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Abstract

Diabetes mellitus (DM) is a complex, heterogeneous, chronic metabolic disorder characterized by
persistent hyperglycemia. The most common classification of diabetes includes type 1 diabetes
mellitus (TIDM), type 2 diabetes mellitus (I2DM), and gestational diabetes. The aim of the study is
to investigate the underlying mechanisms of T2DM,, its clinical presentation, and complications. The
association of the pathogenesis of T2DM and the occurrence of its complications with obesity, chronic
inflammation, oxidative stress (OS), insulin resistance (IR), hepatic steatosis, dyslipidemia, and
molecular pathways, such as NF-«kB and JAK/STAT is also summarized, under the scope of the effects
of several antioxidant compounds and minerals in their progression. T2DM is characterized by
progressive loss of insulin secretion from pancreatic islet 3-cells due to IR, which is a parameter of
metabolic syndrome (MetS). Chronic hyperglycemia in patients with TDM in synergy with other
metabolic abnormalities causes acute complications such as diabetic ketoacidosis, osmotic diuresis
and hyperglycemic diabetic coma, chronic microvascular complications such as diabetic retinopathy,
nephropathy and neuropathy and macrovascular complications such as atherosclerotic
cardiovascular disease (ASCVD), peripheral artery disease (PAD) and cerebrovascular events, which
implicate the formation of reactive species and the promotion of inflammatory pathways. In these
events natural or synthetic antioxidants and minerals seem to be ameliorating or co-treatment
beneficial options. Obese patients are recommended to be screened for T2DM and to make lifestyle
changes including exercise, diet modification, and weight loss, potentially together with anti-obesity
pharmacotherapy, and multifunctional supplements with antioxidant and anti-inflammatory
potential.
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1. Introduction

The term diabetes originates from the Greek verb diabaino, meaning “to pass through” [1]. The
ancient physician Aretaeus of Cappadocia used the term diabetes to describe a condition characterized
by excessive urination, or polyuria [1]. Since then, a distinction has been made between diabetes
mellitus and diabetes insipidus, the latter referring to a condition in which the urine is tasteless and
lacks any distinctive quality [2].

Diabetes mellitus is a heterogeneous metabolic disorder characterized by chronic hyperglycemia
resulting from impaired insulin secretion, defective insulin action, or a combination of both [3]. The
most common classifications include TIDM, T2DM, and gestational diabetes [4]. The disease typically
develops through a prediabetic stage, defined by impaired fasting glucose (IFG) and/or impaired
glucose tolerance (IGT), or glycated hemoglobin (HbAlc) values ranging from 6.0% to 6.4% [3,5].

T2DM is among the most significant non-communicable chronic diseases, exhibiting high rates
of morbidity and mortality [6]. It accounts for approximately 96% of all diabetes cases and is
characterized by (a) non-autoimmune, progressive loss of adequate insulin secretion by pancreatic 3-
cells within the islets of Langerhans, (b) IR, and (c) MetS [7,8]. Furthermore, its strong association
with obesity and the involvement of OS in both the onset and complications of T2DM are well-
documented. Numerous inflammatory and oxidative mechanisms contribute to this relationship
[9,10]. In light of the above, the present study aims to elucidate the pathways implicated in the
development and progression of T2DM and its complications, emphasizing their interrelation with
obesity and OS-related signaling. Furthermore, it seeks to analyze the impact of antioxidant vitamins,
natural compounds, and minerals on these processes, drawing upon data from the international
literature, mainly from the last decade, and comparing findings from in cellulo, in vivo, and clinical
studies.

2. Pathophysiology of Obesity-Induced Insulin Resistance and Type 2 Diabetes
Mellitus

Hyperglycemia in T2DM results from reduced glucose utilization due to non-autoimmune
insulinopenia and the excessive production of glucagon [11]. Insulinopenia leads to decreased
glucose uptake by muscle and adipose tissues, reduced glycogen synthesis, and diminished
lipogenesis [6]. Excessive glucagon secretion, which becomes the dominant hormone in carbohydrate
metabolism, promotes increased glycogenolysis and gluconeogenesis in the liver [12]. Among these
mechanisms, elevated hepatic gluconeogenesis (mediated by glucagon activity) contributes more
significantly to hyperglycemia than impaired glucose utilization [13]. The ensuing consequences of
hyperglycemia include glucosuria, osmotic diuresis, dehydration, and diabetic ketoacidosis [14]
(Figure 1).
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Figure 1. Illustration of the pathophysiologic mechanisms of obesity-induced IR and T2DM development:

Obesity can cause non-autoimmune insulinopenia through chronic low-grade inflammation, adipose tissue
hypoxia, and OS, which lead to hyperglycemia, disruption of insulin signaling, IR, pancreatic (3-cell dysfunction
and T2DM development. At the same time, obesity can lead to overproduction of glucagon, which causes
hyperglycemia and contributes to IR and T2DM development. Hyperglycemia in T2DM leads to glycosuria,
which causes osmotic diuresis and dehydration. Also, T2DM can lead to the breakdown of fat for energy
production, generating ketone bodies and potentially causing diabetic ketoacidosis. Abbreviations: IR: insulin
resistance; T2DM: type 2 diabetes mellitus.

2.1. Insulin Signaling Pathways, IR, and the Pathogenesis of T2DM

Under normal physiological conditions, insulin signaling begins with the phosphorylation of its
cytoplasmic receptor and proceeds through two parallel pathways: (a) the phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT) pathway and (b) the mitogen-activated protein kinase (MAPK)
pathway [15]. Activation of AKT by insulin induces the translocation of the glucose transporter
GLUT4 from cytoplasmic vesicles to the plasma membrane, thereby promoting glucose uptake [6].
In addition, AKT activation by insulin phosphorylates the transcription factor FOXO1 (Forkhead box
protein O1) in the nucleus and translocates it to the cytoplasm, resulting in its inactivation and the
suppression of hepatic gluconeogenesis [6,16]. Furthermore, insulin-induced AKT activation
phosphorylates and inactivates glycogen synthase kinase 3 (GSK3), leading to enhanced glycogen
synthesis, while it also stimulates mTOR activity, promoting protein synthesis [6]. Under certain
conditions, insulin can also activate the MAPK pathway, leading to increased secretion of endothelin-
1 from vascular endothelial cells and subsequent vasoconstriction [15].

Insulin resistance (IR) refers to the reduced ability of insulin target tissues to respond to insulin
signaling, resulting in compensatory hyperinsulinemia, which is closely associated with MetS and
related disorders such as obesity, non-alcoholic fatty liver disease (NAFLD), and hypertension [6]. In
the early stages of IR, pancreatic [3-cells become hyperfunctional in an attempt to increase insulin
secretion and maintain normal plasma glucose levels [17]. As the condition progresses, [3-cells can no
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longer secrete sufficient insulin to compensate for the abnormally high blood glucose concentrations,
leading to prediabetes or overt T2DM [18].

In adipose tissue, IR induces enhanced lipolysis, while in the liver it promotes lipogenesis and
gluconeogenesis, resulting in compensatory hyperinsulinemia to maintain normoglycemia [15]. In
skeletal muscle, IR impairs GLUT4 translocation to the plasma membrane, thereby reducing glucose
uptake [15]. Increased lipolysis of visceral fat releases free fatty acids (FFAs) into the liver via the
portal circulation, leading to elevated secretion of very-low-density lipoproteins (vLDLs) and
triglycerides. The accumulation of triglycerides and FFAs in the liver causes hepatic lipotoxicity and
contributes to the development of NAFLD [15]. Moreover, elevated plasma FFAs contribute to
increased low-density lipoprotein (LDL) levels and decreased high-density lipoprotein (HDL)
concentrations, thus generating an atherogenic dyslipidemia [19]. In parallel, IR elevates serum
fibrinogen and plasminogen activator inhibitor-1 (PAI-1) levels, promoting a prothrombotic state in
T2DM, thereby increasing the risk of thrombosis and cardiovascular diseases (CVDs) [20].

2.2. Obesity, Chronic Low-Grade Inflammation, OS and the Pathogenesis of T2DM

Obesity is closely associated with chronic low-grade inflammation within adipose tissue. In
obesity-related chronic inflammation, there is increased secretion of chemotactic factors, anti-
inflammatory and pro-inflammatory adipokines, as well as pro-inflammatory cytokines [15]. This
inflammatory process involves a phenotypic shift in adipose tissue macrophages, from anti-
inflammatory M2 macrophages, predominant in lean individuals, to pro-inflammatory M1
macrophages, which dominate in overweight and obese subjects [15]. In individuals with normal
body weight, adipose tissue macrophages are mainly of the M2 subtype, producing anti-
inflammatory adipokines, such as adiponectin and apelin, and anti-inflammatory cytokines
including IL-4, IL-10, IL-11, IL-13, and IL-1Ra [15]. Excessive caloric intake and physical inactivity
lead to adipocyte hypertrophy, promoting increased secretion of chemotactic factors such as MCP-1
into the circulation, which in turn stimulates the recruitment and activation of pro-inflammatory M1
macrophages [21]. M1 macrophages infiltrate adipose tissue, resulting in the production of (i) pro-
inflammatory adipokines such as visfatin, resistin, leptin, and PAI-1; (ii) pro-inflammatory cytokines
such as IL-6, TNF-a, and IL-1p; and (iii) inducible nitric oxide synthase (iNOS). The chronic
inflammation that ensues leads to reduced adiponectin levels [15]. These pro-inflammatory
adipokines and cytokines impair insulin signaling in the liver, adipose tissue, and skeletal muscle,
while activating multiple inflammatory signaling cascades, including NF-«kB, JAK/STAT, and JNK
pathways. This molecular dysregulation promotes the development of MetS and T2DM [6].

In the liver, adipose tissue, and skeletal muscles, chronic hyperinsulinemia, secondary to
persistent hyperglycemia, further diminishes insulin signaling. The infiltration of adipose tissue by
M1 macrophages enhances the secretion of pro-inflammatory cytokines, perpetuating chronic
inflammation and contributing to OS [15]. Moreover, hyperglycemia increases mitochondrial
production of nicotinamide adenine dinucleotide phosphate (NADPH), which enhances the
generation of reactive oxygen species (ROS). These ROS exceed the capacity of endogenous
antioxidant systems, thereby promoting OS [22]. Elevated ROS levels exacerbate OS and
downregulate AKT activity, resulting in sustained hyperinsulinemia and IR. The latter further
diminishes insulin signaling in the liver, adipose tissue, and skeletal muscles [15]. Concurrently, both
increased secretion of pro-inflammatory cytokines such as IL-1f3 from adipose tissue and chronic
hyperinsulinemia contribute to pancreatic (3-cell dysfunction, leading to T2DM [15].

OS is also implicated in the pathogenesis of T2DM complications, including renal dysfunction,
diabetic retinopathy, and diabetic peripheral neuropathy [6]. In diabetic nephropathy, chronic
hyperglycemia induces excessive ROS accumulation within the renal mesangium, triggering
activation of Mtor [6], and sirtuin 1 [23], ultimately leading to mesangial cell apoptosis [6,24].
Similarly, in diabetic retinopathy, persistent hyperglycemia causes excessive accumulation of ROS
and advanced glycation end products (AGEs) in ocular tissues [25], activating the polyol,
hexosamine, and PKC pathways, which culminate in retinal cell apoptosis and disease progression

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0014.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 November 2025 d0i:10.20944/preprints202511.0014.v1

5 of 29

[26]. In diabetic peripheral neuropathy, both hyperglycemia and elevated saturated fatty acids (SFAs)
contribute to mitochondrial membrane depolarization and ROS accumulation in Schwann cells (SCs),
leading to activation of downstream effectors such as PKCe [27] and JNK [28], and ultimately
resulting in mitochondrial dysfunction and Schwann cell apoptosis [29].

2.3. The NF-xB Signaling Pathway in the Pathogenesis of T2DM and Its Complications

Proinflammatory cytokines secreted by adipose tissue in obese individuals with T2DM
phosphorylate and degrade the IB kinase (IKK) complex [30], thereby releasing and activating the
nuclear transcription factor kB (NF-kB), which subsequently translocates into the cell nucleus to exert
its transcriptional activity [6]. NF-kB regulates immune responses, stress reactions, apoptosis, and
cellular differentiation [31]. Specifically, NF-xB inhibits the activation of insulin receptor substrate-1
(IRS-1) by increasing the expression of inducible nitric oxide synthase (iNOS) and the production of
nitric oxide (NO) [6]. Moreover, IRS-1 activation is suppressed through serine phosphorylation by
IKKp, a subunit of the IKK complex. Additionally, NF-xB inhibits IRS-1 activation through the
stimulation of protein kinase C epsilon (PKCe) via the NLRP3 inflammasome, which itself is activated
by NF-kB [6]. Concurrently, NF-kB upregulates the transcription of IL-1f3, IL-18, and TNF-a, creating
a positive feedback loop that further amplifies its activity and contributes to the development of
metabolic syndrome-related comorbidities such as diabetic nephropathy, diabetic foot ulcers, and
diabetic retinopathy [6]. In diabetic nephropathy, NF-kB activation and its stimulation of the NLRP3
inflammasome promote renal inflammation and enhance the deposition of fibronectin and collagen
in the kidney [32], leading to thickening of the glomerular basement membrane, glomerulosclerosis,
podocyte injury, and ultimately renal fibrosis [33]. In diabetic foot ulcers, NF-kB activation induces
wound inflammation and increases caspase-3 activity, resulting in apoptosis of vascular endothelial
cells and delayed wound healing [34]. During the early stages of diabetic retinopathy, NF-xB
activation interacts with ROS to promote pro-apoptotic processes [35]. In the later stages of
proliferative diabetic retinopathy (PDR), abnormal neovascularization occurs, accompanied by
apoptosis of pericytes in the retinal layer due to elevated levels of the NLRP3 inflammasome and IL-
1P driven by NF-«B activity [36].

2.4. The JAK/STAT Signaling Pathway in the Pathogenesis of T2DM and Its Complications

The Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling
pathway serves as a key mediator in the downstream signaling of various cytokines, hormones, and
growth factors, and plays a crucial role in regulating cellular proliferation, differentiation, apoptosis,
and inflammatory responses [6]. In T2DM, elevated levels of proinflammatory cytokines, such as
interleukin-6 (IL-6) and interferon-gamma (IFN-v), activate the JAK2/STAT3 pathway, leading to the
upregulation of suppressor of cytokine signaling 3 (SOCS3), which inhibits the activation of insulin
receptor substrate-1 (IRS-1) [37,38]. Activation of the JAK/STAT3 pathway by these proinflammatory
cytokines has also been found to induce NF-«B activation [37]. Furthermore, JAK/STATS3 signaling is
implicated in T2DM-related complications, such as diabetic nephropathy and diabetic foot ulcers. In
diabetic nephropathy, increased JAK expression in glomerular podocytes activates the STAT3/NF-«B
axis, resulting in persistent low-grade renal inflammation, which promotes fibrosis and progressive
loss of renal function [39,40]. In diabetic foot ulcers, elevated proinflammatory cytokines, such as IL-
6, enhance STATS3 signaling [41], which impairs immune cell activation, recruitment, and survival,
ultimately leading to delayed wound healing [42].

3. Pathophysiology of T2DM Complications

Patients with diabetes mellitus frequently present with excessive thirst (polydipsia), extreme
hunger (polyphagia), increased urination (polyuria), lack of energy and fatigue, bacterial and fungal
infections of the skin and genital area, dry mouth, xerosis, nausea, vomiting, abdominal pain,
headache, facial flushing, dehydration, and delayed wound healing [43]. Some individuals may also
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report numbness or tingling in the hands and feet, or blurred vision [43]. Persistent hyperglycemia
in uncontrolled diabetes can lead to both acute and chronic complications. Acute complications
include hypoglycemia, diabetic ketoacidosis, hyperglycemic hyperosmolar state, and hyperglycemic
diabetic coma [43].

Chronic microvascular complications include nephropathy, neuropathy, and diabetic
retinopathy, whereas chronic macrovascular complications include atherosclerotic cardiovascular
disease (ASCVD), peripheral artery disease (PAD), and cerebrovascular events [3,6,43]. It is estimated
that 1.4-4.7% of middle-aged individuals with diabetes experience a cardiovascular event annually
[44,45]. Obese individuals with T2DM exhibit elevated circulating cholesterol levels and are at higher
risk for severe arteriosclerosis, characterized by the formation of atherosclerotic plaques within the
arterial wall, which narrow the vessel lumen [46]. The resulting restriction in blood flow increases
flow velocity and turbulence, further damaging the vascular wall and promoting thrombosis, events
that underlie myocardial infarction and stroke [47,48].

Diabetic foot ulcers arise from poor peripheral circulation [49]. Early symptoms of diabetic
peripheral neuropathy include hypoesthesia, numbness, and tingling in the lower extremities [50].
Due to sensory loss, injuries to the foot may occur and, because of impaired local circulation, these
wounds often fail to heal properly, potentially leading to lower-limb amputation [51].

3.1. Pathophysiological Mechanisms Underlying Diabetic Ketoacidosis

Diabetic ketoacidosis (DKA) is a medical emergency in diabetic patients characterized by plasma
glucose levels exceeding 240 mg/dL, resulting from the inhibition of lipogenesis [52]. Consequently,
fatty acids fail to enter the citric acid (Krebs) cycle and instead undergo mitochondrial $-oxidation,
leading to the formation of ketone bodies [53]. The two primary ketone bodies are acetoacetic acid
and (-hydroxybutyric acid, with acetone being the third and least abundant [54]. Ketone bodies are
weak acids; however, their excessive accumulation may exceed the compensatory capacity of the
body’s acid-base homeostatic mechanisms, leading to severe metabolic acidosis, known as diabetic
ketoacidosis, defined by blood pH less than 7.35 and bicarbonate less than 18 mmol/L [55,56]. DKA
is further exacerbated by dehydration resulting from osmotic diuresis [55]. If not treated promptly
with high-dose insulin therapy and adequate rehydration, DKA can progress to diabetic coma and
ultimately death [57]. To compensate for the acidosis, respiration becomes rapid and deep (Kussmaul
respiration), promoting increased elimination of carbon dioxide [55]. Additionally, the kidneys
contribute to compensatory mechanisms by reabsorbing bicarbonate from the extracellular fluid and
synthesizing new bicarbonate ions [58]. However, this renal buffering depletes extracellular
bicarbonate reserves [59,60]. Severe DKA develops primarily in cases of poorly controlled diabetes
mellitus [61]. When blood pH drops below 7.0, diabetic coma and death may ensue within hours [61].
The clinical signs and symptoms of diabetic ketoacidosis include: (1) elevated blood glucose levels
(>240 mg/dL), (2) ketonuria, (3) polydipsia and polyuria, (4) nausea, vomiting, and abdominal pain,
(5) dyspnea or labored breathing, (6) a fruity or acetone odor on the breath, (7) flushing, (8) fatigue,
(9) dehydration, and (10) loss of consciousness [14,55,60,61].

3.2. Pathophysiological Mechanisms of Osmotic Diuresis and Muscle Mass Reduction in T2DM

Under normal physiological conditions, glucose from the renal filtrate is completely reabsorbed
by the renal tubules into the peritubular capillaries and reenters systemic circulation [62]. The plasma
glucose concentration threshold of 180 mg/dL, known as the renal glucose threshold, represents the
saturation point of the glucose transporters that reabsorb glucose from the filtrate into the
bloodstream [63]. When plasma glucose levels exceed 180 mg/dL, the filtration of glucose into the
renal tubules surpasses the reabsorptive capacity of these transporters, resulting in the excretion of
excess glucose in the urine [64]. The elevated glucose concentration within the renal tubules increases
the osmotic pressure, thereby reducing tubular water reabsorption by the peritubular capillaries [65].
Consequently, large volumes of water are lost through the urine, leading to dehydration of the
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extracellular fluid, followed by compensatory dehydration of the intracellular compartment,
ultimately causing widespread cellular dehydration [64].

In uncontrolled T2DM, this mechanism manifests clinically as polyuria and intense thirst, as the
body attempts to compensate for the excessive water loss [66]. The pathophysiology of T2DM also
involves inappropriate hypersecretion of glucagon from pancreatic a-cells under hyperglycemic
conditions, further elevating plasma glucose levels via enhanced hepatic gluconeogenesis [67].
Simultaneously, glucagon promotes protein catabolism [68]. This reduction in total body protein
stores in T2DM patients leads to loss of muscle mass and progressive weakness [68]. Severe muscle
wasting may result in quadriplegia and ultimately death [69].

4. Antioxidants in T2DM and the Amelioration of Obesity-Associated T2DM
4.1. Vitamin E

Vitamin E is a group of lipid-soluble substances (tocols) including tocopherols (saturated) and
tocotrienols (unsaturated) each with four natural isomers (a-, -, Y-, and d-) depending on the
presence and position of the methyl group(s) as side chains on their aromatic chromanol ring [70,71].
Vitamin E is exclusively obtained from various staple foods, such as vegetable oils, palm oils, rice
bran, wheat germ, olive, barley, soybean, nuts and grains [70,72]. Vitamin E is an important cell
membrane component of all tissues and is transported in the body via plasma lipoproteins [73]. All
eight forms of vitamin E act as antioxidants when fat undergoes oxidation. In particular, tocopherols
and tocotrienols have a hydroxyl (-OH) group on their chromanol ring, which allows them to donate
hydrogen atoms to free radicals to prevent the oxidation of tissue polyunsaturated fatty acids
(PUFAs) in tissues [74]. Alpha-tocopherol is recognized as the most potent natural source of vitamin
E, and it acts as chain-breaking antioxidant in lipoproteins preventing lipid peroxidation and
maintaining plasma membrane integrity [75]. Also, alpha-tocopherol reduces LDL oxidation
preventing the the formation of foam cells and the development of atherosclerosis [74]. Vitamin E
supplementation reduces the inflammatory response by reducing the expression of IL-6, TNF-a and
C reactive protein [76]. Vitamin E has been found to inhibit the signaling pathways of p38 MAP-
kinases [77], NF-kB and STAT-3 [78], and to reduce the activity of cyclooxygenase-2 (COX-2) and the
production of eicosanoids [79]. Vitamin E has also shown antidiabetic properties, since it improves
insulin sensitivity (alpha-tocopherol) and IR in the liver [80]. The ability of alpha-tocopherol to act as
a scavenger of oxidized low-density lipoprotein cholesterol (oxLDL) seems to be beneficial for the
health of patients with metabolic syndrome by assisting to the reduction of the risk of development
of T2DM and the prevention of atherosclerosis associated with obesity [80]. Vitatin E has been found
in obese animal models to have anti-obesity effects [81]. Also, in an experimental model of diabetic
rats, it was observed that the administration of tocotrienol-rich supplements (200 mg/kg/day)
reduced fasting blood glucose levels and levels of oxidative stress markers and improved
dyslipidemia [82]. Additionally, in another experimental model of obese mice, it was found that oral
administration of y-tocotrienol supplements (50 mg/kg) significantly reduced fasting blood glucose
levels, insulin levels, and proinflammatory cytokine secretion, and enhanced insulin signaling in
adipose tissue [83]. At the same time, it has been found that the administration of alpha-tocopherol
to obese individuals caused polarization of macrophages towards the anti-inflammatory (M2)
phenotype [84] and reduced oxidative damage caused by ROS in T2DM [84].
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Figure 2. Protective effects of vitamin E against obesity-associated T2DM. Abbreviations: COX-2:
cyclooxygenase-2; NF-kB: nuclear factor kappa B; oxLDL: oxidized low-density lipoprotein cholesterol; p38
MAP-kinases: p38 mitogen-activated protein kinases; PUFAs: polyunsaturated fatty acids; STAT-3: signal

transducer and activator of transcription 3.

4.2. Vitamin C

Vitamin C (ascorbic acid) is a naturally occurring organic compound found both in animals and
plants, and functions as a cofactor in many enzymatic reactions, as an enzyme component and as a
powerful antioxidant, affecting also other antioxidant enzymes and compounds like vitamin E [85].
Human body lacks the ability to synthesize vitamin C on its own and must obtain it through diet,
primarily from fresh fruits and vegetables or from supplements [85]. Several studies have examined
the effects of vitamin C supplementation in T2DM, with some showing potential benefits, particularly
at higher doses, in improving fasting blood glucose and HbA1c levels and reducing IR and OS [86].
Naziroglu et al. evaluated the effects of hormone replacement therapy (HRT) and vitamin C and E
supplementation in postmenopausal women with T2DM, compared to non-diabetic postmenopausal
women and found that the therapy decreased lipid peroxidation and plasma levels of total
cholesterol, LDL-cholesterol and triglycerides. Also, there was a significant increase in plasma levels
of [-carotene catalase, glutathione peroxidase (GPx) and reduced glutathione, in postmenopausal
women with T2DM, treated with HRT and vitamin C and E combination [87]. Also, Harding et al., in
a long-term study, examined whether the consumption of fruits and vegetables and the plasma
vitamin C levels were negatively associated with the risk of T2DM development [88]. The researchers
found a significant association between the higher plasma vitamin C levels and the decreased risk of
T2DM development, suggesting that the high consumption of fruits and vegetables prevents T2DM
development [88]. In addition, Rafighi et al. evaluated the outcome of vitamin C and E
supplementation for 3 months on T2DM patients, aged 30-60 years with BMI>25 and found that the
consumption of vitamin C, E and C plus E significantly reduced the levels of fasting plasma glucose
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(FBG) and glycated hemoglobin (HbAlc) and increased the levels of superoxide dismutase (SOD)
and glutathione (GSH) in T2DM patients compared to the placebo group [86].

4.3. N-Acetylcysteine (NAC)

NAC is an N-acetylated form of the amino acid L-cysteine, and it is deacetylated into cysteine,
which is then used for the formation of glutathione (GSH) [89]. NAC possesses antioxidant,
cytoprotective, anti-inflammatory, antimicrobial and mucolytic properties, making it a promising
therapeutic agent for a wide range of diseases in humans [89]. NAC reduces ROS through both direct
and indirect antioxidant effects [90]. It directly scavenges some free radicals like hydroxyl radicals
(*OH), nitrogen dioxide radicals (¢NO2) and carbon trioxide radicals (CO3e-) [91]. In addition, it
indirectly boosts intracellular antioxidant defenses by serving as a precursor for glutathione (GSH).
The indirect pathway involves the synthesis of GSH, which detoxifies various oxidants and
replenishes cellular thiol stores, contributing to redox balance overally [92]. However, the oral
bioavailability of GSH is low due to its rapid elimination in the gastrointestinal tract, leading to poor
absorption and low blood levels, making traditional oral forms ineffective for therapeutic purposes
[93]. Alternative delivery methods using nanoformulations such as solid lipid nanoparticles (SLNs),
liposomes and nanoemulsions are being developed for NAC to enhance GSH absorption and efficacy.
These lipid-based nanosystems protect NAC from degradation, improve its solubility in the body
and facilitate targeted delivery across biological barriers by providing a protective barrier and
controlled release. This leads to increased bioavailability, extended half-life, and reduced side effects,
improving the therapeutic benefit of NAC for various conditions [94]. Many studies support that
NAC treatment in obese mice shows reduced fat mass, increased insulin sensitivity, and improved
glucose and lipid metabolism [95]. Daily NAC treatment for 11 weeks in high-carbohydrate diet-fed
rats significantly reduced serum insulin levels and improved insulin sensitivity, preventing the
development of IR [96]. Also, NAC treatment was found to increase the phosphorylation of the
PI3K/AKT and JNK2/STAT3 signaling pathways [97]. Moreover, NAC has been shown to inhibit lipid
accumulation in cultured adipocytes, and to reduce the expression of proteins like heat shock protein
70 (HSP70), aminoacylase-1 (ACY-1), and transketolase [98]. NAC reduces the release of
inflammatory cytokines like TNF-a, IL-6, IL-8, and IL-1(3 by suppressing NF-kB activation through
several mechanisms, including scavenging ROS, inhibiting the IKK[3/NF-«B signaling pathway, and
preventing the nuclear translocation of NF-kB [99]. In addition, NAC can reduce triglyceride
accumulation in cells by inhibiting adipogenic transcription factors like PPARYy and SREBP-1, as
demonstrated in various preclinical studies [100]. Furthermore, research indicates that NAC can
enhance insulin-induced glucose uptake in adipocytes by influencing the insulin signaling pathway,
specifically by modulating the activity of PI3K and IRS-1 [95]. Findings suggest that NAC may
prevent obesity-related liver issues, like nonalcoholic steatohepatitis (NASH) by normalizing
malondialdehyde (MDA) and improving the function of antioxidant enzymes such as SOD [101].
NAC reduces the increased thrombotic tendency in T2DM, boosting platelet GSH levels, which
enhances their antioxidant defenses and reduces ROS production. This increased antioxidant
capacity helps to counteract the platelet hyperaggregability characteristic of T2DM, potentially
making NAC a beneficial therapy for these patients [102]. A growing body of research indicates that
NAC supplementation may protect the heart from oxidative damage caused by hyperglycemia, a key
factor in diabetic cardiomyopathy. By acting as a potent antioxidant and GSH precursor, NAC helps
to reduce ROS in cardiac cells, which in turn can attenuate heart remodeling, improve cardiac
function, and potentially prevent myocardial injury [95].

4.4. Zinc

Zinc is an essential trace element of living organisms that serves as a cofactor for over 300
enzymes and 2000 transcription factors contributing to DNA and protein synthesis and cellular
metabolism and signaling pathways [103]. Zinc also provides molecular structural stability of the
cellular membrane [104]. Under normal conditions, zinc binds to metallothioneins (MTs) in mammals
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with low affinity, while in oxidative stress zinc is released from its complex with metallothionein
(MT) to exert antioxidant activity [105]. Zinc is a structural component of the cytoplasmic enzyme,
superoxide dismutase [106], which promotes the conversion of two superoxide radicals (O?) into
ordinary molecular oxygen (O2) and hydrogen peroxide (H20:z) and it also reduces ROS production
and propagation [107]. Moreover, zinc regulates the expression of glutamate-cysteine ligase (GCL),
which is the rate-limiting enzyme for de novo cytoplasmic synthesis of glutathione (GSH), an effective
antioxidant in the body [107]. Zinc supplementation enhances insulin sensitivity by inactivating
protein tyrosine phosphatase 1B (PTP1B), thereby preventing dephosphorylation of insulin receptor
(IR) [108]. Therefore, zinc improves fasting and postprandial plasma glucose levels [108,109]. Under
hyperglycemic conditions, zinc ions increase insulin secretion from pancreatic (3-cells, insulin storage
capacity, and insulin structural stability, reducing chronic hyperglycemia [109,110]. Thus, patients
who cannot be adequately controlled by antidiabetic drugs may benefit from zinc supplementation.
Patients with T2DM also experience zinc deficiency due to hyperglycemic osmotic diuresis, which
causes increased urinary zinc excretion [111]. At the same time, chronic low zinc intake is a risk factor
for the development of obesity and T2DM, while zinc supplementation appears to prevent the onset
of metabolic syndrome and T2DM [109]. Wang et al. in a meta-analysis showed that zinc
supplementation improves the glycemic profile of diabetic patients and individuals at high risk of
progression to T2DM [112]. It has also been found that insufficient concentrations of zinc promote
the production of pro-inflammatory cytokines, such as IL-1p, IL-2, IL-6 and TNF-q, resulting in
oxidative stress [113]. Furthermore, Zn deficiency disrupts cell growth, attenuates intracellular
signaling pathways, and enhances the p53 signaling pathway, resulting in apoptosis initiation [114].
However, excessive zinc intake causes copper deficiency and affects the expression of copper-
dependent enzymes, such as superoxide dismutase and ceruloplasmin, which are important
antioxidant enzymes [115]. Therefore, the ideal therapeutic regimen of dose and duration of zinc
supplementation for the prevention and treatment of T2DM should be determined in adult obese
patients [112].

4.5. Alpha-Lipoic Acid

Alpha-lipoic acid (also known as thioctic acid) is an eight-carbon saturated fatty acid [116],
which is found in certain foods at low content, such as red meat, spinach, broccoli, potatoes, sweet
potatoes, carrots, beets, and yeast [117]. Alpha-lipoic acid is also de novo sythesized in small amounts
by the mitochondria of the human body and is an essential coenzyme for several enzymes, such as
the 2-oxoglutarate dehydrogenase complex, the branched-chain oxoacetate dehydrogenase complex,
and the acetoin dehydrogenase complex [117]. It has a short half-life and bioavailability primarily
due to poor solubility, hepatic degradation and instability in the stomach [118]. Alpha-lipoic acid is
considered a potent antioxidant by modulating various signaling pathways related to inflammation
and oxidative stress, scavenging ROS and regenerating other antioxidants such as glutathione (GSH),
vitamin C, vitamin E and coenzyme Q10 [119,120]. Alpha-lipoic acid supplementation in diabetic
patients seems to reduce significantly the risk of obesity and its complications, exerting its effects by
inhibiting hepatic gluconeogenesis and enhancing peripheral glucose uptake into peripheral cells
[121]. Ansar et al., in an eight-week randomized double-blind, placebo-controlled trial found that
daily administration of 300 mg alpha-lipoic acid, in T2DM patients, significantly reduced fasting and
postprandial blood glucose levels and IR [122]. Also, Zhang et al. in a 2-week randomized, double-
blind, placebo-controlled trial in 22 obese patients found that the intravenous administration of 600
mg alpha-lipoic acid improved insulin sensitivity and plasma lipid profile possibly by ameliorating
OS and chronic inflammation [123]. Moreover, in a 20-week double-blind, placebo-controlled trial, in
360 obese patients, was found that per os administration of 1800 mg/day alpha-lipoic acid led to a
modest weight loss compared to placebo group [124]. The positive effects of a-lipoic acid
supplementation in the regulation of glucose and lipid metabolism, the reduction in energy intake,
the increase in energy expenditure and the loss of body weight possibly seem to be associated with
the activation of AMPK [125]. Haghighatdoost et al. in a meta-analysis of randomized controlled
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trials showed that alpha-lipoic acid supplementation in obese patients for more than 8 weeks
appeared to be associated with a decrease in leptin levels and an increase in adiponectin levels [126].
The increased levels of adiponectin after alpha-lipoic acid administration seem to be, at least partly,
due to the activation of AMPK and PPAR-vy [127].

4.6. L-Carnitine

Carnitine occurs as two isomeric forms (D and L). D-carnitine is not naturally found in the body,
but is only present in some synthetic preparations [128]. In animal models, D-carnitine
supplementation has been linked to liver inflammation, OS, and apoptosis [129]. L-carnitine (levo-
carnitine) is the biologically active form of carnitines. It is a water-soluble quaternary amine that is
vital for energy production, as it transports FFAs into the mitochondria for their conversion to acetyl-
CoA through a process called 3-oxidation. Then, acetyl-CoA enters the Krebs cycle (also known as
the citric acid cycle) and through a series of reactions leads to the production of ATP, which provides
energy to the cells [117]. Dietary sources of L-carnitine include red meat, fish, poultry, eggs, dairy
products, soy, nuts, and seeds [117]. However, vegetables, fruits and grains contain very low amounts
of L-carnitine [129]. L-carnitine supplementation has been shown to significantly reduce OS and
increase the activity of antioxidant enzymes [117]. A meta-analysis by Fathizadeh et al. revealed that
L-carnitine supplementation significantly reduced levels of CRP, IL-6, TNF-a, and MDA, and
increased levels of SOD [130]. In addition, L-carnitine supplementation significantly reduces body
weight [131]. Also, L-carnitine induces beneficial changes in the glycemic and lipid profiles of patients
with type II diabetes mellitus who follow a Mediterranean diet and receive their recommended
treatment [132].

4.7. Coenzyme Q10 (CoQ10)

CoQ10, or ubiquinone, is a fat-soluble benzoquinone with a side chain of 10 isoprenoid units,
found in almost all human and animal cells, synthesized endogenously from precursors derived from
both phenylalanine (for the benzoquinone ring) and mevalonic acid (for the isoprenoid side chain)
[133]. Coenzyme Q10 exists in 2 forms: the oxidized form (ubiquinones, 0C0oQ10) and the reduced
form (ubiquinol, rCoQ10) [133]. Within cells, ubiquinol and ubiquinone are constantly interconverted
between oxidized and reduced forms [134]. CoQ10 is involved in the mitochondrial electron transport
chain, which is essential for the synthesis of adenosine triphosphate (ATP) and therefore has a key
role in cellular energy supply [135]. A small increase in the concentration of coenzyme Q10 in
mitochondrial membranes can increase the mitochondprial respiration [136]. Primary dietary sources
of CoQ10 include beef and pork, organ meats (such as heart, kidneys and liver), poultry, oily fish
(such as salmon and tuna), olive oil, soybeans, grape seeds, whole grains, nuts and most dairy
products (in smaller amounts) [137]. CoQ10 absorption from the diet occurs mainly in the small
intestine and is best absorbed by taking a meal containing oil or foods rich in fat and is then
transported to the liver to form a lipoprotein complex [138]. Ubiquinol supplements offer superior
bioavailability compared to ubiquinone probably due to more efficient absorption and incorporation
into mixed micelles in the intestine [139]. Also, intestinal absorption of CoQ10 varies significantly
between individuals [134]. CoQ10 as a dietary supplement is relatively safe, but approximately 1%
of the population may experience side effects such as headache, stomach ache, diarrhea, loss of
appetite, dizziness, irritability, itching, skin rash, and nausea [140]. CoQ10 possesses significant
antioxidant and anti-inflammatory properties [141], protecting cellular components like lipids,
proteins, and DNA from oxidative damage [142], and also modulating inflammatory gene expression
to reduce pro-inflammatory cytokines, such as TNF-a and IL-6 [143]. However, CoQ10
supplementation does not appear to improve body weight, BMI and waist circumference [144], but
seems to have beneficial effects on glycemic control, lipid profile and blood pressure in patients with
T2DM [145]. The beneficial effects of CoQ10 on lipid metabolism may be due to increased expression
of PPAR-y gene, which produces a nuclear receptor protein that regulates lipid metabolism and
inflammation [146,147]. In addition, CoQ10 supplementation regulates hepatic lipid metabolism by
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the activation of the AMP-activated protein kinase (AMPK) pathway [148]. Moreover, CoQ10
supplementation suppresses the LOX-1 receptor and reduces the ROS production by inhibiting the
activation of NADPH oxidation and other inflammatory pathways [149].

4.8. Superoxide Dismutases (SODs)

Superoxide dismutases (SODs) are crucial endogenous metalloenzymes that protects cells by
converting superoxide radicals (O2) into less harmful hydrogen peroxide (H20:) and molecular
oxygen (O2) [142]. Then, other endogenous antioxidant enzymes such as catalase, glutathione
peroxidase (GPx) and peroxiredoxines (Prx) eliminate hydrogen peroxide (H202) reducing it to water
(H20) [142]. On the other hand, under specific conditions SODs can indirectly act as prooxidant by
accumulating hydrogen peroxide (H202), which in the presence of ferrous ions (Fe?*) undergoes the
Fenton reaction. This reaction produces high reactive hydroxyl radicals (¢OH), which are toxic ROS
that cause cellular damage [142]. In mammals, the three SOD isoforms are SOD1 (copper-zinc SOD)
located in the cytoplasm; SOD2 (manganese SOD) located in mitochondria; and SOD3 (extracellular
cooper-zinc SOD), located in the extracellular space. Each isoform is produced by a distinct gene, but
requires different metal cofactors for its catalytic activity produced by distinct genes and
characterized according to the location they are located and the metal they catalyze [150]. TNF-a is a
potent activator of SOD2 contributing to its immune-modulatory effects [151]. The inflammatory
mediators like IL-1, IL-4, IL-6, and TNF-a activate SOD2, which is induced by its binding sites for
transcription factors such as NF-kB, NF-1, and C/EBPs within the SOD2 gene [151]. Evidence
indicates that SODs and their mimetics can improve the obesity phenotype by reducing OS and
inflammation, which are key features of obesity [152] An in vivo study in mice fed a high-fat diet and
supplemented with the antioxidant Tempol experienced significantly greater body weight loss and
reduced lipid accumulation compared to control mice, which was linked to alterations in the gut
microbiome and bile acid composition [153]. Mice on high-fat diets (HFDs) receiving hydrodynamic
injections of SOD3 plasmids showed improved metabolic health markers, including reduced body
weight, blood levels of triglycerides and cholesterol, along with better glucose tolerance and insulin
sensitivity, compared to control mice. Additionally, the metabolic improvement was associated with
higher mRNA levels of key genes involved in energy expenditure and breakdown, such as CPT1q,
CPT1p3, PGCla, PGC1f3, and UCP2 [154]. Also, an in vivo study using nanoparticulated SOD on mice
with a high-fat diet (HFD) demonstrated improvements in lipid metabolism, specifically by reducing
serum triglyceride levels, decreasing liver triglyceride content, and mitigating hepatic lipid
accumulation, which are key indicators of metabolic dysfunction associated with obesity [155].
Coudriet et al. found that treating T2DM-induced HFD in mice with a manganese porphyrin SOD
mimetic improved mitochondrial function, glucose tolerance and IR by stabilizing mitochondrial
membranes and enhancing aconitase activity. Additionally, the MnP treatment improved liver
function and reduced hepatic steatosis [156].

4.9. Catechins

Catechins, including epigallocatechin gallate (EGCG), are plant compounds classified as
flavanols, a subgroup of flavonoids, known for their potent antioxidant, anti-inflammatory, and
therapeutic properties. Found primarily in green tea, cocoa, red wine, apples, and berries, catechins
act by scavenging free radicals, inhibiting OS, and modulating signaling pathways [157]. EGCG
exhibits antioxidant effects by increasing the activity of the antioxidant enzymes GPx, SOD, catalase
and anti-inflammatory effects, by decreasing the activation of inflammatory markers like inducible
nitric oxide synthase (iNOS), TNFa, NF-«kB, and AP-1, which contribute to cellular damage and
inflammatory response [157,158]. Moreover, EGCG activates the Nrf2 pathway by stimulating the
PI3K signaling cascade, which leads to beneficial effects in ameliorating various diabetic
complications, such as diabetic nephropathy through the reduction of oxidative damage,
inflammation, and fibrosis [159]. Furthermore, EGCG acts like insulin promoting glucose uptake by
triggering the translocation of GLUT4 from inside the cell to its surface, a process that requires
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PI3K/Akt pathway and activation of AMPK [160]. In parallel, EGCG supplementation enhances
brown adipose tissue (BAT) thermogenesis by activating AMPK pathway and increasing uncoupling
protein 1 (UCP1), thereby promoting heat production, a process critical for energy expenditure and
anti-obesity effects [161]. Accumulating evidence suggests that EGCG supplementation, often in the
form of green tea extract, improves endothelial function and has significant beneficial effects in
reducing systolic blood pressure (SBP) by reducing the secretion of vasoconstrictor substances like
endothelin-1 (ET-1) and increasing the production of nitric oxide (NO) [162]. Also, consumption of
green tea EGCG can reduce LDL cholesterol levels [163], accentuating the potential positive effects of
EGCG on metabolic imbalances provoked by oxidative stress and inflammatory conditions.

Activate the AMPK, {} Reduce the 1} Increase the
PI3K/Akt, and Nrf2 activation of iNOS, activity of GPx,
pathways TNFa, NF-kB and AP-1 | | SOD, and catalase

1t Enhance
thermogenesis of 1} Increase
brown adipose UCP1
tissue
{}Increase glucose
uptake J{} Reduce LDL
{rActivate GLUT4 translocation levels
from the interior of the cell to
its surface

Figure 3. Protective effects of catechins against obesity-associated T2DM. Abbreviations: AMPK: AMP-activated
protein kinase; PI3K: phosphoinositide 3-kinase; Nrf2: nuclear factor erythroid 2-related factor 2; iNOS:
inducible nitric oxide synthase; TNF-o:: tumor necrosis factor-alpha; NF-«xB: nuclear factor kappa B; AP-1:
activator protein-1; GPx: glutathione peroxidase; SOX: sulfite oxidase; GLUT4: glucose transport type 4; UCP1:
uncoupling protein 1; LDL: low-density lipoprotein.

4.10. Quercetin

Quercetin (3,5,7,3',4'-pentahydroxyflavone) is a natural yellow flavonol [164]. Quercetin is found
in many fruits such as cherries, berries and apples, vegetables such as onions, capers, cabbage, red
lettuce leaves, broccoli, nuts and beverages such as green tea, coffee and red wine [165]. Also,
quercetin is found in various medicinal plants such as Acanthopanax seticosus (Siberian ginseng),
momordica charantia (bitter melon), and brassica rapa (turnip) and has been used in traditional
medicine [164]. It is completely soluble in lipids and alcohol, but not water, which limits its
absorption from the digestive system [164]. Also, quercetin has low oral bioavailability because it is
extensively metabolized into inactive forms that are quickly excreted [166]. This low oral
bioavailability is a major challenge for its clinical use, but methods like nanoformulations are being
explored to help improve its uptake and delivery to the target site [167]. Another factor contributing
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to its low bioavailability includes its rapid clearance from the body [165]. Quercetin is absorbed
primarily in the small intestine, with some evidence suggesting that certain forms, like quercetin
glucosides, can be transported by the sodium-glucose cotransporter 1 (SGLT1) [166]. Absorption in
the stomach is limited, and its poor solubility can hinder its absorption without fat parallel intake
[166]. Quercetin absorbed by enterocytes is rapidly conjugated with glucuronic acid and/or sulfate
by enzymes during first-pass metabolism, which significantly reduces the amount of free quercetin
available in the bloodstream. These reactions convert quercetin into more water-soluble forms like
quercetin-3-O-glucuronide and quercetin-3'-O-sulfate [168]. During phase II metabolism, quercetin
in the intestine, kidneys and liver undergoes glucuronidation, sulfation, and methylation, leading to
excretion in bile, urine and feces. During this process, enzymes like UDP-glucuronyltransferases
(UGTs), sulfotransferases (SULTs), and catechol-O-methyltransferases (COMTs) add hydrophilic
groups to quercetin, making it more water-soluble and easier to be excreted from the body [166].
Quercetin has a wide range of pharmacological properties, including antioxidant, anti-inflammatory,
antihypertensive, and vasodilatory effects, which contribute to its potential application in treating
conditions like obesity, diabetes and cardiovascular diseases. It is also being studied for its anticancer
and neuroprotective effects [169]. Quercetin’s antioxidant activity involves activating the KEAP1-
Nrf2 pathway. Quercetin assists to the disruption of the KEAP1-NRF?2 interaction, allowing NRF2 to
translocate to the nucleus and activate this protective antioxidant response [170]. In addition,
quercetin can reduce serum levels of MDA, increasing the antioxidant potential via the reduction of
lipid peroxidation [171]. Furthermore, quercetin reduces inflammation by suppressing the release of
pro-inflammatory cytokines like IL-1B, IL-6, and TNF-a, and by lowering the expression of
chemokines such as MCP-1 by inhibiting the NF-kB pathway [172]. Data suggests that quercetin
prevents lipogenesis by inhibiting the production of new fat molecules and promoting their
breakdown. This is achieved by suppressing key enzymes involved in fat synthesis, such as acetyl-
CoA carboxylase (ACACA) and fatty acid synthase (FASN), and transcription factors like SREBP-1c
as well. It also simultaneously promotes fat breakdown by up-regulating enzymes involved in fatty
acid oxidation. This dual action leads to a reduction in overall body fat accumulation [173]. Also,
quercetin can modulate the insulin signaling pathway to further decrease fat and triglyceride
accumulation in hepatic cells, protecting therefore from nonalcoholic fatty liver disease (NAFLD)
development [174]. Quercetin has shown significant antidiabetic potential by inhibiting intestinal
glucose absorption, improving insulin secretion and sensitivity, and boosting glucose uptake in
tissues like the liver and skeletal muscle. It also protects pancreatic cells from damage and reduces
inflammation, although its low bioavailability is a hurdle for effective human application [164].
Research shows that quercetin, in rats with diabetes, induced by streptozotocin (STZ), lowered
plasma glucose levels and improved glucose tolerance by regenerating pancreatic islets, increasing
insulin secretion and improving antioxidant defense. It also enhances glucose uptake by activating
insulin signaling molecules, such as phosphatidylinositol kinase 3 (PI3K) and insulin receptor
substrate-1 (IRS-1), which leads to a significant reduction in plasma glucose levels and improved
glucose tolerance [164]. In addition, a 12-week treatment of quercetin in STZ-induced diabetic rats
does promote hepatic glycogen synthesis and lower blood glucose levels by activating the AKT and
SIRT1 signaling pathways [175]. This is achieved because quercetin activation of SIRT1 leads to
subsequent activation of the AKT pathway, which can improve glucose and lipid metabolism [175].
In hepatocytes, quercetin activates AMPK, which in turn inhibits the expression of gluconeogenic
enzymes like glucose-6-phosphatase [176]. Moreover, in skeletal muscle cells, quercetin activates
signaling pathways, like the PI3K/Akt and AMPK pathways, which promotes the translocation of the
GLUT4 transporter to the cell membrane, increasing glucose uptake. This mechanism is similar to
some anti-diabetic drugs and suggests that quercetin enhances glucose metabolism by improving
also insulin sensitivity [177]. However, daily oral quercetin supplementation at 250 mg for 8 weeks
did not significantly alter glycemic control or lipid profiles, but it improved their antioxidant status
[178]. However, quercetin intake at daily doses of 500 mg or more for a period of at least 8 weeks
significantly reduced fasting plasma glucose levels in individuals with metabolic disorders. This
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effect is likely due to quercetin’s ability to improve insulin sensitivity and stimulate glucose uptake
[179]. Quercetin also protects against complications of diabetes mellitus by lowering blood glucose,
reducing oxidative stress, and exerting anti-inflammatory effects [180]. A dose of 150 mg/kg of
quercetin has been shown to improve diabetic retinopathy in streptozotocin-induced rats by
activating the heme oxygenase-1 (HO-1) pathway, which helps counteract OS, inflammation and
neovascularization associated with the disease [181]. In addition, quercetin inhibits the SphK1-S51P
pathway, which is involved in development of renal fibrosis in cases of diabetic kidneys. This
inhibition can protect against diabetic complications, leading to reduced renal fibrosis [182].
Furthermore, research shows that quercetin can increase cardioprotection in rats with streptozotocin-
induced diabetes by improving endothelial function. This is achieved by reducing OS, which in turn
increases the production of nitric oxide (NO) and protects against aortic damage caused by the
diabetes [183]. Also, it has been found that quercetin supplementation in T2DM women significantly
reduces systolic blood pressure [184].

4.11. Curcumin

Curcumin is the main active compound from the turmeric plant (Curcuma longa) and is a
pleiotropic polyphenol, including strong antioxidant and anti-inflammatory properties [185]. The
low bioavailability of curcumin is due to its low solubility in water, poor permeability across the
intestinal lining, and rapid metabolism and clearance from the body [186]. Curcumin reduces
inflammation by inhibiting key signaling pathways like NF-kB, MAPK, and JAK/STAT, which
decreases the production of pro-inflammatory cytokines such as TNF-a and INF-y, and chemokines
like RANTES [185]. At the same time, curcumin functions as a metal chelator and directly scavenges
ROS. It also indirectly boosts the body’s own antioxidant defenses by increasing the activity of
enzymes like SOD and catalase, which reduces OS markers like malondialdehyde (MDA) and
increases total antioxidant capacity (TAC) [185]. Curcumin improves insulin sensitivity by inhibiting
pro-inflammatory signals like ERK/JNK phosphorylation and activating PI3K-Akt-GSK3B pathway,
which promotes glucose uptake [187]. Also, curcumin promotes insulin sensitivity and redox
homeostasis by regulating Keapl expression to activate Nrf2 [185]. In addition, curcumin improves
hyperglycemia [188] and hyperlipidemia by reducing triglycerides, total cholesterol, and LDL-c
levels, and increasing HDL-c levels [189]. Moreover, it enhances weight loss through its anti-
inflammatory, antioxidant, and metabolic regulatory properties [188,190]. In vitro data suggest that
curcumin can promote the “browning” of white adipocytes, leading to enhanced lipolysis, by
increasing the levels of hormone-sensitive lipase and p-acyl-CoA carboxylase [190]. Accumulating
evidence suggests that curcumin can modulate targets involved in metabolic diseases by suppressing
the inflammatory pathways NF-«kB and its regulators, IKK and JNK [188,191]. Curcumin regulates
signaling pathways that target inflammatory mediators in diabetes mellitus, improves beta-cell
function, and reduces IR through its antioxidant and anti-inflammatory properties [192]. In addition,
curcumin can inhibit enzymes such as a-glucosidase and aldose reductase and aldose reductase
inhibitors, which are linked to diabetes complications [187]. Panahi et al. found that providing 1000
mg of curcuminoids daily for 12 weeks to patients with type 2 diabetes promotes total serum
antioxidant activity (TAC) and SOD activity and reduces malondialdehyde (MDA) levels [193]. A
systematic review by Matron et al., found that curcumin supplementation significantly reduced BMI,
HbA1lc and fasting blood glucose levels [194], whilst curcumin-based nanoparticles are also being
investigated for their potential therapeutic properties in T2DM, in order to enhance its solubility,
bioavailability and transport across biological membranes [185].

4.12. Resveratrol (RSV)

RSV (3,4',5-trihydroxystilbene) is a polyphenol found in foods like red wine, red grapes, berries,
apples, plums, blueberries, peanuts, and chocolate [195]. RSV is associated with a range of health
benefits, such as anti-inflammatory, antioxidant, and anti-aging effects, which may help in the
prevention or management of conditions like T2DM, CVDs, certain cancers, and neurodegenerative
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disorders [185]. However, RSV’s rapid metabolism in the small intestine and by the gut bacteria,
along with its poor water solubility, leads to low plasma bioavailability, which can limit its
effectiveness [196]. RSV modifies the gut microbiota by increasing beneficial bacteria like
Bacteroidetes and Bifidobacterium, while reducing opportunistic pathogens like Escherichia coli.
This modulation of the gut microbiome is associated with benefits for metabolic and cardiovascular
health, including a reduction in levels of trimethylamine-N-oxide (TMAO) [197]. The mechanism of
RSV action involves the inhibition of PPARY and activation of SIRT1 leading to a decrease in BMI by
reducing lipogenesis and increasing lipolysis [198]. RSV provides potent antioxidant effects in
diabetic models by activating the Nrf2/Keapl pathway, increasing Nrf2 protein levels and the
expression of antioxidant genes such as HO-1 and GST. This activation process reduces accumulated
ROS and is a key mechanism by which RSV protects against OS and other diabetes-associated
complications [198,199]. Moreover, RSV has demonstrated anti-inflammatory effects in diabetic
models, primarily by inhibiting the NF-xB pathway. This action reduces pro-inflammatory cytokines
like TNF-a, IL-1f3, and IL-6, which in turn improves insulin signaling and protects insulin-producing
cells from damage in T2DM [199]. The anti-inflammatory effects of RSV are, in part, mediated by its
activation of the SIRT1 enzyme, which then deactivates NF-kB by binding to its p65 subunit [200].
Inactivating the transcription factor NF-xB halts the transcription of genes for inflammatory
molecules like the adhesion molecules ICAM-1 and VCAM-1 [201]. In parallel, RSV protects
pancreatic (3-cells from stress by down-regulating the NF-kB signaling cascade and pro-apoptotic
signals, which improves B-cell survival [199]. In addition, RSV has antidiabetic properties by
activating the AMPK/SIRT1 pathway to improve insulin sensitivity in tissues like the liver and
muscle. This activation enhances insulin signaling, leading to improved glucose uptake and
metabolism [199]. The activation of SIRT1 and AMPK by the resveratrol, in turn activates FOXO1
(Forkhead Box O1) and PGC-1a (Peroxisome Proliferator- Activated Receptor Gamma Coactivator-
la). This activation leads to improved mitochondrial function and protects against metabolic
disorders like T2DM [199]. At the same time, RSV suppresses the negative regulator PTP1B (protein
tyrosine phosphatase 1B), which allows the IRS-1/PI3K/AKT pathway to remain active, thereby
promoting insulin sensitivity and glucose uptake [199]. RSV can improve glucose metabolism in
muscle cells through the promotion of the Akt pathway, which triggers the translocation of the
GLUT4 protein to the cell membrane [199]. A meta-analysis by Abdelhaleem et al. of 17 RCTs with
871 patients with T2DM concluded that supplementation of RSV at doses of 500 mg or more
significantly improved glycemic control and cardiometabolic parameters compared to placebo.
Specifically, it led to significant improvements in fasting blood glucose (FBG) and HbAlc levels, and
total cholesterol (TC) levels and reduced systolic blood pressure [202]. Zeraattalab-Motlagh et al.
found that RSV supplementation showed, at least partly, beneficial effects in patients with T2DM,
MetS, and NAFLD, such as improvement of lipid profiles, glycemic control, and inflammatory
markers. However, the study concluded that the overall evidence does not support the usage of RSV
for the management of cardiometabolic risk factors in these patients groups due to the trivial
magnitude of effects, low certainty of evidence, and limited trial numbers for most outcomes. A
specific exception was the short-term (<12 weeks) improvement in HbAlc, which was clinically
significant but requires further research given the limitations [203].

4.13. Lycopene

Carotenoids are a group of over 700 naturally occurring compounds synthesized by plants, algae
and microorganisms like fungi, and bacteria that provide yellow, orange, and red colors [204,205].
Approximately 90% of carotenoids in both diet and human body are a-carotene, [-carotene,
lycopene, lutein and cryptoxanthin [204]. Lycopene, also known as psi-carotene, is a fat-soluble
pigment primarily found in tomatoes [206]. Also, other foods like red guava, papaya, watermelon,
pink grapefruit, red grapes, apricots, rose hips, eggplant and even potatoes contain lycopene [204].
Moreover, lycopene can be found in certain algae, and fungi [204]. Lycopene has both antioxidant
and anti-inflammatory properties that protect the body from cellular damage [207]. Its antioxidant
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role involves neutralizing of harmful ROS via electron transfer, where lycopene acts as an electron
donor [208,209]. The anti-inflammatory lycopene effects come from its ability to inhibit pro-
inflammatory cytokines like TNF-a, IL-1p and IL-6, and block signaling pathways like the NF-xB
pathway, which decreases inflammation in both adipocytes and macrophages [210,211]. Lycopene
seems to prevent obesity-related inflammation by shifting adipose tissue macrophages (ATM) from
a pro-inflammatory M1 state to an anti-inflammatory M2 state [212]. Lycopene consumption
contributes to obesity in animal studies. Particularly, in animal models, lycopene has been shown to
reduce blood lipid levels, prevent weight gain, and decrease liver fat accumulation by improving
overall lipid metabolism [210]. Also, a 12-week study on Swiss albino mice showed that lycopene
counteracts the effects of a high-fat diet (HFD) by preventing weight gain, reducing fat in adipose
tissue, and improving IR. These are achieved by decreasing total triglyceride levels, improving liver
function related to glucose and lipids, and boosting glucose clearance and insulin sensitivity [213]. In
addition, a study on C57BL/6] mice found that lycopene improved metabolic health by promoting
lipolysis and improving glucose control, while also reducing fat-related markers like triglycerides,
NEFA, and HOMA-IR. Lycopene also reduces inflammation and adipocyte hypertrophy and
inhibites genes linked to lipid storage, suggesting a multifaceted beneficial effect on obesity-related
metabolic dysfunction [214]. Moreover, a study on mice showed that lycopene reduces fat
accumulation by inhibiting lipogenesis genes (Fas, Acaca, Ppary) and promoting lipolysis via
thermogenetic genes (Pgcla, Prdm16, Ucps) and mitochondrial functional genes (Cox5b, Cox8b,
Coxll, Cycs, Sirtl). It also prevents lipid buildup caused by autophagy by down-regulating
autophagy-related genes (Atg7, Atgl4, P62, Lc3, Beclin) [215]. Furthermore, a study on Wister rats
demonstrated that lycopene could inhibit obesity-related complications by preventing body and liver
weight gain. It also improved blood lipid profile by lowering serum levels of cholesterol, LDL, TGs,
and Apo-B, while raising HDL serum levels. Also, lycopene can mitigate liver damage from obesity
by reducing OS, inflammation, and fibrosis through antioxidant and anti-inflammatory actions. At
the same time, lycopene can prevent cardiac complications by reducing LDH and creatine kinase
(CK) levels [216].

Lycopene acts against diabetes and its complications through multiple mechanisms, including
improving antioxidant defenses, reducing oxidative stress markers like MDA, and inflammatory
markers like CRP. It also improves glucose control by reducing markers such as glycated hemoglobin
(HbAlc) and positively influences cell survival pathways by modulating proteins involved in
apoptosis and cell death like RAGE, NF-xB, Bax, Bcl-Xl, and Bcl-2 [217]. It has been found that the
long-term intake of cooked tomatoes (around 200g per day) can improve antioxidant status in
patients with T2DM by increasing antioxidant enzymes levels like SOD, GSH, GPx, GR and reducing
lipid peroxidation (MDA levels) after 30 days [218]. Moreover, Shidfar et al. found that 32 patients
who received 200 g raw tomato daily for 8 weeks showed significant decreases in both systolic and
diastolic pressure, along with a significant increase in ApoA-1. These findings suggest that daily
tomato consumption may be beneficial for the managements of some cardiovascular risk factors in
patients with T2DM [219]. Also, Singh et al. conducted a 3-month study on subjects with T2DM and
found that daily lycopene supplementation of 4 mg improved their oxidative-antioxidant status.
Participants receiving lycopene showed significant increases in antioxidant enzymes (SOD, GPx, GR)
and reduced levels of MDA, along with reduced XOD (xanthine oxidase) levels, compared to the non-
lycopene group [220]. In parallel, Guo et al. showed that lycopene increases the expression of the
enzyme heme oxygenase-1 (HO-1) in the kidneys of diabetic individuals, protecting against diabetic
kidney damage, by reducing oxidative stress and inflammation. This increase in HO-1 expression
maintains renal metabolic homeostasis by mitigating damage from conditions like diabetic
nephropathy [221]. In addition, Ozmen et al. showed that lycopene treatment in STZ-induced diabetic
rats can alleviate diabetes-related pancreatic damage, reduce blood and urine glucose levels, and
increase serum insulin levels [222]. Studies on albino rats show that lycopene has potential to prevent
T2DM and improve diabetic neuropathy by acting as an antioxidant and improving metabolic health.
It reduced OS, as seen by the increased levels of antioxidant enzymes like SOD and GSH-Px and
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decreased MDA levels. Lycopene also improves glycolipid metabolism by lowering blood glucose,
TG, TC, LDL, and GHb, while raising HDL and insulin levels. Furthermore, it can inhibit
inflammation by decreasing TNF-at and NO generation [223]. Furthermore, Gao et al. found in 1978
pregnant women a statistically significant inverse relationship between lycopene consumption and
the risk of gestational diabetes mellitus (GDM), especially in the first trimester of the pregnancy [224].

5. Conclusions and Perspectives

T2DM can be prevented by maintaining body weight within normal limits and adopting a
combination of a healthy diet and regular physical activity. In cases where the prevention of T2DM
onset fails, early diagnosis is essential to avoid the development of its complications. Obesity plays a
central role in the pathogenesis of T2DM, as it induces a series of disturbances such as extensive
expansion of adipose tissue, chronic low-grade inflammation, OS, due to the excessive presence of
ROS and nitrogen species (RNS), dysfunction of the liver and skeletal muscles, pancreatic toxicity
resulting in a decreased number of functional [3-cells, and dysregulation of the microbiota—gut-brain
axis.

Given these interconnections between obesity and T2DM, pharmacotherapy of obesity using
antioxidant compounds, with anti-inflammatory and antioxidant potential, may reduce
inflammation and OS and improve metabolic diseases, such as T2DM. In this context, plant-derived
antioxidants, minerals and vitamins could act as adjunct agents through their involvement in
multiple mechanisms highlighted in the present study, ultimately improving the outcomes of T2DM
and its complications. Nevertheless, due to the limited clinical data and the poor pharmacokinetic
profiles of many of these compounds, further studies are required, both at the clinical level and in the
development of pharmaceutical formulations, with improved pharmacokinetic characteristics,
despite their highly promising potential.
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