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ABSTRACT

Obesity-driven type 2 diabetes is a multifactorial metabolic disorder in which dysfunctional inter-organ
communication particularly between adipose tissue and skeletal muscle plays a pivotal role. Adipokines and
myokines are hormone-like factors produced by adipocytes and myocytes, respectively, that regulate energy
homeostasis, insulin sensitivity, inflammation, and substrate metabolism. In obesity, adipose tissue secretes a
proinflammatory adipokine profile (e.g., increased leptin resistance, resistin, visfatin, and decreased adiponectin)
while skeletal muscle myokine tone shifts in ways that can exacerbate or ameliorate insulin resistance (e.g.,
irisin, IL-6, myostatin). Natural products plant polyphenols, flavonoids, terpenoids, alkaloids, and bioactive
peptides exert pleiotropic effects on these signaling molecules and their downstream pathways. This review
synthesizes mechanistic and translational evidence for natural product modulation of adipokines and myokines,
examining molecular targets, preclinical efficacy, human trial data where available, and the pharmacological and
safety challenges of translating nutraceutical interventions into clinical practice. We highlight how select
natural molecules restore adipokine balance, enhance myokine-mediated insulin-sensitizing effects, and
attenuate chronic inflammation, thereby offering adjunctive therapeutic potential for obesity-associated
diabetes. Finally, gaps in evidence, methodological limitations in current studies, and priorities for future
research standardization, dosing, bioavailability improvement, and rigorous clinical trials are discussed. The
goal is to provide a coherent, mechanistic, and pragmatic framework for researchers and clinicians exploring
natural product strategies to rebalance adipose-muscle cross-talk and mitigate metabolic disease progression.
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INTRODUCTION

Inter-organ communication is central to metabolic homeostasis, and the dialogue between adipose tissue and
skeletal muscle is particularly important in the pathogenesis of obesity-driven type 2 diabetes[1-37. Adipose
tissue and skeletal muscle are not passive storage or locomotor organs; rather, they are endocrine organs that
secrete adipokines and myokines respectively peptides and proteins that act locally and systemically to regulate
appetite, energy expenditure, lipid handling, insulin sensitivity, and inflammatory responses[1, 4—67. In healthy
physiology, this cytokine-like signaling maintains metabolic flexibility: adiponectin promotes insulin sensitivity
and fatty acid oxidation, leptin regulates appetite and energy expenditure, and muscle-derived myokines such
as irisin and IL-6 contribute to substrate switching and anti-inflammatory signaling during physical activity.
However, with positive energy balance leading to adipocyte hypertrophy and adipose tissue inflammation, the
secretory profile becomes maladaptive[7, 87. Proinflammatory adipokines and reduced beneficial adipokines
create a milieu of chronic low-grade inflammation, lipotoxicity, and insulin resistance. Concurrently, skeletal
muscle in sedentary, obese individuals exhibits altered myokine secretion and reduced capacity for glucose
uptake and oxidative metabolism, further amplifying metabolic deterioration[9, 107].

Given the multifactorial and systemic nature of obesity-driven diabetes, single-target pharmacological strategies
have limited long-term success for many patients. This has fueled interest in pleiotropic interventions that act
across multiple tissues and signaling nodes an area where natural products and nutraceuticals are particularly
promising['11, 127. Natural compounds often have multiple molecular targets, modulate oxidative stress and
inflammation, and influence transcriptional networks governing metabolism, including AMP-activated protein
kinase (AMPR), peroxisome proliferator—activated receptors (PPARs), nuclear factor kappa B (NF-kB), and the
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insulin signaling cascade. Importantly, many natural products have been shown in preclinical models to modify
adipokine and myokine expression or secretion, thereby directly affecting the adipose—muscle axis[13, 147].
The biological plausibility for natural product interventions arises from a large and growing literature:
flavonoids and polyphenols can increase adiponectin and reduce proinflammatory adipokine expression in
adipocytes; plant-derived alkaloids and terpenoids modulate myostatin and irisin expression in muscle cells; and
certain bioactive peptides enhance insulin receptor signaling and mitochondrial function['15, 167]. These effects
translate into improved glucose tolerance, reduced adipose inflammation, and favorable lipid profiles in animal
models. However, translation to humans remains uneven. Clinical trials are heterogeneous in dosage,
formulation, and endpoints; bioavailability constraints and metabolic transformation of natural compounds
create additional complexity; and safety evaluation is sometimes limited or inconsistent[ 177]. This review aims
to synthesize mechanistic insights and translational evidence on how natural products modulate adipokines and
myokines and the implications for obesity-driven diabetes. We will first summarize the roles of key adipokines
and myokines in metabolic regulation and disease. We then review classes of natural products that influence
these mediators, describe molecular mechanisms and signaling pathways involved, and appraise preclinical and
clinical evidence for metabolic benefit. Finally, we discuss challenges for clinical translation, including
standardization, bioavailability, safety, and the need for well-powered, mechanism-informed clinical trials. By
focusing on the adipose-muscle endocrine axis, we propose an integrated framework for future research that
may enable targeted nutraceutical strategies to prevent or ameliorate obesity-associated diabetes.

2. Adipokines in Obesity-Driven Diabetes

Adipokines encompass a diverse set of bioactive molecules secreted by adipose tissue that influence systemic
metabolism, immune responses, and vascular function[18—237. In the context of obesity, adipose tissue
undergoes cellular and extracellular remodeling, marked by adipocyte hypertrophy, hypoxia, immune cell
infiltration, and altered extracellular matrix dynamics. These changes dysregulate adipokine secretion, shifting
the balance from insulin-sensitizing and anti-inflammatory factors to proinflammatory and insulin-antagonistic
mediators [247]. Adiponectin, a key insulin-sensitizing adipokine, is consistently reduced in obesity and
correlates inversely with insulin resistance; its decrease impairs fatty acid oxidation in muscle and liver, reduces
AMPK activation, and promotes ectopic lipid accumulation[9, 25, 267. Leptin, which normally signals satiety
and promotes energy expenditure, often rises in obesity but is accompanied by leptin resistance that negates
central and peripheral effects[7, 27—297. Concurrently, adipose tissue secretes increased levels of resistin,
chemerin, visfatin, and proinflammatory cytokines such as tumor necrosis factor-alpha and interleukin-6; these
factors interfere with insulin receptor signaling via serine phosphorylation of insulin receptor substrates and
activation of stress kinases like JNK and IKKB[307.

The proinflammatory milieu fosters macrophage polarization toward a proinflammatory M1 phenotype,
creating a feed-forward loop that sustains cytokine production and tissue dysfunction[31-337. Moreover,
adipokines influence pancreatic B-cell function, endothelial health, and appetite-regulatory circuits, extending
their effects beyond classical metabolic tissues. For example, elevated resistin has been associated with impaired
glucose uptake and hepatic glucose output, while decreased adiponectin compromises pancreatic B-cell survival
and amplifies oxidative stress[34—36]. At the molecular level, adipokines modulate critical nodes such as AMPK,
PPARs, and NF-kB, thereby controlling gene programs for lipid metabolism, mitochondrial biogenesis, and
inflammatory responses.

Importantly, adipokine dysregulation is heterogeneous across adipose depots. Visceral fat displays a more
deleterious secretory profile than subcutaneous fat, contributing disproportionately to cardiometabolic risk (37,
387. This depot-specificity is relevant for interventions targeting adipokine balance: strategies that reduce
visceral adiposity or selectively modulate its secretome may yield greater metabolic improvements. Natural
products that upregulate adiponectin or downregulate proinflammatory adipokines can re-establish metabolic
signaling that favors insulin sensitivity, improved lipid handling, and reduced systemic inflammation, making
adipokine modulation a promising therapeutic axis for obesity-driven diabetes.

3. Myokines and Skeletal Muscle Signaling in Metabolic Health

Skeletal muscle is the largest organ for glucose disposal and a dynamic endocrine organ that secretes myokines
peptides and proteins released into circulation in response to contraction, metabolic state, and muscle
remodeling[397. Myokines orchestrate autocrine, paracrine, and endocrine effects that regulate muscle
metabolism, inter-organ substrate flux, and systemic inflammation. Exercise-induced myokines such as irisin
and IL-6 at physiological levels promote browning of adipose tissue, increase lipolysis, and improve insulin
sensitivity through AMPK activation and enhanced mitochondrial biogenesis[407]. Conversely, myostatin, a
negative regulator of muscle growth belonging to the TGF- family, promotes muscle atrophy and has been
linked to insulin resistance when elevated. Other myokines, including fibroblast growth factor 21, brain-derived
neurotrophic factor, and decorin, play roles in lipid oxidation, neuromuscular health, and modulation of adipose
tissue phenotype[417].

In obesity and sedentary states, altered myokine profiles contribute to metabolic dysfunction. Reduced exercise-
induced myokine release and increased expression of negative regulators like myostatin impair muscle insulin
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responsiveness and reduce glucose uptake. Insulin resistance in muscle is often accompanied by mitochondrial
dysfunction, oxidative stress, and alterations in substrate preference toward lipid accumulation[42, 437. The
crosstalk between myokines and adipokines is bidirectional: beneficial myokines can counteract adipose
inflammation and promote a healthier adipokine profile, while adipose-derived proinflammatory factors can
blunt myokine production and muscle metabolic capacity.

Molecular pathways common to myokine action include AMPK signaling, PGC-1a-mediated mitochondrial
biogenesis, and modulation of the PI3K—Akt insulin signaling cascade. Natural products that mimic exercise-
like stimuli or enhance myokine production may therefore restore muscle metabolic function and systemic
insulin sensitivity[44]. For instance, compounds that increase PGC-1a expression, promote mitochondrial
turnover, or suppress myostatin can shift muscle phenotype toward oxidative, insulin-responsive tissue.
Additionally, interventions that facilitate muscle contractile activity either pharmacologically or via
combination with structured exercise can potentiate myokine-mediated benefits[45]. Therefore, understanding
how natural products influence myokine secretion and signaling is essential for designing integrated strategies
that leverage muscle-endocrine function to combat obesity-driven diabetes.

4. Natural Products Targeting Adipokine Signaling

A diverse array of plant-derived compounds modulate adipokine secretion and signaling pathways relevant to
metabolic health. Polyphenols, including resveratrol, quercetin, and epigallocatechin gallate, exert insulin-
sensitizing effects in part by elevating adiponectin expression and suppressing proinflammatory adipokines [ 467].
These molecules activate AMPK and SIRT1, improve mitochondrial function, and reduce NIF-kB-mediated
cytokine production in adipocytes. Terpenoids and saponins found in medicinal plants modulate PPARY activity
and adipogenesis, thereby influencing the adipose secretome. For example, certain triterpenoids restore
adiponectin levels while inhibiting expression of MCP-1 and TNF-a, which are central to macrophage
recruitment and adipose inflammation[477].

Flavonoids can also attenuate endoplasmic reticulum stress in adipocytes, a contributor to dysregulated
adipokine secretion, and improve insulin receptor signaling by reducing serine phosphorylation of IRS
proteins[48—507. Alkaloids such as berberine reduce hepatic glucose output and indirectly improve adipokine
balance by decreasing visceral fat and systemic inflammation[[51-537. Marine-derived peptides and omega-3
polyunsaturated fatty acids modulate adipose tissue macrophage polarization toward anti-inflammatory
phenotypes and increase adiponectin synthesis, while reducing resistin and chemerin expression[/54].
Mechanistically, natural compounds influence transcriptional regulators (PPARs, C/EBP, SREBP), kinases
(AMPK, JNK), and redox-sensitive transcription factors to shift adipose tissue toward a less inflammatory, more
metabolically active state. Several botanical extracts combine multiple active constituents that act
synergistically on adipokine networks. Nevertheless, variability in extract composition, bioavailability of active
molecules, and metabolic conversion in humans complicate extrapolation from preclinical models[55, 567].
Rigorous standardization, metabolomic profiling, and pharmacokinetic characterization are therefore necessary
to translate adipokine-modulating natural products into clinically useful therapies.

5. Natural Products Influencing Myokine Biology

Natural products can modulate skeletal muscle function and myokine secretion through mechanisms that
parallel exercise adaptations. Polyphenols like resveratrol and green tea catechins upregulate PGC-1a and
mitochondrial biogenesis in muscle cells, processes associated with increased secretion of beneficial myokines
such as irisin and FGF21[577]. Compounds that enhance mitochondrial function and reduce oxidative stress
facilitate greater contractile efficiency and endurance capacity, both of which potentiate exercise-induced
myokine release. Additionally, small molecules that inhibit myostatin signaling or its downstream SMAD
effectors can prevent muscle atrophy and improve insulin sensitivity; several plant-derived triterpenes and
peptides have shown myostatin-inhibitory activity in preclinical studies[587.

Amino acid—derived nutraceuticals and bioactive peptides derived from food proteins stimulate anabolic
signaling and can increase muscle-derived IGF-1 and related growth factors. Certain polyunsaturated fatty acids
and specialized lipids influence membrane composition and signaling microdomains in myocytes, modulating
secretion of cytokines and myokines that affect systemic metabolism[597]. Moreover, some natural compounds
indirectly enhance myokine profiles by improving overall metabolic milieu—reducing systemic inflammation
and insulin resistance thereby restoring muscle’s capacity to produce and secrete beneficial endocrine factors.
Crucially, natural products often act synergistically with physical activity. When combined with exercise,
nutraceuticals that improve mitochondrial function, reduce inflammation, or enhance muscle protein synthesis
amplify myokine responses and the consequent cross-talk with adipose tissue[60, 617]. Translationally,
interventions that combine well-characterized natural compounds with structured exercise programs may
present a pragmatic strategy for leveraging myokine biology to reduce obesity-driven metabolic risk. However,
precise dosing, timing relative to exercise, and long-term safety require systematic investigation in controlled
human trials[607.
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6. Integrated Adipokine—Myokine Cross-talk and Nutraceutical Strategies
The interplay between adipokines and myokines forms a regulatory network that determines systemic metabolic
outcomes. Beneficial myokines can promote adipose browning, enhance fatty acid oxidation, and suppress
adipose inflammation, while a healthier adipokine profile supports muscle insulin sensitivity and mitochondrial
function[607. Natural products that simultaneously shift adipose secretome toward higher adiponectin and
lower proinflammatory cytokines while promoting muscle PGC-1a and irisin expression are therefore especially
attractive as multimodal interventions. Polyphenol-rich diets and whole-food interventions exemplify this
integrative approach: they reduce visceral adiposity, decrease systemic inflammatory mediators, and improve
muscle oxidative capacity, producing a coordinated improvement in adipose—muscle cross-talk[627].
Systems-level mechanisms include modulation of AMPK as a metabolic master switch, enhancement of
mitochondrial biogenesis via PGC-1q, attenuation of NFF-kB—driven inflammation, and regulation of insulin
signaling through PI3K—Akt pathways. Natural products often target several of these nodes simultaneously,
leading to synergistic effects on tissue crosstalk[[637]. Nutraceutical formulations that combine compounds with
complementary pharmacodynamics such as a mitochondrial enhancer with an anti-inflammatory polyphenol
may offer superior outcomes compared with single-agent approaches. Importantly, such strategies must account
for pharmacokinetic interactions and metabolite activity, since gut metabolism and host microbiota can
transform parent compounds into bioactive or inactive derivatives, altering systemic effects on adipokines and
myokines[ 64].
Precision nutraceutical approaches may tailor interventions based on adipose depot distribution, baseline
inflammatory status, muscle mass and function, and even genetic polymorphisms that affect metabolism of active
compounds[657]. Combining nutraceutical therapy with lifestyle interventions, particularly resistance and
aerobic exercise, can maximize myokine release and potentiate adipokine normalization. Ultimately, the
integrated modulation of adipokines and myokines by natural products represents a holistic, tissue-network-
tocused therapeutic paradigm for obesity-associated diabetes, but its clinical realization depends on mechanistic
clarity, optimized formulations, and outcome-driven clinical research[[667.
7. Clinical Evidence, Challenges, and Future Directions
Clinical translation of adipokine- and myokine-targeted natural products has met with mixed results. Several
small randomized trials and observational studies report improvements in insulin sensitivity, modest reductions
in inflammatory biomarkers, and favorable shifts in adipokine levels with interventions such as omega-3
supplementation, green tea extracts, and resveratrol. However, heterogeneity in formulations, small sample
sizes, and short durations limit generalizability[67]. Bioavailability remains a persistent challenge: many
polyphenols are extensively metabolized by gut microbiota and liver, producing metabolites with distinct
bioactivity, which complicates dose-response relationships [687. Safety profiling is often incomplete,
particularly for concentrated extracts and chronic administration. Interactions with prescription medications,
effects on micronutrient absorption, and idiosyncratic adverse events require rigorous pharmacovigilance [ 697].
To advance the field, standardized extract characterization, robust pharmacokinetic-pharmacodynamic
mapping, and integration of biomarker-driven endpoints (adipokine/myokine panels, insulin sensitivity indices,
tissue-specific imaging) are needed in clinical trials[ 70, 717. Precision approaches that stratify participants by
baseline inflammation, visceral fat burden, or muscle function may reveal subgroups most likely to respond.
Formulation science—nanoparticle encapsulation, prodrugs, and co-administration with adjuvants that improve
absorption—ofters avenues to enhance efficacy [727]. Mechanistic human studies that pair tissue biopsies with
systemic biomarkers will clarify causal pathways and validate targets. Regulatory pathways for nutraceuticals
and botanical drugs require adherence to quality standards and evidence thresholds commensurate with
therapeutic claims.
CONCLUSION
In conclusion, natural products provide a biologically plausible and multifaceted means to rebalance adipokine
and myokine signaling in obesity-driven diabetes. The path forward demands multidisciplinary collaboration
among natural product chemists, molecular physiologists, clinical trialists, and formulation scientists to
translate preclinical promise into safe, effective, and evidence-based interventions.
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