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ABSTRACT 

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by insulin resistance, 
hyperglycemia, and systemic low-grade inflammation. Emerging evidence implicates inflammation as a key 
player in the onset and progression of T2DM and its complications. Nutraceuticals, particularly flavonoids—a 
diverse group of plant-derived polyphenols—have gained substantial attention for their anti-inflammatory and 
anti-diabetic properties. This review explores the molecular and cellular mechanisms through which flavonoids 

exert anti-inflammatory effects in T2DM. The review highlights key pathways such as NF-κB, JNK, and Nrf2, 
modulation of cytokine expression, attenuation of oxidative stress, and improvement in insulin signaling. 
Flavonoids such as quercetin, epigallocatechin gallate (EGCG), hesperidin, kaempferol, and anthocyanins are 
discussed for their dual role in glycemic regulation and inflammation suppression. Moreover, this review bridges 
the gap between nutraceutical application and clinical relevance by evaluating human trials, bioavailability 
challenges, and future directions in functional food development. Overall, flavonoids represent promising agents 
for integrative management of T2DM, especially in the context of metabolic inflammation. 
Keywords: Type 2 diabetes, flavonoids, inflammation, nutraceuticals, insulin resistance, glycemic control, NF-

κB, cytokines, oxidative stress, Nrf2 pathway. 

 
INTRODUCTION 

Type 2 diabetes mellitus (T2DM) is a major global health concern characterized by chronic hyperglycemia 

resulting from a combination of insulin resistance, impaired insulin secretion, and progressive β-cell 
dysfunction[1–4]. The prevalence of T2DM has increased alarmingly over the past few decades, largely due to 
sedentary lifestyles, unhealthy dietary habits, and rising rates of obesity[5, 6]. In addition to the metabolic 
abnormalities associated with this condition, mounting evidence has highlighted the significant role of chronic 
low-grade inflammation in the development and progression of T2DM[5]. This inflammatory component not 

only exacerbates insulin resistance but also contributes to the gradual deterioration of pancreatic β-cell 
function[7–9]. Several pro-inflammatory cytokines have been implicated in the pathophysiology of T2DM. 

Tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and C-reactive protein (CRP) are among the most 
well-studied inflammatory mediators involved in this process[10, 11]. These molecules are released primarily 

by adipose tissue macrophages in response to increased fat accumulation and oxidative stress. TNF-α, for 
instance, impairs insulin signaling by inducing serine phosphorylation of insulin receptor substrate (IRS) 
proteins, thereby reducing their ability to propagate insulin signals downstream[12]. Similarly, IL-6 promotes 
hepatic glucose production and has been associated with increased insulin resistance in muscle tissue. Elevated 
CRP levels are also linked to systemic inflammation and are commonly observed in patients with metabolic 
syndrome and T2DM.[12] 
The recognition of inflammation as a key contributor to the pathogenesis of T2DM has spurred interest in 
identifying therapeutic strategies that can modulate inflammatory pathways. While conventional anti-diabetic 
medications such as metformin, sulfonylureas, and insulin analogs remain central to T2DM management, there 
is growing interest in complementary approaches that target inflammation and oxidative stress. In this context, 
natural products—particularly flavonoids—have garnered considerable attention for their potential anti-
inflammatory, antioxidant, and insulin-sensitizing properties[13, 14]. 
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Flavonoids are a diverse group of polyphenolic compounds found abundantly in fruits, vegetables, teas, cocoa, 
and medicinal plants[7, 15–18]. They are known to exert beneficial effects on glucose metabolism, lipid profiles, 
and inflammatory signaling pathways. Some of the most studied flavonoids in relation to T2DM include 
quercetin, kaempferol, catechins, anthocyanins, and genistein. These compounds have been shown to modulate 

the activity of key transcription factors such as nuclear factor-kappa B (NF-κB) and activator protein-1 (AP-1), 
both of which are involved in the expression of pro-inflammatory cytokines[19, 20]. 
Quercetin, for example, has demonstrated significant anti-diabetic effects in both in vitro and in vivo studies. It 
reduces blood glucose levels, improves insulin sensitivity, and decreases levels of inflammatory markers such as 

TNF-α and IL-6.[21–24] It also scavenges free radicals and enhances the activity of endogenous antioxidant 

enzymes, thereby mitigating oxidative stress-induced damage to pancreatic β-cells. Similarly, kaempferol has 
been reported to improve glucose uptake in muscle cells by enhancing the expression of glucose transporter-4 
(GLUT4), while also reducing lipid accumulation and inflammation in adipocytes[25]. 
Anthocyanins, found in berries and red grapes, possess potent antioxidant activity and have been associated with 
improved insulin sensitivity and reduced oxidative stress in clinical studies[26]. Genistein, an isoflavone 
primarily derived from soybeans, has shown promise in modulating insulin signaling and reducing inflammation 
through the inhibition of pro-inflammatory cytokine production[27, 28]. The therapeutic potential of flavonoids 
in T2DM is further supported by epidemiological studies, which have shown inverse associations between 
dietary flavonoid intake and the risk of developing T2DM. Individuals with higher consumption of flavonoid-
rich foods tend to exhibit better glycemic control, improved lipid profiles, and reduced markers of systemic 
inflammation[29, 30]. Moreover, flavonoids are generally considered safe and well-tolerated, making them 
suitable candidates for long-term dietary intervention and adjunct therapy in the management of T2DM. 
Despite their promising effects, the clinical application of flavonoids in T2DM management is still limited by 
challenges such as poor bioavailability, rapid metabolism, and variability in individual responses. Efforts are 
ongoing to improve their pharmacokinetic properties through formulation strategies like nanoencapsulation, 
co-administration with other bioactives, and structural modification. In sum, the integration of natural bioactive 
compounds such as flavonoids into the therapeutic landscape of T2DM offers a promising avenue for addressing 
the inflammatory and oxidative stress components of the disease. Continued research into their mechanisms of 
action, clinical efficacy, and optimal dosing strategies will be essential to harness their full potential in combating 
the global burden of type 2 diabetes mellitus. 

Inflammation in the Pathophysiology of Type 2 Diabetes 
Role of Chronic Inflammation 

Chronic inflammation contributes to insulin resistance via activation of pro-inflammatory signaling cascades 

including the nuclear factor-kappa B (NF-κB) pathway, c-Jun N-terminal kinase (JNK) signaling, and Toll-like 
receptor 4 (TLR4) activation. These pathways upregulate cytokine expression, disrupt insulin receptor 
signaling, and enhance oxidative stress in pancreatic and peripheral tissues[5]. 

Cytokines and Chemokines 

Inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and 
interleukin-6 (IL-6), play crucial roles in the development of insulin resistance, a hallmark of metabolic disorders 
such as obesity and type 2 diabetes mellitus[31]. These cytokines disrupt normal insulin signaling primarily 
through the induction of serine phosphorylation on insulin receptor substrates (IRS), especially IRS-1. 
Normally, insulin binding to its receptor activates tyrosine phosphorylation of IRS proteins, which subsequently 
triggers downstream signaling pathways such as the PI3K-Akt pathway responsible for glucose uptake and 
metabolism[31, 32]. However, serine phosphorylation of IRS proteins by inflammatory cytokines impairs their 
ability to undergo tyrosine phosphorylation, thereby inhibiting insulin signaling and contributing to insulin 
resistance in peripheral tissues, particularly in adipose tissue, liver, and skeletal muscle. Moreover, chemokines 
such as monocyte chemoattractant protein-1 (MCP-1) are instrumental in mediating the recruitment and 
infiltration of monocytes/macrophages into adipose tissue during obesity. These infiltrating macrophages adopt 
a pro-inflammatory phenotype (M1 macrophages) and become significant sources of inflammatory cytokines 

including TNF-α, IL-1β, and IL-6, thereby creating a vicious cycle of chronic low-grade inflammation. The 
resulting inflammatory milieu within adipose tissue not only promotes local insulin resistance but also leads to 
the release of pro-inflammatory mediators into the systemic circulation, aggravating insulin resistance in other 
organs[33]. This complex interplay between cytokines, chemokines, and immune cells highlights the central 
role of inflammation in the pathogenesis of insulin resistance. Targeting these inflammatory pathways offers 
promising therapeutic potential in the prevention and treatment of insulin resistance and related metabolic 
disorders. Modulating cytokine production, inhibiting chemokine signaling, or promoting anti-inflammatory 
immune cell profiles could serve as strategic interventions to restore metabolic homeostasis and improve insulin 
sensitivity[34]. 
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Overview of Flavonoids 
Classification 

Flavonoids, a diverse group of polyphenolic compounds found abundantly in plants, are classified into six 
primary subclasses based on their chemical structure and level of oxidation of the central pyran ring. These 
subclasses include flavonols, flavones, flavanones, flavanols, isoflavones, and anthocyanins[35]. Flavonols, such 
as quercetin and kaempferol, are widely distributed in fruits and vegetables and are known for their potent 
antioxidant properties.[25, 35] Flavones, including apigenin, are commonly found in parsley, celery, and 
chamomile and have demonstrated anti-inflammatory and anticancer activities[36–38]. Flavanones like 
hesperidin are abundant in citrus fruits and are noted for their role in improving vascular health. Flavanols, 
including catechins such as epigallocatechin gallate (EGCG), are especially prevalent in green tea and cocoa 
products and are recognized for their cardiovascular benefits and antioxidant capacity[39, 40]. Isoflavones, such 
as genistein, are predominantly found in soybeans and other legumes and are considered phytoestrogens due to 
their ability to mimic estrogen activity in the human body. Lastly, anthocyanins, like cyanidin, are the pigments 
responsible for the red, purple, and blue colors in many berries and other fruits, and they have been linked to 
anti-inflammatory and neuroprotective effects. This classification reflects the structural diversity and range of 
biological activities exhibited by flavonoids, highlighting their significance in human nutrition and health. 

Sources 

Flavonoids are naturally present in a variety of plant-based foods and beverages, making them readily accessible 
through a balanced diet. Common dietary sources include onions, citrus fruits (such as oranges and grapefruits), 
berries (like blueberries, strawberries, and blackberries), green tea, red wine, apples, soy products, and dark 
chocolate. Onions are particularly rich in quercetin, a flavonol, while citrus fruits provide high levels of 
flavanones like hesperidin and naringenin[15, 35]. Berries are abundant in anthocyanins, the pigments 
responsible for their vivid colors and notable health benefits[26]. Green tea is a rich source of catechins, 
especially EGCG, which has been widely studied for its antioxidant and anti-cancer properties. Soy products, 
including tofu and soy milk, are significant sources of isoflavones such as genistein and daidzein, which are 
linked to hormone-related health effects[27, 41]. Regular consumption of these flavonoid-rich foods has been 
associated with a reduced risk of several chronic conditions, including cardiovascular diseases, metabolic 
disorders like type 2 diabetes, and certain forms of cancer. The protective effects of flavonoids are attributed to 
their antioxidant, anti-inflammatory, and vasodilatory properties. Moreover, their ability to modulate signaling 
pathways and gene expression further underpins their therapeutic potential. Overall, incorporating a variety of 
flavonoid-rich foods into the diet is a practical and natural strategy to promote long-term health and prevent 
disease. 

Anti-Inflammatory Mechanisms of Flavonoids in T2DM 

Modulation of NF-κB Signaling 

Nuclear factor kappa B (NF-κB) plays a pivotal role in regulating immune responses, inflammation, and cell 
survival. Under normal conditions, NF-κB is inactive in the cytoplasm, bound to IκB proteins[42]. Upon 

activation by various stimuli, IκB is phosphorylated, ubiquitinated, and degraded, allowing NF-κB dimers 
(p65/p50) to translocate to the nucleus and initiate the transcription of pro-inflammatory cytokines, such as 
TNF-α, IL-1β, and IL-6[43]. Many flavonoids, including quercetin, kaempferol, and apigenin, have been shown 

to inhibit NF-κB activation. These compounds prevent the phosphorylation and degradation of IκBα, stabilizing 

the NF-κB inhibitor and thus blocking NF-κB activation. This inhibition results in reduced transcription of pro-
inflammatory genes, which may help attenuate chronic inflammation and related conditions such as insulin 
resistance, cardiovascular diseases, and autoimmune disorders[44]. Furthermore, flavonoids can directly 

interact with NF-κB dimers, preventing their binding to DNA and enhancing the anti-inflammatory effects. By 

modulating NF-κB signaling, flavonoids provide an effective mechanism for controlling inflammatory 
responses, supporting their role as potential therapeutic agents in inflammatory diseases. 

Inhibition of MAPK/JNK Pathways 
The Mitogen-Activated Protein Kinase (MAPK) signaling pathway, particularly the c-Jun N-terminal kinase 
(JNK) pathway, is involved in various cellular processes, including inflammation, cell differentiation, and 
apoptosis[45]. This pathway has been strongly implicated in insulin resistance, obesity, and the pathogenesis 
of type 2 diabetes. Activation of JNK leads to the phosphorylation of key transcription factors like c-Jun, which 
promote the production of inflammatory cytokines and impair insulin signaling. Flavonoids such as quercetin 
and epigallocatechin gallate (EGCG) have demonstrated the ability to downregulate the JNK pathway[40, 46]. 

They inhibit JNK phosphorylation, thereby reducing its activation and the downstream inflammatory responses. 
This action is crucial for improving insulin sensitivity and reducing inflammation. By modulating JNK signaling, 
flavonoids help mitigate the negative effects of chronic inflammation on glucose metabolism and insulin 
resistance. Quercetin, in particular, has been shown to enhance insulin action by attenuating the expression of 
pro-inflammatory cytokines. EGCG, commonly found in green tea, also exerts anti-inflammatory effects by 
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inhibiting JNK, making it a promising agent for managing obesity-related metabolic disorders and preventing 
the progression to type 2 diabetes. 

Activation of Nrf2 and Antioxidant Defense 
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a critical transcription factor that regulates the expression 
of various antioxidant enzymes, such as superoxide dismutase (SOD), catalase, and glutathione peroxidase 
(GPx), which are essential for maintaining cellular redox balance. Under oxidative stress conditions, Nrf2 is 
activated and translocates to the nucleus, where it binds to antioxidant response elements (AREs) in the 
promoters of target genes[47]. Flavonoids, including quercetin, kaempferol, and rutin, are potent activators of 
Nrf2. By activating this pathway, flavonoids promote the upregulation of antioxidant enzymes, which play a 
crucial role in neutralizing reactive oxygen species (ROS) and reducing oxidative stress[21, 22, 48]. Chronic 

oxidative stress is associated with various diseases, including cardiovascular diseases, diabetes, and 
neurodegenerative disorders. Flavonoid-mediated activation of Nrf2 helps mitigate oxidative damage, reduces 
inflammation, and enhances cellular defense mechanisms. Additionally, Nrf2 activation has been linked to 
improved mitochondrial function, which further contributes to the reduction of oxidative stress. Therefore, 
flavonoids' ability to activate Nrf2 and enhance antioxidant defenses underscores their therapeutic potential in 
protecting against oxidative damage and inflammation-driven diseases. 

Cytokine and Adipokine Modulation 
Flavonoids exert significant effects on the regulation of cytokines and adipokines, molecules that mediate 
inflammation and metabolic processes. Chronic inflammation, often characterized by elevated levels of pro-

inflammatory cytokines such as TNF-α, IL-6, and C-reactive protein (CRP), is a hallmark of obesity, insulin 
resistance, and metabolic syndrome[5, 32]. Flavonoids, including quercetin, curcumin, and genistein, have been 
shown to downregulate the production of these inflammatory cytokines, thereby reducing the inflammatory 
burden associated with metabolic disorders. Additionally, flavonoids positively influence adipokines, proteins 
secreted by adipose tissue that play a role in regulating energy balance and metabolism.[3] For example, 

flavonoids have been shown to increase adiponectin levels, a beneficial adipokine that enhances insulin sensitivity 
and improves glucose homeostasis. Increased adiponectin has been associated with reduced inflammation and 
improved metabolic health. By modulating both cytokines and adipokines, flavonoids contribute to improved 
insulin sensitivity, reduced systemic inflammation, and enhanced metabolic function. These effects highlight 
their potential as therapeutic agents for managing obesity-related conditions, type 2 diabetes, and other 
metabolic diseases. Thus, flavonoids offer a promising strategy for modulating key metabolic pathways and 
reducing the risk of chronic diseases associated with inflammation and insulin resistance. 

Flavonoids with Proven Anti-Diabetic and Anti-Inflammatory Effects 
Flavonoids are a diverse group of plant-based compounds known for their antioxidant, anti-inflammatory, and 
anti-diabetic properties. In recent years, there has been growing interest in the potential of flavonoids to manage 
Type 2 Diabetes Mellitus (T2DM), a chronic metabolic disorder characterized by insulin resistance and impaired 
glucose metabolism. These bioactive compounds are widely distributed in fruits, vegetables, and beverages, such 
as tea, and are thought to exert their beneficial effects through various mechanisms, including modulation of 

inflammatory pathways, enhancement of insulin sensitivity, and improvement of β-cell function. 
Table 1 summarizes the primary sources, mechanisms of action, and effects of several flavonoids commonly 
studied for their impact on T2DM. The table provides a concise overview of how each flavonoid influences key 
metabolic processes and highlights the potential of these compounds as adjuncts in the management of T2DM. 
The references provided further support the evidence for their therapeutic applications. 
 
Table 1: Flavonoids and Their Effects on Type 2 Diabetes Mellitus: Mechanisms of Action  

Flavonoid Primary 
Source 

Mechanism of Action Effect in T2DM References 

Quercetin Onions, apples Inhibits NF-κB, JNK; 
enhances insulin sensitivity 

Reduces cytokines, improves 
glucose uptake 

[23, 24] 

EGCG Green tea Activates Nrf2, inhibits NF-

κB 

Lowers blood glucose, 
reduces inflammation 

[49, 50] 

Hesperidin Citrus fruits Suppresses TNF-α, IL-6 Improves endothelial 
function 

[51, 52] 

Kaempferol Leafy greens, 
broccoli 

Reduces ROS and cytokine 
levels 

Enhances insulin receptor 
signaling 

[25, 47] 

Cyanidin Berries Modulates NF-κB, improves 

β-cell function 

Decreases HbA1c and FPG [26, 47] 
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Challenges and Future Directions 
Bioavailability Issues 

Flavonoids, despite their potent in vitro anti-inflammatory and antioxidant properties, often face significant 
challenges in terms of bioavailability when administered systemically. Their poor absorption, rapid metabolism 
in the liver, and quick excretion in the urine are major factors that limit their therapeutic effectiveness. This 
issue stems from their high polarity, large molecular size, and low solubility in water, which hinder their ability 
to cross biological membranes and reach target tissues. To address these limitations, researchers are exploring 
novel strategies such as the use of nanocarrier delivery systems, including liposomes, nanoparticles, and micelles, 
which can enhance the solubility, stability, and absorption of flavonoids. Additionally, glycosylation, the process 
of attaching sugar molecules to flavonoids, has shown promise in improving their solubility and bioavailability. 
These approaches could significantly increase the therapeutic potential of flavonoids, making them more 
effective as functional foods or nutraceuticals for various diseases. 

Synergistic Effects 
Flavonoids have been shown to exert various health benefits, including anti-inflammatory, antioxidant, and anti-
diabetic effects, through a variety of mechanisms. Combining flavonoids with other compounds, such as existing 
anti-diabetic medications, may produce synergistic effects, leading to enhanced therapeutic outcomes. The 
synergy between flavonoids and conventional drugs could potentially result in improved efficacy while reducing 
side effects or the required doses of medications, thus improving patient compliance and overall treatment 
effectiveness. For instance, flavonoids like quercetin and curcumin have been demonstrated to enhance the action 
of metformin, a widely used anti-diabetic drug, by improving insulin sensitivity and reducing inflammation. 
However, while promising, more in-depth studies, including clinical trials, are necessary to confirm these effects, 
determine optimal dosing regimens, and ensure safety when used in combination with other drugs. Such findings 
could pave the way for more effective and personalized diabetes management strategies. 

Functional Food and Nutraceutical Development 
Flavonoids, with their array of health-promoting properties, are increasingly being incorporated into functional 
foods and nutraceuticals. These products, which include flavonoid-enriched foods, beverages, and supplements, 
are being developed to deliver targeted benefits such as anti-inflammatory, antioxidant, and metabolic effects. 
The inclusion of flavonoids in everyday diets could offer a preventive approach to chronic diseases such as 
cardiovascular disease, obesity, and diabetes. Examples include flavonoid-enriched teas, fruit juices, and snack 
bars, which are being marketed as products that not only taste good but also provide health benefits. However, 
for these products to gain widespread acceptance and regulatory approval, they must undergo rigorous safety 
assessments and efficacy evaluations. Regulatory bodies such as the FDA and EFSA require comprehensive 
clinical trials and toxicity studies before allowing health claims related to flavonoid-rich products. These 
regulatory hurdles ensure that consumers receive safe and scientifically validated products for health 
maintenance and disease prevention.

CONCLUSION 

Flavonoids exhibit potent anti-inflammatory properties that are highly relevant in the context of T2DM, where 
chronic inflammation underlies disease progression. By modulating inflammatory signaling pathways, 
improving antioxidant defenses, and enhancing insulin sensitivity, flavonoids hold great promise as adjunct 
therapies in diabetes management. Bridging nutraceuticals with clinical interventions offers a novel, integrative 
approach for combating the global diabetes epidemic. 
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