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ABSTRACT

Flavonoids are a diverse group of polyphenolic compounds commonly found in fruits, vegetables, and other
plant-based foods. These compounds have garnered considerable interest due to their potential health benefits,
particularly in metabolic diseases such as obesity and type 2 diabetes. One of the key molecular targets for the
beneficial effects of flavonoids is AMP-activated protein kinase (AMPK), a crucial regulator of energy
metabolism. AMPK activation has been linked to improved insulin sensitivity, enhanced fat oxidation, and
reduced adiposity, which collectively contribute to weight management and glycemic control. This review
provides a comprehensive overview of the molecular mechanisms through which flavonoids activate AMPK,
highlighting their dual roles in weight management and glycemic control. We examine the effects of specific
flavonoid subclasses, such as flavones, flavonols, and anthocyanins, on AMPK activation, the downstream
signaling pathways involved, and the impact on metabolic health. Furthermore, we discuss the potential of
flavonoids as complementary therapeutic agents in the prevention and management of obesity and diabetes, as
well as their limitations and the need for further clinical studies to confirm their efficacy.
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INTRODUCTION

Metabolic diseases such as obesity and type 2 diabetes have escalated to epidemic proportions worldwide,
presenting significant challenges to global public health[1—47. These diseases are intricately linked to
disruptions in energy metabolism, which includes insulin resistance, impaired fat oxidation, and abnormal
adiposity. The global prevalence of these conditions has been exacerbated by factors such as sedentary lifestyles,
poor dietary habits, and genetic predispositions[1, 5, 6. The consequences of these metabolic disorders are far-
reaching, contributing to the increasing burden of cardiovascular diseases, strokes, and other related
comorbidities. At the cellular level, metabolic diseases are primarily characterized by an inability to maintain
balanced energy homeostasis, leading to the accumulation of excessive fat, dysregulated glucose metabolism,
and diminished cellular function[7, 8. AMP-activated protein kinase (AMPK), a serine/threonine kinase, has
emerged as a central player in maintaining cellular energy balance[9, 107]. This highly conserved enzyme acts
as a metabolic sensor that helps cells adapt to changes in energy levels. AMPK is activated in response to an
increase in AMP (adenosine monophosphate) relative to ATP (adenosine triphosphate), which is indicative of
low energy status[117]. Upon activation, AMPK triggers a cascade of biochemical reactions aimed at restoring
energy balance by promoting catabolic processes that generate ATP, such as glucose uptake and fatty acid
oxidation, while inhibiting anabolic pathways that consume energy, such as protein and lipid synthesis. Given
its pivotal role in regulating cellular metabolism, AMPK has become an attractive target for the treatment of
metabolic diseases[127]. It offers a potential therapeutic avenue for managing obesity, type 2 diabetes, and other
related disorders. A particularly promising class of compounds that can activate AMPK are flavonoids, a diverse
group of naturally occurring polyphenolic compounds found in fruits, vegetables, and other plant-based
foods[13, 147]. Flavonoids have demonstrated significant potential as AMPK activators, with research showing
that they can enhance AMPK activity and subsequently improve glucose metabolism and lipid profile [157]. This
review seeks to explore the dual benefits of flavonoids in metabolic health, particularly their potential as
therapeutic agents for managing obesity and type 2 diabetes through AMPK activation.
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Flavonoids and Their Biological Properties
Flavonoids are a diverse and widespread group of polyphenolic compounds found in various plant-based foods,
such as fruits, vegetables, teas, and grains. These compounds are often associated with the vibrant colors of plant
tissues and are known for their antioxidant, anti-inflammatory, and anticancer properties[13, 16, 17]. The
diverse biological activities of flavonoids have garnered significant interest in the context of health and disease
prevention. Their ability to scavenge free radicals, reduce oxidative stress, and modulate inflammatory pathways
contributes to their potential therapeutic effects in a variety of diseases, including cardiovascular diseases,
cancer, and neurodegenerative disorders[18—207. Chemically, flavonoids consist of a 15-carbon skeleton
structure, which is made up of two phenyl rings and a heterocyclic ring[217. This basic structure is shared by
all flavonoids, but it is the variations in the functional groups attached to the rings that lead to the diversity
within the flavonoid family. There are several subclasses of flavonoids, each with unique chemical properties and
biological effects. These include flavones, flavonols, isoflavones, anthocyanins, and flavanols, among others. For
example, flavonols, such as quercetin and kaempferol, are commonly found in apples, onions, and leafy
vegetables, while anthocyanins, responsible for the red, blue, and purple colors in berries, have been associated
with strong antioxidant and anti-inflammatory properties[217. Beyond their antioxidant activities, flavonoids
have been shown to exert significant metabolic effects, particularly in the regulation of glucose metabolism, lipid
homeostasis, and inflammation[227. These properties make them particularly attractive for the management of
metabolic diseases like obesity and type 2 diabetes. Research has shown that flavonoids can enhance insulin
sensitivity, modulate adipocyte differentiation, and reduce inflammation in metabolic tissues, all of which
contribute to improved metabolic function. For instance, compounds such as resveratrol, epigallocatechin gallate
(EGCG), and quercetin have demonstrated the ability to activate AMPK, thereby influencing metabolic
pathways that improve insulin sensitivity and reduce adiposity[237. In addition to their beneficial effects on
metabolic health, flavonoids have been linked to improvements in cardiovascular health[ 24, 257. Their ability
to enhance endothelial function, reduce blood pressure, and improve lipid profiles has further cemented their
potential as natural agents for combating metabolic diseases. These multifaceted properties position flavonoids
as promising candidates for inclusion in therapeutic strategies aimed at preventing and managing obesity, type
2 diabetes, and other metabolic disorders.
AMPK: The Central Regulator of Metabolism
AMP-activated protein kinase (AMPK) is a crucial serine/threonine kinase that serves as a master regulator of
cellular energy metabolism.[9, 117. It plays a fundamental role in maintaining energy homeostasis within the
cell by responding to changes in cellular AMP and ATP levels. When cells experience energy stress, such as
during exercise, fasting, or nutrient deprivation, the AMP/ATP ratio increases, signaling the activation of
AMPK[267. This activation is critical for ensuring that the cell shifts its metabolic processes to restore energy
balance. In its activated state, AMPK triggers a series of cellular responses that facilitate ATP production while
conserving energy. One of the primary actions of AMPK is the promotion of catabolic processes that generate
ATP. For instance, AMPK increases glucose uptake by enhancing the translocation of glucose transporter
proteins to the cell membrane[267. This facilitates more efficient glucose utilization and helps combat insulin
resistance, a hallmark of metabolic diseases such as type 2 diabetes. In addition to enhancing glucose metabolism,
AMPK activation also promotes fatty acid oxidation by activating enzymes involved in fat breakdown, such as
acetyl-CoA carboxylase (ACC). These effects are particularly beneficial in the context of obesity, where fat
accumulation and impaired fat oxidation contribute to metabolic dysfunction. Conversely, AMPK activation
inhibits anabolic processes that consume ATP, such as protein and lipid synthesis. This includes the inhibition
of the mTOR (mechanistic target of rapamycin) pathway, which regulates cell growth and protein
synthesis[277. By inhibiting these energy-demanding processes, AMPK helps to conserve ATP for vital cellular
functions. The dual effects of AMPK—promoting catabolic processes and inhibiting anabolic processes—help
to ensure that the cell's energy supply is efficiently managed under conditions of metabolic stress. The role of
AMPK in regulating insulin sensitivity and energy expenditure makes it a highly attractive target for
therapeutic intervention in metabolic diseases[287]. Studies have shown that activation of AMPK can improve
insulin sensitivity, reduce adiposity, and increase energy expenditure, all of which are beneficial for the treatment
of obesity, type 2 diabetes, and related disorders. Given the central role of AMPK in metabolic regulation,
compounds that activate AMPK, such as flavonoids, are being increasingly explored for their potential to
manage and prevent metabolic diseases[287. By activating AMPK, these natural compounds offer a promising
strategy for restoring metabolic balance and improving overall health.
Flavonoids as AMPK Activators

Flavonoids, a diverse group of polyphenolic compounds found in fruits, vegetables, and beverages like tea, have
gained significant attention for their potential to activate AMP-activated protein kinase (AMPK), a crucial
regulator of cellular energy homeostasis. Activation of AMPK promotes metabolic processes that increase
energy production and improve metabolic health[22, 247. Numerous studies, both in vitro and in vivo, have
demonstrated the ability of various flavonoid subclasses to activate AMPK. These compounds modulate several
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metabolic pathways, including glucose uptake, fatty acid oxidation, and insulin sensitivity, suggesting that
flavonoids may have therapeutic potential in the treatment of metabolic disorders like obesity, diabetes, and
cardiovascular disease[21, 237]. Among the different subclasses of flavonoids, the degree of AMPK activation
varies, with some showing more potent effects on metabolic outcomes. Understanding the specific mechanisms
by which flavonoids activate AMPK could provide insight into their utility as dietary interventions for
improving metabolic health[187. The promising results observed from various flavonoids in preclinical and
clinical studies have sparked interest in their application as natural AMPK activators to combat metabolic
diseases.
Flavones and Flavanols
Flavones and flavanols are two important subclasses of flavonoids that have been extensively studied for their
ability to activate AMPK and improve metabolic health[297. Flavones, such as apigenin and luteolin, and
flavanols, including quercetin and kaempferol, have demonstrated significant effects on AMPK activation across
various cell types, including muscle cells, liver cells, and adipocytes. The activation of AMPRK by these flavonoids
leads to several beneficial metabolic outcomes, including enhanced glucose uptake, increased fatty acid oxidation,
and improved insulin sensitivity. In addition to these effects on glucose and lipid metabolism, flavones and
flavanols have been shown to exert anti-inflammatory and antioxidant effects 307]. Chronic inflammation and
oxidative stress are key contributors to metabolic dysfunction in conditions such as obesity and type 2 diabetes.
By reducing these factors, flavones and flavanols help mitigate the harmful effects of metabolic diseases. Overall,
the ability of flavones and flavanols to activate AMPK makes them promising candidates for promoting
metabolic health and managing obesity and diabetes, providing a natural alternative to synthetic pharmaceutical
agents[30].
Anthocyanins
Anthocyanins are water-soluble pigments found in various fruits and vegetables, giving them their red, blue,
and purple colors[817. These flavonoids have gained attention not only for their antioxidant properties but also
for their ability to activate AMPK. Several studies have demonstrated that anthocyanins can enhance insulin
sensitivity and improve glucose metabolism in both preclinical models and clinical settings.[ 817 The mechanism
behind these effects is believed to be mediated through the activation of AMPK, which regulates key metabolic
pathways involved in maintaining glucose and lipid homeostasis. By activating AMPK, anthocyanins promote
increased glucose uptake in cells, enhanced fatty acid oxidation, and improved insulin sensitivity, all of which
are beneficial for managing obesity and diabetes. Furthermore, anthocyanins exhibit anti-inflammatory and
antioxidant effects, which can help alleviate the chronic inflammation and oxidative stress often observed in
metabolic diseases[327]. These dual actions—AMPK activation and anti-inflammatory properties—make
anthocyanins a promising dietary intervention for improving metabolic function and preventing or managing
metabolic diseases like type 2 diabetes and cardiovascular disease[337. Their potential therapeutic benefits,
particularly in enhancing insulin sensitivity and regulating glucose metabolism, highlight the value of including
anthocyanin-rich foods in the diet.
Isoflavones
Isoflavones, a class of flavonoids primarily found in soybeans and other legumes, have been widely studied for
their potential health benefits, particularly in relation to metabolic diseases like obesity and type 2 diabetes[ 347].
Among the isoflavones, genistein stands out as the most prominent and extensively researched compound.
Studies have shown that genistein can activate AMPK in various tissues, leading to improved metabolic health.
The activation of AMPK by genistein enhances glucose uptake, increases fatty acid oxidation, and improves
insulin sensitivity, all of which contribute to better blood sugar control and weight management[35, 367.
Additionally, genistein’s effects on AMPK activation may help reduce adiposity and promote fat breakdown,
making it a promising agent for managing obesity. Isoflavones like genistein are also known for their estrogen-
like effects, which may further support metabolic regulation, particularly in postmenopausal women. By
modulating both metabolic pathways and hormonal balance, isoflavones provide a multi-faceted approach to
improving metabolic health[37, 387. These compounds' potential for managing obesity and diabetes through
AMPK activation underscores their importance as a natural dietary intervention for metabolic diseases. Given
their widespread availability in soy-based foods, isoflavones represent an accessible and cost-eftective option for
individuals seeking to improve their metabolic health through dietary choices.
Mechanisms of AMPK Activation by Flavonoids
AMP-activated protein kinase (AMPK) is a key regulator of cellular energy balance and metabolism. Flavonoids,
a class of polyphenolic compounds found in various fruits, vegetables, and beverages, have been shown to
activate AMPK through multiple mechanisms. One of the most well-documented mechanisms is the inhibition
of protein phosphatases that normally dephosphorylate and deactivate AMPK[227. Flavonoids can reduce the
activity of these phosphatases, such as protein phosphatase 2A (PP2A), which helps to maintain the
phosphorylation state of AMPK, leading to its activation. This mechanism ensures that AMPK remains active
to promote energy conservation and homeostasis[397. In addition to phosphatase inhibition, certain flavonoids
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can also activate upstream kinases that are involved in AMPK phosphorylation[ 397. A prominent example is
LKB1 (liver kinase B1), a kinase that phosphorylates AMPK at its Thr172 residue, a critical step for its
activation. Flavonoids such as quercetin and resveratrol have been shown to enhance LKB1 activity, thereby
triggering AMPK activation in response to cellular stress or energy depletion[407. This response is particularly
crucial in conditions of metabolic stress, such as during exercise or fasting, where energy balance must be
maintained to optimize cellular function. Furthermore, flavonoids can influence the cellular redox environment.
Many flavonoids possess potent antioxidant properties, which help to reduce oxidative stress. Oxidative stress
has been shown to impair AMPK activation and contribute to metabolic dysfunction, such as insulin resistance.
By scavenging free radicals and restoring cellular antioxidant defenses, flavonoids may enhance AMPK
activation, which in turn improves metabolic health[407. Together, these mechanisms provide a multifaceted
approach by which flavonoids activate AMPK and support metabolic processes such as fat oxidation, glucose
uptake, and insulin sensitivity.
Flavonoids and Their Dual Roles in Weight Management and Glycemic Control
Flavonoids have garnered significant attention for their dual roles in both weight management and glycemic
control, largely due to their ability to activate AMPK, a master regulator of cellular metabolism. In the context
of weight management, flavonoids stimulate AMPK activation, which promotes fat oxidation while inhibiting
lipogenesis (fat synthesis)[147]. This leads to a reduction in adipose tissue accumulation and helps prevent
obesity. AMPK activation also induces the breakdown of fatty acids in adipocytes, increasing energy expenditure
and supporting a leaner body composition. This fat-burning effect of flavonoids contributes to weight loss and
the prevention of obesity-related metabolic disorders[417]. Beyond their effects on fat metabolism, flavonoids
also play a critical role in glycemic control, particularly in individuals with type 2 diabetes. AMPK activation
enhances insulin sensitivity, which allows cells, especially those in muscle and liver tissues, to take up glucose
more effectively. Flavonoids have been shown to improve the insulin signaling pathway, promoting better
glucose uptake and utilization by insulin-sensitive tissues[427]. As a result, flavonoids help to lower blood
glucose levels and maintain better control over glycemic fluctuations. Moreover, flavonoids such as quercetin,
kaempferol, and epigallocatechin gallate (EGCG) have been demonstrated to improve the function of pancreatic
B-cells, which are responsible for insulin secretion. These effects make flavonoids particularly promising for
managing insulin resistance, a hallmark of type 2 diabetes[427. The ability of flavonoids to target multiple
aspects of metabolic dysfunction, including fat metabolism, insulin sensitivity, and glucose uptake, positions
them as promising candidates for the prevention and treatment of obesity and type 2 diabetes. By addressing
both weight management and glycemic control, flavonoids may offer a multifaceted approach to managing
metabolic diseases.
Clinical Implications and Future Directions
While preclinical studies have highlighted the promising effects of flavonoids as AMPK activators for weight
management and glycemic control, clinical validation in human populations is still needed. Most of the current
research has been conducted in vitro or in animal models, where flavonoids have demonstrated significant
potential in improving metabolic health. However, translating these findings to human clinical settings requires
more comprehensive studies to assess the efficacy, safety, and optimal dosage of flavonoids in diverse
populations. For example, while certain flavonoids have been shown to reduce blood glucose and improve insulin
sensitivity in animal models, human studies have yielded mixed results, and larger-scale clinical trials are
necessary to confirm these benefits. Furthermore, the bioavailability of flavonoids remains a challenge in clinical
applications. Despite their beneficial effects, the absorption and metabolism of flavonoids can vary significantly
among individuals, and factors such as age, diet, and gut microbiota composition can influence their effectiveness.
Researchers must determine the most effective forms and doses of flavonoids to ensure their clinical efficacy.
Another important area for future research is the potential for flavonoids to be used in combination with other
therapeutic agents, such as conventional drugs or natural compounds, to enhance the management of metabolic
diseases like obesity and diabetes. FFlavonoids may have synergistic eftects with lifestyle interventions, including
diet and exercise, which could offer a more holistic approach to disease management. Additionally, exploring
the interactions between flavonoids and other bioactive compounds could uncover new strategies for improving
their therapeutic efficacy. In sum, while flavonoids hold great promise for the management of metabolic
disorders, additional clinical studies are necessary to fully elucidate their potential, establish treatment protocols,
and determine the best ways to integrate them into personalized therapeutic approaches.
CONCLUSION
Flavonoids have emerged as promising natural compounds for the prevention and management of metabolic
diseases, particularly obesity and type 2 diabetes, due to their ability to activate AMPK. This activation promotes
fat oxidation, enhances insulin sensitivity, and improves glucose uptake, making flavonoids effective tools for
regulating metabolism and preventing metabolic dysfunction. Flavonoids’ antioxidant properties further
support their role in managing oxidative stress, a key factor in the development of insulin resistance and
metabolic diseases. Although preclinical data are encouraging, there is a need for more clinical research to
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confirm the efficacy of flavonoids in human populations. The available evidence, while promising, comes

primarily from laboratory and animal studies, and human clinical trials are required to establish the most

effective dosages, bioavailability, and long-term safety of flavonoids. Moreover, research into the synergistic

effects of flavonoids with other therapies, such as conventional medications or lifestyle changes, could lead to

more effective, multifaceted treatment strategies for obesity and type 2 diabetes. Given their natural origin,

favorable safety profile, and potential therapeutic effects, flavonoids represent an exciting area of research for

addressing the growing global burden of metabolic diseases. As we continue to explore their mechanisms of

action, clinical applications, and optimal use, flavonoids may become an integral part of strategies aimed at

improving metabolic health and preventing the onset of obesity and type 2 diabetes.
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