo, S.; Rufian-Henares, J.A.; Pastoriza, S. Effect of home cooking on the antioxidant capacity of vegetables: Relationship
with Maillard reaction indicators. Food Res. Int. 2019, 121, 514–523. [CrossRef] [PubMed]

77. Chuyen, N.V. Toxicity of the AGEs generated from the Maillard reaction: On the relationship of food-AGEs and biological-AGEs.
Mol. Nutr. Food Res. 2006, 50, 1140–1149. [CrossRef] [PubMed]

78. Takeuchi, M.; Sakasai-Sakai, A.; Takata, T.; Takino, J.I.; Koriyama, Y.; Kikuchi, C.; Furukawa, A.; Nagamine, K.; Hori, T.;
Matsunaga, T. Intracellular Toxic AGEs (TAGE) Triggers Numerous Types of Cell Damage. Biomolecules 2021, 11, 387. [CrossRef]

79. Frijhoff, J.; Winyard, P.G.; Zarkovic, N.; Davies, S.S.; Stocker, R.; Cheng, D.; Knight, A.R.; Taylor, E.L.; Oettrich, J.; Ruskovska,
T.; et al. Clinical Relevance of Biomarkers of Oxidative Stress. Antioxid. Redox Signal. 2015, 23, 1144–1170. [CrossRef]

80. Yan, S.F.; Ramasamy, R.; Naka, Y.; Schmidt, A.M. Glycation, inflammation, and RAGE: A scaffold for the macrovascular
complications of diabetes and beyond. Circ. Res. 2003, 93, 1159–1169. [CrossRef]

81. Sergi, D.; Boulestin, H.; Campbell, F.M.; Williams, L.M. The Role of Dietary Advanced Glycation End Products in Metabolic
Dysfunction. Mol. Nutr. Food Res. 2021, 65, e1900934. [CrossRef]

82. Pinto-Junior, D.C.; Silva, K.S.; Michalani, M.L.; Yonamine, C.Y.; Esteves, J.V.; Fabre, N.T.; Thieme, K.; Catanozi, S.; Okamoto, M.M.;
Seraphim, P.M.; et al. Advanced glycation end products-induced insulin resistance involves repression of skeletal muscle GLUT4
expression. Sci. Rep. 2018, 8, 8109. [CrossRef]

83. Le Bagge, S.; Fotheringham, A.K.; Leung, S.S.; Forbes, J.M. Targeting the receptor for advanced glycation end products (RAGE) in
type 1 diabetes. Med. Res. Rev. 2020, 40, 1200–1219. [CrossRef]

84. Du, C.; Whiddett, R.O.; Buckle, I.; Chen, C.; Forbes, J.M.; Fotheringham, A.K. Advanced Glycation End Products and Inflammation
in Type 1 Diabetes Development. Cells 2022, 11, 3503. [CrossRef]

85. Guan, S.S.; Sheu, M.L.; Yang, R.S.; Chan, D.C.; Wu, C.T.; Yang, T.H.; Chiang, C.K.; Liu, S.H. The pathological role of advanced
glycation end products-downregulated heat shock protein 60 in islet β-cell hypertrophy and dysfunction. Oncotarget 2016, 7,
23072–23087. [CrossRef]

86. Li, S.; Yang, H. Relationship between advanced glycation end products and gestational diabetes mellitus. J. Matern. Fetal Neonatal
Med. 2019, 32, 2783–2789. [CrossRef] [PubMed]

87. Wojcik, M.; Krawczyk, M.; Zieleniak, A.; Mac-Marcjanek, K.; Wozniak, L.A. Associations of high blood sugar with oxidative
stress and inflammation in patients with type 2 diabetes. In Dietary Sugar, Salt and Fat in Human Health; Elsevier: Amsterdam, The
Netherlands, 2020; pp. 305–323.

88. Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F.; Bonaduce, D.; et al.
Oxidative stress, aging, and diseases. Clin. Interv. Aging 2018, 13, 757–772. [CrossRef] [PubMed]

89. Samuel, V.T.; Shulman, G.I. The pathogenesis of insulin resistance: Integrating signaling pathways and substrate flux. J. Clin.
Invest. 2016, 126, 12–22. [CrossRef]

90. Luc, K.; Schramm-Luc, A.; Guzik, T.J.; Mikolajczyk, T.P. Oxidative stress and inflammatory markers in prediabetes and diabetes.
J. Physiol. Pharmacol. An. Off. J. Pol. Physiol. Soc. 2019, 70, 809–824. [CrossRef]

91. Furukawa, S.; Fujita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.; Nakayama, O.; Makishima, M.; Matsuda, M.;
Shimomura, I. Increased oxidative stress in obesity and its impact on metabolic syndrome. J. Clin. Investig. 2004, 114, 1752–1761.
[CrossRef]

92. Wang, Y.; Alkhalidy, H.; Liu, D. The Emerging Role of Polyphenols in the Management of Type 2 Diabetes. Molecules 2021, 26, 703.
[CrossRef] [PubMed]

93. Da Porto, A.; Cavarape, A.; Colussi, G.; Casarsa, V.; Catena, C.; Sechi, L.A. Polyphenols Rich Diets and Risk of Type 2 Diabetes.
Nutrients 2021, 13, 1445. [CrossRef]

94. Naz, R.; Saqib, F.; Awadallah, S.; Wahid, M.; Latif, M.F.; Iqbal, I.; Mubarak, M.S. Food Polyphenols and Type II Diabetes Mellitus:
Pharmacology and Mechanisms. Molecules 2023, 28, 3996. [CrossRef] [PubMed]

95. Meigs, J.B.; Larson, M.G.; Fox, C.S.; Keaney, J.F., Jr.; Vasan, R.S.; Benjamin, E.J. Association of oxidative stress, insulin resistance,
and diabetes risk phenotypes: The Framingham Offspring Study. Diabetes Care 2007, 30, 2529–2535. [CrossRef] [PubMed]

https://doi.org/10.2337/diabetes.51.4.1118
https://www.ncbi.nlm.nih.gov/pubmed/11916934
https://doi.org/10.1016/j.dsx.2013.02.013
https://www.ncbi.nlm.nih.gov/pubmed/23517795
https://doi.org/10.1074/jbc.R113.467738
https://doi.org/10.1016/j.nutres.2015.06.013
https://doi.org/10.1155/2020/3818196
https://doi.org/10.3390/cells11081312
https://doi.org/10.1089/clo.2006.0002
https://www.ncbi.nlm.nih.gov/pubmed/17386005
https://doi.org/10.1016/j.foodres.2018.12.007
https://www.ncbi.nlm.nih.gov/pubmed/31108776
https://doi.org/10.1002/mnfr.200600144
https://www.ncbi.nlm.nih.gov/pubmed/17131455
https://doi.org/10.3390/biom11030387
https://doi.org/10.1089/ars.2015.6317
https://doi.org/10.1161/01.RES.0000103862.26506.3D
https://doi.org/10.1002/mnfr.201900934
https://doi.org/10.1038/s41598-018-26482-6
https://doi.org/10.1002/med.21654
https://doi.org/10.3390/cells11213503
https://doi.org/10.18632/oncotarget.8604
https://doi.org/10.1080/14767058.2018.1449201
https://www.ncbi.nlm.nih.gov/pubmed/29560756
https://doi.org/10.2147/CIA.S158513
https://www.ncbi.nlm.nih.gov/pubmed/29731617
https://doi.org/10.1172/JCI77812
https://doi.org/10.26402/jpp.2019.6.01
https://doi.org/10.1172/JCI21625
https://doi.org/10.3390/molecules26030703
https://www.ncbi.nlm.nih.gov/pubmed/33572808
https://doi.org/10.3390/nu13051445
https://doi.org/10.3390/molecules28103996
https://www.ncbi.nlm.nih.gov/pubmed/37241737
https://doi.org/10.2337/dc07-0817
https://www.ncbi.nlm.nih.gov/pubmed/17586736


Biomolecules 2023, 13, 1402 27 of 30

96. Tiedge, M.; Lortz, S.; Drinkgern, J.; Lenzen, S. Relation between antioxidant enzyme gene expression and antioxidative defense
status of insulin-producing cells. Diabetes 1997, 46, 1733–1742. [CrossRef] [PubMed]

97. Robertson, R.P. Oxidative stress and impaired insulin secretion in type 2 diabetes. Curr. Opin. Pharmacol. 2006, 6, 615–619.
[CrossRef]

98. Acharya, J.D.; Pande, A.J.; Joshi, S.M.; Yajnik, C.S.; Ghaskadbi, S.S. Treatment of hyperglycaemia in newly diagnosed diabetic
patients is associated with a reduction in oxidative stress and improvement in β-cell function. Diabetes Metab. Res. Rev. 2014, 30,
590–598. [CrossRef] [PubMed]

99. Goldfine, A.B.; Fonseca, V.; Jablonski, K.A.; Pyle, L.; Staten, M.A.; Shoelson, S.E. The Effects of Salsalate on Glycemic Control in
Patients With Type 2 Diabetes. Ann. Intern. Med. 2010, 152, 346–357. [CrossRef]

100. Gupta, S.; Maratha, A.; Siednienko, J.; Natarajan, A.; Gajanayake, T.; Hoashi, S.; Miggin, S. Analysis of inflammatory cytokine and
TLR expression levels in Type 2 Diabetes with complications. Sci. Rep. 2017, 7, 7633. [CrossRef]

101. Böni-Schnetzler, M.; Meier, D.T. Islet inflammation in type 2 diabetes. Semin. Immunopathol. 2019, 41, 501–513. [CrossRef]
102. Chaudhuri, A.; Ghanim, H.; Vora, M.; Sia, C.L.; Korzeniewski, K.; Dhindsa, S.; Makdissi, A.; Dandona, P. Exenatide exerts a

potent antiinflammatory effect. J. Clin. Endocrinol. Metab. 2012, 97, 198–207. [CrossRef]
103. Guerrero-Romero, F.; Simental-Mendía, L.E.; Rodríguez-Morán, M. Association of C-reactive protein levels with fasting and

postload glucose levels according to glucose tolerance status. Arch. Med. Res. 2014, 45, 70–75. [CrossRef]
104. Colak, A.; Akinci, B.; Diniz, G.; Turkon, H.; Ergonen, F.; Yalcin, H.; Coker, I. Postload hyperglycemia is associated with increased

subclinical inflammation in patients with prediabetes. Scand. J. Clin. Lab. Investig. 2013, 73, 422–427. [CrossRef]
105. Arnalich, F.; Hernanz, A.; López-Maderuelo, D.; Peña, J.M.; Camacho, J.; Madero, R.; Vázquez, J.J.; Montiel, C. Enhanced

acute-phase response and oxidative stress in older adults with type II diabetes. Horm. Metab. Res. 2000, 32, 407–412. [CrossRef]
[PubMed]

106. Giulietti, A.; van Etten, E.; Overbergh, L.; Stoffels, K.; Bouillon, R.; Mathieu, C. Monocytes from type 2 diabetic patients have a
pro-inflammatory profile. 1,25-Dihydroxyvitamin D(3) works as anti-inflammatory. Diabetes Res. Clin. Pract. 2007, 77, 47–57.
[CrossRef]

107. Shanmugam, N.; Reddy, M.A.; Guha, M.; Natarajan, R. High glucose-induced expression of proinflammatory cytokine and
chemokine genes in monocytic cells. Diabetes 2003, 52, 1256–1264. [CrossRef] [PubMed]

108. Yun, J.M.; Jialal, I.; Devaraj, S. Epigenetic regulation of high glucose-induced proinflammatory cytokine production in monocytes
by curcumin. J. Nutr. Biochem. 2011, 22, 450–458. [CrossRef]

109. Gonzalez, Y.; Herrera, M.T.; Soldevila, G.; Garcia-Garcia, L.; Fabián, G.; Pérez-Armendariz, E.M.; Bobadilla, K.; Guzmán-Beltrán,
S.; Sada, E.; Torres, M. High glucose concentrations induce TNF-α production through the down-regulation of CD33 in primary
human monocytes. BMC Immunol. 2012, 13, 19. [CrossRef] [PubMed]

110. David, J.A.; Rifkin, W.J.; Rabbani, P.S.; Ceradini, D.J. The Nrf2/Keap1/ARE Pathway and Oxidative Stress as a Therapeutic Target
in Type II Diabetes Mellitus. J. Diabetes Res. 2017, 2017, 4826724. [CrossRef]

111. Ghezzi, P.; Bonetto, V.; Fratelli, M. Thiol-disulfide balance: From the concept of oxidative stress to that of redox regulation.
Antioxid. Redox Signal. 2005, 7, 964–972. [CrossRef]

112. Sung, C.C.; Hsu, Y.C.; Chen, C.C.; Lin, Y.F.; Wu, C.C. Oxidative stress and nucleic acid oxidation in patients with chronic kidney
disease. Oxid. Med. Cell Longev. 2013, 2013, 301982. [CrossRef]
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