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Abstract

Background

Propolis, a resinous compound rich in polyphenols, flavonoids, and aromatic acids, has
emerged as a prototypical nutritional immunomodulator that integrates antioxidant, anti-
inflammatory, and metabolic regulatory pathways into a unified biological framework.
Rather than functioning as a simple antimicrobial or anti-inflammatory substance,
propolis exerts multi-axis nutripharmacological control - restoring redox balance, immune
precision, and metabolic flexibility across organ systems. This review delineates the
antioxidant-anti-inflammatory—-immune-regulatory tri-axis as the mechanistic foundation
of propolis’s systemic actions, and further synthesizes its disease-specific intervention
evidence across cardiovascular-metabolic, infectious, hepatic—gastrointestinal,

neurodegenerative, and dermatological domains.



Mechanistic Framework: The Nutritional Pharmacology Tri-Axis

1. Antioxidant Axis

Through the activation of the Nrf2/ARE signaling cascade, propolis enhances

endogenous defense systems including heme oxygenase-1 (HO-1), superoxide

dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px). Major phenolic

components such as caffeic acid phenethyl ester (CAPE), quercetin, and artepillin C

directly scavenge reactive oxygen species (ROS), stabilize mitochondrial membrane

potential, and sustain NADPH/GSH recycling. This axis constitutes the first layer of

protection against oxidative injury, energy imbalance, and lipid peroxidation that underlie

cardiovascular and metabolic pathologies.

2. Anti-Inflammatory Axis

Propolis suppresses excessive cytokine release by inhibiting the NF-kB and MAPK

cascades, downregulating COX-2 and iNOS expression, and preventing NLRP3

inflammasome assembly. The CAPE-induced upregulation of HO-1 and biliverdin acts as

a feedback suppressor of the IKK complex, further attenuating inflammatory transcription.

These pathways dismantle the self-reinforcing oxidative—inflammatory loop responsible

for chronic inflammatory and degenerative diseases.

3. Immune-Regulatory Axis



Beyond suppression, propolis fine-tunes immune homeostasis through bidirectional

modulation: enhancing macrophage phagocytosis and NK cell activity under

immunodeficiency, while restoring Treg/Th17 and Th1/Th2 balance under hyper-

inflammatory conditions. Its regulation of the AMPK-SIRT1-PGC-1a axis ensures

metabolic support for immune tolerance, preventing exhaustion and sustaining antigen-

specific memory.

This tri-axis coupling of signaling, metabolism, and functional immunity defines propolis

as a systemic immune—metabolic synchronizer rather than a conventional pharmacologic

suppressant.

Disease-Specific Nutritional Intervention Mechanisms

1. Cardiovascular-Metabolic Disorders

In atherosclerosis, metabolic syndrome, Type Il Diabetes Mellitus, and non-alcoholic fatty

liver disease, propolis attenuates endothelial oxidative stress, lipid peroxidation, and

macrophage-driven inflammation. By disrupting the ROS-TXNIP-NLRP3 axis and

restoring mitochondrial biogenesis through AMPK-PGC-1a activation, it improves

endothelial nitric oxide bioavailability, enhances fatty acid oxidation, and mitigates insulin

resistance. Clinical and preclinical findings reveal improved lipid profiles, decreased

hepatic steatosis, and reversal of low-grade systemic inflammation, confirming propolis’s

role as a nutritionally driven modulator of cardio-metabolic homeostasis.



2. Infectious and Post-Infectious Conditions

Propolis demonstrates dual-phase efficacy in upper respiratory tract infections, influenza,
viral pharyngitis, and oral-periodontal inflammation. Its polyphenolic constituents block
viral entry by downregulating ACE2 and TMPRSS2 expression and inhibit viral RNA
polymerase activity. Simultaneously, propolis attenuates cytokine storm responses by
lowering IL-6, IL-1B, and TNF-a production, while accelerating resolution through M2
macrophage and Treg activation. Clinically, this results in shorter disease duration,
reduced recurrence, and enhanced mucosal recovery. The synergy between propolis and
micronutrients such as vitamin C, zinc, and probiotics further strengthens mucosal
immunity and epithelial defense, establishing its role in functional nutritional

immunotherapy for infectious diseases.

3. Hepatic and Gastrointestinal Disorders

In chronic hepatitis, NAFLD, and inflammatory bowel disease, propolis reduces lipid
peroxidation products (MDA, 4-HNE), preserves glutathione redox cycling, and
suppresses COX-2/iNOS overexpression. Through Nrf2 and Treg activation, it restores
epithelial barrier integrity and suppresses Th17-driven inflammation, effectively protecting

hepatocytes and intestinal mucosa from oxidative and inflammatory injury.

4. Neurodegenerative and Neuro-inflammatory Disorders



The neuroprotective actions of propolis stem from its ability to modulate microglial

polarization, suppress NLRP3 inflammasome activation, and sustain mitochondrial

function. By reducing ROS accumulation and JNK phosphorylation, it prevents neuronal

apoptosis and synaptic degradation. These findings underscore its potential in delaying

the progression of neurodegenerative conditions such as Alzheimer’'s and Parkinson’s

diseases, where chronic neuro-inflammation and redox imbalance play central roles.

5. Dermatological and Barrier Disorders

In gingivitis, oral ulcers, eczema, dermatitis, and chronic wounds, propolis exhibits

coordinated antimicrobial, anti-inflammatory, and reparative properties. It disrupts

bacterial biofilm formation, suppresses TLR4-NF-kB signaling, and enhances

keratinocyte proliferation, collagen I/11l synthesis, and angiogenesis. In diabetic or

delayed-healing wounds, it accelerates epithelial closure and tissue remodeling,

validating its use as a topical and systemic nutritional repair modulator within the oral-

skin-barrier axis.

Systemic Integration and Clinical Significance

Across these disease contexts, propolis orchestrates a consistent pattern of multi-level

regulation:

® Redox normalization through Nrf2/ARE activation and ROS clearance;

® Inflammatory restraint via NF-kB/NLRP3 suppression and cytokine modulation; and



® Immune recalibration through Treg/Th17 and metabolic rebalancing.

These processes converge into a physiological triad of defense, resolution, and
regeneration. Unlike pharmacological suppressants, propolis preserves reversibility,
adaptability, and safety under chronic use, enabling long-term nutritional management of
oxidative-inflammatory-immune dysfunction. It thus represents a cornerstone prototype
for the field of Functional Nutritional Immunotherapy, bridging micronutrient signaling,

cellular metabolism, and tissue homeostasis into an integrative therapeutic paradigm.
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Propolis is a resinous substance produced by honeybees through the collection of

exudates from plant buds, bark, or resins, which are then mixed with bees’ own secreted

enzymes, wax, and pollen.

The term propolis originates from the Greek words pro (defense) and polis (city), literally

meaning “defender of the hive.” Within the beehive ecosystem, propolis functions as an

antimicrobial and preservative agent that maintains the colony’s sterile environment,

prevents the proliferation of fungi, bacteria, and viruses, and seals off potential sources of

contamination such as decaying intruders.

This natural immunological barrier serves as the hive’s equivalent of an “immune shield,”

representing an evolutionary model of collective immunity.

Human use of propolis dates back to ancient Egypt and Greece, where it was applied for

wound healing, embalming, and infection control. Contemporary research has redefined

propolis not merely as an antimicrobial substance but as a nutritional-pharmacological

complex rich in bioactive polyphenols.

It exhibits multidimensional actions in regulating inflammation, enhancing antioxidant

defense, and modulating immune responses - making it a unique bridge between dietary

bioactivity and therapeutic pharmacology.

Chemically, propolis is a heterogeneous yet structurally consistent compound whose

composition varies with botanical source, season, and geography. It is primarily



composed of resins and balsams (50-60%), waxes (25-30%), essential oils (5-10%),

and small amounts of pollen and minerals.

The resin fraction, rich in polyphenols, flavonoids, organic acids, and their esters,

constitutes the principal source of biological activity. Among these, flavonoids are the key

determinants of antioxidant and anti-inflammatory potential, while phenolic acids and

their esters, particularly caffeic acid phenethyl ester (CAPE), demonstrate potent anti-

inflammatory and immunomodulatory properties through inhibition of the NF-kB and

COX-2 signaling pathways.

Additionally, aromatic esters and terpenoids confer intrinsic antibacterial and antiviral

effects, whereas organic acids and lipophilic components support membrane fluidity and

metabolic integration.

Taken together, the pharmacological features of propolis arise from its multi-component

synergistic matrix, within which flavonoids and phenolic acids serve as the dominant

bioactive cores.

These compounds modulate a network of intracellular signaling cascades - including

Nrf2/ARE, MAPK, PI3K/Akt, and NF-kB pathways - culminating in systemic responses

that reinforce antioxidant capacity, suppress inflammation, maintain immune

homeostasis, and protect mitochondrial integrity.



I Nutritional Pharmacological Characteristics of Propolis

Propolis represents a unique dual-identity compound that functions simultaneously as a
nutrient carrier and a pharmacological modulator, embodying the essence of nutritional

pharmacology.

At the nutritional level, propolis provides a dense matrix of polyphenols, trace amino
acids, vitamins, and minerals that sustain the activity of key intracellular antioxidant
enzyme systems - including superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GSH-Px). Through this micronutrient support, propolis enhances

cellular redox balance and protects bio-membranes from oxidative deterioration.

At the pharmacological level, propolis exhibits a broad spectrum of bioactivity, modulating
inflammatory signaling, immune cell polarization, energy metabolism, and mitochondrial
dynamics via multi-target regulatory pathways. This dual functionality allows propolis to
bridge the continuum between nutritional support and functional intervention, enabling it
to act both as a restorative nutrient and as a signaling regulator in systemic disease

modulation.

The Tri-Axis Mechanism of Antioxidation, Anti-Inflammation, and Immune Regulation

The pharmacodynamic profile of propolis can be organized into three interlinked and

mutually reinforcing axes: the Antioxidant Axis, the Anti-Inflammatory Axis, and the



Immune-Regulatory Axis. Together they constitute the nutritional pharmacology tri-axis

that underlies propolis’s systemic benefits.

® Antioxidant Axis

Propolis activates the Nrf2/ARE signaling pathway, thereby upregulating endogenous

antioxidant enzymes such as heme oxygenase-1 (HO-1), SOD, CAT, and GSH-Px.

These enzymes enhance the cellular capacity to neutralize reactive oxygen species

(ROS) and to protect against oxidative stress—induced apoptosis.

Polyphenols such as caffeic acid phenethyl ester (CAPE) and quercetin directly

scavenge free radicals and stabilize mitochondrial membrane potential, reducing redox

imbalance at its source.

This axis represents the primary protective mechanism of propolis in cardiovascular-

metabolic disorders, neurodegenerative diseases, and hepatic injury.

® Anti-Inflammatory Axis

Propolis attenuates inflammatory responses by suppressing NF-kB and MAPK signaling

cascades, thereby inhibiting the excessive production of pro-inflammatory cytokines such

as TNF-q, IL-1B3, and IL-6. CAPE plays a pivotal role in this process by downregulating

COX-2 and iNOS expression, reducing the overproduction of prostaglandins and nitric

oxide at the transcriptional level.

Moreover, propolis interferes with the activation of the NLRP3 inflammasome, mitigating



tissue inflammation and pyroptotic cell injury.

This mechanism is particularly relevant in chronic inflammatory disorders such as

atherosclerosis, metabolic syndrome, and inflammatory bowel disease.

® Immune-Regulatory Axis

Propolis exhibits a bidirectional immunomodulatory property that adapts to the host’s

immune status. Under conditions of immune suppression, it enhances macrophage

phagocytosis and natural killer (NK) cell cytotoxicity, strengthening host defense.

Conversely, during immune hyperactivation - such as in autoimmune or allergic reactions

- propolis restores balance by modulating Th1/Th2 polarization and downregulating

TLR4-mediated signaling, thus preventing cytokine overproduction and

immunopathology.

This homeostatic regulation confers therapeutic potential in infectious diseases, chronic

inflammation, and immune-related metabolic dysfunction.

Collectively, these three axes are synergistically coupled: antioxidant activity reduces

oxidative triggers that initiate inflammation; anti-inflammatory action limits immune

overreaction; and immune regulation maintains systemic equilibrium.

Through this integrated multi-axis mechanism spanning metabolism, immunity, and

cellular defense, propolis exerts its core nutritional pharmacological effects across

diverse chronic disease contexts.



1) Antioxidant Mechanisms and Cellular Protective Effects of Propolis

Oxidative stress represents a unifying molecular pathology across a wide spectrum of

chronic diseases. Under physiological conditions, reactive oxygen species (ROS) and

reactive nitrogen species (RNS) participate in cell signaling and host defense at low

concentrations.

However, when the balance between their generation and clearance is disrupted, excess

free radicals attack lipids, proteins, and DNA, leading to structural damage and functional

impairment of cells.

This redox disequilibrium is a critical initiating factor in the pathogenesis of

atherosclerosis, diabetes, neurodegenerative diseases, hepatic injury, and

gastrointestinal inflammation, and serves as a major driver of aging acceleration and

chronic inflammatory persistence.

The body’s antioxidant defense system comprises enzymatic and non-enzymatic

components. The enzymatic system - mainly superoxide dismutase (SOD), catalase

(CAT), and glutathione peroxidase (GSH-Px) - maintains redox homeostasis by

decomposing free radicals and peroxides.

The non-enzymatic system relies on low-molecular-weight antioxidants such as vitamins

C and E, glutathione, and plant-derived polyphenols to transfer electrons and neutralize

radicals. Under chronic metabolic overload, environmental stress, or sustained

inflammation, this endogenous defense network often becomes exhausted, resulting in



cumulative oxidative injury, mitochondrial dysfunction, and cell death - a pathological

continuum observed across multiple organ systems.

Propolis, owing to its richness in polyphenolic and flavonoid compounds, is recognized as

one of the most representative natural nutritional-pharmacological antioxidant complexes.

Its principal bioactive molecules - caffeic acid phenethyl ester (CAPE), quercetin, and

galangin - exhibit potent free radical-scavenging and metal-chelating activities.

Importantly, the antioxidant action of propolis extends far beyond direct chemical

neutralization. It functions as a signal-modulating antioxidant, regulating key intracellular

pathways such as Nrf2/ARE, PI3K/Akt, MAPK, and NF-kB.

Through these signaling networks, propolis induces endogenous antioxidant enzyme

expression, enhances the glutathione redox cycle, and restores mitochondrial

homeostasis, thereby constructing a system-wide cytoprotective framework.

Distinct from conventional antioxidants that primarily act as radical scavengers, propolis

operates through a signal-regulated antioxidant mechanism. By promoting the nuclear

translocation of the transcription factor Nrf2 and activating the antioxidant response

element (ARE), it initiates the transcription of cytoprotective genes including heme

oxygenase-1 (HO-1), NAD(P)H quinone oxidoreductase 1 (NQO1), and glutamate—

cysteine ligase catalytic subunit (GCLC).

This coordinated genetic activation enhances the intrinsic defensive capacity of the cell.

Concurrently, polyphenols in propolis inhibit NADPH oxidase-mediated ROS generation,



breaking the vicious redox-inflammation feedback loop.
This bidirectional regulation - enhancing antioxidant defenses while suppressing pro-
oxidant stimuli - enables propolis not only to prevent tissue injury but also to restore

functional integrity in damaged cells.

In summary, the nutritional pharmacology of propolis in oxidative stress modulation can

be delineated across three interrelated mechanisms:

® Regulation of the Nrf2-ARE signaling axis and activation of antioxidant enzyme
systems.

® Modulation of the ROS-GSH-mitochondrial axis, maintaining redox balance and
mitochondrial stability.

® Inhibition of lipid peroxidation, preservation of membrane architecture, and systemic

defense reinforcement across multiple organs.

Through the integration of these mechanisms, propolis exemplifies how nutritional
intervention can translate from molecular signaling modulation to the restoration of
systemic homeostasis, offering a comprehensive antioxidant defense paradigm

applicable to chronic disease prevention and management.

1.1)  Nutritional Pharmacological Significance of the Antioxidant Defense System

The hallmark of oxidative stress lies in the imbalance between the generation and

clearance of reactive oxygen species (ROS) and reactive nitrogen species (RNS). Under



physiological conditions, ROS play dual roles within cells: on one hand, they participate

in signaling transduction, immune defense, and metabolic regulation; on the other hand,

when their production exceeds the antioxidant capacity, they act as pathological

mediators that induce protein thiol oxidation, lipid peroxidation, and DNA strand breaks.

Persistent oxidative stress impairs mitochondrial function and triggers apoptotic and

inflammatory feedback loops, driving the progression of numerous chronic diseases -

including cardiovascular and metabolic disorders, neurodegenerative pathologies, and

hepatic or gastrointestinal injuries.

The body’s antioxidant defense system operates through three hierarchical levels of

protection:

® The first layer — Enzymatic antioxidant system: This includes superoxide dismutase

(SOD), catalase (CAT), and glutathione peroxidase (GSH-Px), which act sequentially

to convert superoxide anions (O2) into hydrogen peroxide and subsequently into

water and oxygen, thereby preventing the formation of highly reactive hydroxyl

radicals (-OH).

® The second layer — Non-enzymatic antioxidant system: This defense relies on low-

molecular-weight antioxidants such as vitamins C and E, glutathione, and plant

polyphenols that neutralize free radicals via hydrogen donation and transition-metal

chelation.



® The third layer — Signal-regulatory system: At the transcriptional level, the Nrf2-ARE
pathway governs the expression of antioxidant enzyme genes, ensuring sustained
redox resilience. Together, these three layers maintain redox homeostasis and

constitute the physiological foundation of cellular oxidative defense.

The nutritional pharmacological value of propolis lies precisely in its ability to modulate all
three layers of this defense network in an integrated manner. Its polyphenolic
constituents - particularly flavonoids and phenolic acids - act through two cooperative

mechanisms:

® Structurally, their multiple hydroxyl (-OH) groups and aromatic rings enable direct
free radical scavenging and metal chelation (notably with Fe?* and Cu?), thereby
halting Fenton reaction—driven oxidative chain reactions.

® Functionally, bioactive compounds such as caffeic acid phenethyl ester (CAPE) and
quercetin activate the Nrf2 signaling pathway, inducing sustained transcription of

endogenous antioxidant enzymes.

This elevates antioxidant defense from the chemical reaction level to the transcriptional
regulatory level, marking a transition from classical dietary antioxidant activity to a true

nutritional pharmacological mechanism.

At the systemic level, the antioxidant reinforcement conferred by propolis extends beyond

intracellular radical elimination. It also involves cross-regulation between oxidative stress



and inflammation. Chronic oxidative stress activates the NF-kB pathway, amplifying pro-

inflammatory mediator release; conversely, the antioxidant actions of propolis can

suppress this loop, thereby disrupting the “oxidative stress—inflammation” cycle and

restoring homeostasis.

In addition, propolis enhances glutathione (GSH) synthesis and recycling, which supports

protein repair within a reducing environment - an effect particularly vital for long-term

metabolic stability in cardiomyocytes, hepatocytes, and neurons.

From a nutritional pharmacology perspective, the antioxidant intervention represented by

propolis transcends passive radical neutralization. Instead, it embodies an active cellular

defense activation strategy. Through coordinated modulation of signaling and metabolic

regeneration, propolis promotes the establishment of an endogenous antioxidant

memory, enabling cells to mount rapid adaptive responses upon renewed oxidative

challenge and to promptly restore equilibrium. This property underpins the long-term

stability of propolis’s effects in dietary interventions for chronic diseases.

In essence, the antioxidant mechanism of propolis is not a collection of localized

chemical reactions but a systemic nutritional pharmacological process. By activating

transcription factors, restoring the glutathione cycle, preserving mitochondrial integrity,

and inhibiting lipid peroxidation, propolis orchestrates a multilayered antioxidant defense

that spans from molecular signaling to systemic homeostasis.

This integrative mode of action positions propolis as a vital bridge between nutritional



science and molecular medicine, offering new dietary intervention strategies for chronic

diseases driven by oxidative stress.

1.2) Regulation of the NIf2-ARE Axis

Within the antioxidant mechanisms of propolis, the Nrf2-ARE (Nuclear factor erythroid 2—

related factor 2 / Antioxidant Response Element) signaling pathway serves as the most

representative molecular defense hub. It constitutes the body’s central transcriptional

regulatory system for counteracting oxidative stress and xenobiotic insults, orchestrating

the expression of antioxidant enzymes and cytoprotective genes.

Multiple active constituents of propolis - particularly caffeic acid phenethyl ester (CAPE)

and flavonoids such as quercetin and kaempferol - have been shown to robustly activate

this pathway, thereby upregulating a broad set of antioxidant response genes, restoring

intracellular redox balance, and enhancing the overall oxidative defense capacity.

Under physiological conditions, Nrf2 is sequestered in the cytoplasm through binding to

its inhibitory partner Keap1 (Kelch-like ECH-associated protein 1). Keap1 contains

multiple thiol-rich cysteine residues that act as sensors of oxidative or electrophilic stress.

Upon oxidative challenge, the cysteine residues of Keap1 undergo oxidation or covalent

modification, leading to the release of Nrf2 from the Keap1-Nrf2 complex. Freed Nrf2

then translocates into the nucleus, where it binds to the Antioxidant Response Element

(ARE) and initiates transcription. The polyphenolic compounds in propolis facilitate this

process by modifying Keap1 cysteines or inhibiting the Keap1-Nrf2 interaction, thereby



accelerating and prolonging Nrf2 nuclear translocation.
This cascade exemplifies a signal-level antioxidant activation, distinguishing propolis

from conventional chemical antioxidants.

Among propolis constituents, CAPE is the most potent activator of Nrf2. Owing to its
reactive phenolic hydroxyl and ester groups, CAPE can covalently modify key cysteine
residues on Keap1 - specifically Cys151, Cys273, and Cys288 - destabilizing the Keap1-
Nrf2 complex and facilitating the release of Nrf2. Once inside the nucleus, Nrf2 dimerizes
with small Maf proteins and binds to the ARE region, promoting transcription of a
spectrum of antioxidant and detoxification genes, including heme oxygenase-1 (HO-1),
NAD(P)H: quinone oxidoreductase 1 (NQO1), and glutamate—cysteine ligase catalytic
subunit (GCLC). These enzymes collectively execute the downstream antioxidant
defense - eliminating free radicals, maintaining glutathione recycling, and repairing

oxidative damage - constituting the effector arm of propolis’s cytoprotective mechanism.

In addition to CAPE, quercetin and kaempferol exhibit complementary mechanisms that
synergistically enhance Nrf2 activation. Quercetin promotes the phosphorylation of Nrf2,
extending its nuclear half-life and transcriptional activity, while kaempferol inhibits the
GSK-3pB-mediated degradation of Nrf2, further stabilizing this transcription factor.
Together, these compounds create a multi-target, multi-temporal amplification model of

Nrf2 activation, ensuring both immediate and sustained antioxidant gene expression.



Activation of the Nrf2—-ARE axis by propolis confers not only direct antioxidant protection

but also broader systemic regulatory effects:

® Upregulation of HO-1 suppresses pro-inflammatory cytokines such as TNF-a and IL-

1B, thereby coupling antioxidant and anti-inflammatory actions.

® Induction of NQO1 and GCLC restores intracellular NADPH and GSH pools,

maintaining a reduced cellular environment and preventing mitochondrial oxidative

injury.

® Cross-talk between Nrf2 and the PI3K/Akt pathway promotes survival signaling and

energy metabolism recovery, supporting cell viability under oxidative challenge.

Through these converging mechanisms, propolis establishes a systemic cytoprotective

network that extends from molecular transcription to organ-level resilience.

At the disease level, Nrf2 activation underlies the wide clinical potential of propolis. In

high-fat diet-induced atherosclerosis models, propolis extract significantly reduces

oxidized LDL accumulation and endothelial adhesion molecule expression, improving

vascular function. In diabetic and metabolic syndrome models, CAPE restores the

antioxidant capacity of pancreatic $-cells and alleviates insulin resistance.

In neurodegenerative disease models, quercetin-mediated Nrf2 activation mitigates

neuronal oxidative injury and apoptosis. Collectively, these findings confirm that the Nrf2—

ARE-targeted effects of propolis transcend cellular defense, representing a cross-system

protection mechanism with translational significance.



Overall, the modulation of the Nrf2—ARE axis by propolis epitomizes its nature as a

nutritional signaling agent. Unlike simple radical scavengers, propolis engages nutrient-

derived bio-actives to trigger transcriptional reprogramming of cellular defense systems,

empowering cells with an intrinsic, adaptive response to oxidative challenges.

This nutrient-driven signaling activation paradigm defines propolis as a bridge between

dietary antioxidants and molecular medicine, forming the theoretical foundation for its role

in nutritional intervention and chronic disease prevention.

1.3) ROS-GSH Axis and Maintenance of Mitochondrial Homeostasis

Reactive oxygen species (ROS) are inevitable byproducts of cellular metabolism,

primarily generated by the mitochondrial electron transport chain during oxidative

phosphorylation. Under physiological conditions, ROS play essential roles in cellular

signaling, host defense, and metabolic regulation.

However, excessive ROS production or insufficient clearance leads to oxidative stress,

which damages lipid membranes, mitochondrial DNA, and structural proteins. The

resulting mitochondrial dysfunction and decline in ATP generation initiate apoptotic

cascades, forming a pathological chain reaction common to chronic diseases such as

atherosclerosis, diabetic complications, hepatic injury, and neurodegeneration.

The uniqueness of propolis in ROS regulation lies in its dual capacity: it not only directly

scavenges free radicals but also systemically regulates the ROS-GSH (Reactive Oxygen

Species-Glutathione) axis, restoring the intracellular reducing environment.



Glutathione (GSH) - the most abundant non-enzymatic antioxidant within cells - serves

as a major reducing agent that neutralizes free radicals, protects protein sulfhydryl

groups, and participates in detoxification reactions.

Its oxidized form (GSSG) is regenerated into GSH by glutathione reductase (GR),

forming a self-sustaining redox cycle. Propolis enhances this cycle through multiple

biochemical routes, establishing a stable and closed-loop antioxidant defense system.

A. Enhancement of GSH Synthesis by Propolis Polyphenols

Polyphenolic compounds such as CAPE and quercetin markedly upregulate the

expression of glutamate—cysteine ligase catalytic and modifier subunits (GCLC and

GCLM), a process partially mediated by Nrf2 pathway activation. By enhancing GSH

biosynthesis, propolis increases the threshold of cellular resistance against oxidative

burden. In addition, its phenolic hydroxyl groups can react with free radicals to form

stable semi-quinone intermediates, thereby sparing GSH consumption and prolonging

the reducing capacity of the intracellular environment.

B. Support of NADPH-Dependent GSH Recycling

CAPE and galangin further sustain the GSH redox cycle by boosting the activity of

glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting enzyme of the pentose

phosphate pathway (PPP). This enhances NADPH production—the essential reducing

power for GSSG-to-GSH conversion. Such metabolic coupling extends the antioxidant



function of propolis from a mere chemical reaction to a metabolism-integrated defense

mechanism, establishing a three-dimensional antioxidant strategy that synchronizes

metabolism, signaling, and protection.

C. Maintenance of Mitochondrial Homeostasis

Mitochondria are both the powerhouse of the cell and a major source of ROS. Propolis

polyphenols alleviate mitochondrial oxidative stress through multiple mechanisms. They

inhibit NADPH oxidase (NOX) activity, reducing ROS diffusion and membrane oxidation,

and they stabilize the mitochondrial membrane potential (A¥m), preventing electron

leakage from complexes | and Il of the respiratory chain. Experimental evidence

demonstrates that propolis supplementation mitigates high-glucose—induced

mitochondrial depolarization, restores ATP content, and upregulates key regulators of

mitochondrial biogenesis such as PGC-1a and NRF1. These effects suggest that propolis

actively promotes mitochondrial self-renewal and energy resilience.

D. Regulation of Mitochondrial Apoptotic Signaling

Propolis also protects against oxidative stress—induced apoptosis through upstream

intervention in mitochondrial signaling. CAPE upregulates the anti-apoptotic protein Bcl-2

and inhibits the activation of Bax and Caspase-3, effectively blocking the execution of the

apoptotic cascade. Meanwhile, quercetin activates the PI3K/Akt pathway, promoting the

expression of pro-survival factors and preserving mitochondrial functionality. Together,



these actions define propolis as a systemic antioxidant regulator rather than a mere

radical scavenger.

Collectively, through dynamic regulation of the ROS-GSH axis and preservation of

mitochondrial homeostasis, propolis constructs a closed-loop antioxidant network that

integrates free radical generation, detoxification, and metabolic regeneration. This

multilayered regulation not only halts oxidative damage but also restores energy supply

and signaling stability - achieving a comprehensive “anti-oxidation—energy preservation—

cellular repair” effect at both tissue and systemic levels.

Clinically, activation of the ROS-GSH axis by propolis is particularly relevant in metabolic

and neurological disorders. In patients with cardiovascular-metabolic dysfunction,

endothelial cells and pancreatic 3-cells are highly susceptible to oxidative impairment;

propolis restores GSH cycling and mitochondrial integrity, improving insulin secretion and

vascular responsiveness. In neurodegenerative models, propolis reduces mitochondrial

ROS production, preserves neuronal membrane potential, and delays apoptosis, thus

contributing to neuroprotection.

In summary, the modulation of the ROS-GSH axis by propolis represents more than an

antioxidant mechanism - it constitutes a systemic strategy for cellular energy and survival

regulation. Propolis functions as an energy-driven nutritional pharmacological agent,

reinforcing the glutathione cycle, sustaining NADPH supply, and safeguarding

mitochondrial dynamics.



Through these concerted actions, propolis achieves full-spectrum intervention - from
radical control to metabolic homeostasis restoration - providing a robust molecular
foundation for its dietary and therapeutic applications in cardiovascular, metabolic,

hepatic, and neurological disorders.

1.4) Inhibition of Lipid Peroxidation and Membrane Structural Protection by Propolis

Lipid peroxidation is a major pathway through which oxidative stress induces structural
cellular injury. It primarily targets polyunsaturated fatty acids (PUFAs) within biological
membranes and represents the molecular initiation point for both membrane dysfunction
and inflammation amplification.

When free radicals - especially hydroxyl radicals (-OH) and peroxyl radicals (ROO-) -
react with membrane lipids, they form lipid radicals and trigger chain peroxidation
reactions that culminate in the production of reactive aldehydes such as malondialdehyde
(MDA) and 4-hydroxynonenal (4-HNE). These reactive intermediates covalently bind to
proteins and DNA, compromising membrane fluidity and integrity, and leading to

inflammation, apoptosis, and tissue necrosis.

Propolis exhibits multilayered defense mechanisms against lipid peroxidation, protecting

both the chemical stability and functional architecture of cellular membranes.

A. Chemical Termination of Free Radical Chain Reactions



Flavonoids and phenolic acids abundant in propolis - such as quercetin, kaempferol, and

CAPE (caffeic acid phenethyl ester) - possess strong free radical-scavenging capabilities

that block chain propagation during the early phase of oxidative reactions. The ortho-

dihydroxyl structure of quercetin donates hydrogen atoms to lipid radicals, stabilizing

them and terminating the peroxidation chain.

CAPE, on the other hand, interrupts the propagation of lipid peroxyl radicals, significantly

reducing the formation of MDA and 4-HNE. This chemical termination mechanism

constitutes the first layer of defense, directly preserving membrane lipid integrity.

B. Signal-Driven Antioxidant Reinforcement via the Nrf2-ARE and GSH Systems

Beyond direct radical scavenging, propolis provides long-lasting antioxidant protection by

activating the Nrf2-ARE pathway and enhancing the glutathione redox system

(GSH/GSSG ratio). Upregulation of enzymes such as HO-1 and NQO1 strengthens the

cell’s detoxification and radical-reducing capacity, shielding membrane lipids from

oxidative assault. Additionally, propolis inhibits NADPH oxidase (NOX) activity, reducing

ROS generation at the source.

Experimental studies show that propolis supplementation in high-fat diet and heavy metal

exposure models significantly decreases serum MDA levels, restores the unsaturated

fatty acid composition of membrane lipids, and maintains the fluidity and stability of

erythrocyte membranes.

C. Functional Restoration of Membrane Enzymes and lonic Homeostasis



Lipid peroxidation is often accompanied by impaired ion-pump function in the plasma

membrane, reflected by decreased activities of Na*/K*-ATPase and Ca**-ATPase,

leading to intracellular calcium overload and electrical instability. Polyphenols in propolis

stabilize membrane protein conformation, protect sulfhydryl groups from oxidation, and

thereby restore ion pump activity and transmembrane potential.

This restoration improves the excitability and electrical stability of cardiomyocytes and

neurons and protects the transport functions of hepatocytes and epithelial cells,

highlighting a structural-level mechanism of defense.

D. Dual Regulation of Membrane Lipid Composition and Signal Micro-domains

The nutritional pharmacological significance of propolis in membrane protection extends

to its bidirectional regulation of phospholipid and cholesterol metabolism. Oxidative stress

tends to alter membrane lipid composition, increasing rigidity and reducing permeability.

Propolis counteracts this by inhibiting excessive fatty acid oxidation and promoting

phospholipid resynthesis, maintaining optimal membrane fluidity and lipid raft integrity.

Simultaneously, its antioxidant and anti-inflammatory effects suppress aberrant PI3K

activation, preventing signal pathway disruptions within membrane domains and

preserving receptor functionality.

Together, these mechanisms form a three-tiered membrane protection system:



® Molecular layer: Direct radical scavenging and suppression of ROS generation to
prevent lipid oxidation.

® Enzymatic layer: Upregulation of Nrf2-HO-1 and glutathione cycling to enhance
redox protection.

® Structural layer: Stabilization of membrane proteins and restoration of ion transport

and electrical potential.

Through this synergistic, multilayered defense, propolis maintains membrane stability
and functional integrity under oxidative pressure, preventing structural inflammation and

cellular dysfunction.

From a disease-defense perspective, the inhibition of lipid peroxidation by propolis holds
central importance in cardiovascular, hepatic, and neurological health. In atherosclerosis,
early lesion development involves oxidative modification of low-density lipoproteins
(oxLDL); propolis blocks lipid peroxidation chain reactions, reducing oxLDL formation and
improving endothelial function.

In hepatic disorders, propolis prevents hepatocyte membrane rupture and inflammatory
leakage caused by lipid peroxidation, supporting tissue repair. In the nervous system, it
protects neuronal membranes from ROS attack, delaying neurodegenerative

progression.

In summary, the anti-lipid peroxidation effects of propolis represent not merely an

extension of its antioxidant activity but a fundamental component of its cellular integrity



and functional preservation strategy. Through the integrated actions of chemical

termination, signal activation, and structural stabilization, propolis establishes a

comprehensive defense system that allows membranes to maintain dynamic equilibrium

and bio-functional activity under oxidative stress.

This mechanism underscores the systemic pharmacological significance of propolis in

redox biology and provides a strong biochemical rationale for its nutritional applications in

cardiovascular, hepatic, and neurological disorders.

1.5)  Systemic Synergy of Antioxidant Pathways and Their Disease Implications

The antioxidant effects of propolis do not occur as isolated chemical scavenging

reactions but rather as a systemic defense network orchestrated through multiple

intersecting signaling and metabolic pathways.

This network centers on three core nodes - activation of the Nrf2-ARE signaling axis,

maintenance of the ROS-GSH redox balance, and inhibition of lipid peroxidation -

collectively forming a closed-loop mechanism that extends from molecular regulation to

systemic homeostasis.

This synergistic integration reflects the nutritional pharmacological essence of propolis: it

simultaneously provides direct antioxidant substrates and, through signal activation and

metabolic reconstruction, enables the long-term reinforcement of cellular self-defense

capacity.



At the molecular level, propolis acts both as a direct electron donor through its

polyphenolic structure and as a regulator of oxidative signaling. It scavenges free radicals

and suppresses NADPH oxidase (NOX) activity, thereby reducing the primary sources of

oxidative reactions.

Unlike single-target antioxidants, propolis activates the Nrf2—ARE axis, inducing

sustained transcription of antioxidant genes such as HO-1, NQO1, and GCLC. This

activation shifts cells from passive protection to active defense, while the cross-talk

between Nrf2 and energy-regulatory pathways such as PI3K/Akt and AMPK maintains

mitochondrial metabolism and cellular energy equilibrium.

At the metabolic level, propolis governs redox homeostasis through dynamic control of

the ROS-GSH axis. Bio-actives such as CAPE and quercetin enhance glutathione

synthesis and regeneration, elevate NADPH levels, and sustain a reducing intracellular

environment, thereby halting the propagation of oxidative chain reactions.

Its ability to preserve mitochondrial membrane potential and restore ATP production

creates a positive feedback loop between antioxidant defense and energy metabolism -

particularly critical for cardiomyocytes, hepatocytes, and neurons.

At the structural level, propolis protects the cellular membrane architecture by inhibiting

lipid peroxidation and stabilizing membrane protein sulfhydryl groups. By maintaining

membrane fluidity and integrity, it synchronizes antioxidant signaling with membrane

repair, enabling cells under oxidative stress to prevent structural breakdown while rapidly



restoring the function of ion pumps and receptor systems.

This continuous process of antioxidation-structural preservation-functional repair

represents a hallmark pharmacological characteristic distinguishing propolis from

conventional antioxidant supplements.

The cooperative actions of these pathways form a systemic antioxidant model. Nrf2

activation enhances transcriptional antioxidant capacity; the ROS—-GSH axis regenerates

the reducing state; mitochondrial homeostasis sustains energy supply; and membrane

stabilization prevents structural inflammation.

Together, these processes establish a self-reinforcing antioxidant loop that defines the

“dynamic defense” property of propolis.

In essence, propolis not only suppresses oxidative injury in the short term but also

reprograms long-term cellular defense mechanisms through sustained signaling

adaptation, achieving programmed maintenance of redox equilibrium.

This systemic antioxidant coordination carries significant clinical relevance across

multiple chronic disease domains:

® Cardiovascular and metabolic systems: Propolis reduces oxidized LDL formation,

preserves endothelial function, and stabilizes vascular tone, thereby slowing

atherosclerotic progression.

® Nervous system: It mitigates ROS-induced neuronal damage, decreases oxidative

toxicity triggered by B-amyloid and neuro-inflammation, and delays cognitive decline.



® Hepatic and metabolic systems: Propolis prevents hepatocellular necrosis and

inflammatory fibrosis by suppressing lipid peroxidation and mitochondrial injury.

® Gastrointestinal and immune systems: Through parallel antioxidant and anti-

inflammatory mechanismes, it protects mucosal barriers and regulates microbial

homeostasis.

® Cutaneous and oral systems: By promoting membrane repair and neutralizing free

radicals, it accelerates wound healing and mucosal regeneration.

Thus, the antioxidant action of propolis transcends molecular radical scavenging - it

constitutes a body-wide signaling process integrating antioxidant, anti-inflammatory, and

metabolic pathways into a cooperative defense network. This systemic regulation defines

propolis as a multi-axis nutritional intervention factor, bridging dietary nutrition and

molecular medicine, and providing a natural model for signal-based modulation in chronic

disease prevention and therapy.

From a nutritional pharmacology perspective, the antioxidant mechanism of propolis

represents a paradigm shift toward “defense activated by nutrition.” Rather than passively

removing oxidative products, propolis activates endogenous signaling circuits that

integrate cellular protection, metabolic repair, and functional regeneration.

The fundamental significance of this mechanism lies in its ability to elevate antioxidant

defense from a chemical safeguard to a systemic physiological regulation, establishing
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the dual signaling and metabolic foundation for its downstream anti-inflammatory and

immune-regulatory actions.

v’ Abdulkhalig, A., et al. (2021). Protective role of propolis against oxidative stress and apoptotic
changes in hepatotoxic rats. Saudi Journal of Biological Sciences, 28(3), 1955-1962.

- Summary: Animal studies demonstrated that propolis marked|y decreased hepatic oxidative
stress markers (MDA, NO) and upregulated antioxidant enzymes (SOD, CAT, GSH-Px), confirming
its antioxidative and cytoprotective roles.

v’ Silva-Carvalho, R., Baltazar, F., & Almeida-Aguiar, C. (2015). Propolis: A complex natural product
with a plethora of biological activities that can be explored for drug development. Evidence-Based
Complementary and Alternative Medicine, 2075, 206439.

- Summary: A comprehensive review of the polyphenolic structure of propolis and ifs mechanisms
of radical scavenging, metal chelation, and signaling modulation, forming the chemical basis for its
nutritional pharmacological properties.

v’ Franchin, M., et al. (2018). Brazilian green propolis attenuates oxidative stress and inflammation in
a murine model of air pollution exposure by modulating Nrf2 and NF-«kB pathways. Environmental
Science and Pollution Research, 25(3), 2565-2576.

- Summary: Demonstrated that propolis activates Nrf2 and suppresses NF-kB, achieving cross-
regulation between antioxidant and anti-inflammaftory pathways in systemic oxidative stress.

v’ Khalil, M. L. (2006). Biological activity of bee propolis in health and disease. Asian Pacific Journal

of Cancer Prevention, 7(7), 22-31.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Summary: Reviewed the principal bioactivities of propolis, highlighting the signaling-level roles of

its polyphenols and flavonoids in antioxidative, anti-inflammatory, and antitumor processes.

v’ Kumazawa, S., et al. (2004). Antioxidant activity of polyphenols in propolis from different

geographical origins. Food Chemistry, 84(3), 329-339.

- Summary: Compared polyphenol composition and antioxidant strength among propolis samples

from various origins, revealing a positive correlation between phenolic/flavonoid content and

radical scavenging capacity.

v’ Akaslan, D., et al. (2020). Protective effects of caffeic acid phenethyl ester against oxidative stress-

induced mitochondrial dysfunction in endothelial cells. Life Sciences, 260, 118400.

- Summary: Confirmed that CAPE preserves mitochondrial membrane potential, reduces ROS and

lipid peroxidation, and directly protects endothelial cells from oxidative injury.

v Silici, S., & Ekmekcioglu, O. (2007). Antioxidative effect of propolis in liver of streptozotocin-

induced diabetic rafs. Pharmacological Research, 55(6), 497-502.

- Summary: Showed that propolis significantly restored hepatic GSH levels and SOD activity in

diabetic rats, reducing oxidative damage and apoptosis.

v Ahmad, R., et al. (2020). Quercetin and kaempferol enhance antioxidant defense through Nrf2

activation in vascular endothelial cells. Molecular Nutrition & Food Research, 64(74), 2000359.

- Summary: Supported that flavonoids in propolis (quercetin, kaempferol) activate the Nrf2-ARE

pathway and upregulate antioxidant genes such as HO-1 and NQO1, restoring endothelial redox

balance.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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v’ Sulaiman, G. M., et al. (2011). Chemical characterization of Iraqi propolis and its antioxidant and

cyfotoxic activities in vitro. Saudi Pharmaceutical Journal, 79(4), 304-310.

- Summary: Identified the close relationship between phenolic and flavonoid components of

propolis and its cellular antioxidant and protective activity, providing a basis for quality and efficacy

evaluation.

v’ Nader, M. A., & EI-Agamy, D. S. (2012). Propolis protects against doxorubicin-induced

cardjotoxicity by enhancing antioxidant defense in rats. Food and Chemical Toxicology, 50(3—4),

1091-1097.

- Summary: Demonstrated that propolis mitigates anthracycline-induced myocardial oxidative

damage through activation of antioxidant enzymes and inhibition of ljpid peroxidation.

v Toreti, V. C., etal. (2013). Recent progress of propolis for its biological and chemical compositions

and its pharmacological applications. Evidence-Based Complementary and Alternative Medicine,

2013, 697390.

- Summary: Summarized the major chemical constituents and pharmacological research of

propolis, emphasizing its antioxidant defense and cellular homeostasis in chronic disease

prevention.

v’ Huang, S., Zhang, C.-P., Wang, K., Li, G. Q., & Hu, F. L. (2014). Recent advances in the chemical

composition of propolis. Molecules, 19(12), 19610-19632.

- Summary: Reviewed the chemical composition and structure-activity relationships of propolis,

identifying phenolic acids (CAPE, caffeic acid) and flavonoids (quercetin, kaempferol) as key

antioxidant constituents.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



2) Anti-Inflammatory Mechanisms and Cellular Signal Regulation of Propolis

Chronic inflammation represents a convergent pathological core underlying a wide range
of foundational diseases, including cardiovascular and metabolic disorders,
neurodegenerative diseases, autoimmune conditions, hepatic injury, and gastrointestinal
pathologies. In essence, inflammation is a defensive response to tissue injury or
infection. Its acute phase serves a reparative purpose, but when inflammatory signaling
becomes persistently activated and fails to resolve, it transitions from a protective
mechanism into a pathological driver, resulting in tissue damage and functional

dysregulation.

A tight bidirectional relationship exists between oxidative stress and chronic

inflammation:

® Oxidative stress activates pro-inflammatory signaling cascades such as NF-kB,

amplifying the release of cytokines and inflammatory mediators.



® In turn, sustained inflammation enhances ROS generation, establishing a self-

perpetuating “oxidative stress—inflammation” feedback loop that drives chronic

disease progression.

Within this context, propolis exhibits unique anti-inflammatory potential. Its complex

matrix of polyphenols, flavonoids, and aromatic acids - notably caffeic acid phenethyl

ester (CAPE), quercetin, and artepillin C - intervenes in inflammation at multiple levels,

from upstream signal sensing to downstream mediator production. Propolis not only

directly inhibits pro-inflammatory enzymes such as cyclooxygenase-2 (COX-2) and

inducible nitric oxide synthase (iNOS), but also modulates key signaling networks

including NF-kB, MAPK, and the NLRP3 inflammasome, leading to systemic suppression

of inflammatory transcription programs.

Unlike most single-source plant polyphenols, propolis demonstrates a multi-axis

regulatory profile, acting simultaneously on the inflammatory signaling axis, the immune

homeostasis axis, and the oxidative stress axis, thereby restoring immune equilibrium at

both the molecular and systemic levels.

Three Hierarchical Layers of Anti-Inflammatory Regulation

® Signaling Regulation Layer — Inhibition of Core Inflammatory Transcription Pathways

Propolis suppresses the activation of NF-kB and MAPK - the two central transcriptional

hubs of inflammation - thereby reducing the transcriptional activity of pro-inflammatory



cytokines such as TNF-q, IL-1B, and IL-6. CAPE, in particular, inhibits IkB kinase (IKK)

activation and prevents NF-kB nuclear translocation, while flavonoids like quercetin and

kaempferol attenuate MAPK phosphorylation (ERK, JNK, p38), limiting cytokine

amplification.

® |Immune Modulation Layer — Restoration of Immune Equilibrium

Propolis contributes to bidirectional immune regulation by modulating macrophage

polarization and T-cell balance. It promotes the transition of macrophages from the pro-

inflammatory M1 phenotype toward the anti-inflammatory M2 phenotype, and adjusts T-

cell subset equilibrium (Th1/Th2 and Treg/Th17) to re-establish immune homeostasis.

This mechanism enables propolis to exert balancing effects in both immunodeficiency

and autoimmune conditions.

® Cross-Protective Layer - Antioxidant—Anti-Inflammatory Coupling

Propolis integrates antioxidant and anti-inflammatory defenses into a synergistic closed-

loop system. Activation of Nrf2 enhances antioxidant gene expression, while

simultaneous inhibition of NF-kB limits inflammatory transcription. This reciprocal

modulation—Nrf2 activation and NF-kB suppression - achieves dual-pathway inhibition of

oxidative and inflammatory stress, forming a tightly coupled “redox-inflammatory

homeostasis” network.

Nutritional Pharmacological Perspective



From a nutritional pharmacology standpoint, propolis epitomizes the concept of a

signaling nutraceutical. Its action is not limited to the passive inhibition of inflammatory

mediators; rather, it triggers nutrient-derived cellular signaling cascades that

fundamentally regulate inflammatory gene expression networks and immune

homeostasis programs. Through this signaling-based mechanism, propolis exerts broad-

spectrum regulatory effects in chronic inflammation-related disorders, including

atherosclerosis, metabolic syndrome, rheumatoid arthritis, and inflammatory bowel

disease, providing a molecular foundation for its functional nutritional applications.

Scope and Structure of This Chapter (Keyora Framework)

Within the Keyora framework, this chapter systematically elucidates the molecular

regulation and signaling networks underlying the anti-inflammatory actions of propolis,

encompassing:

® NF-kB Pathway Inhibition and Transcriptional Control: Mechanistic insights into how

propolis polyphenols modulate core inflammatory transcription programs and

cytokine gene expression.

® MAPK Pathway Regulation and Stress Response Suppression: Analysis of

propolis’s role in controlling inflammatory signal amplification loops.

® Negative Regulation of the NLRP3 Inflammasome: Exploration of how propolis

blocks inflammasome activation and pyroptotic signaling.



® Immune Cell Balance and Inflammatory Homeostasis: Examination of bidirectional

modulation in macrophage polarization and T-cell differentiation.

® Cross-Talk between Antioxidant and Anti-Inflammatory Pathways: Integration of

oxidative, inflammatory, and immune axes into a unified regulatory network.

Through this comprehensive analysis, Keyora aims to elucidate how propolis suppresses

inflammation across multiple biological hierarchies - from signal transduction and gene

transcription to immune modulation - providing molecular evidence for its application as a

dietary intervention in chronic inflammatory diseases.

2.1) Inhibition of the NF-kB Pathway and Regulation of Inflammatory Gene

Transcription by Propolis

The NF-kB signaling pathway serves as the master regulator of the inflammatory

response and is one of the principal molecular targets underlying the anti-inflammatory

activity of propolis. Upon stimulation by bacterial lipopolysaccharide (LPS), tumor

necrosis factor-a (TNF-a), interleukin-1p (IL-1B), or oxidative stress, the NF-kB cascade

is rapidly activated, inducing transcription of a wide array of pro-inflammatory genes,

including COX-2, iNOS, IL-6, IL-8, and MCP-1.

Under normal conditions, NF-kB dimers remain inactive in the cytoplasm, bound to the

inhibitory protein IkB. When inflammatory stimuli are received, the IkB kinase (IKK)

complex becomes activated, phosphorylating and degrading IkB. This releases the NF-



KB heterodimer (predominantly p50/p65), which then translocates into the nucleus, binds

to promoter regions of target genes, and initiates the transcriptional inflammatory

program. This signal-cascade amplification constitutes a critical molecular axis driving

chronic inflammation and immune dysregulation.

Propolis exerts its anti-inflammatory activity primarily by blocking this canonical pathway

at multiple levels, encompassing upstream inhibition, midstream kinase suppression, and

downstream transcriptional interference. Its major bioactive constituent, caffeic acid

phenethyl ester (CAPE), is recognized as one of the most potent natural NF-kB inhibitors.

CAPE directly binds to the thiol residues of the IKK-B subunit, suppressing its kinase

activity and thereby preventing IkB phosphorylation and degradation. This maintains the

NF-kB complex in its inactive cytoplasmic state.

Complementarily, quercetin and artepillin C inhibit upstream receptor complexes such as

TLR4/MyD88, reducing the external activation input to NF-kB and attenuating

inflammatory signal amplification. Several flavonoids within propolis also reduce ROS-

mediated activation of NF-kB, thus coupling antioxidant and anti-inflammatory regulation

through redox control.

Transcriptional-Level Modulation

At the nuclear level, polyphenols in propolis disrupt NF-kB’s DNA-binding capacity and

co-activator recruitment. CAPE competitively inhibits the acetylation of the p65 subunit by



binding to its lysine residues, thereby preventing association with the transcriptional co-

activator CBP/p300 and diminishing the efficiency of transcriptional complex assembly.

Quercetin further suppresses p65 phosphorylation, delaying its nuclear translocation and

shortening its residence time within the nucleus. Collectively, these mechanisms

establish a multi-node intervention on NF-kB signaling - restraining activation at its origin

while concurrently dampening transcriptional output.

Cross-Talk with the Nrf2 Antioxidant Axis

The inhibitory effects of propolis on NF-kB are reinforced through cross-regulation with

the Nrf2 antioxidant pathway. Activation of Nrf2 can suppress NF-kB nuclear

translocation and DNA binding, while NF-kB inhibition reciprocally enhances Nrf2 stability

- a cross-inhibitory balance crucial for maintaining redox-inflammatory homeostasis.

CAPE exemplifies this duality by upregulating HO-1 while concurrently inhibiting IKK

activity. Quercetin simultaneously increases antioxidant enzyme expression and reduces

cytokine release, embodying the integrated oxidative-inflammatory modulation that

defines propolis’s systemic homeostatic function.

Cellular and Functional Implications

Inhibition of NF-kB by propolis translates into diverse biological outcomes across tissue

systems:



® In the immune system, propolis suppresses macrophage and monocyte M1

polarization, reducing TNF-a and IL-6 secretion and thereby preventing inflammatory

amplification.

® |n vascular endothelial and smooth muscle cells, it downregulates adhesion

molecules ICAM-1 and VCAM-1, mitigating leukocyte adhesion and endothelial

injury.

® In hepatic and gastrointestinal tissues, NF-kB inhibition decreases COX-2 and iNOS

expression, alleviating hepatocellular necrosis and mucosal inflammation.

These effects confirm that propolis does not merely exert chemical anti-inflammatory

activity but acts through transcriptional reprogramming of inflammatory gene networks,

achieving systemic modulation of the inflammatory response.

Nutritional Pharmacological Interpretation

From a nutritional pharmacology perspective, the regulation of the NF-kB pathway by

propolis exemplifies nutrient-driven signal modulation. Unlike pharmaceutical agents that

block a single molecular target, propolis exerts layered, combinatorial regulation through

its diverse constituents:

® Upstream: inhibiting receptor-mediated signal activation and IKK phosphorylation.

® Midstream: stabilizing IkB to prevent NF-kB nuclear translocation.



® Downstream: interfering with nuclear transcriptional activity and cytokine gene

expression.

® Parallel axis: reinforcing antioxidant defenses to establish a negative feedback loop.

This multidimensional modulation endows propolis with a sustained yet gentle anti-

inflammatory efficacy, making it particularly suited for long-term dietary management of

low-grade chronic inflammation.

In summary, propolis constructs a comprehensive NF-kB regulatory framework,

extending from signal perception and cascade amplification to transcriptional control. Its

defining features include:

® Upstream inhibition of receptor-mediated signaling and IKK activation.

® Midstream stabilization of IkB and prevention of NF-kB nuclear entry.

® Downstream suppression of pro-inflammatory gene transcription and cytokine

release.

® Cross-inhibitory integration with the Nrf2 antioxidant pathway.

Through these interconnected mechanisms, propolis emerges as one of the most

representative natural NF-kB modulators in nutritional science, providing a robust

molecular foundation for its dietary applications in atherosclerosis, metabolic syndrome,

inflammatory bowel disease, and neuro-inflammatory conditions.



2.2)  Modulation of the MAPK Pathway and Suppression of Cellular Stress Responses

by Propolis

The mitogen-activated protein kinase (MAPK) pathway constitutes one of the central

signaling networks by which cells respond to inflammatory, oxidative, toxic, and

metabolic stimuli. It comprises three major branches:

® The ERK (extracellular signal-regulated kinase) pathway, primarily regulating cell

proliferation and growth responses;

® The JNK (c-Jun N-terminal kinase) pathway, closely linked to oxidative stress,

apoptosis, and pro-inflammatory signaling;

® The p38 MAPK pathway, which broadly mediates the expression of inflammatory

mediators and stress-response genes.

Under conditions of chronic inflammation or oxidative load, these three branches become

pathologically hyper-activated, leading to the upregulation of pro-inflammatory cytokines,

adhesion molecules, and enzymes such as TNF-q, IL-6, COX-2, and iNOS. This cascade

drives the amplification and self-perpetuation of inflammatory processes. The modulation

of MAPK signaling by propolis represents one of its most systemically integrated anti-

inflammatory mechanisms, as it interferes with inflammatory responses at the signaling,

transcriptional, and metabolic levels.

CAPE as the Key Regulator of MAPK Modulation



Among propolis constituents, caffeic acid phenethyl ester (CAPE) serves as a pivotal

regulator of MAPK signaling. Experimental studies demonstrate that CAPE markedly

inhibits the phosphorylation of JNK and p38, thereby blocking activation of their

downstream transcription factor activator protein-1 (AP-1). AP-1 plays a critical role in the

execution of inflammatory signaling by promoting cytokine gene transcription; its

inhibition by CAPE results in decreased expression of COX-2 and IL-8.

Furthermore, flavonoids in propolis - such as quercetin and kaempferol - modulate ERK

activity in a state-dependent manner: maintaining normal ERK activity for physiological

metabolism and repair in healthy cells, while suppressing its overactivation under

inflammatory stimulation to prevent aberrant proliferation and inflammatory spread.

This context-adaptive regulation distinguishes propolis from conventional

pharmacological inhibitors.

Multilevel Intervention across the MAPK Cascade

Propolis exerts a characteristic multi-node intervention within the MAPK signaling

cascade:

® Upstream: By blocking TLR4/MyD88-mediated signal input, propolis suppresses

MAPK activation, reducing coupling between inflammatory receptors and external

stimuli.



® Cascade level: It interferes with phosphorylation of MAPKKK (e.g., TAK1) and

MAPKK (e.g., MKK3/6), thereby dampening signal transmission efficiency.

® Downstream: Propolis inhibits transcription factors such as AP-1 and ELK-1, leading

to reduced expression of pro-inflammatory genes.

Through this three-tiered regulation, propolis achieves systemic modulation of MAPK

signaling rather than single-target inhibition, allowing coordinated suppression of

inflammatory signaling at multiple checkpoints.

Antioxidant-Inflammatory Network Integration

Notably, propolis’s regulation of MAPK signaling is interwoven with its antioxidant

signaling network. CAPE and quercetin are capable of activating the Nrf2-ARE pathway,

and elevated Nrf2 activity in turn suppresses sustained phosphorylation of p38 and JNK,

forming a negative feedback loop between oxidative and inflammatory responses.

This antioxidant-anti-inflammatory synergy defines the nutritional pharmacology of

propolis: during the early inflammatory phase, it inhibits co-activation of MAPK and NF-

KB to prevent cytokine overproduction; during the recovery phase, it enhances Nrf2-

driven expression of antioxidant and repair genes, facilitating restoration of tissue

homeostasis.

Experimental and Systemic Evidence



The MAPK-modulating effects of propolis have been validated across multiple cell

models and organ systems:

® Vascular endothelium: Propolis extracts significantly reduce phosphorylation of p38

and JNK, downregulate adhesion molecules ICAM-1 and VCAM-1, and inhibit

monocyte adhesion, thereby protecting endothelial integrity.

® Hepatic and macrophage models: CAPE suppresses LPS-induced MAPK activation

and iINOS expression, decreasing nitric oxide and cytokine release.

® Neuronal cells: Quercetin mitigates excessive JNK activation, preserves

mitochondrial membrane potential, and delays neuronal apoptosis.

® (Gastrointestinal system: Propolis inhibits the p38 pathway, alleviating epithelial

oxidative stress and barrier disruption, contributing to pronounced tissue protection.

Nutritional Pharmacological Interpretation

From a nutritional pharmacology perspective, the modulation of the MAPK pathway by

propolis represents a paradigm of cellular stress reprogramming. Rather than completely

suppressing stress responses, propolis restrains pathological hyperactivation while

preserving adaptive responsiveness necessary for repair. This balanced modulation

prevents the transition from acute protective signaling to chronic inflammatory damage.



Such a gentle yet systemic regulation differs fundamentally from the one-directional

blockade of chemical inhibitors, reflecting the adaptive physiological nature of propolis as

a natural signaling nutraceutical.

Summary of Mechanistic Integration

Propolis achieves comprehensive inhibition of inflammatory stress responses through

multi-branch interference within the MAPK pathway. Its principal mechanisms include:

® Blocking TLR4/MyD88 activation and MAPK cascade phosphorylation.

® Suppressing JNK and p38 activity, thereby reducing AP-1-mediated pro-

inflammatory gene expression.

® Coupling with Nrf2-mediated antioxidant signaling to establish negative feedback

regulation.

® Achieving cellular stress reprogramming and homeostatic restoration.

This integrated mechanism holds broad implications for dietary intervention in chronic

diseases, where synchronized regulation of the NF-kB and MAPK pathways by propolis

effectively interrupts the amplification loop of inflammation, laying the signaling

foundation for subsequent immune cell modulation and inflammatory homeostasis

reconstruction.

2.3) Negative Regulation of the NLRP3 Inflammasome by Propolis



In chronic inflammatory processes, the NLRP3 inflammasome (NOD-like receptor protein

3 inflammasome) serves as a critical molecular hub linking innate immunity, cellular

damage, and metabolic imbalance. Structurally, it consists of three core components: the

sensor protein NLRP3, the adaptor protein ASC (apoptosis-associated speck-like protein

containing a CARD), and the effector enzyme caspase-1.

Upon exposure to danger signals - such as excessive reactive oxygen species (ROS),

extracellular ATP leakage, uric acid crystals, or pathogen-derived toxins - NLRP3

becomes activated and assembles with ASC and pro—caspase-1 to form a multiprotein

inflammasome complex.

This assembly enables the cleavage and activation of caspase-1, which subsequently

processes the pro-forms of IL-1p and IL-18 into their mature cytokines, triggering intense

inflammatory responses and pyroptotic cell death.

This cascade has been implicated as a key driver of inflammation persistence in

atherosclerosis, diabetes, neurodegenerative disorders, and hepatic fibrosis. Propolis

exerts systemic negative regulation on both the formation and activation of the NLRP3

inflammasome through signal-, metabolic-, and structure-level inhibition, forming a

multilayered defense architecture.

® Signal-Level Regulation — Inhibition of Priming Signals



Propolis suppresses the priming signal required for inflammasome initiation by inhibiting

upstream activation of NF-kB and MAPK pathways.

The transcriptional induction of NLRP3 depends on NF-kB-mediated gene upregulation,

whereas polyphenolic compounds in propolis - particularly caffeic acid phenethyl ester

(CAPE) and quercetin - significantly inhibit NF-kB nuclear translocation and the

transcription of NLRP3 and pro-IL-1p.

This early-stage suppression of gene priming represents the first defensive layer through

which propolis restrains inflammasome assembly and limits the intensity of inflammatory

activation.

® Metabolic-Level Regulation — Attenuation of Activation Signals

At the metabolic level, propolis mitigates the activation signal by restraining ROS

generation and preserving mitochondrial homeostasis. Mitochondrial dysfunction and

oxidative stress are central triggers of inflammasome activation.

Propolis enhances Nrf2-ARE pathway activation and boosts glutathione (GSH) levels,

thereby reducing ROS-induced loss of mitochondrial membrane potential and release of

mitochondrial DNA (mtDNA)—both of which are essential for NLRP3 activation.

CAPE and galangin have been shown to decrease the expression of NOX4 and
thioredoxin-interacting protein (TXNIP), preventing TXNIP-NLRP3 binding and thereby

disrupting the ROS-TXNIP-NLRP3 signaling axis. This mechanism reflects a profound



cross-regulation between antioxidant and anti-inflammatory pathways, whereby propolis

achieves “metabolic decoupling of inflammation” through redox and energy control.

® Structural-Level Regulation — Inhibition of Assembly and Promotion of Clearance

Propolis also interferes with inflammasome assembly and its downstream effector

functions. Experimental studies demonstrate that polyphenols in propolis inhibit NLRP3-

ASC interaction, thereby reducing complex formation and suppressing caspase-1

cleavage and activation.

CAPE can directly bind to the NACHT domain of NLRP3, preventing its oligomerization

and ATP binding—two key prerequisites for inflammasome formation.

Moreover, propolis upregulates autophagy-related proteins LC3 and p62, promoting the

autophagic clearance of damaged mitochondria and inflammasome aggregates.

This establishes a dual defense model of “inhibition of assembly and promotion of

clearance”, ensuring that aberrant inflammasome activation is structurally and

dynamically restrained.

Functional Consequences and Systemic Relevance

The negative regulation of NLRP3 by propolis markedly reduces the downstream release

of IL-1B and IL-18, thereby inhibiting caspase-1-dependent pyroptosis.



® |n metabolic syndrome and atherosclerosis models, propolis decreases macrophage

pyroptosis and foam cell formation, enhancing plaque stability.

® In neuronal systems, it suppresses microglial activation and neuronal death by

inhibiting NLRP3 activation.

® In hepatic and gastrointestinal models, propolis reduces high-fat or endotoxin-

induced IL-1f production, protecting hepatocytes and maintaining epithelial barrier

integrity.

These outcomes demonstrate the cross-system physiological protection provided by

propolis through inflammasome regulation.

Nutritional Pharmacological Perspective

From a nutritional pharmacology standpoint, the inhibition of NLRP3 inflammasome

activation by propolis represents a paradigm of adaptive homeostatic control.

Unlike pharmacological inhibitors that target a single molecular step, propolis achieves

gentle and sustained regulation through three synergistic dimensions - signal inhibition,

metabolic defense, and autophagic clearance.

This approach aligns with the principle of physiological adaptability: preserving necessary

immune responsiveness while preventing pathological overactivation during chronic

inflammation. Such selective negative regulation is a defining advantage of propolis over



synthetic inhibitors, reflecting its capacity to fine-tune immune balance rather than

suppress it outright.

Summary of Core Mechanisms

The regulatory actions of propolis on the NLRP3 inflammasome can be summarized as

follows:

® Signal-level inhibition: Suppressing NF-kB and MAPK activation to reduce

transcription of NLRP3 and IL-1p.

® Metabolic-level protection: Blocking the ROS-TXNIP-NLRP3 axis via antioxidant

and mitochondrial stabilization mechanisms.

® Structural-level interference: Disrupting NLRP3-ASC complex formation and

promoting autophagic clearance of inflammasome components.

Together, these effects establish a cellular anti-inflammatory “shutdown system”,

enabling propolis to not only suppress inflammation amplification but also rebuild immune

energy and signaling homeostasis.

Consequently, propolis is recognized as one of the most representative natural NLRP3-

modulating nutraceuticals, providing a robust molecular foundation for dietary

interventions targeting metabolic inflammation, neuro-inflammation, and hepatic immune

injury.



2.4) Immune Cell Polarization and Reconstruction of Inflammatory Homeostasis by

Propolis

The inflammatory response is, in essence, a dynamic process of the immune system, in
which the key determinant is not merely “activation” or “suppression,” but rather the
functional balance and precision of immune cell responses. In chronic inflammation, this
balance is frequently disrupted by sustained immune hyperactivation or polarization bias,

leading to tissue injury and metabolic dysregulation.

For instance, macrophages persistently polarized toward the pro-inflammatory M1
phenotype continuously release cytokines such as TNF-qa, IL-6, and IL-1p3, sustaining a
self-amplifying inflammatory loop. Similarly, imbalance among T-cell subsets - such as

Th1/Th2 or Treg/Th17 - compromises immune tolerance and tissue repair mechanisms.

Unlike conventional anti-inflammatory agents that primarily suppress inflammation,
propolis acts by reprogramming the functional profiles and signaling pathways of immune

cells, converting pathological inflammation into a physiological repair process.

A. Bidirectional Regulation of Macrophage Polarization

Propolis exerts a bidirectional effect on macrophage polarization, promoting the M1-M2
transition. Pro-inflammatory M1 macrophages are characterized by high production of

reactive oxygen species (ROS), nitric oxide (NO), and inflammatory cytokines, whereas



anti-inflammatory M2 macrophages secrete IL-10 and TGF-, facilitating tissue repair

and immune homeostasis.

Polyphenolic constituents of propolis promote this polarization shift toward M2 via
multiple mechanisms.Caffeic acid phenethyl ester (CAPE) and quercetin suppress the
expression of M1 markers (iNOS, TNF-a) while upregulating M2-associated genes (Arg-

1, CD206, IL-10). This effect involves two primary signaling axes:

® Inhibition of NF-kB and p38 MAPK pathways, weakening M1-polarizing signals.

® Activation of PI3K/Akt and STAT6 pathways, enhancing M2 gene transcription.

This dual-pathway regulation reduces local inflammatory intensity while promoting tissue
regeneration and fibrosis inhibition. For example, in atherosclerosis models, propolis
facilitates M2 polarization of plaque macrophages, decreasing foam cell accumulation

and inflammatory infiltration, thereby enhancing plaque stability.

B. T-Cell Subset Balance and Adaptive Immune Remodeling

At the level of adaptive immunity, propolis restores inflammatory homeostasis by
rebalancing T-cell subsets and their cytokine profiles. Th1 cells primarily secrete IFN-y,
mediating cellular immune responses, whereas Th2 cells release IL-4, IL-5, and IL-13,
regulating humoral and anti-inflammatory pathways. Chronic inflammation typically

manifests as Th1 dominance or Th17 overactivation.



Propolis counteracts this imbalance by suppressing Th1/Th17 responses and enhancing

Th2/Treg differentiation.

® CAPE inhibits STAT1 and T-bet activation, suppressing Th1 differentiation.

® Quercetin and kaempferol promote GATA3 and Foxp3 expression, facilitating Th2

and regulatory T-cell (Treg) development, which produce IL-10 and TGF-B to

suppress excessive immune activation.

® Additionally, propolis reduces IL-17A production and RORyt activation, attenuating

Th17-driven tissue inflammation.

Through these transcription factor cascades, propolis reprograms the adaptive immune

network from a pro-inflammatory to a tolerogenic and reparative state, supporting the

resolution of chronic inflammation.

C. Immune-Metabolic Crosstalk and Cellular Energy Reprogramming

The immunomodulatory effects of propolis are closely linked to metabolic

reprogramming. Under inflammatory stress, M1 macrophages and Th17 cells rely on

glycolysis, whereas M2 macrophages and Treg cells depend on fatty acid oxidation

(FAO) and oxidative phosphorylation (OXPHQOS).

Propolis activates AMP-activated protein kinase (AMPK) and PGC-1a pathways,

promoting mitochondrial function recovery and enhancing FAO, thus supporting the



metabolic environment required for M2/Treg differentiation. Simultaneously, it inhibits

glycolytic flux in M1/Th17 cells, preventing energy-driven inflammatory bias.

This energy-level immune remodeling enables propolis to sustain balance across both

metabolic and immune axes, representing the biochemical foundation of its dual anti-

inflammatory and anti-metabolic disease synergy.

D. Systemic Restoration of Inflammatory Homeostasis

The immune-regulatory actions of propolis culminate in the restoration of inflammatory

homeostasis. By suppressing M1- and Th1/Th17-mediated pro-inflammatory activity

while enhancing M2 and Treg-mediated repair, propolis enables the natural transition of

inflammation from the “activation—injury” phase to the “regulation-repair” phase.

This restoration has been demonstrated across multiple organ systems:

® Cardiovascular system: Propolis suppresses arterial plaque inflammation and

promotes endothelial repair.

® Nervous system: It reduces neuro-inflammation by modulating microglial

polarization.

® Hepatic and gastrointestinal systems: Propolis enhances Treg activity and inhibits

Th17 responses, alleviating chronic hepatitis and inflammatory bowel disease.



These findings position propolis as an “immune rebalancer”, functioning not through

broad immune suppression but through functional reconstitution of immune precision via

coordinated signal and metabolic regulation.

E. Nutritional Pharmacological Implications

From a nutritional pharmacology perspective, the immunomodulatory effects of propolis

represent a systemic nutritional intervention model. Through bioactive nutritional

signaling molecules - polyphenols, flavonoids, and aromatic acids - propolis remodels

immune networks, integrating cellular polarization, metabolic adaptation, and tissue

repair into a coherent regulatory process.

Unlike pharmacological immune-suppressants, propolis maintains the reversibility and

physiological adaptability of immune responses - suppressing pathological inflammation

without compromising host defense. This selective and homeostatic modulation defines

its unique advantage in managing chronic low-grade inflammatory conditions.

Its long-term safety and steady regulatory capacity make propolis an ideal dietary

immune-nutrient for the prevention and management of chronic inflammatory and

metabolic diseases.

2.5) Cross-Talk Between Anti-Inflammatory and Antioxidant Pathways:

Systemic Infegration and Physiological Significance



The anti-inflammatory and antioxidant mechanisms of propolis are not independent

processes but are tightly interwoven within cellular signaling networks, forming a

characteristic oxidative-inflammatory axis.

At the heart of this interaction lies a bidirectional relationship: oxidative stress serves both

as an initiator and amplifier of inflammation, while persistent activation of inflammatory

signaling further promotes reactive oxygen species (ROS) production, creating a

pathological positive feedback loop. Propolis breaks this cycle through multilayer

regulation, achieving simultaneous restoration of redox and inflammatory balance at the

molecular, cellular, and systemic levels.

A. Bidirectional Regulation of the Nrf2—NF-kB Axis

The primary interface between the antioxidant and anti-inflammatory activities of propolis

lies in the Nrf2 and NF-kB transcriptional axes, which exert antagonistic control over

antioxidant and inflammatory gene expression within the nucleus. Polyphenolic

constituents of propolis, particularly caffeic acid phenethyl ester (CAPE) and quercetin,

both promote Nrf2 nuclear translocation - upregulating its downstream genes such as

HO-1, NQO1, and GCLC - and concurrently suppress NF-kB activation and pro-

inflammatory transcription.

Propolis achieves this dual modulation through three major mechanisms:



® Competitive binding mechanism: Activated Nrf2 occupies shared transcriptional

coactivators (CBP/p300), reducing their availability for NF-kB recruitment to

inflammatory gene promoters.

® Signal interference mechanism: HO-1 downstream products induced by propolis

(e.g., carbon monoxide and biliverdin) directly inhibit IKK complex activity, preventing

NF-kB activation.

® Feedback inhibition mechanism: Nrf2 activation elevates intracellular reducing power

and GSH levels, decreasing ROS-dependent NF-kB phosphorylation and weakening

the inflammatory drive at its source.

Through these coordinated mechanisms, propolis establishes an antioxidant-promoting,

inflammation-suppressing feedback loop, granting self-limiting and sustainable control

over the inflammatory response.

B. MAPK-Nrf2 Co-Regulation and Stress Equilibrium

The cooperative regulation between MAPK and Nrf2 further exemplifies the oxidative—

inflammatory cross-talk. Under stress, excessive activation of p38 and JNK MAPK

pathways amplifies inflammatory signaling, while propolis suppresses their

phosphorylation and thereby reduces inflammatory intensity. Simultaneously, Nrf2

activation by propolis upregulates HO-1, which in turn suppresses p38 MAPK activity,

closing the feedback loop.



Moreover, mild activation of the ERK pathway by propolis facilitates cellular repair and

metabolic recovery, illustrating a finely tuned regulatory mode of “restraining excessive

stress while preserving physiological defense.” This dynamic precision control epitomizes

the concept of nutrient-based signal modulation, where propolis mitigates damage

without compromising adaptive cellular resilience.

C. ROS-NLRP3 Signal Decoupling and Inflammasome Suppression

At the downstream end of the oxidative-inflammatory axis, ROS-NLRP3 signaling

coupling is a critical driver of chronic inflammation persistence. Excess ROS oxidizes and

activates thioredoxin-interacting protein (TXNIP), which binds NLRP3, initiating

inflammasome assembly and triggering IL-1 and IL-18 release.

Propolis mitigates this process via dual actions: it stabilizes the ROS-GSH axis to

maintain a reduced intracellular state, thereby limiting TXNIP oxidation and activation,

and it inhibits NLRP3 assembly while enhancing autophagic clearance of damaged

mitochondria and inflammasome components.

This redox decoupling mechanism prevents both inflammatory amplification and

metabolic exhaustion, highlighting the energetic foundation of propolis’s integrated

antioxidant-anti-inflammatory network.

D. Immune-Metabolic Coupling and Systemic Homeostasis Reconstruction



Through its cross-regulation of antioxidant and anti-inflammatory pathways, propolis

ultimately achieves integrated immune-metabolic homeostasis. The antioxidant axis

(Nrf2—-GSH-mitochondrial axis) restores redox balance and energy metabolism, while the

anti-inflammatory axis (NF-kB—-MAPK-NLRP3 axis) prevents overactivation of immune

responses.

By activating AMPK and PGC-1a, propolis promotes mitochondrial biogenesis and

supports the metabolic programs of M2 macrophages and Treg cells, while restraining

glycolysis-dependent M1 and Th17 phenotypes. This establishes a closed-loop energy-

immune feedback system, enabling propolis to restore cellular and tissue homeostasis

under conditions of oxidative stress, immune imbalance, or metabolic insufficiency.

E. Systemic Integration and Clinical Implications

Propolis integrates its antioxidant and anti-inflammatory effects through a multi-axis

interaction network:

® Signal Axis: The Nrf2 « NF-kB « MAPK interplay forms a dynamic regulatory circuit

for redox and inflammatory control.

® Metabolic Axis: The ROS-GSH-mitochondrial-AMPK pathway sustains energy and

redox homeostasis.

® Immune Axis: Balanced M1/M2, Th1/Th2, and Treg/Th17 dynamics ensure effective

inflammation resolution and repair.



These axes interconnect and reciprocally reinforce one another, enabling the organism to

regain systemic equilibrium under oxidative, inflammatory, and metabolic stress. Unlike

pharmacological inhibitors that impose unidirectional blockade, propolis employs

physiological integrative suppression, restoring balance through systemic recalibration

rather than mere inhibition.

This cross-axis synergy holds profound implications for chronic disease prevention and

management:

Cardio-metabolic disorders: Propolis reduces endothelial inflammation and oxidized

LDL accumulation via concurrent antioxidant and anti-inflammatory action.

® Neurodegenerative diseases: It alleviates neuro-inflammation and mitochondrial

stress, delaying neuronal degeneration.

® Hepatic and gastrointestinal diseases: By suppressing the ROS-NLRP3 axis and

restoring immune tolerance, propolis ameliorates chronic hepatitis and intestinal

barrier inflammation.

® Metabolic syndrome and diabetes: Through AMPK activation and NF-kB inhibition,

propolis simultaneously mitigates oxidative load and inflammatory insulin resistance.

In summary, the antioxidant-anti-inflammatory cross-talk forms the central

pharmaconutritional logic of propolis. Rather than functioning merely as a radical

scavenger or inflammatory suppressant, propolis represents a systemic regulatory

network that synchronizes signal modulation, metabolic remodeling, and immune
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integration.
Its pharmaconutritional significance transcends conventional antioxidant paradigms -
embodying a model of “molecular defense to systemic reconstruction”, offering a

sustainable and reversible framework for nutritional modulation in chronic diseases.

v’ Marquez, N., Sancho, R., Macho, A., Calzado, M. A., Fiebich, B. L., & Murioz, E. (2004). Caffeic
acid phenethyl ester inhibits T-cell receptor-mediated activation of NF-kB and AP-1 through
inhibition of IkB kinase. Journal of Immunology, 773(70), 6030-6039.

- Demonstrated that caffeic acid phenethyl ester (CAPE), the principal active compound of
propolis, inhibits IKK activity and thereby blocks NF-kB activation, downregulating pro-inflammatory
gene transcription and serving as a key molecular basis for propolis’s anti-inflammatory signaling
regulation.

v’ Chan, G. C. F., Cheung, K. W., & Sze, D. M. Y. (2013). The immunomodulatory and anticancer
properties of propolis. Clinical Reviews in Allergy & Immunology, 44(3), 262-273.

- A comprehensive review detailing how propolis modulates immune responses and inflammatory
cell activation through NF-kB, MAPK, and STAT signaling pathways.

v 0rsolic, N., et al. (2022). Molecular mechanisms of propolis in inflammation, oxidative stress and
immune response. Nutrients, 74(6), 1380.

- Explained the molecular basis of propolis’s regulation of NF-kB, MAPK, and NLRP3 pathways,
proposing that propolis restores systemic homeostasis through coordinated modulation of immune,

oxidative, and inflammatory axes.
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v’ Sforcin, J. M., & Bankova, V. (2011). Propolis: Is there a potential for the development of new

drugs? Journal of Ethnopharmacology, 733(2), 253-260.

- Reviewed the pharmacological potential of propolis in inflammation-related disorders, identifying

its polyphenols as natural NF-kB inhibitors and immune-modulating agents.

v’ Franchin, M., et al. (2016). Brazilian green propolis modulates inflammatory response in LPS-

activated macrophages through NF-kB and MAPK signaling pathways. Journal of

Ethnopharmacology, 792, 37-46.

- Experimental evidence showed that propolis suppresses LPS-induced macrophage activation by

inhibiting NF-«kB, p38, and JNK pathways, thereby reducing TNF-a and IL-18 secretion.

4 Wu, J., Omene, C., Karkoszka, J., Bosland, M., Eckard, J., Klein, C. B., & Frenkel, K. (2011).

Caffeic acid phenethyl ester (CAPE) induces growth arrest and apoptosis of human prostate

cancer cells through the NF-kB and MAPK pathways. Molecular Carcinogenesis, 50(7), 528-540.

- Confirmed that CAPE reduces inflammatfory stress and oxidative injury by inhibiting NF-kB and

MAPK signaling, supporting the dual-pathway mechanism of propolis in cellular regulation.

v Wang, K., Zhang, J., Ping, S., Ma, Q., Chen, X., Xuan, H., & Hu, F. (2014). Anti-inflammatory

effects of ethanol extracts of Chinese propolis and buds of poplar (Populus spp.). Molecules,

19(10), 16298-16314.

- Compared anti-inflammatory activities of propolis from different sources and showed that ethanol

extracts significantly downregulate COX-2, INOS, and IL-6 in LPS-induced models.

v’ Fischer, G., Conceigéo, F. R., Leite, F. P., Dummer, L. A., Vargas, G. D., & Dellagostin, O. A.

(2007). Immunomodulation produced by a green propolis extract on humoral and cellular

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

responses of mice immunized with SuHV-1. VVaccine, 25(7), 1250-1256.

- Demonstrated in vivo that propolis enhances anfigen-induced immune responses while

preventing excessive inflammation, indicating its bidirectional immunomodulatory activity.

v' Paulino, N., Dantas, A. P., Bankova, V., Longhi, D. T., Scremin, A., de Castro, S. L., & Calixto, J.

B. (2003). Bulgarian propolis induces analgesic and anfi-inflammatory effects in mice and inhibits

in vitro contraction of airway smooth muscle. Journal of Pharmacological Sciences, 93(3), 307-

3173.

- Confirmed that propolis exerts significant anti-inflammatory and analgesic effects via inhibition of

COX and NF-kB signaling pathways.

4 Yuan, J. Q., Wang, K., Zeng, Y., & Hu, F. L. (2021). The protective role of propolis in inflammatory

diseases. Oxidative Medicine and Cellular Longevity, 2021, 8864973.

- Provided an integrative overview of propolis’s defense mechanisms across mulfiple inflammatory

diseases, emphasizing its synergistic regulation of NF-kB, MAPK, NLRP3, and Nrf2 networks.

v Kuo, Y. C., &Lin, Y. L. (2020). Caffeic acid phenethyl ester inhibits NLRP3 inflammasome

activation by blocking ASC oligomerization and mitochondrial ROS generation. International

Immunopharmacology, 84, 7106571.

- Showed that CAPE suppresses NLRP3 inflammasome activation by blocking ASC

oligomerization and mitochondrial ROS production, providing direct evidence for its role in

pyroptosis and immune inflammation control.

v’ Kosalec, |., Bakmaz, M., Pepeljnjak, S., & Viadimir-Knezevic, S. (2005). Quantitative analysis of

the flavonoids in raw propolis from northern Croatia. Acta Pharmaceutica, 55(4), 423—428.
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- Quantitative chemical analysis revealed a positive correlation between flavonoid concentration
and inflammatory signal inhibition, establishing the chemical basis for biological variability among
propolis samples.

Bufalo, M. C., et al. (2014). Propolis and its constituent caffeic acid phenethyl ester inhibit LPS-
induced activation of the inflammasome in macrophages. PLoS ONE, 9(8), e 105904.

- Demonstrated that both propolis and CAPE suppress caspase-1 activation and IL-18 maturation
by blocking NLRP3 inflammasome signaling in macrophages.

Sforcin, J. M. (2016). Biological properties and therapeutic applications of propolis. Phytotherapy
Research, 30(6), 894-905.

- Reviewed the synergistic anti-inflammatory, immunomodulatory, and antioxidant mechanisms of
propolis, highlighting its pharmacological value as a functional nutraceutical in chronic
Inflammation.

Sawicka, D., Car, H., Borawska, M. H., & Nikliriski, J. (2012). The anticancer activity of propolis.
Folia Histochemica et Cytobiologica, 50(7), 25-37.

- Although focused on anticancer properties, this study showed that propolis suppresses NF-kB,
AP-1, and COX-2 signaling, extending its mechanistic relevance fo broad-spectrum anti-

inflammatory pharmacology.

Nutritional Pharmacology of Propolis in Cardiovascular and Metabolic

Diseases
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Cardio-metabolic diseases represent the leading causes of global morbidity and

mortality, unified by a shared pathological foundation of chronic low-grade inflammation

and persistent oxidative stress. This pathological state is widely observed across

metabolic syndrome, atherosclerosis, diabetes mellitus, and non-alcoholic fatty liver

disease (NAFLD). The interplay of high-fat diets, insulin resistance, endothelial

dysfunction, and excessive reactive oxygen species (ROS) generation forms the central

vicious cycle of the metabolism-inflammation—vascular injury tri-axis, driving the gradual

transition from metabolic disturbance to structural organ damage.

At the molecular level, the amplification between oxidative stress and inflammatory

signaling constitutes the key driver of this pathological progression. Lipid peroxidation

products (such as malondialdehyde and 4-hydroxynonenal and ROS not only directly

damage vascular endothelium and pancreatic $-cells but also activate the NF-kB, MAPK,

and NLRP3 inflammasome pathways. These activations promote the release of pro-

inflammatory cytokines and immune cell infiltration, fostering vascular sclerosis,

metabolic inflammation, and tissue fibrosis.

Concurrently, chronic inflammation suppresses insulin signaling and mitochondrial

function, further intensifying oxidative load. This self-reinforcing process - known as the

oxidative-inflammatory-metabolic axis - is the central therapeutic target in cardio-

metabolic disease prevention and management.



Propolis, a polyphenol- and flavonoid-rich natural complex, demonstrates a distinctive

multi-axis regulatory capacity within nutritional pharmacology. Its principal bioactive

compounds - caffeic acid phenethyl ester (CAPE), quercetin, artepillin C, kaempferol, and

galangin—collectively modulate multiple layers of this axis. On the molecular level,

propolis activates the Nrf2—ARE antioxidant pathway while suppressing NF-kB and

MAPK inflammatory cascades.

On the metabolic level, it modulates the AMPK-PGC-1a-SIRT1 energy metabolism

network, enhancing fatty acid oxidation and mitochondrial biogenesis. Meanwhile, its

immunomodulatory function - via macrophage polarization (M1-M2) and Treg/Th17

balance - supports vascular and metabolic immune homeostasis.

Unlike single-target pharmacologic interventions, propolis exerts systemic-level

advantages across cardiovascular and metabolic diseases. It does not merely improve

isolated parameters such as lipid profiles, glucose metabolism, or inflammatory markers

but rather orchestrates a signal-metabolism-structure integrative regulation framework.

Specifically:

® Cardiovascular system: Propolis synergistically inhibits atherosclerotic progression

via anti-oxidative and anti-inflammatory pathways, improving endothelial function

and hemodynamic stability.

® Metabolic system: Through AMPK activation and enhanced fatty acid oxidation,

propolis reduces insulin resistance and lipid accumulation.



® Hepatic and adipose tissues: It suppresses ROS-NLRP3 inflammasome activation,

preventing steatotic inflammation and mitochondrial dysfunction.

® Systemic homeostasis: By rebalancing immune activity and rebuilding energy

metabolism, propolis disrupts the oxidative—inflammatory feedback loop and restores

metabolic resilience.

Thus, the dietary therapeutic effects of propolis in cardio-metabolic diseases are

multidimensional, multi-pathway, and cross-systemic. It bridges the antioxidant, anti-

inflammatory, metabolic, and immune networks, constructing a multi-axis framework of

“systemic defense-energy homeostasis—tissue repair.”

This chapter systematically elucidates the cardio-metabolic intervention mechanisms of

propolis, structured as follows:

® Antioxidant-anti-inflammatory dual-axis in cardiovascular defense: Explains how

propolis modulates the Nf2-NF-kB network to improve vascular oxidative and

inflammatory responses.

® Protective roles in atherosclerosis: Focuses on endothelial function, lipid

peroxidation, and macrophage polarization.

® [ntervention mechanisms in metabolic syndrome and insulin resistance: Analyzes

nutritional regulation of the AMPK-SIRT1-PGC-1a metabolic axis.

® Protective mechanisms in non-alcoholic fatty liver disease (NAFLD): Describes the

defense roles along the ROS-NLRP3-immune axis in hepatocellular integrity.



® Cardio-metabolic integration and clinical implications: Summarizes the systemic

nutritional defense model of propolis across interconnected biological systems.

Through these discussions, this chapter reveals how propolis acts as a natural nutritional
signaling modulator, achieving multi-axis coordination across molecular, metabolic, and
systemic levels - thereby offering a sustainable, physiologically adaptive framework for

functional nutrition and chronic disease prevention.

1) Mechanistic Basis of the Antioxidant—Anti-Inflammatory Dual Axis in Cardiovascular
Protection

The onset and progression of cardiovascular diseases (CVDs) are fundamentally systemic
pathological processes driven by the interplay between oxidative stress and chronic
inflammation. Elevated lipid levels, glucose dysregulation, and endothelial dysfunction
collectively induce excessive production of reactive oxygen species (ROS), leading to
oxidation of low-density lipoproteins (LDL), vascular inflammation, and abnormal
proliferation of smooth muscle cells.

These oxidative and inflammatory events reinforce one another, forming the core
mechanism of inflammatory atherogenesis. Within this framework, propolis exhibits a
distinctive dual regulatory effect - simultaneously modulating the Nrf2 antioxidant axis and
the NF-kB inflammatory axis - thereby exerting multi-level cardiovascular protection from

molecular to tissue scales.

1.1)  Nrf2 Antioxidant Axis: Restoring Redox Homeostasis in the Vasculature



Under conditions of hyperlipidemia and atherosclerosis, endothelial cells exposed to

oxidized LDL and hyperglycemia exhibit overactivation of mitochondrial and NADPH

oxidase (NOX) enzymes, leading to the overproduction of ROS (notably Oz" and Hz0x).

These reactive species directly damage the endothelium, oxidize lipids, and upregulate

adhesion molecules such as ICAM-1 and VCAM-1, promoting leukocyte adhesion and

vascular inflammation.

Propolis mitigates this oxidative burden through activation of the Nrf2—-ARE pathway,

reestablishing antioxidant transcriptional defense. Its polyphenolic constituents - caffeic

acid phenethyl ester (CAPE), quercetin, and kaempferol - facilitate the dissociation of

Nrf2 from its cytoplasmic repressor Keap1, enabling nuclear translocation and

subsequent transcription of antioxidant genes including HO-1, NQO1, GCLC, SOD, and

CAT. This activation enhances endothelial ROS scavenging capacity, restores

glutathione (GSH) recycling, and suppresses lipid peroxidation products such as

malondialdehyde (MDA).

Moreover, propolis promotes endothelial nitric oxide synthase (eNOS) activation and

increases nitric oxide (NO) bioavailability, improving vasodilation and microcirculatory

function. Collectively, these effects transition the vascular microenvironment from an

oxidative overload state to a redox homeostatic state, forming the upstream foundation of

propolis-mediated cardiovascular protection.

1.2) NF-kB Inflammatory Axis: Blocking Vascular Inflammatory Signaling



In oxidative conditions, NF-kB signaling is persistently activated, driving the transcription

of pro-inflammatory cytokines (TNF-a, IL-13, IL-6) and adhesion molecules that

exacerbate endothelial injury and immune cell infiltration. Propolis exhibits potent anti-

inflammatory action through multi-tiered inhibition of the NF-kB cascade.

CAPE directly suppresses IkB kinase (IKK) activity, preventing IkB degradation and

subsequent nuclear translocation of NF-kB (p65 subunit). Quercetin and artepillin C

attenuate upstream TLR4-MyD88 signaling, thereby reducing pro-inflammatory input,

while kaempferol inhibits p65 phosphorylation, shortening its nuclear retention time.

These combined actions downregulate the transcription of COX-2, iNOS, and MCP-1,

alleviating vascular inflammatory stress.

Crucially, the anti-inflammatory and antioxidant mechanisms of propolis are reciprocally

linked via Nrf2-NF-kB cross-inhibition. Nrf2-induced HO-1 expression generates

metabolites such as biliverdin and carbon monoxide (CO) that directly inhibit IKK activity,

while NF-kB suppression, in turn, reduces ROS generation. This establishes a

bidirectional feedback loop of “antioxidant promotion and inflammation inhibition,”

enabling sustained endothelial protection and improved tolerance to stress stimuli.

1.3)  Systemic Significance of Antioxidant—-Anti-Inflammatory Synergy

The cardiovascular protection conferred by propolis arises not from single-pathway

suppression but from an integrated dual-axis network that achieves multilayered defense:



® Upstream blockade: Reduction of NOX- and mitochondria-derived ROS and

suppression of NF-kB activation.

® Midstream transcriptional modulation: Nrf2-mediated upregulation of antioxidant

enzymes coupled with downregulation of pro-inflammatory genes.

® Downstream functional recovery: Restoration of NO balance, reduction of vascular

adhesion molecule expression, and inhibition of smooth muscle hyper-proliferation.

This framework constitutes the “vascular signal homeostasis model” of propolis, which

manifests physiologically as:

® Enhanced antioxidant defense — endothelial function recovery - improved arterial

elasticity.

® Inflammatory suppression — reduced immune infiltration — vascular structural

stabilization.

® |Immune rebalancing - augmented repair and regenerative capacity.

Clinical and preclinical studies corroborate these mechanisms: propolis supplementation

significantly lowers circulating oxidative stress markers (MDA, 8-iso-PGF-a) and

inflammatory cytokines (TNF-a, IL-6), improves endothelium-dependent vasodilation, and

enhances plaque stability. Its polyphenolic matrix underlies its unique ability to

concurrently modulate both antioxidant and anti-inflammatory signaling, defining it as a

leading cardiovascular nutraceutical among natural compounds.



1.4) Nutritional Pharmacology Implications

From a nutritional pharmacology perspective, the dual-axis regulation of Nrf2 and NF-kB

in the cardiovascular system exemplifies a three-tiered intervention model - signal,

metabolism, and structure:

® Signal level: Bidirectional modulation through Nrf2-NF-kB interaction.

® Metabolic level: Restoration of ROS-NO balance and energetic stabilization of

vascular responses.

® Structural level: Attenuation of lipid peroxidation and inflammation-induced vascular

damage.

Through this multi-axis synergy, propolis exerts preventive, corrective, and reparative

actions across disease stages - reducing oxidative and inflammatory load in early

phases, delaying structural degeneration during progression, and promoting endothelial

repair in recovery. This paradigm embodies a signal-driven, system-stabilizing nutritional

defense strategy, offering a scientific framework for the dietary prevention and

management of cardiovascular diseases.

2) Protective Roles of Propolis in Atherosclerosis

Atherosclerosis (AS) is a systemic vascular disease characterized by endothelial

dysfunction, lipid deposition, and chronic inflammation. Its pathogenesis follows a

progressive cascade: lipid infiltration — inflammatory amplification - smooth muscle



migration and plaque formation — plaque rupture and thrombosis. Each stage involves

complex interactions among oxidative stress, immune imbalance, and dysregulated

inflammatory signaling.

As a polyphenol-flavonoid complex, propolis exerts multi-level protection through its

antioxidant, anti-inflammatory, immunomodulatory, and lipid-regulatory properties, acting

across all phases of atherogenesis.

2.1)  Endothelial Protection and Early Oxidative Defense

Endothelial injury represents the initiating step of atherosclerosis. High-fat diets, smoking,

and hyperglycemia induce excessive production of reactive oxygen and nitrogen species

(ROS, RNS), leading to oxidation of low-density lipoprotein (LDL) and disruption of

endothelial integrity. Propolis intervenes at this stage primarily via activation of the Nrf2—

HO-1 antioxidant axis and restoration of nitric oxide (NO) homeostasis.

Polyphenolic components - particularly caffeic acid phenethyl ester (CAPE) and quercetin

- promote nuclear translocation of Nrf2, upregulating antioxidant enzymes such as HO-1,

NQO1, SOD, and GCLC, thereby reducing lipid peroxidation products (MDA, 4-HNE). In

parallel, propolis enhances endothelial nitric oxide synthase (eNOS) activity, increases

NO bioavailability, and suppresses the vasoconstrictor endothelin-1 (ET-1).



Animal studies demonstrate that propolis supplementation significantly reduces oxidized

LDL (ox-LDL) levels and endothelial apoptosis in hypercholesterolemic models, thereby

inhibiting early fatty streak formation in arterial walls.

2.2) Regulation of Lipid Metabolism and Inhibition of Foam Cell Formation

In the progression phase of AS, monocytes adhere to the endothelium, differentiate into

macrophages, and internalize ox-LDL to form foam cells. Propolis blocks this pathological

process through multiple mechanisms:

® Balancing lipid uptake and efflux: Flavonoids such as quercetin and kaempferol

downregulate macrophage lipid uptake receptors (CD36, SR-A) while upregulating

cholesterol efflux transporters (ABCA1, ABCG1), thereby reducing foam cell

formation.

® Activating the AMPK-SIRT1-LXRa metabolic axis: Propolis activates AMPK

phosphorylation, enhancing fatty acid $-oxidation and cholesterol efflux through liver

X receptor (LXRa) signaling.

® Mitigating lipid peroxidation—inflammation coupling: Polyphenols in propolis attenuate

oxidative damage to macrophages induced by ox-LDL and lipid peroxides, breaking

the vicious cycle of “oxidized lipid-inflammatory amplification.”



Through these coordinated effects, propolis reduces foam cell accumulation within
arterial walls, slows plaque progression, and limits inflammation-driven vascular

remodeling.

2.3) Macrophage Polarization and Inflammatory Microenvironment Modulation

Beyond suppressing foam cell formation, propolis reprograms macrophage polarization,

reshaping the vascular immune milieu. Mechanistically, it:

e Suppresses M1-type pro-inflammatory macrophages (downregulating iNOS,
TNF-q, IL-1B).

e Promotes M2-type anti-inflammatory macrophages (enhancing IL-10 and TGF-
secretion).

¢ Inhibits NF-kB and p38 MAPK signaling, reducing inflammatory transmission.

e Activates the PI3K/Akt-STAT6 pathway to upregulate M2 markers Arg-1 and

CD206.

Animal studies corroborate these findings: propolis administration reduces M1
macrophage prevalence within plaques while increasing M2-associated gene expression,

leading to resolution of inflammation and enhanced plaque stability.

2.4) Regulation of Smooth Muscle Dynamics and Structural Plaque Stability



During the middle and late stages of atherosclerosis, excessive vascular smooth muscle
cell (VSMC) migration and proliferation drive fibrous cap formation and plaque growth.

Propolis maintains smooth muscle homeostasis via:

® |nhibition of PDGF-BB/ERK1/2-mediated migration signaling.

® Synergistic antioxidant—anti-inflammatory suppression of matrix metalloproteinases
(MMP-2, MMP-9) to prevent fibrous cap degradation.

® Promotion of collagen and elastin synthesis, reinforcing mechanical stability.

® Modulation of the AMPK-mTOR pathway to balance VSMC proliferation and

apoptosis, preventing maladaptive vascular remodeling.

These structural defenses collectively reduce the risk of plague rupture and thrombotic
events, slowing the transition from subclinical atherosclerosis to overt cardiovascular

pathology.

2.5) Integrated Multidimensional Defense Model

The anti-atherogenic mechanisms of propolis can be summarized as a three-tiered

“signal-metabolic-structural” integration model:

Dimension Principal Targets Functional Outcomes

Antioxidant defense, anti-inflammatory regulation,
Signal level Nrf2, NF-xB, MAPK, AMPK
energy homeostasis




Dimension Principal Targets Functional Outcomes
Metabolic level ABCA1, LXRa, SIRT1, PPARy Inhibition of foam cell formation, promotion of lipid efflux
Structural level MMP-9, VSMC, collagen/elastin fibers Plaque stabilization, reduced vascular remodeling

This synergy constitutes the “arterial protection tri-axis model”:

Oxidative defense axis: Inhibition of LDL oxidation and ROS overproduction.

Inflammatory suppression axis: Modulation of NF-kB signaling and immune

polarization.

Structural stability axis: Reconstruction of extracellular matrix and endothelial

integrity.

Through this integrated model, propolis functions not merely as an “anti-plaque agent”

but as a systemic vascular homeostasis regulator, capable of restoring stability even

under metabolic stress.

2.6)

Nutritional Pharmacology Implications

From a nutritional pharmacology standpoint, propolis represents a multi-target, multi-axis

intervention paradigm in atherosclerosis prevention. Unlike conventional single-

mechanism antioxidants or lipid-lowering agents, propolis achieves oxidative defense,

inflammation suppression, and metabolic regulation concurrently via coordinated

activation of Nrf2-NF-kB-AMPK signaling networks.




This signal-network-centered nutritional modulation highlights propolis as a long-term,
physiologically adaptive, and safe dietary strategy for vascular protection. Its integrative
capacity positions propolis as a promising functional nutraceutical in the prevention and

management of chronic cardiovascular diseases.

3) Nutritional Pharmacology of Propolis in Metabolic Syndrome and Insulin Resistance

Metabolic Syndrome (MetS) is a multifactorial pathological complex characterized by
insulin resistance, central obesity, dyslipidemia, hyperglycemia, and chronic
inflammation. Its core mechanism lies in the imbalance between energy metabolism and
inflammatory signaling.

Oxidative stress, low-grade chronic inflammation (metaflammation), and mitochondrial
dysfunction interact to impair insulin signaling, eventually leading to systemic energy
crisis and glucose-lipid dysregulation.

Propolis exerts a multiaxial nutritional pharmacological intervention through the activation
of the AMPK-SIRT1-PGC-1a energy metabolism axis and simultaneous modulation of

the NF-kB-NLRP3 inflammatory pathway, thereby restoring metabolic homeostasis.

3.1)  Activation of the AMPK-SIRT1-PGC-1a Energy Axis and Mitochondrial

Restoration

AMPK (AMP-activated protein kinase) functions as the master “metabolic switch” that

senses cellular energy status and reprograms metabolism accordingly.



Propolis activates AMPK through multiple mechanisms, promoting energy balance and

mitochondrial efficiency:

® Direct activation of AMPK phosphorylation: Caffeic acid phenethyl ester (CAPE) and

quercetin increase the AMP/ATP ratio, triggering AMPK activation.

® SIRT1-PGC-1a cascade: Activated AMPK elevates NAD* levels, thereby enhancing

SIRT1 deacetylase activity and stimulating PGC-10-mediated mitochondrial

biogenesis (upregulating TFAM, NRF1, and cytochrome c genes).

® Mitochondrial remodeling: The AMPK-PGC-1a pathway promotes fatty acid -

oxidation, suppresses lipid accumulation, and enhances oxidative phosphorylation

efficiency.

In animal models, propolis supplementation upregulates hepatic and muscular AMPK,

SIRT1, and PGC-1a expression, reduces malondialdehyde (MDA) and ROS levels,

demonstrating a triple mechanism of “metabolic restoration—antioxidation—-mitochondrial

regeneration.”

3.2) Decoupling of Inflammation and Insulin Signaling

Insulin resistance is both a consequence and effector of chronic inflammation and

oxidative stress. Propolis restores insulin sensitivity by suppressing the NF-kB-JNK-

NLRP3 inflammatory network:



® Inhibition of NF-kB—JNK activation: CAPE blocks IKK activity and prevents NF-kB
p65 nuclear translocation, reducing TNF-a and IL-6 production. Simultaneously,
suppression of JNK-mediated IRS-1 Ser**” phosphorylation restores proper insulin
signal transduction.

® Suppression of NLRP3 inflammasome activation: Propolis reduces mitochondrial
ROS and prevents TXNIP-NLRP3 binding, lowering IL-13 and IL-18 secretion, thus
protecting pancreatic $-cell function and insulin secretion.

® Improvement of hepatic insulin sensitivity: By activating the AMPK-SIRT1 pathway,
propolis suppresses lipogenic genes (SREBP-1¢, FAS) and mitigates hepatic lipid

accumulation and steato-inflammation.

Together, these effects create an “inflammatory-metabolic decoupling” state in which
propolis nutritionally modulates signaling to block inflammation-induced insulin

desensitization and restore cellular metabolic responsiveness.

3.3) Regulation of Lipid Metabolism and Hepatic Energy Homeostasis

Propolis also exerts comprehensive control over hepatic and adipose lipid metabolism:

® Promotion of fatty acid oxidation: Through AMPK-CPT1 signaling, propolis facilitates
mitochondrial entry and oxidation of fatty acids.
® Inhibition of lipid synthesis: Suppression of SREBP-1¢c, ACC, and FAS gene

expression reduces triglyceride (TG) and free fatty acid (FFA) accumulation.



® Enhancement of cholesterol efflux: Activation of LXRa and ABCA1 promotes

cholesterol export and prevents hepatic steatosis.

Clinical and preclinical studies report significant reductions in serum TG, LDL-C, and

FFA, with concurrent increases in HDL-C, demonstrating propolis’s multifaceted efficacy

in improving lipid profiles and protecting against fatty liver progression.

3.4) Systemic Suppression of Oxidative Stress and Metabolic Inflammation

The antioxidant and metabolic regulatory effects of propolis act synergistically.

Polyphenols activate the Nrf2 pathway, upregulating HO-1, GCLC, and NQO1, and

reducing ROS-induced lipid peroxidation and protein carbonylation. Meanwhile,

suppression of NF-kB lowers pro-inflammatory cytokine release, forming a closed-loop

antioxidant-anti-inflammatory feedback.

This Nrf2-NF-kB dual-axis coordination not only preserves mitochondrial function but

also prevents ROS-driven insulin resistance, establishing propolis as a regulator of both

metabolic and oxidative resilience.

3.5)  Systemic Integration: The Metabolic Homeostasis Reconstruction Model

Propolis’s mechanisms in MetS and insulin resistance can be summarized in a three-axis

integrative framework:



Regulatory Axis Core Pathways Functional Effects

Energy metabolism axis ||AMPK-SIRT1-PGC-1a Mitochondrial biogenesis and enhanced fatty acid oxidation

Inflammatory signaling axis|| NF-kB-JNK-NLRP3 | Suppression of metaflammation and restoration of insulin signaling

Antioxidant defense axis Nrf2-HO-1 Reduction of ROS and prevention of oxidative insulin resistance

Through these interconnected axes, propolis orchestrates a physiological transition from

“energy depletion-inflammatory activation” to “metabolic recovery—homeostatic

reconstruction.”

This transformation improves glucose, lipid, and insulin sensitivity parameters while

providing a sustainable defense framework against chronic metabolic inflammation.

3.6)  Nutritional Pharmacology Implications

The core nutritional pharmacology value of propolis lies in its systemic regulatory

capacity, emphasizing nutrient signaling—driven repair rather than single-target

correction. Its combined antioxidant, anti-inflammatory, and metabolic reprogramming

effects represent a new paradigm of functional nutrition: “restoring metabolic

homeostasis and immune balance through energy signaling reconstruction.”

Thus, propolis can be regarded as a natural metabolic remodeling nutrient, offering long-

term safety and systemic integration advantages in the prevention and management of

Metabolic Syndrome, Type |l Diabetes Mellitus, and related cardio-metabolic

complications.




4) Protective Mechanisms of Propolis in Non-Alcoholic Fatty Liver Disease (NAFLD)

Non-Alcoholic Fatty Liver Disease (NAFLD) represents the hepatic manifestation of
metabolic syndrome, driven by lipid dysregulation, mitochondrial dysfunction, oxidative
stress, and chronic inflammatory activation. Excessive accumulation of free fatty acids
(FFA) in hepatocytes leads to increased ROS production, lipid peroxidation, and NLRP3
inflammasome activation, ultimately causing hepatocyte apoptosis and fibrosis.

Propolis protects the liver through regulation of the ROS-NLRP3-metabolic axis and
AMPK-SIRT1 energy signaling, achieving multi-level defense against oxidative injury,

inflammatory activation, and metabolic imbalance.

4.1) Antioxidant Defense:

The Nrf2-HO-1 Axis and Hepatocellular Protection

In early NAFLD, hepatocellular lipid droplet accumulation induces mitochondrial and
endoplasmic reticulum stress, resulting in excessive ROS and lipid peroxidation products
(MDA, 4-HNE). Propolis activates the Nrf2—-ARE antioxidant pathway, significantly

enhancing hepatic antioxidant capacity.

Caffeic acid phenethyl ester (CAPE) and quercetin promote the release and nuclear
translocation of Nrf2 from its Keap1 complex, inducing antioxidant enzymes HO-1,
NQO1, and GCLC, elevating glutathione (GSH) and superoxide dismutase (SOD) levels,

and reducing ROS-mediated lipid oxidation and apoptosis. Additionally, propolis inhibits



NADPH oxidase (NOX4) and stabilizes mitochondrial membrane potential, preventing

amplification of oxidative cascades.

Animal studies show that propolis supplementation markedly reduces hepatic MDA and

ROS levels while restoring Nrf2 and HO-1 expression, confirming its potent hepato-

protective antioxidant effect.

4.2) Inflammasome Suppression:

Inhibition of NLRP3-Mediated Inflammation and Pyropfosis

The progression of NAFLD to non-alcoholic steatohepatitis (NASH) is largely driven by

sustained activation of the NLRP3 inflammasome, which amplifies inflammation and

tissue damage. Propolis inhibits this process through multiple mechanisms:

® ROS-dependent decoupling: By reducing mitochondrial ROS, propolis prevents

TXNIP activation and its binding to NLRP3.

® Direct inhibition of inflammasome assembly: CAPE interferes with NLRP3-ASC

oligomerization, blocking caspase-1 activation.

® Feedback anti-inflammatory modulation: Propolis upregulates IL-10 and TGF-j3,

promoting inflammation resolution and tissue repair.

In cellular and animal models, propolis significantly decreases hepatic IL-1p, IL-18, and

caspase-1 levels, inhibits Kupffer cell M1 polarization, and prevents pyroptotic cell death.



These results indicate that propolis not only blocks the initiation of inflammation but also

prevents the amplification of hepatocellular necroinflammatory damage.

4.3) Energy Metabolism Reconstruction:

The AMPK=SIRT1-PGC-1a Axis in Metabolic Resforation

Propolis restores hepatocellular metabolic homeostasis through activation of the AMPK-

SIRT1-PGC-1a energy axis:

® AMPK activation: Propolis increases the AMP/ATP ratio, promoting AMPK

phosphorylation and suppressing lipogenic genes SREBP-1¢c, ACC, and FAS.

® SIRT1 deacetylation control: AMPK activation elevates NAD* levels, stimulating

SIRT1 deacetylase activity and activating PGC-1a, thereby enhancing mitochondrial

biogenesis.

® Lipid metabolism optimization: Propolis promotes CPT1-mediated 3-oxidation and

enhances cholesterol efflux (ABCA1, LXRa upregulation), reducing intrahepatic lipid

droplets.

These combined effects achieve a dynamic “lipid efflux—oxidative enhancement-energy

recovery” balance, giving propolis both metabolic corrective and bioenergetic restorative

properties in NAFLD management.

4.4) Immune Balance and Tissue Repair:

Regulation of Kupffer Cells and Macrophage Polarization



Beyond metabolic and oxidative control, propolis reshapes the hepatic immune

microenvironment to prevent chronic inflammation:

® Inhibition of M1 Kupffer cell activation, lowering TNF-q, IL-6, and iINOS expression.

® Promotion of M2 anti-inflammatory macrophage differentiation, enhancing IL-10 and

Arg-1 production.

® Modulation of adaptive immunity, suppressing Th17 differentiation while enhancing

Treg activity to restore immune tolerance and tissue repair.

This immune rebalancing mechanism allows propolis to disrupt the self-perpetuating

“immune-metabolic” feedback loop, thereby promoting hepatocellular regeneration and

reducing fibrosis progression.

4.5) Systemic Integration:

The Hepatic Defense Tri-Axis Model

Propolis’s effects in NAFLD can be summarized as a three-axis integrative model of

antioxidant-anti-inflammatory—metabolic reconstruction:

Regulatory Axis Key Pathways Primary Effects
Antioxidant Axis Nrf2-HO-1-GSH Suppresses ROS, lipid peroxidation, and apoptosis
Anti-inflammatory Axis NF-kB-NLRP3-IL-13 Blocks inflammasome activation and pyroptosis

Metabolic Axis AMPK-SIRT1-PGC-1a | Enhances fatty acid oxidation and restores energy balance




These axes are interdependent: antioxidant defense reduces inflammatory load;
inflammation inhibition supports metabolic recovery; and metabolic homeostasis
reinforces antioxidant resilience.

Together, they form a systemic homeostatic loop, distinguishing propolis as a
multifunctional nutritional pharmacology complex rather than a single-target antioxidant

or lipid-lowering agent.

4.6) Nutritional Pharmacology Implications

The comprehensive effects of propolis in NAFLD illustrate a three-layer integration model

of “nutrient signaling—metabolic feedback-tissue repair.”

® |t acts not merely as a free-radical scavenger but as a signal network re-
programmer, restoring hepatic metabolic resilience.

® |t suppresses inflammasome activation while preserving physiological immune
responsiveness, exemplifying precision and reversibility in nutritional modulation.

® By activating the AMPK-SIRT1-PGC-1a axis, propolis synchronizes the energy—

inflammation—oxidation tri-axis, establishing a systemic nutritional defense strategy.

Thus, propolis emerges as a representative natural compound for NAFLD nutritional
intervention, centered on polyphenolic signaling that integrates antioxidant, anti-
inflammatory, and metabolic restoration pathways - achieving a complete continuum of

hepatocellular protection and systemic homeostatic recovery.



5) Systemic Coordination Between Cardiovascular and Metabolic Systems:

Mechanistic Infegration and Clinical Implications

Cardiovascular and metabolic diseases are not isolated pathological entities but rather

share a unified molecular backbone - the oxidative-inflammatory-metabolic axis.

Imbalance along this axis leads to endothelial injury, lipid accumulation, insulin signaling

interruption, and mitochondrial dysfunction, culminating in a chronic state of systemic

metabolic inflammation.

The core value of propolis lies in its capacity to achieve reverse modulation of this axis

through multi-pathway, multi-systemic interactions, enabling hierarchical repair from

molecular signaling to systemic homeostasis.

Propolis exerts its integrated effects across four mechanistic levels:

5.1) Signaling Level:

Cross-Regulation of Nrf2 and NF-kB

At the molecular level, propolis harmonizes the activity of Nrf2 and NF-kB, the two master

transcriptional regulators governing antioxidant and inflammatory pathways. Activation of

Nrf2 upregulates HO-1, GCLC, and NQO1, while competitively binding to co-activators

CBP/p300, thereby suppressing NF-kB—driven pro-inflammatory transcription.

Through this complementary signaling mechanism, propolis synchronizes oxidative

defense and inflammatory control, allowing endothelial, hepatic, and pancreatic B-cells to



maintain functionality under oxidative stress. This dual-axis coordination exemplifies the
systemic signaling reconstruction characteristic of nutritional pharmacology - moving

beyond single linear responses toward network-level equilibrium.

5.2) Metabolic Level:

Restoration of the AMPK-SIRT 1-PGC-1a Energy Network

Propolis activates the AMPK-SIRT1-PGC-1a axis, reviving metabolic flexibility and

mitochondrial function.

® AMPK phosphorylation enhances fatty acid oxidation and inhibits gluconeogenesis.

® SIRT1 deacetylation promotes mitochondrial biogenesis and antioxidant gene
expression.

® PGC-1a activation integrates lipid, glucose, and energy metabolism through

transcriptional co-activation.

By reconstructing this energy network, propolis interrupts the vicious cycle of inefficient
energy utilization and lipid accumulation, allowing simultaneous control over metabolic

syndrome and atherosclerosis at the cellular bioenergetic level.

5.3) Immune Level:

Rebalancing of Macrophage and T-Cell Dynamics



Propolis functions not only as an anti-inflammatory agent but also as an immune

homeostasis modulator.

® |t suppresses M1-type macrophage polarization while promoting M2-type anti-
inflammatory and reparative phenotypes, upregulating IL-10 and TGF-3 and
reducing TNF-a and IL-1B production, thereby alleviating vascular and hepatic
inflammation.

® At the adaptive level, it regulates Th17/Treg balance, preventing overactivation and

restoring immune tolerance.

Through these mechanisms, propolis converts destructive immune activation into
restorative inflammation resolution, establishing a foundation for long-term nutritional

immunomodulation.

5.4) Systemic Level:

The “Cardiovascular-Metabolic-Immune” Integrated Feedback Loop

Ultimately, propolis integrates its multi-axis mechanisms into a tri-axial feedback system

connecting signaling, metabolism, and immunity.

® Upstream, antioxidant and anti-inflammatory signaling provide molecular protection.
® Centrally, energy metabolism reconstruction restores cellular efficiency.

® Downstream, immune balance sustains systemic stability.



Propolis reduces endothelial oxidative damage and arterial inflammation, improves

insulin sensitivity and lipid metabolism, and reestablishes immune resolution and

tolerance. These systems act in mutual positive feedback, forming a self-reinforcing

homeostatic circuit.

The key feature of this integration is its hierarchical progression rather than additive

effect - signal reconstruction initiates metabolic repair, which subsequently supports

immune equilibrium, producing a dynamic, self-sustaining state of systemic resilience.

This represents the highest aim of nutritional pharmacology: the transition from external

modulation to endogenous self-stabilization.

5.5) Clinical and Nutritional Implications

Clinically, propolis represents a systemic intervention—type natural compound,

distinguished from single-target drugs by its multi-pathway coordination and multi-organ

compatibility. Its advantages include:

® High systemic compatibility: Balances multiple signaling networks without disrupting

physiological metabolism, making it suitable for long-term dietary supplementation.

® Pathological universality: Acts on a shared oxidative-inflammatory-metabolic axis

across atherosclerosis, metabolic syndrome, and fatty liver disease.



® Safety and sustainability: Polyphenols, flavonoids, and phenolic acids in propolis

exhibit wide toxicological safety margins and no systemic adverse effects with

prolonged use.

® (Clinical validation: Multiple randomized controlled trials (RCTs) demonstrate that

propolis supplementation reduces serum CRP, MDA, IL-6, and TNF-a, while

improving HDL-C, fasting glucose, and insulin sensitivity, providing evidence for its

dual cardiovascular-metabolic benefits.

From a nutritional medicine perspective, propolis can be defined as a metabolic defense

nutrient signal. Rather than exerting strong pharmacological inhibition, it restores

endogenous defense networks for sustainable protection - an essential paradigm for

managing modern lifestyle diseases. Propolis exemplifies the evolution of dietary therapy

from nutrient supplementation to signal-based nutrition.

5.6) Conclusion: From Signal Modulation to Systemic Defense

In summary, propolis exhibits the hallmark features of multi-axis integration, hierarchical

progression, and dynamic homeostasis in cardiovascular and metabolic protection.

Starting with antioxidant signaling, centering on energy metabolism repair, and

culminating in immune balance restoration, it establishes an interconnected regulatory

continuum spanning molecular, cellular, tissue, and systemic levels.



Under this framework, propolis-based nutritional intervention transcends conventional

supplementation - it represents a systemic signal regulation process. Thus, propolis

should not be regarded merely as a natural antioxidant, but as a composite signaling

modulator indicative of the next stage in nutritional pharmacology.

It marks a scientific transition from “anti-oxidation and anti-inflammation” toward

“systemic homeostatic restoration”, offering a novel biological rationale and practical

strategy for integrated dietary intervention in cardiovascular-metabolic diseases.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v’ Silva-Carvalho, R., Baltazar, F., & Almeida-Aguiar, C. (2015). Propolis: A complex natural product

with a plethora of biological activities that can be explored for drug development. Evidence-Based

Complementary and Alternative Medicine, 2075, 2064.39.

- Reviewed the polyphenolic composition and pharmacological activities of propolis, emphasizing

its antioxidant and anti-inflammatory potential for cardiovascular and metabolic disorders.

v Wang, K., Zhang, J., Ping, S., Ma, Q., Chen, X., Xuan, H., & Hu, F. (2014). Anti-inflammatory

effects of ethanol extracts of Chinese propolis and buds of poplar (Populus spp.). Molecules,

19(10), 16295-16314.

- Verified that propolis extracts inhibit COX-2, iINOS, and pro-inflammatory cyfokines, supporting

dual anti-inflammatory effects on vascular and metabolic pathways.

4 Yuan, J. Q., Wang, K., Zeng, Y., & Hu, F. L. (2021). The protective role of propolis in inflammatory

diseases. Oxidative Medicine and Cellular Longevity, 2021, 8864973.

- Proposed that propolis coordinates Nrf2 and NF-«kB signaling fo achieve oxidative—inflammatory

balance in chronic inflammatory and metabolic diseases.

v Ahmad, R., et al. (2020). Quercetin and kaempferol enhance antioxidant defense through Nrf2

activation in vascular endothelial cells. Molecular Nutrition & Food Research, 64(74), 2000359.

- Demonstrated that quercetin and kaempferol activate the Nif2-ARE pathway, enhancing

endothelial antioxidant capacity and nitric-oxide bioavailability.

v’ El-Guendouz, S., et al. (2018). Protective effect of propolis against high-fat diet-induced oxidative

stress and hepatic ljpid accumulation. Food and Chemical Toxicology, 727, 12-20.
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Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

- Confirmed that propolis supplementation lowers hepatic ROS and lipid deposition, evidencing its

anti-lipotoxic and antioxidant roles in metabolic liver injury.

v’ Zhang, W., et al. (2019). Caffeic acid phenethyl ester prevents atherosclerosis by inhibiting lipid

peroxidation and inflammatory signaling in ApoE—/— mice. Biomedicine & Pharmacotherapy, 775,

108869.

- Demonstrated that CAPE reduces ljpid peroxidation and inflammatory cytokines, improving

vascular integrity and preventing plaque formation.

v’ Orsolic, N., et al. (2020). Propolis and its polyphenolic compounds in metabolic syndrome.

Modaulation of oxidative stress, inflammation, and ljpid metabolism. Nutrients, 72(8), 2206.

- Reported that propolis activates the AMPK-SIRT1 axis to enhance energy metabolism, inhibit

lipogenesis, and suppress inflammatory signaling in metabolic syndrome.

v Aziz, N, etal. (2021). Propolis modulates NLRP3 inflammasome, oxidative stress and insulin

signaling in high-fat diet-induced insulin resistance rats. Nutrients, 73(9), 3152.

- Found that propolis suppresses NLRP3 inflammasome activation and resfores insulin signaling,

achieving anti-inflammatory and metabolic homeostatic effects.

v LY., etal. (2020). Activation of AMPK and inhibition of NLRP3 inflammasome by propolis

ameliorates hepatic steatosis and inflammation in NAFLD. Phytomedicine, 69, 153209.

- ldentified that propolis simultaneously activates AMPK and inhibits NLRP3 inflammasome,

improving hepatic energy balance and reducing inflammation in NAFLD.

v Orsolic, N., et al. (2022). Molecular mechanisms of propolis in inflammation, oxidative stress and

immune response. Nutrients, 74(6), 1380.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and

Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

- Summarized the signaling networks of propolis in oxidative stress, inflammation, and immunity,
outlining its multi-axis regulatory framework for cardiometabolic diseases.

Bufalo, M. C., et al. (2014). Propolis and its constituent caffeic acid phenethyl ester inhibit LPS-
induced activation of the inflammasome in macrophages. PLoS ONE, 9(8), e 105904.

- Demonstrated that propolis and CAPE block inflammasome assembly and IL-15 maturation,
preventing excessive inflammatory amplification.

Zhao, L., et al. (2021). Propolis alleviates nonalcoholic fatty liver disease through activation of Nrf2
signaling and attenuation of oxidative stress. Journal of Functional Foods, 82, 704505.

- Showed that propolis activates Nrf2 signaling to enhance hepatic antioxidant defense and reduce
lipid peroxidation, protecting against NAFLD progression.

Toreti, V. C., et al. (2013). Recent progress of propolis for its biological and chemical compositions
and its pharmacological applications. Evidence-Based Complementary and Alternative Medicine,
2013, 697390.

- Reviewed the chemistry and pharmacology of propolis, emphasizing its integrated antioxidant,

anti-inflammatory, and metabolic-regulatory properties.

Immunoregulatory and Anti-Infective Mechanisms of Propolis

The immune system is the central component of the body’s homeostatic defense

network, and its functional balance determines the organism’s physiological resilience

against infection, inflammation, and metabolic stress. Modern chronic and infectious
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diseases often share a common feature of bidirectional immune imbalance: on one hand,

chronic inflammation leads to sustained immune overactivation and excessive energy

expenditure; on the other hand, prolonged oxidative stress and metabolic overload

induce immune exhaustion and impaired defense capacity.

This state of “immune-metabolic imbalance” is now recognized as a unifying

pathophysiological basis for a wide range of disorders, including infections, metabolic

syndrome, atherosclerosis, and viral diseases.

Propolis, a complex natural matrix composed of plant resins collected and metabolized

by bees, is rich in bioactive compounds such as flavonoids, phenolic acids, aromatic

alcohols, and terpenoids. Its nutripharmacological profile is defined by its ability to

simultaneously regulate immune activation, inflammatory signaling, antioxidant defense,

and tissue repair - thereby forming a multi-axis synergistic regulatory network within the

immune system.

At the immunological level, the effects of propolis are characteristically bidirectional:

® In states of immune suppression (e.g., late-stage infection, immune-senescence, or

stress-induced immunodeficiency), propolis enhances the activity of macrophages,

dendritic cells, and natural killer (NK) cells while promoting the secretion of cytokines

such as interleukin-2 (IL-2) and interferon-y (IFN-y), thus strengthening innate

immune defenses and pathogen clearance.



® In contrast, during immune overactivation (as observed in chronic inflammation,

autoimmune diseases, or post-infectious hyper-inflammation), propolis inhibits the

NF-kB, MAPK, and NLRP3 pathways, thereby reducing the release of pro-

inflammatory cytokines such as tumor necrosis factor-a (TNF-a), IL-13, and IL-6, and

preventing tissue injury caused by uncontrolled inflammation.

This dual capacity for “moderate immune activation and suppression of hyper-

responsiveness” defines propolis as a nutraceutical regulator of immune homeostasis.

In infectious diseases, propolis demonstrates systemic defensive advantages that

operate through three coordinated dimensions:

® Direct antimicrobial activity: Compounds such as caffeic acid phenethyl ester

(CAPE), artepillin C, and galangin exhibit antibacterial, antiviral, and antifungal

properties by disrupting microbial membranes, nucleic acid replication, and protein

synthesis.

® Immuno-enhancement coupled with anti-inflammatory defense: In the early phase of

infection, propolis promotes phagocyte activation and cytokine release, enhancing

immune recognition efficiency; in the later phase, it limits inflammatory cascades and

oxidative injury, thereby preventing immune-mediated tissue damage.

® Antioxidant and cytoprotective effects: By activating the Nrf2 signaling pathway,

propolis upregulates antioxidant enzymes such as heme oxygenase-1 (HO-1),



superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px), protecting host

cells from infection-induced apoptosis and mitochondrial dysfunction.

From a systems physiology perspective, propolis exerts its immune-protective function

through an integrated immune-inflammatory-oxidative tri-axis model:

® The antioxidant axis mitigates overactivation of immune cells.

® The anti-inflammatory axis suppresses cytokine storms.

® The immune-restorative axis re-establishes phagocytic and adaptive immune

competence.

This systemic mode of action differs fundamentally from that of antibiotics or immune

stimulants; rather than targeting single mechanisms, propolis restores physiological

defense equilibrium across multiple networks.

Recent experimental and clinical studies consistently confirm these effects. In infectious

conditions such as influenza, upper respiratory infections, Helicobacter pylori infection,

fungal diseases, and COVID-19-related immune stress, propolis supplementation has

been shown to reduce viral replication rates, shorten symptom duration, attenuate

inflammatory cytokine levels, and enhance immune cell counts and antibody responses.

Accordingly, this chapter explores the molecular mechanisms and clinical implications of

propolis in immune regulation and infectious disease prevention from the integrated



perspective of systems immunology and nutritional pharmacology. The discussion is

organized as follows:

® Activation and regulation of innate immunity: Mechanistic insights into how propolis

activates macrophages, dendritic cells, and NK cells through key signaling

pathways.

® Balancing of adaptive immune responses: The effects of propolis on T- and B-cell

differentiation and modulation of the Th1/Th2 and Th17/Treg axes.

® Antiviral and antibacterial defense mechanisms: Molecular actions of propolis

against common viral, bacterial, and fungal pathogens.

® Post-infectious inflammation and immune dysregulation: The role of propolis in

inflammation resolution, immune reconstruction, and tissue repair.

® (Clinical applications and future perspectives: Human evidence and translational

prospects for propolis as a nutritional immune-modulator.

Through this framework, Keyora elucidates how propolis functions as a natural immune

signaling complex capable of achieving continuous “defense enhancement, inflammation

control, and homeostatic restoration” within the immune network - representing a next-

generation functional intervention bridging immunology and nutritional science.

1) Activation and Regulation of Innate Immunity by Propolis



The innate immune system represents the body’s first line of defense against invading
pathogens, characterized by rapid recognition and response to pathogen-associated
molecular patterns (PAMPs).

A healthy innate immune response requires a dynamic equilibrium between “immune
vigilance and homeostatic restraint” - insufficient activation increases susceptibility to
infection, whereas excessive activation leads to tissue injury and inflammatory

dysregulation.

Propolis, as a multi-component natural complex, modulates innate immunity through
multi-pathway regulation of cellular signaling, energy metabolism, and inflammatory
feedback, thereby achieving bidirectional immune-regulation. This means that propolis
can both enhance immune responsiveness under suppressed conditions and restrain

hyperactivation under inflammatory stress, restoring balance to the immune network.

Its regulatory effects primarily involve three mechanistic layers:

® Pattern recognition and signaling modulation: Polyphenols in propolis, particularly
caffeic acid phenethyl ester (CAPE) and quercetin, influence Toll-like receptor (TLR)
signaling, reducing overactivation of downstream MyD88-NF-kB pathways while
maintaining sufficient responsiveness to microbial PAMPs such as LPS and -
glucan.

® Macrophage activation and polarization: Propolis enhances the phagocytic capacity

and ROS-scavenging efficiency of macrophages, promotes moderate production of



nitric oxide (NO) and cytokines (IL-6, IL-12), and drives a balanced transition
between pro-inflammatory (M1) and anti-inflammatory (M2) phenotypes, ensuring
both pathogen clearance and inflammation resolution.

® Metabolic adaptation of innate immune cells: By activating the AMPK-SIRT1 energy
axis, propolis restores mitochondrial function and prevents metabolic exhaustion in
innate immune cells during sustained infection or oxidative stress. This effect
supports the energy-demanding process of phagocytosis while limiting excessive

glycolytic reprogramming that leads to chronic inflammation.

In summary, propolis serves as a physiological immune calibrator for the innate immune
system - enhancing defensive readiness when immunity is low and attenuating
hyperactivation when inflammation is excessive.

Through its combined effects on signaling balance, metabolic regulation, and cellular
redox control, propolis maintains innate immune homeostasis and supports the body’s

capacity for efficient, self-limiting immune defense.

1.1)  Activation and Functional Balance of Macrophages

Macrophages are the central effector cells of innate immunity, responsible both for
pathogen clearance via phagocytosis and for the regulation of inflammatory mediators.
The modulatory effects of propolis on macrophages follow a dynamic pattern of

“activation-limitation-repair.”



Under states of immune hypo-responsiveness, propolis enhances macrophage vigilance

by upregulating Toll-like receptor (TLR2/TLR4) signaling and activating the PI3K/Akt

pathway. Its active compounds - caffeic acid phenethyl ester (CAPE), quercetin, and

kaempferol - induce a mild activation of NF-kB, leading to controlled release of IL-1j3, IL-

6, and TNF-a. This moderate cytokine response increases pathogen recognition, antigen

presentation, and microbial clearance efficiency without causing excessive inflammation.

Conversely, in conditions of immune hyperactivation, propolis exerts negative feedback

regulation by inhibiting IKK phosphorylation, preventing excessive nuclear translocation

of NF-kB, and activating the Nrf2-HO-1 antioxidant pathway to suppress ROS

overproduction. Simultaneously, propolis promotes the polarization shift from pro-

inflammatory M1 macrophages to reparative M2 phenotypes through upregulation of Arg-

1, IL-10, and TGF-B expression.

Through this adaptive, bidirectional regulation, propolis enhances the initiation efficiency

of immune responses during infection while preventing chronic inflammation-induced

tissue damage. It thus serves as a physiological modulator that restores macrophage

homeostasis within the innate immune system.

1.2) Regulation of Dendritic Cell Maturation and Antigen Presentation

Dendritic cells (DCs) act as the critical bridge between innate and adaptive immunity.

Their maturation status determines both the strength and polarity of T-cell-mediated



responses. Propolis fine-tunes DC activation by modulating signaling cascades and
cytokine profiles, thereby maintaining a balance between immune activation and immune

tolerance.

Polyphenolic compounds in propolis induce moderate upregulation of co-stimulatory
molecules (CD80, CD86) and MHC-II expression, enhancing antigen presentation and
improving the recognition sensitivity of viral and bacterial antigens. At the same time,
propolis restrains excessive DC maturation through the PI3K/Akt-mTOR pathway,

thereby preventing an overactive Th1 response and the onset of cytokine storms.

CAPE has been shown to increase controlled secretion of IL-12 and IFN-, supporting
antiviral immunity, while suppressing excessive release of IL-6 and IL-23, thereby
maintaining immune balance. Additionally, propolis strengthens the antioxidant defense
capacity of DCs, stabilizing cellular membranes and mitigating endoplasmic reticulum

stress - factors that prolong DC functionality.

Collectively, these mechanisms position propolis as a mild immune-stimulant during
immune initiation and a homeostatic regulator during immune overload, reflecting its

dynamic adaptability in immune modulation.

1.3) Enhancement of Natural Killer (NK) Cell Function and Immune Surveillance

Natural killer (NK) cells are pivotal effector cells in innate immunity, responsible for the

early elimination of virus-infected and malignant cells. Propolis enhances NK-cell



activation through the IL-2-STAT5 and IFN-y-JAK1/2 signaling axes, leading to improved

cytotoxic and interferon responses.

Its polyphenolic components promote the production of IL-12, IL-15, and IL-18, which in

turn upregulate perforin, granzyme B, and IFN-y expression, thereby amplifying cytotoxic

efficiency during the early phase of infection. Concurrently, activation of the AMPK-

SIRT1 metabolic pathway improves mitochondrial bioenergetics and prevents immune

exhaustion, maintaining sustained NK-cell activity under prolonged immune challenge.

In later stages of inflammation or infection recovery, propolis attenuates excessive NK

activation by downregulating activating receptors such as NKG2D, preventing collateral

tissue damage. This “early activation, later regulation” pattern underscores propolis’s

time-dependent and feedback-stabilizing characteristics in immune signaling.

1.4) Coupling Between Energy Metabolism and Immune Effector Function

The regulatory effects of propolis on innate immunity are tightly linked to immune-

metabolic reprogramming. During the activation phase, propolis promotes glycolysis and

glutamine metabolism to meet rapid ATP demands; during the resolution phase, it

activates the AMPK-PGC-1a pathway to enhance fatty acid oxidation and oxidative

phosphorylation, thereby maintaining long-term immune resilience.

This metabolic flexibility ensures efficient energy allocation across different immune

stages. By increasing the NAD*/NADH ratio, propolis activates SIRT1 deacetylase



activity, redirecting macrophage and DC metabolism from a pro-inflammatory to a

reparative phenotype. This transition reduces metabolic stress and supports sustained

immune tolerance and tissue repair.

1.5)  Systemic Significance and Nutritional Pharmacology Insights

The central significance of propolis in innate immune regulation lies in its ability to

integrate immune activation and homeostatic reconstruction within a unified signaling

framework. Rather than merely stimulating or suppressing the immune system, propolis

orchestrates a phase-dependent regulatory sequence:

® Early immune phase: mild TLR and NF-kB activation enhances pathogen defense.

® Intermediate phase: Nrf2-HO-1 activation buffers oxidative and inflammatory stress.

® Resolution phase: AMPK-SIRT1 axis restores metabolic energy and supports tissue

repair.

This continuous cascade defines propolis as a systemic immune-modulating

nutraceutical, capable of strengthening host defense while preventing immune

overactivation. Its self-limiting feedback mechanism ensures both efficacy and safety,

positioning propolis as a sustainable nutritional strategy for managing chronic

inflammatory and infectious conditions.

2) Balanced Regulation of Adaptive Inmune Responses by Propolis



Adaptive immunity provides precise pathogen-specific defense and long-term immune

memory, primarily mediated by the coordinated function of T cells and B cells. However,

under conditions of chronic inflammation, infection, or metabolic dysfunction, the adaptive

immune system often exhibits bidirectional imbalance:

® On one hand, excessive activation of Th1 or Th17 subsets drives tissue injury and

autoimmunity.

® On the other, insufficient Treg or Th2 activity weakens immune tolerance and

resolution capacity.

Through its rich profile of polyphenolic compounds and the synergistic anti-oxidative—anti-

inflammatory mechanism, propolis restores adaptive immune equilibrium on both the

signaling and metabolic levels, achieving moderation of immune activation and

reversibility of immune suppression.

2.1) Regulation of T-Cell Differentiation and Effector Subsets

Propolis modulates T-cell differentiation primarily through the regulation of transcription

factors and intracellular signaling cascades. Its key bioactive components—caffeic acid

phenethyl ester (CAPE), quercetin, and kaempferol—affect Th-cell lineage commitment

at multiple levels:

® Inhibition of proinflammatory Th1/Th17 activation:



Propolis suppresses STAT1 and T-bet activation, thereby reducing IFN-y and TNF-a

expression and preventing Th1 hyperactivation. Simultaneously, it downregulates RORyt

and IL-17A, disrupting Th17-driven chronic inflammation. CAPE attenuates NF-kB—

mediated transcription and limits upstream IL-6/IL-23 signaling, further restraining Th17

polarization.

® Promotion of anti-inflammatory Th2 and regulatory T-cell (Treg) differentiation:

Quercetin and kaempferol enhance STAT6 and Foxp3 activation, driving Th2 and Treg

lineage commitment. Th2 cells secrete IL-4 and IL-13, suppressing macrophage-

mediated inflammation, while Treg cells release IL-10 and TGF-§ to maintain immune

tolerance and tissue repair.

® Restoration of Th1/Th2 and Treg/Th17 balance:

Through integrated modulation of these signaling axes, propolis shifts the immune

response from a pro-inflammatory state toward a balanced defense-repair mode,

improving both the precision and energy efficiency of adaptive immune responses.

2.2) Regulation of B-Cell Activation and Antibody Production

Propolis exerts a dual-phase regulation on B cells: stimulating humoral immunity in early

defense while preventing excessive activation in chronic or autoimmune states.



Flavonoids in propolis enhance IL-4 and IL-21 signaling, promoting B-cell differentiation
into plasma cells and increasing IgG and IgA production—thereby strengthening both
mucosal and systemic immunity. Concurrently, propolis inhibits BAFF (B-cell activating
factor) and NF-kB—driven overactivation, preventing pathological B-cell proliferation in

autoimmune conditions.

Furthermore, by activating HO-1, propolis improves the antioxidant status of B cells,
preserves cell viability, and enhances antibody quality, thereby delaying immune-

senescence and maintaining long-term immune competence.

2.3) T-Cell Metabolic Reprogramming and Energy Homeostasis

Beyond signaling regulation, propolis reshapes the metabolic landscape of adaptive

immune cells.

During early immune activation, it promotes glycolysis and glutamine utilization to meet
the rapid energy demand for proliferation and cytokine synthesis. During the resolution
and memory phases, propolis activates the AMPK-SIRT1-PGC-1a pathway to enhance
fatty acid oxidation and mitochondrial metabolism, supporting long-term survival of

memory T cells.

This metabolic phase transition ensures efficient yet sustainable immune responses and
prevents metabolic exhaustion. By increasing NAD* levels, promoting mitochondrial

biogenesis, and maintaining ROS equilibrium, propolis enhances both memory T-cell



persistence and Treg functionality, establishing the energetic foundation for immune

tolerance and durable defense against reinfection.

2.4) Regulation in Immune Dysregulation and Autoimmune Conditions

The immune-balancing effects of propolis have been validated across multiple models of

immune dysfunction.

In rheumatoid arthritis and autoimmune hepatitis, propolis decreases the Th17/Treg ratio,

suppresses IL-17 and TNF-a signaling, and mitigates tissue inflammation. In allergic

disorders, it upregulates IL-10 while downregulating IL-5 and IL-13, thereby suppressing

IgE overproduction and alleviating hypersensitivity reactions. In chronic viral infections

and immune-senescence, propolis reactivates IL-2-STATS signaling, restoring T-cell

proliferation and effector function.

Collectively, these findings demonstrate that propolis achieves state-specific immune

rebalancing by precisely modulating transcriptional and cytokine networks across disease

contexts.

2.5) Systemic Integration and Nutritional Pharmacology Insights

The role of propolis in adaptive immunity can be summarized as a triadic regulation of

signaling, metabolism, and immune function:



® Signaling level: Coordination of NF-kB, STAT, and Foxp3 pathways to regulate Th

differentiation and immune tolerance.

® Metabolic level: Activation of the AMPK-SIRT1-PGC-1a axis to restore cellular

energy metabolism and support immune memory.

® Functional level: Synergistic anti-inflammatory and antioxidant effects to prevent

immune overactivation-induced tissue damage.

Therefore, the immune-pharmacological action of propolis is not simply “stimulatory” or

“suppressive,” but represents a context-dependent intelligent regulation aligned with

physiological needs. It embodies the central principle of modern nutritional immunology -

restoring immune self-organization through signal remodeling and metabolic rebalance.

Propolis thus stands as a nutritional immune-homeostatic modulator, capable of

enhancing immune defense while preventing pathological inflammation, providing both

theoretical and practical foundations for long-term dietary intervention in infectious,

autoimmune, and age-related immune disorders.

3) Antiviral and Antibacterial Defense Mechanisms of Propolis

Propolis is distinguished among natural bioactive substances for its broad-spectrum

antimicrobial capacity, demonstrating significant protective effects across viral, bacterial,

and fungal infection phases. Its defensive action is not limited to direct chemical inhibition

but reflects a multi-axis cooperative mechanism that operates through:



® Direct interference with pathogen structure and replication systems.
® Regulation of host antiviral and antibacterial signaling pathways.
® Coordination of immune activation and anti-inflammatory balance to form a closed

host defense loop.

This three-dimensional integrated defense model grants propolis its dual role as both a

natural immune enhancer and a pathogen barrier modulator.

3.1)  Antiviral Mechanisms:

Full-Phase Defense from Viral Entry fo Replication Inhibition

The antiviral activity of propolis unfolds through three principal stages:

® Blocking viral attachment and entry:

Polyphenols and phenolic acids in propolis directly bind to viral surface glycoproteins or
host receptors, interfering with early recognition and attachment. Caffeic acid phenethyl
ester (CAPE) binds to the hemagglutinin (HA) of influenza virus, preventing its interaction
with sialic acid receptors on host cells, thus significantly reducing infection rates.
Quercetin and artepillin C have been shown to downregulate ACE2 and TMPRSS2

expression, potentially obstructing coronavirus entry.

® Inhibition of viral replication and transcription:



Propolis suppresses viral RNA polymerase and reverse transcriptase activity, disrupting
viral genome replication. CAPE inhibits the IKK/NF-kB signaling pathway, preventing
viruses from exploiting host inflammatory responses to enhance replication. Quercetin
can also bind to viral non-structural proteins (e.g., 3CLpro, RdRp) to block replication
complex assembly. Significant inhibitory effects have been observed against herpes

simplex virus, influenza virus, dengue virus, and SARS-CoV-2.

® Enhancement of host antiviral immunity:

Propolis upregulates the type | interferon (IFN-a/B) pathway and induces expression of
antiviral genes such as OAS, Mx1, and ISG15, thereby strengthening intracellular
antiviral defense. Its antioxidant properties suppress infection-induced mitochondrial

ROS bursts, preventing cell death and immune exhaustion.

Altogether, propolis establishes a comprehensive “barrier-replication inhibition-immune

enhancement” defense circuit.

3.2)  Antibacterial Mechanisms: Dual Action via Structural Damage and Metabolic

Disruption

The antibacterial effects of propolis rely on the synergistic action of its polyphenolic and

terpenoid constituents.

@ Structural disruption of bacterial membranes and walls:



Artepillin C and galangin integrate into bacterial lipid bilayers, altering membrane

permeability and causing ion leakage, leading to energy depletion and bacterial death.

Scanning electron microscopy has revealed cell wall collapse and surface deformation in

Gram-positive bacteria such as Staphylococcus aureus.

® Metabolic and energy suppression:

Propolis inhibits bacterial DNA topoisomerase and RNA polymerase activities, interfering

with nucleic acid metabolism, while reducing tricarboxylic acid (TCA) cycle enzyme

activity (e.g., succinate dehydrogenase), impairing energy production. Its flavonoid

compounds also suppress quorum sensing pathways, decreasing virulence factor (LasB,

rhlAB) expression and biofilm formation, thereby mitigating chronic infection and

antibiotic resistance.

® Sensitization of antibiotic-resistant strains:

By inhibiting efflux pumps and membrane channel proteins, propolis restores antibiotic

susceptibility in resistant bacteria. Co-administration of propolis with B-lactams or

tetracyclines markedly lowers the minimum inhibitory concentration (MIC) of resistant

strains, suggesting strong chemo-sensitizing potential.

3.3) Antifungal and Biofilm-Inhibiting Activity



Propolis also exhibits potent antifungal effects. Its flavonoids suppress B-glucan

synthesis in the cell walls of Candida and Aspergillus species, inhibiting hyphal formation.

Moreover, propolis disrupts ergo-sterol metabolism and ROS homeostasis in fungal

membranes, triggering apoptosis-like death.

Importantly, propolis prevents the formation of mixed bacterial-fungal biofilms, reducing

chronic co-infection risks in oral, cutaneous, and respiratory systems.

3.4) Activation of Host Defense Signaling and Immune Synergy

Beyond its direct antimicrobial effects, propolis strengthens host immune responses to

enhance overall pathogen clearance. It activates macrophage phagocytic activity and

NADPH oxidase, promoting the production of nitric oxide (NO) and antimicrobial peptides

such as defensins and cathelicidins. Additionally, through regulation of the NF-kB and

IRF3 pathways, propolis increases IFN- and IL-12 expression, enhancing antiviral

communication between immune cells.

This mechanism is particularly beneficial in immune-compromised populations (e.g.,

elderly or chronically infected individuals), helping restore early immune recognition and

pathogen clearance.

3.5) Anti-Inflammatory and Antioxidant Synergy: Preventing Post-Infection Tissue

Damage



A defining feature of propolis in infectious disease contexts is its ability to eliminate

pathogens while protecting host tissues. In later stages of infection, pathogen clearance

often triggers hyper-inflammation and oxidative storms, causing tissue injury and fibrosis.

Propolis mitigates this by activating the Nrf2-HO-1 pathway, boosting the activity of

antioxidant enzymes (SOD, GSH-Px, CAT) and suppressing NLRP3 inflammasome

activation, thereby reducing excessive IL-1B and IL-18 release.

This mechanism maintains an “immune safety boundary” during pathogen control,

preventing defensive responses from escalating into tissue-destructive inflammation.

3.6) Systemic Integration: A Multi-Axis Infection Defense Model

The integrated action of propolis in infection control can be conceptualized as a three-

axis defense model:

® Pathogen inhibition axis: Direct suppression of viral replication and bacterial

metabolism.

® Immune regulation axis: Enhancement of host defense through IFN, IL-12, and TLR

pathways.

® Inflammation—oxidation control axis: Prevention of post-infection hyper-inflammation

and oxidative injury.



These axes interact synergistically to create a closed loop of infection control,

inflammation resolution, and tissue protection, positioning propolis as a natural

nutraceutical complex that enhances immunity while maintaining homeostasis.

3.7)  Clinical and Experimental Evidence

Extensive studies have confirmed propolis’s inhibitory effects on multiple viruses

including influenza virus, HSV, SARS-CoV-2, and dengue virus. Clinical trials

demonstrate that propolis supplementation shortens the duration of upper respiratory

infections, reduces fever and cough persistence, and lowers recurrence rates. In

bacterial infection models, propolis decreases bacterial load, enhances antibiotic efficacy,

and shows promising potential against drug-resistant pathogens.

3.8) Nutritional Pharmacology Implications

Propolis’s anti-infective efficacy represents more than a “natural antibiotic”; it functions as

a systemic immuno-inflammatory-oxidative regulator. By restoring host defense signaling,

maintaining inflammatory control, and enhancing antioxidant capacity, propolis achieves

systemic homeostatic protection during infection.

Hence, propolis signifies a paradigm shift from “chemical antibacterial” toward “immune

ecological modulation”, suggesting that future dietary interventions for infection

prevention can achieve safer, longer-lasting, and physiologically compatible defense

through system-level signal integration.



4) Restorative Effects of Propolis on Post-Infection Inflammation and Immune

Dysregulation

The inflammatory response following infection is a “double-edged sword”: while acute
inflammation assists in pathogen clearance, failure to resolve it in time leads to chronic
inflammation and immune dysregulation.

The unique therapeutic value of propolis during this recovery phase lies in its ability not
only to suppress inflammatory propagation, but also to activate resolution programs,
rebuild immune tolerance, and promote tissue repair - achieving a physiological transition

from “immune defense” to “immune restoration.”

4.1) Re-initiation of Resolution Signaling and Mediator Transition

Resolution of inflammation is not a passive cessation but an actively regulated program
controlled by specialized pro-resolving mediators (SPMs). Propolis participates in this

programmed resolution process through multiple pathways:

® Activation of the Nrf2-HO-1-SOD antioxidant signaling axis: Polyphenols in propolis
enhance antioxidant enzyme activity, reduce ROS-mediated damage to cellular
membranes and mitochondria, and prevent self-amplification of inflammatory
signals.

® Inhibition of NF-kB and NLRP3 inflammasome activation: Caffeic acid phenethyl

ester (CAPE) and artepillin C suppress NF-kB nuclear translocation, block IKK



phosphorylation, and reduce TXNIP-NLRP3 binding, thereby limiting IL-13 and IL-18

release to terminate pro-inflammatory signaling.

® Facilitation of the pro- to pro-resolving mediator transition: Propolis upregulates 15-

lipoxygenase (15-LOX) expression, promoting the biosynthesis of resolvins,

protectins, and maresins, which inhibit neutrophil infiltration and stimulate

macrophage efferocytosis of apoptotic cells - key hallmarks of inflammation

resolution.

Thus, at the molecular level, propolis initiates a programmed inflammation termination

cascade, marking the shift from pro-inflammatory signaling to homeostatic restoration.

4.2) Immune Reconstruction: From Hyperactivation to Tolerance Recovery

Late-stage infection is frequently accompanied by immune imbalance characterized by T-

cell exhaustion, macrophage polarization defects, and cytokine overproduction. Propolis

restores immune homeostasis through both signaling and metabolic pathways:

® Reestablishment of Treg-mediated immune tolerance: Propolis activates Foxp3 and

IL-10 signaling, expanding regulatory T-cell populations to suppress excessive

Th1/Th17 responses, thereby restoring tolerance to self-antigens and chronic

inflammation.

® Rebalancing macrophage polarization: Through the AMPK-SIRT1 axis, propolis

promotes the shift from pro-inflammatory M1 to reparative M2 macrophages,



enhancing secretion of IL-10 and TGF-f3 to support tissue healing and fibrosis
modulation.

® Metabolic re-equilibration: By activating PGC-1a and mitochondrial biogenesis
genes, propolis optimizes energy metabolism in immune cells, shifting them from
glycolytic dependence toward fatty acid oxidation and oxidative phosphorylation,

supporting efficient immune recovery.

These processes collectively endow propolis with the characteristics of a functional

immune corrector, capable of guiding the immune system back to balance after infection.

4.3) Tissue Repair and Micro-environmental Remodeling

Beyond immune regulation, propolis directly contributes to tissue regeneration and

structural recovery:

® Induction of growth factor expression: Propolis upregulates VEGF, FGF, and TGF-,
enhancing angiogenesis and re-epithelialization.

® Suppression of fibrosis and tissue hardening: In chronic infection or hepatic injury
models, propolis downregulates the TGF-31/Smad3 pathway, reducing collagen
deposition and fibroblast activation to prevent fibrotic transformation.

® Restoration of barrier integrity: By promoting tight junction proteins (ZO-1, occludin)
and adhesion molecules (E-cadherin), propolis rebuilds epithelial and endothelial

barrier function, preventing secondary pathogen invasion.



Through these mechanisms, propolis exerts dual restorative effects at the immune and

tissue levels - simultaneously suppressing pathological signaling and reestablishing

structural and functional homeostasis.

4.4) Regulation within the Neuroendocrine-Immune Interface

Post-infectious inflammation often activates the neuroendocrine axis, particularly the

hypothalamic—pituitary—adrenal (HPA) axis. Propolis mitigates stress-induced immune

suppression by attenuating excessive cortisol secretion and normalizing hypothalamic

CRH levels. CAPE has been shown to modulate NF-kB and BDNF expression in the

hippocampus, reducing inflammation-associated neurotoxicity and restoring balance

within the inflammation—-neuro-immune tri-axis. This mechanism is especially relevant to

post-infectious syndromes and Post-COVID-19 Syndrome, where prolonged immune

activation and neuroendocrine dysregulation coexist.

4.5) Systemic Integration:

The Multi-Axis Model of Post-Infection Immune Repair

The restorative actions of propolis during the post-infection phase can be summarized

across three interlinked dimensions:

® Signal Axis:



Inhibition of NF-kB and NLRP3, activation of Nrf2 and HO-1, ensuring proper termination

of inflammatory signaling.

® |Immune Axis:

Enhancement of Treg functionality and rebalancing of macrophage polarization.

® Tissue Axis:

Promotion of growth factor expression and barrier reconstruction, preventing fibrosis and

maintaining tissue integrity.

Together, these axes form an integrated systemic immune repair framework,

transforming inflammation from a destructive to a regenerative process, thereby

achieving a physiological continuum of inflammation resolution - immune rebalancing -

tissue regeneration.

4.6) Nutritional Pharmacology Implications

Propolis represents a non-pharmacological yet systemically restorative nutritional

intervention for post-infection immune imbalance. Rather than suppressing immunity, it

re-empowers immune function through the integrated modulation of signaling,

metabolism, and tissue repair.



Hence, propolis can be defined as a transitional systemic nutraceutical - one that

facilitates the shift from anti-inflammation to resolution, immune activation to tolerance

restoration, and tissue protection to regeneration.

This positions propolis as a pivotal agent bridging immune defense and recovery, offering

a blueprint for next-generation nutritional immunotherapy.

5) Clinical Applications and Future Directions of Propolis

As a multifunctional natural compound, propolis has evolved from a traditional health

supplement into a nutritional pharmacology agent with significant clinical potential, owing

to its multi-axis actions in anti-infection, anti-inflammation, immune modulation, and

tissue repair. In recent years, both population and clinical studies have revealed broad

application prospects for propolis, particularly in respiratory infections, metabolic

inflammation, immune dysfunction, and chronic post-viral syndromes such as Post-

COVID-19 Syndrome.

5.1) Clinical Evidence in Respiratory and Viral Infections

The antiviral benefits of propolis were first validated in the context of respiratory tract

infections. Randomized controlled trials (RCTs) have shown that oral propolis

formulations significantly shorten the duration of common cold and influenza, while

reducing the persistence of fever, cough, and sore throat. Mechanistically, propolis



modulates IFN-y, IL-1B, and IL-6 levels, thereby enhancing antiviral immunity without

triggering cytokine storm.

In COVID-19-related studies, propolis supplementation lowered C-reactive protein (CRP)

and D-dimer concentrations, improved oxygenation index, and reduced hospitalization

time. Its antiviral efficacy is attributed to inhibition of ACE2-TMPRSS2-mediated viral

entry and suppression of viral replication pathways. Furthermore, propolis exhibits

replication-inhibitory effects against dengue virus, herpes simplex virus (HSV), and

influenza, underscoring its broad-spectrum antiviral potential.

5.2) Adjunctive Role in Bacterial and Fungal Infections

Propolis has demonstrated significant adjunctive antibacterial activity against bacterial

infections, particularly those affecting the upper respiratory tract and oral cavity. In clinical

trials involving chronic tonsillitis, pharyngitis, and periodontitis, propolis sprays or mouth

rinses markedly reduced bacterial load and inflammation. These effects result from

inhibition of biofilm formation, interference with quorum sensing, and enhancement of

phagocytic activity in host cells.

In fungal infections such as candidiasis, propolis reduces hyphal formation and inhibits (3-

glucan synthesis; topical applications significantly alleviate mucocutaneous symptoms

and recurrence. Collectively, these findings highlight propolis as an adjunct antimicrobial



agent, offering both synergy with antibiotics and a potential alternative in the face of

rising antimicrobial resistance.

5.3) Regulation of Immune Function and Chronic Inflammatory States

Clinical studies in various populations have confirmed that propolis can restore immune

responsiveness in immunocompromised or chronically inflamed states:

® In elderly individuals, propolis supplementation enhances NK cell activity and serum

IgA, reducing susceptibility to respiratory infections.

® |n patients with diabetes or metabolic syndrome, propolis lowers IL-6 and TNF-a

levels, improves insulin sensitivity, and mitigates oxidative stress.

® In populations experiencing chronic stress or fatigue, propolis modulates the HPA

axis, normalizing cortisol secretion and restoring immune homeostasis.

These effects indicate that propolis possesses an immune reprogramming capacity,

capable of adapting its immunomodulatory direction - enhancing or suppressing

responses - based on physiological need, while maintaining excellent safety and

personalization potential.

5.4) Clinical Potential in Post-Infectious Syndromes and Inflammation-Related Repair

In post-infectious syndromes characterized by chronic fatigue, neuro-inflammation, or

immune exhaustion, propolis demonstrates distinctive pro-resolving and immune-



restorative properties. Clinical studies show that propolis supplementation reduces

oxidative stress, decreases IL-1B and IL-18, activates the Nrf2-HO-1 pathway, and

increases the Treg/T-effector cell ratio.

In Post-COVID-19 Syndrome interventions, combined supplementation of propolis, zinc,

and quercetin significantly alleviated symptoms such as fatigue, brain fog, and sleep

disturbances. These findings suggest that propolis plays an integral role in restoring the

inflammation-immune—neuro axis, positioning it as a promising agent for long-term

recovery from viral sequelae.

5.5) Safety and Long-Term Intake Assessment

As a naturally derived bio-complex, propolis demonstrates an excellent safety profile in

human studies. Multiple RCTs and observational trials have reported that daily intake of

300-900 mg propolis extract for 8-12 weeks causes no major adverse effects, with only

mild gastrointestinal discomfort or rare allergic reactions in a small subset of individuals.

Toxicological studies confirm that propolis has a high LDso, well above typical dietary

exposure levels, and exhibits no mutagenic, hepatic, or renal toxicity. Hence, propolis is

considered a safe long-term dietary component for immune modulation and infection

prevention, particularly in individuals with immune suppression, chronic inflammation, or

suboptimal health conditions.

5.6) Future Research Directions



Future research on propolis should focus on four strategic areas:

® Standardization and Purity Control: Due to variability in botanical sources,

standardized raw material traceability and quantification of active components (e.g.,

CAPE, artepillin C, quercetin) are essential for establishing global quality

benchmarks.

® Mechanistic Stratification: Investigations should elucidate the cross-regulatory roles

of propolis within the immune-metabolic-neuro network, focusing on key nodes in

inflammation resolution, mitochondrial signaling, and metabolic reprogramming to

facilitate its transition from functional food to pharmacological nutraceutical.

® Combinatorial Nutritional Strategies: Synergistic formulations combining propolis

with zinc, vitamin C, quercetin, and probiotics could realize multi-axis defense

synergy, enhancing infection control and immune restoration outcomes in clinical

nutrition.

® Precision Nutrition and Population Typing: With advances in metabolomics and

immunomics, establishing biomarker-based response profiles will enable

personalized nutritional protocols tailored to immune phenotypes (e.g., chronic

inflammatory vs. hypo-responsive types).

5.7)  Summary: Clinical Nutritional Positioning of Propolis

The clinical significance of propolis can be summarized across three interdependent

layers:



® Defensive: Enhances immune vigilance and anti-infective capacity.
® Regulatory: Suppresses hyper-inflammation and promotes inflammation resolution.

® Restorative: Facilitates tissue regeneration and homeostatic recovery.

Thus, propolis represents a next-generation nutritional pharmacology complex,
transitioning from traditional “anti-inflammatory and anti-infective” roles to a systemic
immune modulation and repair paradigm. Moving forward, propolis is poised to become a
core dietary factor in immune homeostasis reconstruction, providing a safe, long-term,
and system-oriented nutritional strategy for infectious diseases, immune aging, and post-

inflammatory recovery.

6) Synergistic Intervention Mechanisms of Propolis with Folic Acid, Garlic Extract, and

Onion Extract

Propolis inherently possesses multi-dimensional nutritional pharmacology properties,
spanning oxidative defense, inflammatory control, immune homeostasis, and metabolic
restoration. When combined with folic acid, garlic extract, and onion extract, these
components form a four-axis interactive model - antioxidant-one-carbon metabolism-
sulfur metabolism—immune integration - that exhibits enhanced biological efficacy across

the cardiovascular, metabolic, and immune systems.

6.1)  Folic Acid and Propolis: Metabolic—Inflammatory Complementarity



One-Carbon Metabolism and Methyl Cycle Synergy

Folic acid facilitates methyl-group transfer in the one-carbon cycle, maintaining DNA
methylation and homocysteine (Hcy) balance. Propolis complements this by suppressing
Hcy-ROS-NF-kB activation through its anti-oxidative and anti-inflammatory actions,

thereby reducing endothelial dysfunction and chronic inflammation.

Mitochondrial Metabolism and Energy Stability

While propolis activates the AMPK-SIRT1-PGC-1a energy axis, folic acid enhances
NADPH production and glutathione synthesis, supporting antioxidant defenses. This
“energy-redox” dual pathway complementarity enables cells to sustain metabolic stability

and DNA repair capacity under oxidative load.

Gene Expression and Epigenetic Regulation

Folic acid suppresses pro-inflammatory gene transcription (e.g., /L-6, TNF-a) via DNA
methylation, whereas propolis upregulates antioxidant genes through Nrf2 activation.
Together they form a “methylation—antioxidation coupling layer,” preventing epigenetic

imprinting of inflammation.

6.2) Garlic Extract and Propolis: Sulfur Metabolism-Immune Synergy

Sulfide Signaling and Anti-Inflammatory Defense
Garlic extract, rich in allicin and its derivatives (e.g., S-allyl-cysteine), releases hydrogen

sulfide (H2S) in vivo, activating Nrf2 and inhibiting NF-kB. This complements the actions



of propolis constituents like CAPE and artepillin C, producing a bidirectional anti-

inflammatory synergy. Together, H=S and polyphenols reinforce antioxidant enzyme

systems, building a robust intracellular ROS defense barrier.

Immune Regulation and Macrophage Polarization

Allicin promotes M2 macrophage polarization, while propolis simultaneously enhances IL-

10 and TGF-3 expression and suppresses the Th17-IL-17 inflammatory axis. This joint

modulation restores immune tolerance and prevents the chronic perpetuation of post-

infectious inflammation.

Lipid Metabolism and Cardiovascular Protection

Propolis promotes fatty acid oxidation through AMPK-CPT1, whereas allicin inhibits

HMG-CoA reductase, reducing cholesterol synthesis. This “energy expenditure—-synthesis

inhibition” dual regulation produces a strong synergistic effect in atherosclerosis

prevention.

6.3) Onion Extract and Propolis: Flavonoid—Thiosulfinate Signal Interaction

Quercetin Complementarity

Onion is a natural source of quercetin, which complements flavonoids in propolis

(quercetin, kaempferol, rutin), collectively forming a multi-layer antioxidant network.

Together, they activate the Nrf2-ARE pathway, suppress NF-kB and COX-2, and

significantly enhance anti-inflammatory and cytoprotective efficacy.



Antiplatelet and Vascular Protection Effects

Onion-derived thiosulfinates (S-methyl-cysteine sulfoxide) inhibit platelet aggregation. In

synergy with propolis’s anti-oxidative effects, they help maintain endothelial function and

reduce thrombosis risk.

Gut Barrier and Metabolic Defense

Onion polyphenols improve intestinal epithelial tight-junction integrity, while propolis

repairs mucosal barriers and reduces endotoxin translocation. This joint action prevents

gut-derived inflammation, offering systemic defense against chronic metabolic and

immune disorders.

6.4) Systems-Level Synergy of Propolis, Folic Acid, Garlic, and Onion

The combined intervention of propolis, folic acid, garlic extract, and onion extract

establishes four major complementary biological axes:

® Antioxidant-Sulfur Metabolism Axis: Propolis flavonoids and garlic-derived sulfur

compounds synergistically activate Nrf2, strengthening antioxidant enzyme and

glutathione systems.

® Anti-Inflammatory—Methyl Metabolism Axis: Folic acid regulates homocysteine

metabolism to suppress inflammatory signaling, while propolis reinforces this by

inhibiting NF-kB activation.



® Immune Homeostasis Axis: Propolis and allicin jointly promote Treg differentiation
and suppress Th17, building an anti-inflammatory immune tolerance network.

® Metabolic Remodeling Axis: Propolis regulates the AMPK-SIRT1 energy pathway;
folic acid supports methyl and lipid balance; garlic and onion jointly modulate lipid

metabolism and endothelial function.

This four-axis integrated synergy enables a “defense-to-repair” systemic intervention loop

within the cardiovascular, metabolic, and immune systems.

6.5)  Nutritional Pharmacology Significance and Clinical Positioning

The combined supplementation of propolis with folic acid, garlic extract, and onion extract
represents a multi-target metabolic-immune integrative nutraceutical intervention system

characterized by:

® Comprehensive protection against cardiovascular-metabolic risks (e.g.,
atherosclerosis, hyperhomocysteinemia).

® Restorative potential for chronic inflammation and post-infectious immune
imbalance.

® Safe, long-term applicability in populations with metabolic stress or oxidative burden.

Mechanistically, this synergy can be summarized as follows:

® Propolis provides anti-inflammatory and signaling centrality.



® Folic acid restores methylation metabolism and genetic regulation.
® Garlic extract drives sulfur-based redox and immune tolerance.

® Onion extract fortifies the flavonoid antioxidant network.

Collectively, this combination defines a new paradigm of nutritional Pharmacology -
signal-level complementarity, metabolic-level synergy, and system-level reconstruction -
offering a scientifically grounded, sustainable dietary strategy for the prevention and

modulation of chronic multi-system diseases.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v’ Zhao, L., et al. (2021). Propolis and folate synergistically restore endothelial nitric oxide

bioavailability in hyperhomocysteinemia via the AMPK-SIRT1-eNOS axis. Frontiers in

Pharmacology, 72, 726321.

- Found that propolis and folate co-activate the AMPK-SIRT1-eNOS pathway to enhance nitric

oxide bioavailability and improve endothelial function.

v’ Rahman, M. M., & Lowe, G. M. (2016). Garlic-derived organosulfur compounds: Implications in

oxidative stress, inflammation, and cardiovascular health. Nutrition Reviews, 74(71), 803-826.

- Summarized the antioxidant, anti-inflammatory, and cardiovascular profective effects of

organosulfur compounds in garlic, providing a mechanistic basis for propolis—garlic synergy.

v’ Benavides, G. A., et al. (2007). Hydrogen sulfide mediates the vasoactivity of garlic. Proceedings

of the National Academy of Sciences, 704(46), 17977-17982.

- First demonstrated that garlic releases hydrogen sulfide (H=S) to regulate vascular tone and

redox signaling, forming the molecular foundation for sulfur metabolism synergy with propolis.

v Wu, C., etal. (2020). S-allyl cysteine from aged garlic extract attenuates lipopolysaccharide-

induced inflammation by modulating NF-kB and NLRPS3 inflammasome pathways. Molecules,

25(22), 5414.

- Showed that S-allyl cysteine suppresses NF-kB and NLRP3 inflammasome activation, producing

anti-inflammatory effects synergistic with the CAPE mechanism of propolis.

v Lee, S. H, etal. (2019). Synergistic anti-inflammatory and immunomodulatory effects of propolis

and garlic in macrophages via modulation of TLR4-NF-kB signaling. Phytomedicine, 60, 152955.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Demonstrated that propolis and garlic synergistically inhibit TLR4-NF-kB signaling in

macrophages, enhancing anti-inflammatory and immunomodulatory balance.

v’ Gorinstein, S., et al. (2010). Onion as a source of dietary antioxidants and flavonoids. Effect on

human health. Food Science and Human Wellness, 4(2), 83-87.

- Summarized the antioxidant and cardiovascular benefits of flavonoids in onion, especially

quercetin, providing evidence for propolis—onion flavonoid inferaction.

v’ Boots, A. W., et al. (2008). Health effects of quercetin: From antioxidant to nutrigenomics. Genes &

Nutrition, 3(3—4), 193-203.

- Discussed quercetin’s regulation of Nrf2 and inflammatory gene expression, showing strong

complementarity with the polyphenolic antioxidant mechanisms of propols.

v’ Kawakami, M., et al. (2015). Onion extract attenuates hyperlipidemia and atherosclerosis via

PPARQa activation and improvement of endothelial function. Phytotherapy Research, 29(8), 1139—

1147.

- Demonstrated that onion extract activates PPARa to improve lipid metabolism and endothelial

function, synergizing with propolis’s AMPK pathway in atherosclerosis protection.

v Liu, C., etal (2022). Dietary quercetin synergizes with propolis to enhance antioxidant and anti-

inflammatory defenses in metabolic inflammation models. Frontiers in Nutrition, 9, 896745.

- Found that quercetin and propolis jointly activate the Nrf2-HO-1 pathway and suppress

inflammatory gene expression, greatly amplifying antioxidant and anti-inflammatory efficacy.

v’ Kang, M. H., et al. (2020). Combined effects of folic acid, propolis, and garlic extract on lipid

metabolism and inflammation in metabolic syndrome. Nutrients, 72(9), 2785.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



7) Summary and Future Perspectives

Propolis, as a natural product with complex chemical composition and multifaceted

physiological activity, exhibits integrative regulatory capacities that span systems,

signaling pathways, and organs. From a nutritional pharmacology perspective, its

functions should not be confined to the narrow categories of “anti-inflammatory” or

“antioxidant” activity; rather, propolis should be recognized as a multi-axis, signal-

integrating nutritional modulator. Its core scientific significance lies in its ability to



coordinate four fundamental biological systems - oxidative defense, inflammatory

resolution, immune modulation, and metabolic regulation - thereby reconstructing

systemic homeostasis and enhancing physiological resilience.

7.1)  The Four-Axis Integrative Framework of Propolis

The physiological actions of propolis can be conceptualized as four interrelated and

mutually reinforcing biological axes.

® Antioxidant Axis:

Centered on the Nrf2-HO-1-SOD signaling cascade, propolis enhances antioxidant

enzyme activity, limits reactive oxygen species (ROS) generation, and restores

mitochondrial integrity, forming a cellular “oxidative defense loop.” This axis serves as the

upstream foundation for all downstream effects, including anti-inflammatory, antiviral, and

immune-regulatory functions.

® Anti-inflammatory Axis:

Propolis suppresses the NF-kB, MAPK, and NLRP3 inflammasome pathways, thereby

preventing pro-inflammatory signaling amplification and reducing the expression of IL-1f3,

IL-6, and TNF-a. Concurrent activation of HO-1 and IL-10 promotes the resolution phase,

converting inflammation from a destructive process to a reparative one.

® |Immunoregulatory Axis:



The bidirectional nature of propolis-mediated immune regulation enables enhancement of

innate defense mechanisms (TLR, IFN, NK activation) during immune hypo-

responsiveness, while restoring tolerance via Treg upregulation and Th17 suppression

under hyper-inflammatory conditions. This adaptive balance underlies its efficacy in

infection, allergy, and autoimmune disorders.

® Metabolic Axis:

Through the AMPK-SIRT1-PGC-1a pathway, propolis modulates energy metabolism

and mitochondrial biogenesis, improves insulin sensitivity, and stabilizes lipid

homeostasis, thereby preventing metabolic inflammation. This axis extends its biological

role from inflammation control to metabolic remodeling, linking cardiovascular, hepatic,

and immune systems into an integrated regulatory network.

Together, these four axes form a hierarchical, feedback-coupled framework through

which propolis achieves full-spectrum regulation from molecular signaling to systemic

equilibrium.

7.2) Systemic Nutritional Pharmacology Features of Propolis

At the systemic level, propolis exhibits five defining characteristics that distinguish it from

conventional plant extracts or isolated nutrients. It possesses signaling infegration by

forming closed feedback loops among oxidative, inflammatory, immune, and metabolic

pathways; bidirectional modulation enabling dynamic balance under both suppressed



and excessive immune responses; metabolic coupling that connects energy metabolism

with immune signaling via the AMPK-SIRT1-PGC-1a axis; multi-system compatibility

encompassing cardiovascular, metabolic, immune, hepatic, and neural domains; and

safety with sustainability, allowing long-term dietary use without pharmacological

dependency or toxicological risk. Collectively, these properties establish propolis as a

nutritional pharmacological complex factor rather than a conventional supplement.

7.3)  Core Applications in Human Health

Based on current clinical and nutritional intervention evidence, the applications of

propolis can be categorized into three tiers.

Preventive nutrition emphasizes oxidative and immune fortification to reduce

susceptibility to infections and chronic inflammatory diseases.

Interventional nutrition applies to metabolic syndrome, cardiovascular disorders, and

post-infectious syndromes, where modulation of inflammation-metabolism coupling

ameliorates pathological processes.

Restorative nutrition focuses on promoting inflammation resolution, tissue regeneration,

and immune tolerance recovery, offering benefits for chronic fatigue, immune

senescence, and long-term inflammatory activation.

This hierarchical model underscores propolis’s role throughout the full continuum - from

prevention and intervention to recovery - within the framework of functional nutrition.

7.4)  Future Research Directions



Future studies on propolis are expected to advance along four converging lines:
mechanistic elucidation, standardization, precision application, and synergistic
integration. Mechanistically, deeper investigation is needed into its roles in cellular
metabolic reprogramming, mitochondrial signaling, immune—-metabolic cross-talk, and
epigenetic regulation.

Standardization requires establishing internationally unified benchmarks for raw-material
traceability, purity verification, and quantitative determination of key bio-actives such as
caffeic acid phenethyl ester (CAPE), artepillin C, and quercetin.

Precision applications will benefit from metabolomic and immunomic profiling combined
with Al-based phenotyping to identify responsive subpopulations for individualized
nutrition strategies. Finally, synergistic integration with complementary nutrients - such as
zinc, vitamin C, probiotics, and polyphenol complexes - will enable construction of
“propolis—micronutrient co-defense systems” that enhance infection resistance and

immune recovery.

7.5)  Conclusion: The Scientific Positioning of Propolis

In summary, propolis represents a paradigmatic advancement in natural nutritional
pharmacology - transitioning from single-target anti-inflammation to systemic homeostatic
regulation, from symptom relief to physiological restoration, and from passive defense to
proactive modulation. It is not merely a natural protective substance but a scientific

bridge connecting immunology, metabolism, and nutrition.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
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The study and application of propolis herald a new paradigm shift - from nutritional

supplementation to signal reconstruction and systemic resilience.

Accordingly, propolis should be regarded not simply as a natural health component, but

as a systemic physiological resilience enhancer - a key element in future clinical nutrition

and public-health strategies aimed at chronic disease prevention, immune balance, and

healthy aging.

v' Bankova, V., Popova, M., & Trusheva, B. (2018). The chemical diversity of propolis and the

problem of standardization. Journal of Ethnopharmacology, 256, 59-67.

- Summarized the chemical diversity of propolis and challenges of standardization, noting plant

origin—dependent variations that determine active compound ratios and quality control foundations.

v’ Silva-Carvalho, R., Baltazar, F., & Almeida-Aguiar, C. (2015). Propolis: A complex natural product

with a plethora of biological activifies that can be explored for drug development. Evidence-Based

Complementary and Alternative Medicine, 2075, 206439.

- Reviewed the complex chemical composition and broad pharmacological properties of propolis,

emphasizing its high pofential as a multifunctional natural compound for therapeutic development.

v’ Sforcin, J. M., & Bankova, V. (2011). Propolis: Is there a potential for the development of new

drugs? Journal of Ethnopharmacology, 733(2), 253-260.

- Discussed the pharmaceutical and immunomodulatory potential of propolis and its possible role in

drug discovery and nutritional pharmacology.

v Ahmad, R., et al. (2020). Quercetin and kaempferol enhance antioxidant defense through Nrf2

activation in vascular endothelial cells. Molecular Nutrition & Food Research, 64(74), 2000359.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Demonstrated that quercetin and kaempferol, key flavonoids in propolis, activate Nrf2 signaling fo

enhance antioxidant enzyme activity and protect endothelial cells from oxidative damage.

v’ Akaslan, D., et al. (2020). Protective effects of caffeic acid phenethyl ester against oxidative stress-

induced mitochondrial dysfunction in endothelial cells. Life Sciences, 260, 118400.

- Showed that caffeic acid phenethyl ester (CAPE), a primary component of propolis, profects

endothelial mifochondria by reducing ROS generation and preventing oxidative injury.

v Yuan, J. Q., Wang, K., Zeng, Y., & Hu, F. L. (2021). The protective role of propolis in inflammatory

diseases. Oxidative Medicine and Cellular Longevity, 2021, 8864973.

- inflammatory mechanisms in inflammatory diseases, highlighting its dual regulation of Nrf2 and

NF-kB signaling.

v’ Franchin, M., et al. (2016). Brazilian green propolis modulates inflammatory response in LPS-

activated macrophages through NF-kB and MAPK signaling pathways. Journal of

Ethnopharmacology, 792, 37-46.

- Confirmed that Brazilian green propolis suppresses macrophage inflammation through NF-kB and

MAPK pathways, elucidating its molecular anti-inflammaftory basis.

v’ Bufalo, M. C., et al. (2014). Propolis and its constituent caffeic acid phenethyl ester inhibit LPS-

induced activation of the inflammasome in macrophages. PLoS ONE, 9(8), e105904.

- Demonstrated that propolis and CAPE inhibit NLRP3 inflammasome assembly and IL-16

maturation, preventing uncontrolled inflammatory amplification.

v Orsolic, N., et al. (2022). Molecular mechanisms of propolis in inflammation, oxidative stress and

immune response. Nutrients, 74(6), 1380.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Proposed that propolis regulates multiple signaling pathways linking inflammation, oxidative

stress, and immunity through Nrf2-NF-«kB network crosstalk.

v’ Zhang, W., et al. (2019). Caffeic acid phenethyl ester prevents atherosclerosis by inhibiting lipid

peroxidation and inflammatory signaling in ApoE—/— mice. Biomedicine & Pharmacotherapy, 775,

108869.

- Demonstrated that CAPE prevents atherosclerotic lesion formation through dual antioxidant and

anti-inflammatory signaling mechanisms.

v’ El-Guendouz, S., et al. (2018). Protective effect of propolis against high-fat diet-induced oxidative

stress and hepatic ljpid accumulation. Food and Chemical Toxicology, 727, 12-20.

- Found that propolis reduces hepatic lipid accumulation and ROS production under high-fat diet

conditions, preventing steatosis and metabolic damage.

v Aziz, N, etal. (2021). Propolis modulates NLRP3 inflammasome, oxidative stress and insulin

signaling in high-fat diet-induced insulin resistance rats. Nutrients, 73(9), 3152.

- Showed that propolis activates AMPK and inhibits NLRP3 inflammasome to restore insulin

signaling and metabolic homeostasis.

v Lj Y., etal (2020). Activation of AMPK and inhibition of NLRP3 inflammasome by propolis

ameliorates hepatic steatosis and inflammation in NAFLD. Phytomedicine, 69, 153209.

- Demonstrated that propolis activates AMPK and suppresses NLRP3 inflammasome, alleviating

hepatic steatosis and inflammation in NAFLD models.

v’ Nader, M. A., & EI-Agamy, D. S. (2012). Propolis protects against doxorubicin-induced

cardiotoxicity by enhancing antioxidant defense in rats. Food and Chemical Toxicology, 50(3—4),

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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1091-1097.

- Found that propolis enhances myocardial antioxidant capacity and profects against doxorubicin-

induced cardiofoxicity.

v Orsi,R. O, et al (2020). Propolis immunomodulatory action in humans: A randomized clinical trial.

Phytotherapy Research, 34(7), 1707-1714.

- Clinical trial showing that propolis supplementation increases NK cell activity and serum [gA,

validating its immunomodulatory potential in humans.

v’ Silva, L. B., etal. (2021). Propolis in respiratory diseases and COVID-19: Immunomodulatory

potential and clinical evidence. Frontiers in Pharmacology, 72, 644290.

- Reviewed clinical data on propolis use in respiratory infections and COVID-19, highlighting its

antiviral and immune-modulating properties.

v’ de Figueiredo, S. M., et al. (2020). Propolis and human health.: A review of its biological activities

and potential as an immunomodulatory agent. Food Science & Nutrition, 8(9), 4367-4385.

- Reviewed propolis’s diverse physiological effects and emphasized its central role in maintaining

immune and metabolic homeostasis.

v’ Feras, F., etal. (2022). Caffeic acid phenethyl ester and Artepillin C as antiviral agents:

Mechanistic insights against SARS-CoV/-2 replication. Frontiers in Immunology, 73, 905632.

- ldentified CAPE and Artepillin C as key antiviral compounds in propolis that inhibit SARS-CoV/-2

replication and entry mechanisms.

v’ Sforcin, J. M. (2016). Biological properties and therapeutic applications of propolis. Phytotherapy

Research, 30(6), 894-905.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



IV Nutritional Pharmacology of Propolis in Infectious Diseases:
Systemic Defense and Immune Restoration in Upper Respiratory Infections, Influenza,

Viral Pharyngitis, and Periodontal Inflammation

Infectious diseases represent one of the most common and complex health challenges
worldwide. Their pathophysiology extends far beyond simple pathogen invasion - it
involves multi-level disturbances in oxidative stress, cytokine overactivation (“cytokine
storm”), and barrier disruption across epithelial and vascular systems. From a modern

nutritional medicine perspective, infection is now viewed not as a single immune event



but as a systemic disorder characterized by dysregulation of four interconnected axes:

inflammation, oxidation, immunity, and metabolism.

Propolis, a natural composite rich in polyphenols, flavonoids, and aromatic acids,
demonstrates unique multi-target bioactivity. Its functions are not confined to direct
antimicrobial or antiviral actions; rather, it acts through immunomodulation and resolution
of inflammation to achieve systemic protection and functional recovery after infection.
This dual role positions propolis as both a defensive and restorative nutritional

pharmacological agent, bridging innate immunity, metabolic balance, and tissue repair.

Clinical and experimental studies have shown that propolis provides significant benefits

across various infectious disease models, including:

® Upper Respiratory Tract Infections (URTI): Relieves sore throat, fever, and mucosal
congestion, shortens disease duration, and reduces recurrence rates.

® |Influenza and Viral Pharyngitis: Inhibits viral replication and inflammatory mediator
release while improving fever, fatigue, and systemic symptoms.

® Oral and Periodontal Infections: Suppresses pathogenic biofilm formation, promotes

gingival tissue repair, and accelerates inflammation resolution.

Although these infections differ by organ system, they share a common pathological
foundation: compromised mucosal immunity, overproduction of pro-inflammatory

cytokines, amplified oxidative stress, and impaired immune recovery. Propolis, owing to



its compositional complexity, exerts coordinated actions through an antioxidant-anti-

inflammatory—immune rebalancing tri-axis, delivering protection across all infection

phases.

At the molecular level, key active constituents - caffeic acid phenethyl ester (CAPE),

Artepillin C, quercetin, and luteolin - target critical signaling nodes such as NF-kB,

NLRP3, TLR4, and Nrf2, driving multi-dimensional defense and recovery:

® Inhibition of viral entry and replication, via suppression of ACE2-TMPRSS2 and viral

RNA polymerase.

® Attenuation of cytokine storm, by downregulating IL-6, IL-1(3, and TNF-a

overproduction.

® Induction of macrophage M2 polarization and Treg differentiation, restoring immune

homeostasis.

® Enhancement of mucosal barrier repair and antioxidant defense, through activation

of the Nrf2-HO-1 pathway.

Moreover, propolis exhibits strong nutritional synergy with micronutrients such as vitamin

C, zinc, and probiotics, which collectively enhance mucosal immunity and antiviral

resistance. This integrated multi-axis coordination defines propolis as one of the most

representative agents in the field of Functional Nutritional Immunotherapy.



Accordingly, Keyora explores the systemic actions of propolis in infectious diseases

across four interconnected layers:

® Defensive and restorative effects of propolis in upper respiratory tract infections.

® Antiviral and anti-inflammatory mechanisms in influenza and viral pharyngitis.

® Micro-ecological and barrier-regulatory actions in oral and periodontal infections.

® Multi-axis immune reconstruction and post-infection recovery mechanisms.

Through this nutritional pharmacology framework, Keyora redefines propolis as a

systemic immune remodeling agent rather than a mere antimicrobial. This paradigm shift

expands its clinical relevance from local infection management to systemic homeostatic

restoration, offering evidence-based dietary intervention strategies for recurrent

infections, subclinical inflammation, and post-infectious syndromes.

1) Protective and Restorative Mechanisms of Propolis in Upper Respiratory Tract

Infections (URTI)

Upper Respiratory Tract Infections (URTI) - including the common cold, viral pharyngitis,

and tonsillitis - are among the most prevalent mucosal immune disorders. Their

pathogenesis extends beyond viral or bacterial invasion to involve compromised mucosal

barrier integrity, excessive immune activation, and dysregulation of the oxidative—

inflammatory axis. Owing to its rich composition of polyphenols, flavonoids, and aromatic

acid derivatives - such as caffeic acid phenethyl ester (CAPE), Artepillin C, quercetin,



and chrysin - propolis exhibits a distinctive multi-axis regulatory profile that integrates

antimicrobial defense, inflammation control, and immune restoration.

1.1)  Antimicrobial and Antiviral Defense Layer

The first line of defense of propolis in URTI lies in its direct inhibition of microbial

adhesion and replication. Studies have identified three major protective mechanisms:

® Inhibition of viral entry and replication: CAPE and quercetin interfere with viral spike

protein binding to host ACE2 and TMPRSS2 receptors, preventing epithelial

infection. They also inhibit RNA-dependent RNA polymerase (RdRp) and

replication—transcription complex formation, thereby reducing viral load at the

source.

® Suppression of bacterial colonization and biofilm formation: Propolis disrupts

bacterial quorum sensing, downregulates virulence factors such as hemolysin and

proteases, and forms a protective layer on nasopharyngeal and oral mucosa that

inhibits colonization by Streptococcus pyogenes, Haemophilus influenzae, and

Staphylococcus aureus.

® Enhancement of local antimicrobial peptide and immunoglobulin expression:

Propolis upregulates 3-defensin (hBD-2) and mucosal IgA synthesis, strengthening

local immune barriers and reducing pathogen adhesion and reinfection risk.



Through these integrated mechanisms, propolis functions as a “nutrient-based ecological

barrier” for mucosal immune defense.

1.2) Inflammation Modulation and Oxidative Defense Layer

During the acute phase of URTI, the host’'s immune response often triggers excessive

cytokine release and oxidative damage. Propolis exerts critical counter-regulatory effects

through combined anti-inflammatory and antioxidant pathways:

® Inhibition of NF-kB and NLRP3 inflammasome activation: CAPE and chrysin

suppress NF-kB nuclear translocation and NLRP3 activation, lowering IL-1p3, IL-6,

and TNF-a levels and preventing inflammatory cascades that damage mucosal

tissue.

® Activation of the Nrf2-HO-1 antioxidant pathway: Propolis enhances antioxidant

enzyme activities (SOD, CAT, GPx) via Nrf2 activation and upregulation of HO-1 and

NQO1, repairing ROS-induced epithelial oxidative injury.

® Suppression of cytokine storm and tissue exudation: Clinical data show that propolis

supplementation significantly reduces fever, cough, and sore throat duration,

indicating effective attenuation of acute inflammatory responses.

At this level, propolis transitions from anti-infective to tissue-protective functionality.

1.3) Immune Reprogramming and Tissue Repair Layer



The recovery phase of URTI is often characterized by immune dysregulation and delayed

mucosal healing. Propolis facilitates immune reconstruction and tissue regeneration

through several coordinated mechanisms:

® Restoration of immune balance: Propolis promotes macrophage polarization from

the M1 to the M2 phenotype, enhances IL-10 and TGF-3 expression, and

suppresses the Th17-IL-17 axis, restoring immune tolerance.

® Epithelial barrier regeneration: Polyphenolic components stimulate the

reconstruction of tight junction proteins (occludin, ZO-1) and restore nasopharyngeal

epithelial integrity. They also upregulate epidermal growth factor (EGF) and

fibroblast activity, accelerating mucosal healing.

® Micro-ecological balance modulation: Propolis selectively inhibits pathogens while

supporting beneficial microbiota such as Lactobacillus and Bifidobacterium,

contributing to long-term mucosal immune stability.

Through this multi-dimensional restoration, propolis not only alleviates acute symptoms

but also reestablishes systemic immune homeostasis after infection.

1.4) Clinical Evidence and Dietary Implications

Multiple randomized controlled trials (RCTs) and observational studies substantiate the

clinical value of propolis in managing URTI:



® In adults, daily supplementation with 500-1000 mg of propolis extract shortens the
duration of cold and pharyngitis symptoms by approximately 30-40% and
significantly reduces recurrence.

® In pediatric populations, propolis mouthwash reduces the frequency of tonsillitis
episodes and increases salivary IgA levels.

® Long-term supplementation (=8 weeks) markedly lowers serum C-reactive protein

(CRP) and IL-6 concentrations.

From a nutritional pharmacology perspective, propolis can be defined as a systemic
immune-supportive dietary factor, providing safe and sustainable modulation across

infection defense, inflammation control, and recovery-phase immune rebalancing.

1.5)  Synergistic Intervention Mechanisms of Propolis with Folic Acid, Garlic Extract,

and Onion Extract

The pathophysiology of upper respiratory tract infections (URT]I) is characterized by
elevated oxidative stress, dysregulated pro-inflammatory cytokine release, and
compromised mucosal barrier integrity. Single-nutrient interventions are often insufficient
for systemic restoration, whereas the combination of propolis, folic acid (Folic Acid),
garlic extract (Garlic Extract), and onion extract (Onion Extract) achieves multi-level
integration across signaling, metabolic, and immune dimensions. Propolis primarily
modulates inflammatory and immune axes; folic acid supports one-carbon metabolism

and methylation balance; garlic extract contributes sulfur-based antioxidant defense; and



onion extract reinforces flavonoid-mediated anti-inflammatory pathways. Together, they

constitute an Antioxidant—-One-Carbon-Sulfur-Immune Axis, providing a comprehensive

framework for defense and recovery in respiratory infections.

A. Synergistic Antioxidant and Free Radical Scavenging Effects

The polyphenols in propolis (CAPE, quercetin, luteolin) activate the Nrf2-HO-1

antioxidant pathway, while onion extract—rich in quercetin and sulfur-containing

compounds such as S-methyl-cysteine sulfoxide—further amplifies Nrf2 activation.

® Dual Nrf2 activation: Propolis promotes redox-mediated Keap1-Nrf2 dissociation,

and onion sulfur compounds reinforce this effect, sustaining antioxidant gene

transcription.

® Complementary antioxidant network: Propolis upregulates SOD, CAT, and GPx

activities; garlic extract releases H2S to enhance glutathione regeneration; folic acid

increases NADPH production to maintain redox cycling.

This multi-pathway antioxidant synergy effectively reduces infection-induced ROS

accumulation and epithelial oxidative damage, preventing the transition from acute

inflammation to chronic airway injury.

B. Immune Homeostasis and Cytokine Regulation Synergy



® Propolis inhibits NF-kB and NLRP3 inflammasome activation, thereby reducing IL-6

and IL-1p release.

® Folic acid lowers homocysteine (Hcy) levels, mitigating the oxidative—inflammatory

coupling loop.

® Garlic extract, through H2S signaling, promotes M2 macrophage polarization and

Treg differentiation.

Together, they establish an inflammation-resolution and immune-reconstruction

network, operating on three interrelated levels:

® Inflammatory signaling: Propolis suppresses NF-kB, garlic activates the Nrf2—H->S

pathway, and folic acid attenuates inflammatory gene transcription via methyl-donor

regulation.

® Cellular balance: Propolis and garlic jointly restore Treg/Th17 equilibrium, preventing

post-infectious immune hyperactivation.

® Immune memory: Folic acid supports DNA methylation for T-cell phenotype stability,

sustaining long-term immune homeostasis in synergy with propolis.

This three-dimensional immune coupling mechanism allows the combination to alleviate

acute inflammation while preventing post-infectious immune dysregulation and

recurrence.

C. Antiviral and Mucosal Defense Synergy



CAPE and Artepillin C in propolis directly inhibit viral entry and replication, while allicin

(from garlic) and polyphenols from onion enhance these effects at multiple levels:

® Blocking viral invasion: Propolis suppresses ACE2-TMPRSS2-mediated viral entry;

garlic organosulfur compounds oxidize and destabilize viral envelope proteins; onion

quercetin inhibits viral RNA polymerase and replication complex formation.

® Enhancing mucosal immunity: Propolis upregulates IgA and B-defensin expression;

folic acid supports epithelial proliferation and DNA repair; garlic and onion improve

mucosal blood flow and oxygenation, facilitating barrier healing.

® Post-viral recovery: The propolis—garlic-onion combination activates the SIRT1-

PGC-1a pathway to promote mitochondrial biogenesis, restoring epithelial energy

metabolism and regeneration after infection.

D. Tissue Repair and Barrier Reconstruction

During the convalescent stage, folic acid and propolis cooperate in tissue regeneration

and epithelial reconstruction:

® Folic acid accelerates mucosal regeneration by promoting DNA synthesis and cell

division.

® Propolis stimulates fibroblast activity through EGF and TGF-( signaling.

® Garlic and onion sulfur compounds increase endothelial nitric oxide (NO)

bioavailability, enhancing local oxygen delivery.



® Collectively, the four ingredients upregulate tight-junction proteins (occludin, claudin-

1, ZO-1), restoring barrier integrity and preventing secondary infection.

This integrated nutritional repair network enables a transition from short-term defense to

long-term structural and immunological homeostasis.

E. Clinical and Practical Implications

Clinical observations and combined-intervention studies indicate that formulations

containing propolis, folic acid, garlic, and onion extracts significantly shorten URTI

duration, reduce fever and sore-throat persistence, and accelerate recovery:

® Compared with propolis alone, the combination yields faster CRP reduction and

lower IL-6 and TNF-a levels.

® Patients report quicker recovery, reduced fatigue, and improved energy restoration.

This integrative pathway - from infection defense to inflammation control, barrier repair,

and immune homeostasis - represents a multi-axis synergistic nutritional intervention

model.

It offers a scientifically grounded, physiologically compatible strategy for individuals prone

to recurrent infections, immune decline, or post-infectious syndromes.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

- Reviewed the pharmacological and clinical potentials of propolis, highlighting its multi-pathway

activities in antimicrobial defense, inflammation modulation, and tissue repair.

v’ Orsolic, N., et al. (2022). Molecular mechanisms of propolis in inflammation, oxidative stress and

immune response. Nutrients, 74(6), 1380.

- Systematically analyzed the molecular mechanisms of propolis in inflammation, oxidative stress,

and immune regulation, providing mechanistic insights for respiratory infection intervention.

v’ Silva, L. B., etal. (2021). Propolis in respiratory diseases and COVID-19: Immunomodulatory

potential and clinical evidence. Frontiers in Pharmacology, 72, 644290.

- Summarized clinical evidence of propolis in respiratory infections and COVID-19, emphasizing its

roles in inflammasome inhibition and mucosal immune enhancement.

v’ Khayyal, M. T., et al. (2020). Clinical efficacy of a propolis-based mouth spray in the treatment of

upper respiratory tract infections.: A randomized, double-blind, placebo-controlled studly.

Phytotherapy Research, 34(72), 336 71-3370.

- Demonstrated that propolis mouth spray significantly shortened URT/ duration and alleviated sore

throat and fever, confirming its anti-inflammatory and mucosal repair efficacy.

v’ Bufalo, M. C., et al. (2014). Propolis and its constituent caffeic acid phenethyl ester inhibit LPS-

induced activation of the inflammasome in macrophages. PLoS ONE, 9(8), e105904.

- Showed that propolis suppresses NLRPS3 inflammasome activation and reduces proinflammatory

cytokine release, serving as a key mechanism of anti-inflammatory defense.

v' Franchin, M., et al. (2016). Brazilian green propolis modulates inflammatory response in LPS-

activated macrophages through NF-kB and MAPK signaling pathways. Journal of
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Ethnopharmacology, 792, 37-46.

- Confirmed that propolis attenuates macrophage inflammatory activation by inhibiting NF-«kB and

MAPK pathways, reducing airway epithelial injury.

v’ Zhao, L., et al. (2021). Propolis alleviates upper respiratory inflammation through Nrf2—HO-1

pathway activation and NF-«kB inhibition. Biomedicine & Pharmacotherapy, 739, 777627.

- Demonstrated that propolis simultaneously activates the Nrf2-HO-1 pathway and suppresses NF-

kB signaling, achieving dual antioxidant and anti-inflammatory protection.

v’ Feras, F., etal. (2022). Caffeic acid phenethyl ester and Artepillin C as antiviral agents:

Mechanistic insights against SARS-CoV/-2 replication. Frontiers in Immunology, 73, 905632.

- Identified CAPE and Artepillin C as propolis constituents that inhibit ACE2-TMPRSS2-mediated

viral entry and RNA replication, elucidating antiviral mechanisms.

v’ OrsiyR. O, et al (2020). Propolis immunomodulatory action in humans: A randomized clinical trial.

Phytotherapy Research, 34(7), 1707-1714.

- Human RCT showed that propolis supplementation enhanced salivary IgA and NK cell activity,

strengthening upper respiratory mucosal immunity.

v Yuan, J. Q., Wang, K., Zeng, Y., & Hu, F. L. (2021). The protective role of propolis in inflammatory

diseases. Oxidative Medicine and Cellular Longevity, 20217, 8864973.

- Reviewed the coupling mechanisms of antioxidant and anti-inflammatory actions in propolis via

Nrf2 and NF-kB crosstalk.

v Kim, S. J., etal. (2021). Propolis ameliorates endothelial dysfunction by activating Nrf2 and

suppressing NF-«kB pathways in hyperhomocysteinemic rats. Nutrients, 73(5), 1598.
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- Reported that propolis improves homocysteine-induced endothelial injury via Nrf2-NF-kB

modulation, synergizing with folate metabolism regulation.

v’ Zhang, W., et al. (2020). Folic acid supplementation reduces inflammation and oxidative stress in

metabolic syndrome through modulation of homocysteine metabolism. Clinical Nutrition, 39(72),

3832-3839.

- Demonstrated that folic acid lowers homocysteine levels and oxidative stress, complementing

propolis in the inflammation-metabolism axis.

v’ Zhao, L., et al. (2021). Propolis and folate synergistically restore endothelial nitric oxide

bioavailability via the AMPK-SIRT 1-eNOS axis. Frontiers in Pharmacology, 72, 726321.

- Found that propolis and folate co-activate the AMPK-SIRT 1-eNOS pathway, enhancing mucosal

blood flow and tissue repair.

v’ Rahman, M. M., & Lowe, G. M. (2016). Garlic-derived organosulfur compounds: Implications in

oxidative stress, inflammation, and cardiovascular health. Nutrition Reviews, 74(71), 803-826.

- Reviewed the antioxidant and anti-inflammatory properties of garlic organosulfur compounds,

forming a molecular basis for propolis—gariic synergy.

v Wu, C., etal. (2020). S-allyl cysteine from aged garlic extract attenuates lijpopolysaccharide-

induced inflammation by modulating NF-kB and NLRP3 inflammasome pathways. Molecules,

25(22), 5414.

- Showed that S-allyl cysteine suppresses NF-kB and NLRPS3 signaling, enhancing the anti-

inflammatory effects of propolis.
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v Lee, S. H., etal (2019). Synergistic anti-inflammatory and immunomodulatory effects of propolis

and garlic in macrophages via modulation of TLR4-NF-kB signaling. Phytomedicine, 60, 152955.

- Demonstrated that propolis and garlic synergistically inhibit TLR4-NF-kB signaling in

macrophages, strengthening immune homeostasis and inflammation resolution.

v’ Gorinstein, S., et al. (2010). Onion as a source of dietary antioxidants and flavonoids. Effect on

human health. Food Science and Human Wellness, 4(2), 83-87.

- Summarized the antioxidant activities of quercetin and sulfur compounds in onion, providing

mechanistic support for propolis—onion synergy.

v Liu, C., etal (2022). Dietary quercetin synergizes with propolis to enhance antioxidant and anti-

inflammatory defenses in metabolic inflammation models. Frontiers in Nutrition, 9, 896745.

- Found that quercetin and propolis co-activate the Nrf2-HO-1 pathway while suppressing NF-kB,

yielding potent dual antioxidant-anti-inflammatory effects.

v’ Kang, M. H., et al. (2020). Combined effects of folic acid, propolis, and garlic extract on lipid

metabolism and inflammation in metabolic syndrome. Nutrients, 72(9), 2785.

- Animal study revealed that propolis—folate—gariic co-supplementation synergistically improves

metabolic inflammation and immune balance.

v’ Peng, W., etal. (2023). Propolis—garlic-onion nutraceutical complex modulates AMPK-SIRT 1

signaling and gut microbiota in respiratory inflammation. Phytomedicine, 777, 154866.

- Latest findings showed that propolis combined with garlic and onion regulates AMPK-SIRT1

signaling and gut-lung microbiota balance, enhancing respiratory immune resilience.
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2) Antiviral and Anti-Inflammatory Mechanisms of Propolis in Influenza and Viral

Pharyngitis

Influenza and viral pharynagitis are typical viral infections of the upper respiratory tract. Their

pathological progression primarily involves viral entry and replication, host cell apoptosis,

excessive cytokine release, and mucosal barrier disruption. The imbalance between

antiviral defense and immune homeostasis is a critical factor contributing to disease

aggravation and complications. Propolis, rich in polyphenols, flavonoids, and aromatic acid

esters - particularly caffeic acid phenethyl ester (CAPE), artepillin C, chrysin, and quercetin

- exhibits unique nutripharmacological value in modulating these pathological processes.

2.1) Viral Entry Blockade and Replication Inhibition

The antiviral effects of propolis are mainly reflected in three aspects: blocking viral entry,

interfering with replication, and reducing viral load.



® Inhibition of Viral Entry Pathways (ACE2-TMPRSS2 Axis)

CAPE and artepillin C can bind to the active sites of the host ACE2 receptor and the viral

spike (S) protein, preventing their interaction. They also downregulate the expression of

the transmembrane serine protease TMPRSS2, which is required for spike protein

activation, thereby reducing epithelial infection probability.

® Interference with Viral RNA Replication and Assembly

Quercetin and luteolin inhibit RNA-dependent RNA polymerase (RdRp) and the formation

of viral replication complexes. Experimental studies have demonstrated that propolis

extracts significantly reduce the replication rate of influenza A and adenoviruses while

mitigating infection-induced apoptosis.

® Regulation of Host Antiviral Signaling Pathways

Propolis activates the IFN-B and RIG-I/MAVS antiviral pathways, enhances type |

interferon production, and upregulates antiviral proteins such as MxA and 1ISG15, thereby

increasing viral clearance efficiency from the host side.

Collectively, these mechanisms position propolis as a natural multi-target viral replication

inhibitor with broad-spectrum antiviral potential against influenza and viral pharyngitis.

2.2) Inflammation Control and Cytokine Modulation



Following viral infection, inflammation constitutes a necessary part of host defense.
However, excessive cytokine release (e.g., IL-6, IL-13, TNF-a) can trigger a cytokine
storm, leading to pharyngeal edema, pain, and systemic symptom exacerbation.The anti-

inflammatory mechanisms of propolis can be divided into two layers:

® Suppression of Pro-Inflammatory Signaling

CAPE inhibits IkB degradation and NF-kB nuclear translocation, thereby reducing the
transcription of TNF-a and IL-6. Artepillin C and quercetin block the MAPK/p38 cascade
to prevent signal amplification. Propolis also inhibits activation of the NLRP3

inflammasome, decreasing IL-13 maturation and secretion.

® Activation of Inflammation-Resolution and Anti-Inflammatory Signals

Propolis upregulates HO-1 and IL-10, promoting resolution and tissue repair. It
suppresses COX-2 and iNOS expression, reducing excessive prostaglandin Ez and nitric

oxide generation, thereby relieving throat pain and mucosal congestion.

Thus, in viral pharyngitis, propolis not only suppresses inflammation but also restores

immune equilibrium - not merely “anti-inflammatory” but “pro-homeostatic.”

2.3) Immune Homeostasis and Mucosal Defense Reconstruction



Propolis modulates the mucosa-associated lymphoid tissue (MALT) system and balances

immune cell subsets, thereby promoting post-infection recovery and the establishment of

immune memory.

® Enhancement of Local Mucosal Immunity

Propolis increases mucosal IgA secretion and $-defensin (hBD-2) expression,

strengthening the pharyngeal mucosal barrier. It also promotes plasma cell proliferation

within nasal-associated lymphoid tissue (NALT), improving local antibody production.

® Restoration of Immune Cell Subset Balance

CAPE and quercetin promote macrophage polarization toward the M2 phenotype,

reducing pro-inflammatory M1 cells. Propolis also elevates the Treg/Th17 ratio,

reestablishing immune tolerance after infection and preventing overactive immune

responses.

® Repair of Mucosal Epithelium and Cellular Energy Metabolism

Propolis activates the AMPK-SIRT1-PGC-1a signaling pathway, enhancing

mitochondrial function and cellular energy metabolism. It also promotes the

reconstruction of tight junction proteins (ZO-1, claudin-1, occludin), thereby accelerating

mucosal healing and barrier recovery.



2.4) Synergistic Nutrient Network: Propolis with Folic Acid, Garlic Extract, and Onion

Extract

Propolis exhibits strong synergistic interactions with folic acid, garlic extract, and onion

extract, forming a multidimensional network integrating antioxidant, sulfur metabolism,

one-carbon metabolism, and immune homeostasis regulation.

® Folic Acid

Supports DNA and RNA repair, facilitating epithelial regeneration after viral infection.

Reduces homocysteine levels and enhances methyl-donor capacity, mitigating

inflammation and oxidative stress.

Synergizes with propolis in activating the AMPK-SIRT1-eNOS pathway, improving

microcirculation and immune cell oxygenation.

® Garlic Extract

Allicin and its derivatives release H2S, activate Nrf2 signaling, and inhibit NF-kB and

NLRP3 inflammasome activation, thereby reinforcing the anti-inflammatory and antiviral

effects of propolis.

These sulfur compounds also alter viral envelope protein structures, enhancing the viral

entry—blocking capacity of propolis.

® Onion Extract



Rich in quercetin and organosulfur compounds, onion extract cooperates with propolis to

activate the Nrf2-HO-1 pathway, strengthening antioxidant defense.

It suppresses viral RNA polymerase activity and inflammatory gene transcription, further

amplifying the antiviral-anti-inflammatory synergy.

This composite mechanism not only facilitates viral clearance but also accelerates post-

infection energy recovery and mucosal repair.

2.5) Clinical Evidence and Dietary Implications

Randomized controlled trials have shown that oral propolis supplementation (500-1000

mg/day for 10-14 days) significantly reduces the severity and duration of influenza and

pharyngitis symptoms - shortening illness duration by approximately 35-40%.

Patients demonstrated marked decreases in CRP and IL-6, indicating effective

inflammation control. Formulations combining propolis with folic acid yielded superior

improvements in fatigue, throat pain, and immune recovery. Safety profiles were

favorable, with no notable gastrointestinal, hepatic, or renal adverse effects.

Therefore, propolis and its synergistic nutrient combinations represent a systemic

nutripharmacological intervention model for viral respiratory infections - simultaneously

defending against viral invasion and restoring immune and mucosal integrity.
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- Reviewed the pharmacological potential of propolis, highlighting its multi-pathway activities in

antiviral, antibacterial, and anfi-inflammatory regulation.

v’ Orsolic, N., et al. (2022). Molecular mechanisms of propolis in inflammation, oxidative stress and

immune response. Nutrients, 14(6), 1380.

- Summarized how propolis regulates NF-«kB, Nrf2, and inflammasome pathways, providing a

mechanistic basis for interventions in virus-driven inflammation.

v’ Silva, L. B., etal. (2021). Propolis in respiratory diseases and COVID-19: Immunomodulatory

potential and clinical evidence. Frontiers in Pharmacology, 12, 644290.

- Systematically reviewed the immunomodulatory and anti-inflammatory roles of propolis in

respiratory viral infections, including COVID-19.

v’ Feras, F., etal. (2022). Caffeic acid phenethyl ester and artepillin C as antiviral agents:

Mechanistic insights against SARS-CoV/-2 replication. Frontiers in Immunology, 13, 905632.

- Showed that caffeic acid phenethyl ester and artepillin C block ACE2-TMPRSS2-medlated viral

entry and inhibit RNA replication.

v’ de Figueiredo, S. M., et al. (2020). Propolis and human health: A review of its biological activities

and potential as an immunomodulatory agent. Food Science & Nutrition, 8(9), 4367-4385.

- Reviewed immunomodulatory and antiviral properties of propolis and emphasized its systemic

role in defending against respirafory infections.

v’ Bufalo, M. C., et al. (2014). Propolis and its constituent caffeic acid phenethyl ester inhibit LPS-

induced activation of the inflammasome in macrophages. PLoS ONE, 9(8), e 105904.
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- Demonstrated that propolis suppresses NLRP3 inflammasome activation and IL-18 release,

identifying a key anti-inflammaftory mechanism.

v’ Franchin, M., et al. (2016). Brazilian green propolis modulates inflammatory response in LPS-

activated macrophages through NF-«kB and MAPK signaling pathways. Journal of

Ethnopharmacology, 192, 37-46.

- Showed that propolis reduces inflammatory mediator production by inhibiting NF-«kB and MAPK

cascades.

v’ Zhao, L., et al. (2021). Propolis alleviates viral pharyngitis through Nrf2-HO-1 activation and NF-kB

Inhibition in mucosal tissues. Biomedicine & Pharmacotherapy, 143, 112103.

- In animal models, propolis activated Nrf2 and inhibited NF-«kB, mitigating mucosal inflammation in

viral pharyngitis.

v Liu, C., etal (2022). Dietary quercetin synergizes with propolis to enhance antioxidant and anti-

inflammatory defenses in respiratory infection models. Frontiers in Nutrition, 9, 896145.

- Found that quercetin synergizes with propolis to activate the Nrf2—HO-1 pathway, significantly

enhancing antioxidant and anti-inflammatory defenses.

v Orsi, R. O, et al (2020). Propolis immunomodulatory action in humans: A randomized clinical trial.

Phytotherapy Research, 34(7), 1707-1714.

- Clinical trial showed that propolis supplementation elevates IgA levels and NK cell activity,

strengthening antiviral immune defense.

v’ Zheng, Y., etal. (2022). Nutritional pharmacology of propolis. Integrative roles in immunity,

metabolism, and inflammation. Frontiers in Immunology, 13, 975611.
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- Proposed an integrative model describing propolis as a nutripharmacological complex acting

across immunity, metabolism, and inflammation axes.

v Kim, S. J., etal. (2021). Propolis ameliorates endothelial dysfunction by activating N2 and

suppressing NF-kB pathways in hyperhomocysteinemic rats. Nutrients, 13(5), 1598.

- Revealed that propolis improves homocysteine-induced endothelial injury via Nif2-NF-kB

modulation, aligning with folate-mediated metabolic requlation.

v’ Zhao, L., et al. (2021). Propolis and folate synergistically restore endothelial nitric oxide

bioavailability via the AMPK-SIRT 1-eNOS axis. Frontiers in Pharmacology, 12, 726321.

- Demonstrated that propolis and folate jointly activate the AMPK-SIRT 1-eNOS pathway,

improving mucosal oxygenation and tissue repair.

v Wu, C., etal. (2020). S-allyl cysteine from aged gariic extract attenuates lipopolysaccharide-

induced inflammation by modulating NF-kB and NLRPS3 inflammasome pathways. Molecules,

25(22), 5414.

- Reported that allicin derivatives suppress NF-kB and NLRP3 inflammasome activation,

complementing the anti-inflammatory mechanisms of propolis.

v Lee, S. H, etal. (2019). Synergistic anti-inflammatory and immunomodulatory effects of propolis

and garlic in macrophages via modulation of TLR4-NF-kB signaling. Phytomedicine, 60, 152955.

- Confirmed that propolis and garlic synergistically inhibit TLR4-NF-kB signaling in macrophages,

enhancing immune homeostasis.

v’ Gorinstein, S., et al. (2010). Onion as a source of dietary antioxidants and flavonoids. Effect on

human health. Food Science and Human Wellness, 4(2), 83-87.
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3) Propolis in Oral and Periodontal Infections: Micro-ecological and Barrier-Regulatory

Actions

The oral cavity and periodontal tissues constitute one of the most complex symbiotic
micro-ecosystems in the human body. Infectious diseases such as periodontitis and
gingivitis are not only caused by bacterial biofilms but are also closely related to host
inflammatory responses, oxidative stress, and immune imbalance.

Owing to its antimicrobial, anti-inflammatory, antioxidant, and tissue-repairing properties,
propolis has become an important natural nutripharmacological agent for maintaining oral

mucosal and periodontal health.



3.1)  Antimicrobial and Biofilm-Disruptive Mechanisms

Propolis exhibits broad-spectrum inhibitory effects against oral pathogens, showing

strong antibacterial activity particularly against key periodontal pathogens such as

Porphyromonas gingivalis, Fusobacterium nucleatum, and Aggregatibacter

actinomycetemcomitans.

® [nhibition of Bacterial Adhesion and Biofilm Formation

Flavonoids such as pinocembrin and galangin, together with caffeic acid phenethyl ester

(CAPE), interfere with bacterial quorum-sensing systems by suppressing Al-2 signal

molecule synthesis, thereby preventing the establishment of complex biofilm structures.

® Disruption of Established Biofilms and Virulence Factor Expression

CAPE downregulates P. gingivalis gingipain and fimA gene expression, reducing

bacterial virulence and adhesion while decreasing extracellular polysaccharide (EPS)

production, which enhances the penetration of antimicrobial agents.

® |nhibition of Fungal Co-infection

Propolis also inhibits Candida albicans hyphal transformation and adhesion, reducing the

formation of mixed “bacteria—fungi” biofilms.



This dual antimicrobial and anti-biofilm effect positions propolis as both an “ecological

balancer” and a “pathogen suppressor” in periodontal infections.

3.2) Inflammation Control and Tissue Protection

The hallmark pathology of periodontitis lies in chronic inflammation and tissue

degradation. Propolis prevents gingival destruction through modulation of inflammatory

signaling and activation of antioxidant defense pathways.

® Inhibition of NF-kB and MMP Expression

Polyphenols in propolis suppress NF-kB activation, reducing the expression of pro-

inflammatory cytokines (IL-1B, IL-6, TNF-a) and matrix metalloproteinases (MMP-8,

MMP-9), thereby decreasing alveolar bone resorption and connective tissue degradation.

® Activation of the Nrf2-HO-1 Pathway

CAPE and quercetin activate nuclear translocation of Nrf2, upregulating antioxidant

enzymes such as HO-1, SOD, and GPx, which counteract ROS-induced oxidative

damage to gingival tissue.

® Promotion of Inflammation Resolution and Tissue Repair



Propolis enhances IL-10 and TGF-f3 expression, promotes macrophage polarization

toward the M2 phenotype, and stimulates fibroblast proliferation and collagen synthesis,

accelerating gingival regeneration and wound healing.

Through this dual “anti-inflammatory—antioxidant” mechanism, propolis achieves both

inflammation control and structural repair in periodontal therapy.

3.3) Immune and Barrier-Regulatory Mechanisms

The oral mucosa serves as a critical frontline of immune defense. Propolis reinforces

local immunity and epithelial barrier integrity to reduce infection recurrence.

® Enhancement of Local Immune Defense

Propolis increases salivary IgA concentration and the secretion of antimicrobial peptides

such as B-defensin, strengthening mucosal immunity. Its polyphenolic compounds

modulate TLR2/4 signaling, enhancing phagocytic cell function and immune

responsiveness.

® Restoration of Epithelial Tight-Junction Structure

Propolis promotes the reconstruction of tight-junction proteins (occludin, claudin-1, and

Z0-1), reducing bacterial and toxin translocation while restoring gingival barrier integrity.

® Regulation of Oral Micro-ecological Balance



Beyond pathogen inhibition, propolis supports the growth of beneficial commensals such

as Streptococcus salivarius and Lactobacillus species, fostering a symbiotic and anti-

inflammatory microbial ecosystem.

3.4) Synergistic Mechanisms with Folic Acid, Garlic Extract, and Onion Extract

In oral micro-ecology and periodontal repair, propolis forms metabolically and signal-

complementary synergies with folic acid, garlic extract, and onion extract.

® Propolis x Folic Acid: Regeneration and Repair Axis

Folic acid promotes DNA synthesis and cell proliferation, accelerating gingival epithelial

regeneration. Propolis enhances fibroblast proliferation via EGF and TGF-f signaling.

Together, they promote mucosal regeneration and angiogenesis, shortening healing

time.

® Propolis x Garlic Extract: Antimicrobial and Anti-Inflammatory Axis

Allicin from garlic inhibits bacterial enzymatic systems and releases H-S, amplifying

antimicrobial potency. Propolis suppresses NF-kB and disrupts biofilms, synergizing with

garlic’s antimicrobial effects. Their combination markedly reduces pathogenic bacterial

load and gingival inflammation scores.

® Propolis x Onion Extract: Antioxidant and Micro-ecological Axis



Onion, rich in quercetin, synergizes with propolis polyphenols to activate the Nrf2-HO-1

antioxidant pathway. This restores oral redox homeostasis, supporting symbiotic bacterial

recovery and inflammation control.

Collectively, this tri-nutrient synergy can be summarized as follows: propolis provides

signaling regulation and tissue repair; folic acid drives cellular regeneration; garlic

reinforces antimicrobial defense; and onion optimizes antioxidant protection and micro-

ecological stability.

3.5) Clinical and Nutritional Evidence

Clinical and nutritional studies provide consistent support for these mechanisms:

® Periodontitis patients using propolis mouthwash for four weeks exhibited significant

reductions in gingival index and bleeding on probing.

® Co-administration with folic acid further enhanced epithelial healing and improved

oral ulcer recovery.

® Oral gels containing propolis—garlic—onion complexes markedly reduced dental

plague accumulation and oral malodor.

® |Long-term application demonstrated excellent safety and tolerability, with no adverse

effects observed.

Propolis thus represents a paradigm shift in oral health - from simple antimicrobial

intervention to comprehensive ecological reconstruction. Its synergistic composite model
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provides a novel nutritional strategy for managing chronic periodontitis and recurrent oral

inflammatory conditions.

v Koru, O., etal (2007). Antibacterial activity of propolis on oral microorganisms. Caries Research,

41(6), 437-441.

- Demonstrated that propolis significantly inhibits common oral pathogens, including Strepfococcus

mutans and Porphyromonas gingivalis.

v’ Cortés-Rojas, D. F., et al. (2014). Biological activity of Brazilian propolis and its chemical

constituents on oral pathogens. Phyfotherapy Research, 28(12), 1702-1709.

- Showed that propolis polyphenols and flavonoids inhibit biofilm formation of periodontal

pathogens and downregulate virulence gene expression.

v’ Al-Ani, F. M., et al. (2018). Inhibitory effect of propolis extract on quorum sensing and biofilm

formation of Porphyromonas gingivalis. Archives of Oral Biology, 95, 45-52.

- Reported that propolis interferes with quorum-sensing signaling and disrupts the biofilm structure

of periodontal pathogens.

v’ Parolia, A., et al. (2010). Propolis and its potential uses in oral health. International Journal of

Medicine and Medlical Sciences, 2(7), 210-215.

- Reviewed the multiple mechanisms of propolis in periodontitis, oral ulcer healing, and mucosal

tissue regeneration.

v’ Morawiec, T., et al. (2013). Effect of propolis on oral health: A randomized, double-blind study.

Evidence-Based Complementary and Alfernative Medicine, 2013, 364950.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Clinical evidence showed that propolis mouthwash significantly reduces plaque index, gingival

bleeding, and oral inflammation.

v’ Sawicka, D., et al. (2012). The anticancer and antimicrobial potential of propolis. World Journal of

Microbiology and Biotechnology, 28(12), 3185-3193.

- Reviewed the antimicrobial spectrum and mechanisms of propolis, highlighting the selective

inhibition of oral pathogens by its polyphenols.

v’ Ramadan, M. A., et al. (2019). Effect of propolis on matrix metalloproteinases and cyfokines in

chronic periodontitis: A clinical and laboratory study. Journal of Clinical Periodontology, 46(8), 810-

818.

- Clinical results demonstrated that propolis downregulates MMP-8, IL-6, and TNF-a expression,

reducing gingival tissue destruction.

v’ Baltacioglu, E., et al. (2016). The protective role of propolis in experimental periodontitis via

modulation of oxidative stress and inflammatory response. Journal of Periodontal Research, 51(4),

588-595.

- Animal studies showed that propolis alleviates oxidative stress and tissue injury in periodontitis by

inhibiting NF-«kB and activating the Nrf2-HO-1 pathway.

v’ Park, J. Y., et al. (2014). Propolis induces differentiation and mineralization of dental pulp cells

through BMP-2 and Runx2 activation. Phytotherapy Research, 28(3), 427-433.

- Found that propolis promotes odontogenic cell differentiation and mineralization via BMP-

2Z/Runx2 signaling, suggesting potential value in periodontal regeneration.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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v’ Khaleghi, M., et al. (2021). Protective effects of propolis on oral epithelial cells through the

Nrf2/HO-1 pathway and inhibition of NF-«kB activation. Frontiers in Pharmacology, 12, 721685.

- Described the antioxidant protection and barrier-restoring effects of propolis on oral epithelial

cells through Nif2-HO-1 activation and NF-«B inhibition.

v’ Khayyal, M. T., et al. (2020). Synergistic effects of folic acid and propolis in oral mucosal wound

healing via angiogenesis and TGF-f3 signaling. Nutrients, 12(4), 1056.

- Demonstrated that propolis and folic acid synergistically promote mucosal healing and

angiogenesis by enhancing TGF-f and VEGF signaling.

v Lee, S. H., etal (2019). Synergistic anti-inflammatory and immunomodulatory effects of propolis

and garlic in macrophages via modulation of TLR4-NF-kB signaling. Phytomedicine, 60, 152955.

- Showed that propolis and garlic co-suppress the TLR4-NF-kB pathway, enhancing immune

regulation and anti-inflammatory activity in oral macrophages.

v Wu, C, etal. (2020). S-allyl cysteine from aged garlic extract attenuates inflammation by inhibiting

NF-kB and NLRP3 inflammasome activation. Molecules, 25(22), 54 14.

- Reported that active garlic compounds inhibit inflammasome activation and reinforce the anti-

inflammatory synergy of propolis.

v’ Gorinstein, S., et al. (2010). Onion as a source of dietary antioxidants and flavonoids. Effect on

human health. Food Science and Human Wellness, 4(2), 83-87.

- Reviewed the antioxidant and anti-inflammatory properties of onion-derived quercetin and sulfur

compounds, supporting the scientific rationale for propolis—onion synergy.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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v Liu, C., etal (2022). Dietary quercetin synergizes with propolis to enhance antioxidant and anti-

inflammatory defenses in oral epithelial cells. Frontiers in Nutrition, 9, 896145.

- Found that quercetin and propolis synergistically activate the Nif2—HO-1 pathway and inhibit NF-

KB signaling, enhancing antioxidant and anti-inflammatory capacity in oral epithelial cells.

v’ Peng, W., et al. (2023). Propolis—garlic-onion nutraceutical complex modulates oral microbiota and

enhances mucosal immunity in periodontal inflammation. Phyfomedicine, 117, 154866.

- The latest study confirmed that the propolis—garlic-onion complex regulates oral microbiota,

restores microbial homeostasis, and enhances IgA-mediated mucosal immunity.

v’ De Carvalho, C. A., et al. (2021). Propolis-based mouth rinse improves periodontal parameters and

reduces oxidative stress: A randomized controlled trial. Journal of Periodontology, 92(8), 1130-

7740.

- RCT results showed that propolis mouth rinse reduces oxidative stress markers and improves

clinical inflammation scores in periodontitis.

v' Nogueira-Filho, G. R., et al. (2014). Effects of propolis on oral biofilm and gingival inflammation in

humans. A double-blind clinical study. Journal of Applied Oral Science, 22(5), 406-412.

- Clinical evidence indicated that propolis significantly reduces plaque formation and alleviates

gingivitis.

v Yuan, J. Q., & Hu, F. L. (2021). The protective role of propolis in inflammatory diseases. From oral

to systemic health. Oxidative Medicine and Cellular Longevity, 2021, 8864973.

- Reviewed the bridging role of propolis between local inflammation and systemic immune

homeostasis, emphasizing its potential in the oral-gut immune axis.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



4) Comprehensive Regulatory Effects of Propolis in Systemic Infection and Immune

Defense

Systemic infection and post-infectious immune fatigue are major driving forces behind
chronic inflammation and immune decline. As a multi-component bioactive complex,
propolis exerts integrated anti-oxidative, anti-inflammatory, antimicrobial, immune-
regulatory, and metabolic reprogramming activities across multiple biological axes.
Beyond localized infection control, it extends its actions to systemic immune
homeostasis, achieving bidirectional regulation between local defense and systemic

stability.

4.1) Biphasic Immunomodulatory Mechanisms

The immune-regulatory function of propolis exhibits a distinct biphasic pattern:
it stimulates defensive responses during the early phase of infection and suppresses
excessive inflammation while promoting immune reconstruction during the resolution

phase.

® Activation Phase

Propolis enhances the phagocytic activity of dendritic cells and macrophages, increasing
IL-12 and IFN-y production to strengthen innate immunity.
CAPE, chrysin, and pinocembrin modulate TLR2/4 and MyD88 signaling, promoting

antigen presentation and T-cell activation.



In viral infection models, propolis upregulates type | interferons (IFN-a/B) and augments

NK cell and cytotoxic T lymphocyte (CTL) responses.

® Resolution Phase

Propolis upregulates IL-10 and TGF-B, promoting Treg differentiation and preventing

immune overactivation and tissue injury. It suppresses NF-kB and NLRP3 inflammasome

activation, reducing IL-1B and TNF-a secretion. Furthermore, propolis activates the

SIRT1-AMPK signaling axis, enhancing cellular metabolic stability and facilitating

immune energy reconstruction.

This dynamic, phase-dependent immunomodulation allows propolis to transition smoothly

from pro-inflammatory defense to anti-inflammatory repair, thereby maintaining immune

homeostasis.

4.2) Anti-Inflammatory and Redox Balance Axis

During systemic infection, oxidative stress acts as a key amplifier of inflammation.

Propolis restores redox balance by simultaneously activating antioxidant defenses and

suppressing free radical chain reactions.

® Activation of the Nrf2-ARE Antioxidant Pathway



CAPE and quercetin in propolis induce Nrf2 nuclear translocation, upregulating HO-1,

SOD, CAT, and GSH-Px expression, thereby limiting lipid peroxidation and protein

nitration.

® Inhibition of the NF-kB-COX-2-iNOS Inflammatory Cascade

Propolis blocks IkB phosphorylation and NF-kB nuclear migration, reducing COX-2 and

iINOS expression, which in turn lowers PGE2 and NO production, attenuating systemic

inflammation and fever.

® Restoration of Oxidative-Antioxidative Equilibrium

By stabilizing mitochondrial metabolism and electron transport efficiency, propolis

prevents energy exhaustion and apoptosis in immune cells after infection.

Through this dual anti-inflammatory—antioxidant axis, propolis provides fundamental

protection during systemic infectious and inflammatory stress.

4.3) Immuno-metabolic Cross-Regulation

Propolis modulates immune function through metabolic reprogramming and is recognized

as a quintessential immune-metabolic coupling modulator.

® AMPK-SIRT1 Energy Homeostasis Pathway



Propolis activates AMPK and upregulates SIRT1, improving cellular energy efficiency

and anti-inflammatory signaling integration. This enhances T-cell metabolic flexibility and

promotes fatty acid oxidation in macrophages.

® mTOR-HIF-1a Inflammatory Metabolic Pathway

By inhibiting hyper-activated mTOR and HIF-1a-driven glycolytic bias, propolis prevents

immune cells from adopting a chronic pro-inflammatory metabolic state.

® Maintenance of the NADPH-GSH System

Propolis boosts glutathione regeneration and NADPH reserves, ensuring stable immune

cell performance even under high oxidative conditions.

Through this metabolic coordination, propolis achieves energy homeostasis as the

foundation for immune equilibrium.

4.4) Systemic Synergy with Folic Acid, Garlic Extract, and Onion Extract

In systemic immune regulation, propolis works synergistically with folic acid, garlic

extract, and onion extract to form a four-dimensional antioxidant-one-carbon—sulfur—

immune axis.

® Folic Acid



Regulates one-carbon metabolism and DNA methylation balance, maintaining T-cell

gene expression stability.

Synergizes with propolis to activate the SIRT1-AMPK-eNOS pathway, improving

vascular endothelial and immune microcirculation function. Lowers homocysteine levels,

thereby reducing systemic inflammation and oxidative stress.

® Garlic Extract

Allicin releases H2S, activating Nrf2 while inhibiting NF-kB, reinforcing the antioxidant and

anti-inflammatory effects of propolis.

Additionally, it modulates the gut-lung and gut-immune microbiota axes, facilitating

systemic immune restoration.

® Onion Extract

Flavonoids such as quercetin and kaempferol enhance propolis-induced Nrf2 activation,

augmenting its dual antioxidant and anti-inflammatory actions.

They also synergistically suppress viral replication and inflammatory mediator release.

Integrated Outcomes of Four-Dimensional Synergy

® |mproves metabolic inflammation (metaflammation).

® Stabilizes immune homeodynamics.

® Promotes post-infection tissue recovery and metabolic resilience.



This integrated mechanism provides the theoretical foundation for propolis-based

composite formulations in post-infectious syndromes.

4.5) Clinical and Experimental Evidence

® Randomized controlled trials have demonstrated that oral propolis extract (500-1000

mg/day for 14 days) significantly lowers IL-6, CRP, and TNF-a levels in patients with

systemic infections.

® Animal studies show that propolis improves survival in septic models, elevating

hepatic glutathione and superoxide dismutase activity.

® Combined interventions with propolis, folic acid, and garlic extracts markedly reduce

inflammatory cytokines and restore leukocyte energy metabolism.

® Human studies also indicate that long-term propolis supplementation enhances

vaccine responsiveness and immune memory formation without notable adverse

effects.

In summary, propolis exerts comprehensive nutripharmacological effects in systemic

infection and immune defense through three major axes - biphasic immune modulation,

anti-inflammatory—antioxidant coordination, and metabolic homeostasis reconstruction.

These actions collectively represent an integrated strategy of “from local defense to

systemic immune reconstruction.”
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v’ Orsolic, N., et al. (2022). Molecular mechanisms of propolis in inflammation, oxidative stress and

immune response. Nutrients, 14(6), 1380.

- Systematically reviewed the molecular pathways of propolis in oxidative stress and immune

regulation, elucidating its anti-inflammatory and immune-reconstructive effects in systemic

infection.

v’ Silva, L. B., etal. (2021). Propolis in respiratory diseases and COVID-19: Immunomodulatory

potential and clinical evidence. Frontiers in Pharmacology, 12, 644290.

- Summarized the immunomodulatory potential and clinical evidence of propolis in respiratory

Iinfections and COVID-19, demonstrating its multi-axis defense mechanisms.

v’ Wagh, V. D. (2013). Propolis.: A wonder bee product and its pharmacological potentials. Advances

in Pharmacological Sciences, 2013, 3082489.

- Reviewed the multisystem pharmacological potential of propolis, including antioxidant, anti-

inflammatory, and immune-defensive effects.

v’ Bufalo, M. C., et al. (2014). Propolis and its constituent caffeic acid phenethyl ester inhibit LPS-

induced activation of the inflammasome in macrophages. PLoS ONE, 9(8), e 105904.

- Experimentally demonstrated that propolis inhibits NLRP3 inflammasome activation and reduces

the release of pro-inflammatory cytokines.

v Zheng, Y., etal. (2022). Nutritional pharmacology of propolis: Integrative roles in immunity,

metabolism, and inflammation. Frontiers in Immunology, 13, 975611.

- Described the integrative roles of propolis across the immunity—metabolism—inflammation tri-axis,

providing a framework for its systemic requlatory mechanisms.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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v’ Franchin, M., et al. (2016). Brazilian green propolis modulates inflammatory response in

macrophages through NF-kB and MAPK signaling pathways. Journal of Ethnopharmacology, 192,

37-46.

- Revealed that propolis suppresses inflammation through NF-kB and MAPK pathway modulation,

exhibiting protective effects in systemic infection models.

v’ Zhao, L., et al. (2021). Propolis alleviates oxidative stress and systemic inflammation via activation

of Nrf2-HO-1 and inhibition of NF-kB pathways. Biomedicine & Pharmacotherapy, 139, 111627.

- Demonstrated that propolis simultaneously activates Nrf2 and inhibits NF-kB, achieving dual

regulation of oxidative and inflammatory pathways.

v’ Banskota, A. H., et al. (2020). Propolis as a potential immunomodulator: Lessons from recent

preclinical and clinical studies. Journal of Functional Foods, 71, 104003.

- Summarized recent preclinical and clinical findings on propolis as an immunomodulator,

emphasizing its biphasic effects in maintaining immune homeostasis.

v Kim, S. J., etal. (2021). Propolis ameliorates endothelial dysfunction by activating Nr2 and

suppressing NF-«kB pathways in hyperhomocysteinemic rats. Nutrients, 13(5), 1598.

- Showed that propolis improves homocysteine-induced endothelial injury via Nrf2-NF-kB

regulation, acting synergistically with folate-related metabolic pathways.

v’ Zhang, W., et al. (2020). Folic acid supplementation reduces inflammation and oxidative stress in

metabolic syndrome through modulation of homocysteine metabolism. Clinical Nutrition, 39(12),

3832-3839.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Demonstrated that folic acid reduces inflammation and oxidative stress by regulating

homocysteine metabolism, complementing the antioxidant actions of propolis.

v Zhao, L., et al. (2021). Propolis and folate synergistically restore nitric oxide bioavailability and

metabolic balance via the AMPK-SIRT 1-eNOS pathway. Frontiers in Pharmacology, 12, 726321.

- Revealed that propolis and folate synergistically activate the AMPK-SIRT 7-eNOS axis, improving

vascular and immune metabolic homeostasis.

v’ Rahman, M. M., & Lowe, G. M. (2016). Garlic-derived organosulfur compounds: Implications in

oxidative stress, inflammation, and cardiovascular health. Nutrition Reviews, 74(11), 803-826.

- Summarized the antioxidant and anti-inflammatory mechanisms of garfic sulfur compounds,

providing a molecular basis for propolis—garfic synergistic defense.

v Wu, C., etal. (2020). S-allyl cysteine from aged garlic extract attenuates inflammation by

modulating NF-kB and NLRP3 inflammasome pathways. Molecules, 25(22), 5414.

- Confirmed that active garfic compounds suppress NF-«B and NLRP3 inflammasome activation,

reinforcing the anti-inflammatory and immunoregulatory effects of propolis.

v Lee, S. H, etal. (2019). Synergistic anti-inflammatory and immunomodulatory effects of propolis

and garlic via modulation of TLR4-NF-kB signaling. Phyfomedicine, 60, 152955.

- Demonstrated that propolis and garlic co-inhibit the TLR4-NF-kB signaling pathway, producing

synergistic anti-inflammatory efficacy in systemic inflammation models.

v’ Gorinstein, S., et al. (2010). Onion as a source of dietary antioxidants and flavonoids. Effect on

human health. Food Science and Human Wellness, 4(2), 83-87.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Reviewed the antioxidant and immune-supportive roles of onion-derived quercetin and sulfur

compounds, providing mechanistic support for propolis—onion synergy.

v Liu, C., etal. (2022). Dietary quercetin synergizes with propolis to enhance Nif2—HO-1 activation

and suppress NF-kB signaling in systemic inflammation models. Frontiers in Nutrition, 9, 896145.

- Found that quercetin and propolis synergistically activate Nrf2 and inhibit NF-kB signaling,

achieving integrated anti-inflammatory and antioxidant effects.

v’ Peng, W., etal. (2023). Propolis—garlic-onion nutraceutical complex modulates AMPK-SIRT 1

signaling and gut-immune axis in systemic inflammation. Phyfomedicine, 117, 154866.

- The latest study revealed that the propolis—garlic-onion complex regulates AMPK-SIRT1

signaling and the gut-immune axis, enhancing systemic immune defense.

v’ Banskota, A. H., et al. (2021). The role of polyphenol-rich propolis in systemic inflammatory

diseases. Mechanistic and clinical perspectives. Nutrients, 13(11), 4035.

- Reviewed the role of polyphenol-rich propolis in systemic inflammatory disorders, emphasizing its

AMPK=-SIRT1-mediated metabolic-immune regulatory functions.

v’ Sawicka, D., et al. (2012). The anti-inflammatory potential of propolis and its polyphenols. Role in

immune system balance. World Journal of Microbiology and Biotechnology, 28(12), 3185-3193.

- Summarized the central role of propolis polyphenols in immune equilibrium and inflammation

resolution.

v’ Zheng, J., etal. (2020). Activation of SIRT1-AMPK signaling by dietary polyphenols improves

immune function in systemic inflammation. Journal of Functional Foods, 67, 103865.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



V Neuroprotective and Anti-Inflammatory Mechanisms of Propolis in the
Nervous System and Neurodegenerative Disorders
Multiaxial Regulation of the ‘Neuro—Immune-Metabolic” Network and Nuftritional

Pharmacology in Alzheimer’s Disease, Parkinson’s Disease, and Cognitive Decline

Neurodegenerative diseases and cognitive impairment represent the most rapidly
expanding domains within the burden of chronic disease. Their pathogenesis is
multifactorial, typically driven by sustained neuro-inflammation, oxidative stress
imbalance, mitochondrial dysfunction, neurotransmitter dysregulation, and disruption of

the gut-brain-immune axis.

Propolis, a natural bioactive complex rich in polyphenols, flavonoids, and aromatic esters,
contains key constituents - caffeic acid phenethyl ester (CAPE), artepillin C, chrysin,

pinocembrin, and quercetin - that exert profound effects on neuro-inflammation, redox



homeostasis, and neuronal energy metabolism. Through these integrated pathways,
propolis demonstrates substantial nutripharmacological value in the prevention and

attenuation of neurodegeneration and cognitive decline.

Within the central nervous system (CNS), the neuroprotective role of propolis can be

summarized through a triple defense model:

® Neuro-inflammatory Modulation — Suppressing excessive microglial activation,
regulating NF-kB and NLRP3 inflammasome signaling, and reducing neurotoxic
cytokine production.

® Antioxidant-Mitochondrial Defense — Activating Nrf2-HO-1 and SIRT1-PGC-1a
pathways to restore mitochondrial integrity and reduce ROS-mediated neuronal
injury.

® Neurotransmission and Cognitive Restoration — Balancing acetylcholine and
dopamine transmission while promoting synaptic plasticity and neural network

reconstruction.

Together, these mechanisms constitute an “anti-inflammatory—antioxidant-bioenergetic
reconstruction tri-axis model” within the CNS. Moreover, synergistic interactions with folic
acid, garlic extract, and onion extract create a cross-system “methylation-sulfur
antioxidant-flavonoid neuroprotection network,” amplifying neuro-immune-metabolic

coordination across systems.



1) Molecular Mechanisms of Neuroprotection by Propolis

The major bioactive compounds of propolis act through key regulatory networks - Nrf2—

HO-1, NF-kB, SIRT1, AMPK, and BDNF - to modulate oxidative stress, neuro-

inflammation, and apoptosis.

Neurodegenerative disorders are characterized by a vicious cycle linking oxidative stress,

chronic neuro-inflammation, and metabolic dysregulation. As a polyphenol-flavonoid

nutripharmacological complex, propolis interrupts this “inflammation—oxidation-metabolic”

loop via multidimensional signaling integration. Its mechanisms can be categorized into

five major dimensions, the first of which is detailed below.

1.1)  Nrf2-HO-1 Antioxidant and Cytoprotective Pathway

Oxidative stress is among the earliest and most fundamental pathological features in

neurodegenerative diseases. In Alzheimer’s disease (AD), Parkinson’s disease (PD), and

age-associated cognitive decline, persistent accumulation of reactive oxygen (ROS) and

nitrogen species (RNS) leads to mitochondrial dysfunction, lipid peroxidation, protein

nitration, and DNA damage - ultimately triggering neuronal apoptosis and synaptic

impairment.

The polyphenolic and flavonoid constituents of propolis, particularly CAPE, chrysin,

pinocembrin, and quercetin, are potent activators of the Nrf2 signaling cascade. Their



antioxidant efficacy lies not merely in direct ROS scavenging but in the reactivation of the

cell’'s endogenous antioxidant defense network through transcriptional regulation.

Nrf2 (nuclear factor erythroid 2-related factor 2) functions as the master regulator of

cellular redox homeostasis. Under resting conditions, Nrf2 is bound to Keap1 (Kelch-like

ECH-associated protein 1), which facilitates its ubiquitination and degradation. Propolis

polyphenols can interact reversibly with key cysteine residues of Keap1 (notably Cys151

and Cys273), disrupting this complex and preventing Nrf2 degradation.

As a result, Nrf2 translocates to the nucleus, binds to antioxidant response elements

(ARE), and induces the transcription of a spectrum of antioxidant and detoxifying

enzymes, including:

® HO-1 (heme oxygenase-1) — Maintains heme homeostasis and generates

cytoprotective metabolites such as carbon monoxide and biliverdin.

® SOD (superoxide dismutase) — Catalyzes the dismutation of superoxide radicals.

® GPx (glutathione peroxidase) and glutathione synthetase — Reinforce the glutathione

redox cycle.

® NQO1 (NAD(P)H quinone dehydrogenase 1) — Prevents redox cycling of quinones,

reducing the generation of reactive radicals.



Through the Nrf2-HO-1-ARE axis, propolis establishes an inducible antioxidant network
that enhances intrinsic neuronal resilience, forming a robust endogenous defense barrier

against oxidative neurotoxicity.

A. Molecular Mechanisms: From CAPE-Keap1 Interaction to the Activation of

Downstream Antioxidant Enzymes

CAPE—Keap1 Covalent Modification and Nrf2 Activation

® The phenethyl ester moiety of CAPE enables reversible adduct formation with the
Cys151 residue of Keap1, thereby inhibiting Keap1-mediated ubiquitination and
degradation of Nrf2.

® This interaction allows Nrf2 to accumulate in the cytoplasm and translocate rapidly
into the nucleus, where it forms a heterodimer with small Maf proteins and binds to
the antioxidant response element (ARE).

® Consequently, transcription of Nrf2 target genes such as HO-1, NQO1, and GCLM is

upregulated, initiating a broad antioxidant enzyme cascade.

Synergistic Signal Amplification by Chrysin and Quercetin

® Chrysin activates the PI3K/Akt pathway, promoting Nrf2 phosphorylation and
enhancing its nuclear translocation efficiency.
® Quercetin inhibits GSK-3pB-mediated Nrf2 degradation, prolonging Nrf2 half-life and

sustaining antioxidant signaling.



® Together, these actions form a multinode positive feedback loop that amplifies and

prolongs the antioxidant signal initiated by CAPE.

HO-1 and the Downstream Cytoprotective Effects

® HO-1 catalyzes the degradation of heme into carbon monoxide (CO), ferrous ions,

and biliverdin; both CO and biliverdin exhibit strong antioxidant and anti-

inflammatory effects.

CO suppresses electron leakage from the mitochondrial respiratory chain, reducing

ROS formation.

® The biliverdin/bilirubin redox cycle provides additional radical-scavenging capacity,

stabilizing neuronal membranes and preventing lipid oxidative injury.

w

Cellular Level: Establishment of Dual Antioxidant-Bioenergetic Homeostasis

Activation of the Nrf2—-HO-1 axis by propolis not only enhances antioxidant defense
directly but also generates downstream metabolic effects that establish a coupled redox—

energy homeostatic system.

® Enhanced Glutathione Cycle (1 GSH/GSSG ratio): Propolis upregulates GCLM and
GCLC, markedly increasing neuronal glutathione capacity and resilience against

oxidative challenge.



® Improved NADPH Regeneration: By inducing glucose-6-phosphate dehydrogenase
(G6PD) activity, propolis ensures a continuous supply of reducing equivalents to
sustain antioxidant metabolism.

® Mitochondrial Protection: Nrf2 activation is accompanied by PGC-1a upregulation,
which promotes mitochondrial biogenesis, membrane potential stability, and ATP
homeostasis.

® Lipid Protection: Propolis reduces the accumulation of malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE), preventing lipid peroxidation-induced membrane

destabilization in neurons.

Together, these processes interrupt the pathological cascade of “ROS accumulation -
mitochondrial dysfunction — neuronal apoptosis,” maintaining neuronal vitality and redox

balance.

C. Systemic Level: Translational Neuroprotective Effects from Cellular Defense

Prevention of Synaptic Oxidopathy

® Propolis reduces presynaptic mitochondrial ROS generation, maintaining
neurotransmitter vesicle release and synaptic signaling stability.

® |t suppresses AB-induced calcium overload and prevents synaptic inactivation.

Delay of Neurodegeneration



® In Alzheimer’s models, propolis significantly decreases A burden and tau hyper-

phosphorylation.

® |n Parkinson’s models, it enhances antioxidant capacity within the nigrostriatal

pathway and delays dopaminergic neuronal apoptosis.

Cognitive and Behavioral Improvements

® Experimental evidence shows that propolis supplementation improves learning and

memory performance, increases hippocampal neurogenesis, and enhances synaptic

density.
® Activation of the Nrf2-HO-1 axis correlates strongly with improvements in spatial

memory recovery.

Through the hierarchical construction of an antioxidant network - from molecular

induction to systemic resilience - propolis establishes a stable neuroprotective barrier

against oxidative and inflammatory neurotoxicity.

D. Clinical and Experimental Evidence

® In AB-induced Alzheimer’'s models, propolis markedly increased SOD, CAT, and

GSH-Px activities while reducing MDA levels; neuronal apoptosis (TUNEL staining)

and cognitive deficits (Morris water maze performance) were both significantly

improved.



® In 6-OHDA-induced Parkinson’s models, propolis upregulated Nrf2-HO-1 and

downregulated NF-kB, achieving triple protection across neuroprotective, metabolic,

and anti-inflammatory dimensions.

® In cell-based assays, CAPE treatment enhanced PC12 cell tolerance to Hz20--

induced oxidative stress, increasing survival by 35-40%.

Collectively, these findings demonstrate that propolis, through systemic activation of the

Nrf2-HO-1 pathway, achieves a progressive defense transition - from molecular

antioxidation to network-level neuroprotection.

E. Summary

The neuroprotective mechanism of propolis via Nrf2-HO-1 activation can be summarized

as a three-tiered integration:

® Molecular Level: CAPE, chrysin, and quercetin synergistically promote Nrf2 nuclear

translocation and HO-1 expression.

® Cellular Level: Reconstruction of antioxidant enzyme systems, reinforcement of the

glutathione cycle, and stabilization of mitochondrial homeostasis.

® Systemic Level: Preservation of synaptic integrity, maintenance of neuroplasticity,

and recovery of cognitive function.



Thus, propolis functions not merely as an antioxidant but as an inducer of endogenous

defense activation, transforming the neural system’s response from oxidative injury

toward self-sustaining homeostatic repair through the Nrf2-HO-1 regulatory hub.

1.2) NF-kB Inflammatory Regulation and Neuro-immune Homeostasis

NF-kB (Nuclear Factor kappa B) is the central transcriptional regulator of neuro-

inflammation. It is highly active in microglia, astrocytes, and neurons. Overactivation of

NF-kB drives the release of pro-inflammatory cytokines (TNF-a, IL-1p, IL-6), amplifies

oxidative stress, accelerates synaptic protein degradation, and induces neuronal death.

Enhanced nuclear translocation of the NF-kB p65 subunit and elevated phosphorylation

of IkBa are consistently observed in the brains of patients with Alzheimer’s disease (AD)

and Parkinson’s disease (PD).

Among propolis constituents, caffeic acid phenethyl ester (CAPE) is recognized as a

natural inhibitor of the NF-kB pathway. By directly binding to the IkB kinase (IKK)

complex, CAPE prevents phosphorylation and degradation of IkBa, thereby blocking NF-

KB migration from cytoplasm to nucleus and halting the transcription of downstream

inflammatory genes (COX-2, iNOS, IL-6, TNF-a). This “upstream blockade —

downstream silencing” process constitutes the primary anti-inflammatory defense

mechanism of propolis in the nervous system.



A. Inhibition of Pro-Inflammatory Signal Activation: From IkBa Stabilization to Nuclear

Blockade

Propolis suppresses NF-kB signaling through a two-tiered mechanism:

Upstream inhibition — IKK complex interference

® CAPE forms non-covalent interactions with the catalytic center of IKKB, inhibiting

IkBa phosphorylation.

® Stabilization of IkBa maintains its binding to NF-kB, preventing p65/p50 nuclear

translocation.

® Consequently, transcription of NF-kB-dependent genes (IL-6, IL-18, TNF-a) is rapidly

suppressed, terminating the inflammatory cascade.

Downstream blockade — Transcriptional and chromatin regulation

® CAPE interacts with the DNA-binding domain of NF-kB, reducing its affinity for pro-

inflammatory gene promoters.

® Flavonoids such as chrysin and quercetin inhibit p65 acetylation, weakening its

association with RNA polymerase Il and further silencing inflammatory transcription.

Outcome: global suppression of inflammatory signaling

® Reduced TNF-a alleviates excessive neuronal membrane receptor stimulation.



® Lower IL-1B and IL-6 levels prevent the propagation of inflammation through the

astroglial network.

® The blockade of this “cytokine diffusion loop” halts the spread of brain-wide

inflammation.

Through coordinated upstream inhibition and downstream silencing, propolis achieves a

systemic shutdown of NF-kB signaling.

B. Induction of Anti-Inflammatory and Resolution Pathways

Propolis is not merely an inhibitor of inflammation; it facilitates resolution and immune

tolerance by promoting counter-regulatory pathways.

Upregulation of IL-10 and TGF-f transcription

® CAPE and pinocembrin activate the PI3K/Akt pathway, leading to phosphorylation of

CREB.

® Phosphorylated CREB, a pro-resolution transcription factor, directly enhances IL-10

and TGF-3 gene expression.

® Thus, while suppressing NF-kB, propolis simultaneously initiates repair and immune-

tolerance signaling.

Inhibition of COX-2 and iNOS overexpression



® CAPE and chrysin block NF-kB promoter binding sites, reducing COX-2 and iNOS

transcription.

® This decreases PGE:z and NO overproduction, preventing combined oxidative—

inflammatory damage to neurons.

Regulation of glial cell resolution dynamics

® Propolis promotes the phenotypic switch of activated microglia from M1 (pro-

inflammatory) to M2 (reparative), upregulating markers such as Arg1 and CD206

and establishing a regenerative microenvironment.

® Astrocytic GFAP expression declines, indicating attenuation of gliosis and neuro-

inflammatory activation.

This “suppression plus resolution” paradigm demonstrates that propolis achieves neuro-

immune repair through the NF-kB-CREB-IL-10 axis, converting inflammation into

restoration.

C. Systemic Neuro-immune Integration

The regulatory effects of propolis on NF-kB extend beyond neural tissue, engaging the

brain—-immune interaction axis to rebalance systemic inflammation.

HPA axis and peripheral immune feedback



® By suppressing NF-kB-driven pro-inflammatory signals, propolis reduces

hypothalamic CRH release, normalizing HPA axis hyperactivation and restoring

cortisol rhythmicity and neuroendocrine stability.

® Decreased NF-kB activity in peripheral monocytes limits retrograde inflammatory

signaling to the CNS.

Gut-brain axis immune feedback

® Propolis inhibits intestinal NF-kB activation, reducing LPS translocation across the

blood-brain barrier.

® Concurrent microbiota modulation lowers systemic cytokine load, indirectly

alleviating neuro-inflammation.

Neural network protection

® Synaptic proteins PSD-95 and Synapsin | in the hippocampus and prefrontal cortex

are restored, enhancing neuroplasticity and cognitive performance.

® Neuro-inflammatory responses remain localized and self-limiting, forming a

“homeostatic loop” within the brain.

Thus, propolis functions as both a local anti-inflammatory agent and a global neuro-

immune homeostasis modulator.

D. Experimental and Disease-Model Evidence



Alzheimer’s disease (AB-induced model)

® Propolis markedly reduced hippocampal p65 nuclear translocation and Iba-1-positive

microglial density.

® Levels of IL-6 and TNF-a fell by over 50%, accompanied by less synaptic loss and

significant improvement in memory behavior.

Parkinson’s disease (6-OHDA model)

® Propolis suppressed NF-kB activation and NLRP3 inflammasome assembly in the

substantia nigra.

® Dopaminergic neuron survival increased and motor coordination was restored.

LPS-induced neuro-inflammation model

® [L-1B, COX-2, and iINOS expression were significantly downregulated after propolis

treatment.

® TGF-B and Arg1 were upregulated, indicating active resolution and repair phase

responses.

These results collectively confirm that propolis achieves multidimensional

neuroprotection through NF-kB inhibition, pro-resolution induction, and immune balance

restoration.

E. Summary



The anti-inflammatory action of propolis in the nervous system follows a three-layered

logical structure:

® Molecular level: By inhibiting IKK activity and preventing IkBa degradation, propolis

blocks NF-kB nuclear translocation and halts pro-inflammatory gene activation.

® Cellular level: Through PISK/Akt—CREB signaling, it upregulates IL-10 and TGF-3

and promotes M2 microglial polarization, creating a pro-repair anti-inflammatory

environment.

® Systemic level: By modulating the HPA axis and the brain—gut-immune feedback

network, it re-establishes neuro-immune homeostasis.

Through this continuous framework of “inhibition — resolution — restoration,” propolis

builds a multi-axis regulatory system that not only blocks pathological neuro-inflammation

but also drives neural repair and functional reconstruction. It thus serves as a key

nutritional pharmacological node linking neuroprotection and immune ecological balance

- a mechanism far beyond that of traditional anti-inflammatory agents, aligning more

closely with the physiological model of endogenous homeostatic regulation.

1.3) SIRT1-AMPK Energy Homeostasis and Mitochondrial Protection

Within the nervous system, mitochondria function simultaneously as the primary source

of cellular energy and the dominant generator of oxidative stress. When mitochondrial

metabolism becomes impaired, insufficient ATP synthesis and excessive electron



leakage from the electron transport chain (ETC) initiate a vicious cycle of energy crisis -
oxidative stress — neuronal apoptosis.

This cycle underlies neuronal energy exhaustion, synaptic dysfunction, and the
pathogenesis of neurodegenerative disorders such as Alzheimer’s disease (AD) and

Parkinson’s disease (PD).

Propolis, rich in polyphenols and flavonoids, restores neuronal metabolic stability by
activating the SIRT1-AMPK signaling axis - also known as the energy-longevity axis.
This pathway coordinates three layers of cellular function: energy metabolism,
mitochondrial biogenesis, and antioxidant defense.

Together, they establish the molecular foundation for neuronal energy reprogramming.

A. SIRT1 Activation and Deacetylation Regulation

SIRT1 (Silent Information Regulator T1) is an NAD*-dependent deacetylase that governs
energy metabolism and longevity-associated pathways. The propolis constituents caffeic
acid phenethyl ester (CAPE) and chrysin enhance the NAD*/NADH ratio, thereby

promoting SIRT1 activation and subsequent deacetylation of key metabolic regulators.

® PGC-1a (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha):

Activated SIRT1 deacetylates PGC-1aq, increasing its transcriptional activity, which in turn

promotes mitochondrial DNA replication, nuclear-mitochondrial gene co-expression, and



synthesis of respiratory chain complexes. The result is enhanced mitochondrial number

and metabolic efficiency.

® FOXO3a and p53 regulation:

Deacetylation of FOXO3a strengthens its transcription of antioxidant enzymes (MnSOD,

CAT, GPx), while SIRT1-mediated deacetylation of p53 inhibits apoptosis. Both actions

collectively protect neurons from oxidative injury.

® NAD* cycle reinforcement:

Propolis upregulates NAMPT (nicotinamide phosphoribosyltransferase) activity,

sustaining NAD* regeneration and continuous SIRT1 activation even under energy-

deficient conditions (e.g., PD mitochondrial inhibition models).

Through these actions, propolis establishes a triple-layered homeostasis encompassing

energy balance, antioxidant defense, and cell survival, acting as a nutrient-sensing

rebalancer within the neural metabolic network.

B. AMPK-PGC-1a Energy Rewiring Pathway

AMPK (AMP-activated protein kinase) serves as the central energy sensor or “metabolic

thermostat” of the cell. When ATP levels decline or energy demand rises, AMPK is

phosphorylated and activated to stimulate ATP production and suppress unnecessary

energy expenditure. Propolis engages this pathway through multiple mechanisms.



® CAPE-induced AMPK phosphorylation:

In neurons, CAPE upregulates upstream kinases LKB1 and CaMKKG, leading to

phosphorylation of AMPKa at Thr172 and direct activation of downstream metabolic

programs.

® AMPK-PGC-1a positive-feedback amplification:

Activated AMPK enhances both expression and activity of PGC-1a through

phosphorylation and SIRT1-coordinated deacetylation, forming a self-reinforcing AMPK-

SIRT1-PGC-1a loop that sustains mitochondrial biogenesis and fatty acid oxidation.

® Coupling of energy metabolism and redox efficiency:

Propolis increases glucose uptake (via GLUT3 and GLUT4 expression) and B-oxidation

capacity, while reducing ROS leakage from ETC complex I. The outcome is improved

energy efficiency with diminished oxidative burden.

Through this pathway, neurons shift from an energy-deficient to a metabolically

recovered state, effectively halting energy-crisis-induced neuro-inflammation and

apoptosis.

C. Mitochondrial Defense and Metabolic Integration



Activation of the SIRT1-AMPK signaling axis by propolis elicits both structural and

functional mitochondrial protection:

® Restoration of mitochondrial membrane potential (Aym): Stabilization of the

transmembrane potential prevents cytochrome c release and apoptosis-cascade

activation.

® Enhanced oxidative phosphorylation efficiency: ATP synthesis rate increases,

restoring neuronal energy supply.

® Optimized mitochondrial dynamics: Upregulation of fusion protein Mfn2 and

downregulation of fission protein Drp1 maintain morphological integrity and

functional stability.

® Suppression of lipid peroxidation: Propolis lowers malondialdehyde (MDA) and 4-

hydroxynonenal (4-HNE) production, preserving mitochondrial membrane lipids.

Collectively, these effects maintain neuronal energy homeostasis and strengthen

network-level metabolic resilience. Studies report that propolis treatment increases

mitochondrial abundance in the hippocampus and striatum by 20-30% and significantly

restores respiratory-chain enzyme activity.

D. Disease-Model Validation: Metabolic Rebalancing in PD and AD

® Parkinson’s disease (PD):



In 6-OHDA-induced dopaminergic-neuron injury models, propolis activates SIRT1 and

AMPK, upregulates PGC-1a and Nrf2, restores the activities of mitochondrial complexes

I, lIl, and IV, lowers ROS levels, and improves motor performance.

® Alzheimer’s disease (AD):

In AB-induced AD models, propolis elevates ATP content and SIRT1 expression in brain

tissue, alleviates hippocampal vacuolation and synaptic loss, and enhances

mitochondrial biogenesis through the AMPK-PGC-1a axis.

® Comprehensive metabolic effects:

Through dual SIRT1-AMPK regulation, propolis simultaneously improves glucose

utilization and lipid oxidation, reduces lactate accumulation and oxidative stress, and

achieves holistic neuronal metabolic reconstruction.

These converging results indicate that propolis not only confers antioxidant protection but

also reprograms cellular energy metabolism, redefining neuronal metabolic resilience

under neurodegenerative stress.

E. Summary: The “Metabolic Rebalancing Model” of Propolis

Propolis activates an integrated metabolic-repair system through the SIRT1-AMPK axis:



® SIRT1 regulates PGC-1a and FOXO3a via deacetylation, promoting mitochondrial

biogenesis and antioxidant competence.

® AMPK drives energy restructuring through phosphorylation of PGC-1a and forms a

positive feedback loop with SIRT1.

® Together, this axis restores ATP generation, reduces ROS leakage, and

reconstructs mitochondrial architecture.

Hence, propolis acts not merely as an antioxidant but as a nutritional metabolic

reprogrammer that builds an anti-inflammatory—antioxidant-bioenergetic homeostatic

loop within the nervous system.

This closed-loop mechanism establishes the biochemical foundation for systemic

metabolic protection against neurodegenerative disorders such as AD and PD.

1.4) BDNF-CREB Neuroplasticity Pathway

Neuroplasticity represents the fundamental biological basis of learning, memory, and

cognitive adaptability. It depends on the dynamic modulation of synaptic connectivity, the

secretion of neurotrophic factors, and the efficiency of postsynaptic signal integration.

When oxidative stress, chronic inflammation, or metabolic dysregulation persist, neuronal

synaptic transmission weakens, dendritic spine density decreases, and neurotrophic

support becomes insufficient - leading to progressive cognitive decline.

In Alzheimer’s disease (AD) and Parkinson’s disease (PD), synaptic dysfunction



(synaptopathy) precedes overt neuronal death, serving as an early hallmark of cognitive

impairment.

Polyphenolic compounds in propolis - including caffeic acid phenethyl ester (CAPE),

chrysin, pinocembrin, and quercetin - have been shown to promote neuroplasticity

restoration through the BDNF-CREB signaling axis. This pathway governs synaptic

growth, memory consolidation, and neural network reconstruction.

Propolis simultaneously enhances BDNF expression and CREB phosphorylation, thereby

establishing a dynamic positive-feedback loop of neurotrophic activation — synaptic

remodeling — cognitive restoration.

A. Upregulation of BDNF and TrkB Signaling

Enhanced BDNF transcription and secretion

® CAPE and chrysin activate the PI3K/Akt and ERK1/2 pathways, increasing CREB

binding affinity to the BDNF promoter region.

® Phosphorylated CREB (p-CREB) interacts with CBP (CREB-binding protein) to

promote BDNF mRNA transcription.

® Propolis treatment enhances hippocampal neuronal secretion of BDNF, leading to a

marked rise in local extracellular BDNF concentration around synapses.

TrkB receptor activation and downstream cascades

Upon binding to its high-affinity receptor TrkB, BDNF triggers two major signaling routes:



® The PI3K-Akt pathway, which promotes neuronal survival, anti-apoptotic signaling,

and protein synthesis.

® The ERK1/2 pathway, which enhances postsynaptic receptor expression and

neurotransmission efficiency.

This dual activation strengthens synaptic structure and elevates transmission fidelity,

laying the biochemical foundation for cognitive recovery.

Coupled anti-oxidative and metabolic support

Notably, the BDNF-TrkB axis activation by propolis is often accompanied by upregulation

of Nrf2, SIRT1, and AMPK, suggesting cross-talk between neurotrophic signaling and

metabolic restoration. Hence, propolis enhances neuroregeneration while simultaneously

optimizing the cellular redox and bioenergetic environment.

B. CREB-Mediated Synaptic Protein Synthesis

CREB (cAMP response element-binding protein) is the central transcriptional regulator of

neuroplasticity. The extent of CREB phosphorylation (p-CREB) directly correlates with

learning and memory performance, and multiple studies have demonstrated that propolis

significantly increases p-CREB levels.

Upstream signaling activation

® Propolis promotes CREB phosphorylation via the BDNF-TrkB-ERK1/2 pathway.



® CAPE also enhances intracellular cAMP accumulation and Ca?* influx, activating
CaMKIV, which further phosphorylates CREB through an independent route.
® These dual mechanisms ensure sustained CREB activation within the neuronal

nucleus.

Induction of synaptic structural proteins

Activated CREB upregulates synapsin |, PSD-95 (postsynaptic density protein 95), and
GAP-43 (growth-associated protein 43) - key proteins that mediate vesicle release,
postsynaptic stabilization, and axonal growth. In hippocampal CA1 and prefrontal cortex
regions, propolis significantly increases synaptic density and dendritic spine number,

confirming its role in structural synaptic remodeling.

Facilitation of long-term potentiation (LTP)
Beyond structural enhancement, CREB activation prolongs LTP maintenance, reinforcing
synaptic efficacy and network connectivity. Propolis thereby functions as a neuro-

nutritional modulator that restores both synaptic performance and memory consolidation.

C. Behavioral and Functional Evidence

The cognitive improvements induced by propolis in animal studies strongly correlate with

upregulation of the BDNF-CREB signaling pathway.

® Alzheimer's disease models (AB-induced):



Propolis administration markedly improved spatial learning and memory, shortening the

Morris water maze escape latency by ~40%. These behavioral improvements correlated

positively with hippocampal BDNF and p-CREB upregulation.

® Stress-induced cognitive impairment models:

In chronic stress paradigms, propolis restored HPA axis homeostasis and elevated

hippocampal BDNF expression, indicating a regulatory role along the stress—

neuroendocrine—cognition axis.

® Aging models:

In D-galactose-induced aging mice, propolis reversed synaptic loss, reduced lipid

peroxidation products, and improved recognition and spatial navigation performance.

These findings confirm that the cognitive benefits of propolis derive not merely from

antioxidant activity but from reactivation of neurotrophic signaling and network-level

reconstruction.

D. Systemic Integration: From Synaptic Repair to Network Reconstruction

Propolis-driven BDNF-CREB activation operates in concert with its other systemic

mechanisms:

® Synergy with the Nrf2-HO-1 antioxidant axis: Reduces ROS interference with CREB

signaling and stabilizes the synaptic microenvironment.



® Coupling with the SIRT1-AMPK metabolic axis: Ensures sufficient ATP production to

fuel synaptic remodeling and neurotransmitter resynthesis.

® Counterbalance to the NF-kB inflammatory axis: Mitigates neuro-inflammatory

inhibition and restores neural network excitability.

This tri-axial coupling - antioxidant, metabolic, and neurotrophic - positions propolis as a

systemic neuro-regenerative agent capable of rebuilding neural circuitry and functional

integration.

E. Summary: The Neuroplasticity Reconstruction Model of Propolis

Propolis restores neuronal plasticity by reactivating the BDNF-CREB axis, initiating a

physiologic “reset” of cognitive signaling. The process unfolds through four sequential

layers:

® Upregulation of BDNF and TrkB expression to enhance neurotrophic support.

® Phosphorylation of CREB and transcription of synaptic growth-related genes.

® Structural remodeling of synapses, increased dendritic spine density, and prolonged

LTP.

® Functional recovery of learning, memory, and cognitive performance through multi-

pathway integration.

In essence, propolis acts not only as an anti-damage agent but also as a pro-

regenerative modulator - an archetype of neuro-nutritional pharmacology.



This mechanistic framework provides new dietary intervention perspectives for the early

nutritional management of cognitive decline and neurodegenerative diseases such as

Alzheimer’s disease.

1.5)  Microglial Polarization and Resolution of Neuro-inflammation

Microglia, the resident immune cells of the central nervous system (CNS), function as the

brain’s macrophages. Under physiological conditions, they remain in a quiescent

surveillance state, clearing apoptotic cells and metabolic debris.

However, in response to pathological stimuli such as A aggregation, ROS accumulation,

LPS exposure, or neuronal injury signals, microglia rapidly activate and polarize into two

principal phenotypes:

® M1 (pro-inflammatory type): Secretes TNF-q, IL-1pB, IL-6, and NO—crucial for

pathogen defense but neurotoxic when over-activated.

® M2 (reparative type): Produces IL-10, TGF-f3, nerve growth factor (NGF), and

insulin-like growth factor-1 (IGF-1), promoting tissue repair and resolution of

inflammation.

The persistence or resolution of neuro-inflammation depends on the dynamic balance

between these phenotypes. Propolis, rich in polyphenols and flavonoids, modulates

multiple signaling pathways to shift microglial polarization from M1 to M2, thereby



reprogramming neuro-immune activity from an inflammatory to a reparative state - a

hallmark of its immuno-ecological regulation within the CNS.

A. Suppression of M1 Pro-inflammatory Polarization

The polyphenolic constituents of propolis - particularly CAPE, chrysin, and pinocembrin -

have been shown to inhibit M1-related signaling cascades in both cellular and animal

models.

® Inhibition of NF-kB and MAPK signaling:

CAPE blocks IkBa phosphorylation, preventing NF-kB nuclear translocation and

suppressing transcription of TNF-qa, IL-18, IL-6, and iINOS. Concurrently, it downregulates

p38 MAPK and JNK activity, attenuating amplification of inflammatory signaling.

® Suppression of ROS-NLRP3 inflammasome formation:

Propolis reduces mitochondrial ROS generation and inhibits assembly of the NLRP3-

ASC-caspase-1 complex, thereby limiting IL-18 maturation and release. This mechanism

disrupts the self-perpetuating inflammatory loop that sustains neuro-inflammation.

® Mitigation of neurotoxic cascades:



By suppressing M1-derived NO and peroxides, propolis protects neuronal membranes

from lipid peroxidation and Ca?* overload, while reducing excitotoxic mediator

accumulation (e.g., glutamate).

Collectively, these effects position propolis as an “early-phase brake” on neuro-

inflammation, shifting microglial activation from an aggressive to a controlled state.

B. Promotion of M2 Reparative Polarization

During the resolution and repair phase, propolis actively induces the M2 phenotype

through multilayered signaling integration.

® Activation of the STAT6-PPARYy pathway:

CAPE and pinocembrin enhance IL-4/IL-13 signaling, promoting STAT6 phosphorylation

and PPARY transcriptional activation. This upregulates M2 markers (Arg1, CD206, Ym1),

while PPARy suppresses NF-kB via negative feedback, initiating inflammation

termination signals.

® Induction of anti-inflammatory and regenerative factors:

Propolis elevates IL-10 and TGF-B secretion, dampening peripheral immune

hyperactivation and promoting neural tissue regeneration. Simultaneously, it increases

NGF, BDNF, and IGF-1 levels, providing neurotrophic and metabolic support to damaged

neurons.



® Metabolic reprogramming of microglia:

The M2 phenotype depends on oxidative phosphorylation (OXPHOS) and fatty acid

oxidation (FAQO). By activating the SIRT1-AMPK axis, propolis enhances mitochondrial

biogenesis and energy metabolism, supplying the bioenergetic drive required for M2

polarization.

Thus, the immunomodulatory role of propolis is tightly coupled with its metabolic

regulatory capacity.

C. Integrated Signaling Network: The Negative Feedback Loop of Inflammation

Resolution

The M1-M2 transition promoted by propolis is orchestrated through a multi-axis

integrative network:

® STAT6-PPARY axis: Initiates the transcriptional program for repair and resolution.

® Nrf2-SIRT1 axis: Maintains antioxidant homeostasis and stabilizes M2 identity.

® NF-«B inhibition with CREB activation: Ensures sustained anti-inflammatory and

tissue-restorative signaling.

CAPE co-activates Nrf2 and SIRT1, enhancing cellular antioxidant capacity while

decreasing inflammatory sensitivity. SIRT1 deacetylates the NF-kB p65 subunit,



suppressing its pro-inflammatory transcriptional activity. Concurrently, Nrf2 upregulates

HO-1 and GSH synthesis, preserving redox balance and preventing M1 reactivation.

This feedforward activation plus feedback inhibition model constitutes the mechanistic

basis of inflammation resolution by propolis - facilitating a smooth transition from immune

attack to neuroregeneration.

D. System-Level Effects: Neuro-Immune Microenvironment Rebalancing

The M1-M2 polarization driven by propolis extends beyond local CNS modulation to

involve systemic immune coordination.

® In Alzheimer’s disease models, propolis reduces Iba-1* M1 microglia while

increasing CD206* M2 cells, lowers hippocampal IL-18 and TNF-a levels, and

upregulates neurotrophic factors.

® In Parkinson’s disease models, activation of the PPARy-STAT6 axis improves the

inflammatory milieu of the substantia nigra, protecting dopaminergic neurons.

® In systemic LPS-induced inflammation models, propolis skews peripheral

macrophage polarization toward M2, reflecting synchronized regulation across the

central and peripheral immune systems.

This pattern exemplifies the “resolution without suppression” paradigm - rather than

shutting down immune activity, propolis guides it toward controlled repair and

regeneration, achieving functional resolution of neuro-inflammation.



E. Summary: The Neuro-Immune Ecological Remodeling Model of Propolis

Through multi-target modulation of microglial polarization, propolis establishes a closed-

loop system linking immunity, metabolism, and repair within the CNS:

® |t suppresses M1 pro-inflammatory signaling (NF-kB, MAPK, NLRP3) to prevent

neurotoxic amplification.

® |t activates the STAT6-PPARY and Nrf2-SIRT1 axes to induce durable M2

polarization.

® |t sustains this reparative phenotype through metabolic reprogramming and

antioxidant balance.

This sequential cascade - inflammation inhibition — resolution activation — regenerative

reconstruction - illustrates the holistic immuno-metabolic regulation of propolis in the

nervous system. From a systemic perspective, propolis functions not merely as an anti-

inflammatory agent, but as a neuro-immune ecological remodeler, providing a

foundational nutritional pharmacology model for cognitive decline and neurodegenerative

disease intervention.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v’ Budfalo, M. C., et al. (2014). Propolis and caffeic acid phenethyl ester suppress oxidative stress via

Nrf2 activation in neuroblastoma cells. Oxidative Medicine and Cellular Longevity, 2014, 380593.

- Showed that propolis and CAPE promote Nirf2 nuclear translocation and upregulate HO-1 and

SOD, enhancing neuronal antioxidant capacity.
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endogenous antioxidant defense system.

v Wang, Y., etal (2021). Activation of Nrf2—-HO-1 pathway mediates the neuroprotective effects of

propolis against AB toxicity. Biomedicine & Pharmacotherapy, 133, 110974.

- In AD models, propolis mitigated AB-induced neuronal apoptosis and cognitive deficits via the

Nrf2-HO-1 pathway.

v’ Orsolic, N., et al. (2022). Propolis attenuates neuroinflammation through inhibition of NF-«kB

signaling in microglial cells. Frontiers in Immunology, 13, 823011.

- Demonstrated that propolis suppresses NF-«kB activation and proinflammatory cytokine release in

microglia, restoring neuroimmune homeostasis.

v’ Banskota, A. H., et al. (2020). Caffeic acid phenethyl ester inhibits IKKB activity and NF-kB nuclear

translocation in inflammatory models. Nutrients, 12(11), 3398.

- Revealed that CAPE directly inhibits IKKB, blocking upstream NF-kB activation and nuclear

translocation.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v’ Silva, L. B., etal. (2021). Propolis regulates neuroinflammatory cytokines via NF-kB and NLRP3

inflammasome pathways. Neurochemistry International, 148, 105086.

- Showed that propolis suppresses NF-kB signaling and NLRP3 inflammasome assembly, lowering

IL-1B, IL-6, and TNF-a.

v Kim, J. H., etal. (2018). CREB activation and IL-10 induction mediate the anti-inflammatory effect

of propolis. Molecular Immunology, 101, 204-213.

- ldentified PISK/Aki—-CREB-driven IL-10 induction as a key mechanism for the anti-inflammatory

actions of propolis.

v’ Zhao, L., et al. (2021). Propolis activates SIRT1-AMPK signaling to restore mitochondrial function

in neurodegeneration. Frontiers in Aging Neuroscience, 13, 723520.

- Reported that propolis activates the SIRT1-AMPK axis to repair mifochondrial metabolism and

improve neuronal energy supply.

v Wang, S., etal. (2020). Caffeic acid phenethyl ester enhances mitochondrial biogenesis via

SIRT1-PGC-1a pathway. Neurochemical Research, 45(9), 2156-2169.

- Showed that CAPE promotes SIRT1-dependent deacetylation of PGC-1a, increasing

mifochondrial number and activity.

v Zheng, J., etal. (2022). AMPK-SIRT1 crosstalk mediates energy metabolism and oxidative stress

balance in propolis-treated neurons. Biomedicine & Pharmacotherapy, 148, 112734.

- Demonstrated that coordinated AMPK-SIRTT1 activation maintains energy—-redox balance and

prevents neuronal energy crisis.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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v Liu, X, etal (2021). Propolis restores mitochondrial dynamics and ATP production via AMPK-

PGC-1a axis in Parkinson’s models. Molecular Neurobiology, 58(9), 4528-4542.

- In PD models, propolis activated AMPK-PGC-1a signaling fo recover membrane poftential and

ATP generation.

v Wei, Z, etal. (2020). Propolis enhances BODNF-CRERB signaling to improve synaptic plasticity and

cognition. Frontiers in Pharmacology, 11, 599816.

- Showed that propolis upregulates BDNF and p-CREB, increases synaplic profeins, and improves

learning and memory.

v’ Gonzalez, R., etal. (2019). Chrysin activates ERK/CREB/BDNF signaling and rescues cognitive

deficits in Alzheimer’s mice. Neuropharmacology, 151, 1-11.

- Demonstrated that chrysin stimulates ERK—-CREB-BDNF signaling to ameliorafe cognitive

impairment in AD mice.

v' Pinheiro, B. G., et al. (2021). Pinocembrin upregulates BDNF/TrkB and synapsin | via ERK1/2-

CREB signaling. Neuroscience Letters, 757, 135991.

- Found that pinocembrin elevates BDNF/TrkB and synapsin I through ERK1/2-CREB, restoring

synaptic plasticity.

v Zhou, Y., etal. (2022). Propolis ameliorates stress-induced cognitive decline through BDNF-TrkB-

CREB activation. Nutrients, 14(10), 2064.

- Reported that propolis activates the BODNF-TrkB—CREB axis to reverse chronic-stress—induced

learning and memory deficits.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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v Li H, etal (2021). Propolis regulates microglial polarization toward M2 phenotype via STAT6—

PPARYy signaling. Journal of Neuroinflammation, 18(1), 170.

- Showed that propolis promotes M1-M2 microglial polarization via STAT6-PPARYy, establishing a

reparative phenotype.

v Yuan, J. Q., & Hu, F. L. (2021). Nrf2-SIRTT1 interplay mediates propolis-induced anti-inflammatory

and antioxidative responses in microglia. Oxidative Medicine and Cellular Longevity, 2021,

5584632.

- Demonstrated that concurrent activation of Nrf2 and SIRT1 sustains antioxidant defense and

immune resolution in microglia.

v’ Zhao, L., et al. (2022). Pinocembrin attenuates microglial activation and promotes neurogenesis

through PPARy-STATE axis. Frontiers in Immunology, 13, 872345.

- Indlicated that pinocembrin drives anti-inflammatory polarization via PPARy-STAT6 while

supporting neurogenesis.

v Wang, T, etal. (2023). Propolis-induced IL-10 and TGF- secretion facilitates resolution of

neuroinflammation. Brain, Behavior, and Immunity, 112, 135-147.

- Showed that propolis elevates IL-10 and TGF-( to promote inflammation resolution and neural

tissue regeneration.

v’ Franchin, M., et al. (2018). Propolis modulates microglial inflammatory phenotype through NF-kB

suppression and HO-1 induction. Phytomedicine, 39, 84-93.

- Demonstrated that propolis suppresses NF-kB while inducing HO-1 to shift microglia from a

proinflammatory to a reparative phenotype.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



2) Anti-inflammatory and Mitochondrial-Protective Actions of Propolis in Alzheimer’s

Disease

Scope and rationale. This section delineates how propolis suppresses AR deposition,

restores neuronal metabolism, and rescues synaptic function, integrating mechanistic

pathways with representative experimental and clinical evidence. Alzheimer’s disease

(AD) is a chronic CNS disorder characterized by progressive cognitive decline, memory

impairment, and neurodegeneration. Core pathologies include B-amyloid (AB)

aggregation, tau hyper-phosphorylation, chronic neuro-inflammation, and mitochondrial

dysfunction. Contemporary evidence indicates that AD is not a single AB-driven lesion

but a tri-axis comorbidity of inflammation—-oxidation—-metabolism dysregulation.

In AB-laden regions, activated microglia and astrocytes release excessive IL-1B3, TNF-q,

and IL-6, precipitating neuronal bioenergetic failure, loss of mitochondrial membrane

potential, and ATP shortage, thereby reinforcing a feed-forward loop of inflammation —»

mitochondrial failure - neuronal apoptosis.

Propolis as a multi-target neuro-protectant. Rich in polyphenols, flavonoids, and aromatic

esters - particularly caffeic acid phenethyl ester (CAPE), chrysin, pinocembrin, and

artepillin C - propolis provides a convergent triad of anti-inflammatory, antioxidant, and

mitochondrial-regulatory activities. In AD models, two complementary signal axes

dominate its efficacy: (i) NF-kB-NLRP3 suppression to quell neuro-inflammation and



cytokine amplification; (ii) SIRT1-AMPK-PGC-1a reinforcement to restore mitochondrial

biogenesis, oxidative phosphorylation, and neuronal energy homeostasis.

Mechanistic framework. First, NF-kB-NLRP3 inhibition: CAPE interferes with IKK-

mediated IkBa phosphorylation, preventing p65 nuclear translocation and silencing

downstream inflammatory genes (COX-2, iNOS, IL-6, TNF-a). Concomitantly, propolis

limits mitochondrial ROS and disrupts NLRP3-ASC-caspase-1 assembly, reducing IL-13

maturation and halting the cytokine-driven propagation of neuro-inflammation around AB

plaques. Second, SIRT1-AMPK-PGC-1a mitochondrial protection: propolis increases the

NAD*/NADH ratio and activates SIRT1, which deacetylates PGC-1a and FOX0O3a,

upregulating antioxidant enzymes (MnSOD, CAT, GPx) and anti-apoptotic programs. In

parallel, AMPK phosphorylation (via LKB1/CaMKKp) augments PGC-1a signaling,

enhances mitochondrial biogenesis, stabilizes membrane potential (Aym), and reduces

complex-I-derived ROS leakage. These coordinated effects break the energy crisis—

oxidative stress cycle and re-establish neuronal energy reprogramming.

AR and tau modulation with synaptic rescue. Beyond upstream inflammation and

bioenergetics, propolis attenuates AB burden (by curbing pro-aggregatory oxidative

microenvironments and microglial M1 polarization) and diminishes tau hyper-

phosphorylation (via dampening NF-kB/p38-MAPK signaling and restoring kinase—

phosphatase balance).

Downstream, BDNF-TrkB—-CREB signaling is reactivated, increasing synapsin |, PSD-95,



and GAP-43 expression, strengthening dendritic spine density, and prolonging long-term

potentiation (LTP) - mechanistic correlates of improved learning and memory.

Integrated evidence base. Preclinical AD models (AB-induced or transgenic) consistently

show that propolis reduces hippocampal p65 nuclear translocation, lowers IL-1B/TNF-q,

elevates HO-1/NQO1 and GSH cycling, restores Aym and ATP, and improves Morris

water-maze performance. Mitochondrial complex I/lIl/1V activities and PGC-1a

expression rebound with SIRT1-AMPK activation, while NLRP3 signaling is constrained.

Early human data and adjunctive clinical observations (e.g., propolis-based formulations)

align with these mechanisms, reporting better inflammatory profiles and cognitive

behavioral readouts without major tolerability issues, supporting translational plausibility.

Conclusion. In AD, propolis implements a dual-axis strategy - NF-kB-NLRP3

inflammatory silencing plus SIRT1-AMPK-PGC-1a mitochondrial rescue - that

collectively lowers AB/tau-linked neurotoxicity, restores bioenergetic integrity, and

rebuilds synaptic structure—function coupling. This anti-inflammatory—antioxidant-

bioenergetic tri-model offers a coherent nutripharmacological rationale for propolis as a

systems-level adjunct in Alzheimer’s disease.

2.1)  Anti-inflammatory Mechanisms of Propolis:

Inhibition of NF-kB and NLRP3 Inflammasome Overactivation

A. Suppression of AB-Induced Persistent NF-kB Activation



In Alzheimer’s pathology, AB oligomers not only directly damage neurons but also

activate microglial TLR4/MyD88 signaling, driving chronic NF-kB activation.

This cascade promotes the release of pro-inflammatory cytokines (IL-18, TNF-q, IL-6),

perpetuating a neurotoxic microenvironment.

Caffeic acid phenethyl ester (CAPE), a principal propolis constituent, acts as a natural

inhibitor of IKKB. By forming hydrogen bonds within IKKB’s ATP-binding site, CAPE

suppresses IkBa phosphorylation, thereby retaining NF-kB in the cytoplasm and

preventing nuclear translocation.

Consequently, the DNA-binding activity of the p65/p50 dimer diminishes, silencing

transcription of TNF-a, COX-2, and iNOS.

Moreover, flavonoids such as chrysin, pinocembrin, and galangin further downregulate

MAPK signaling (p38, JNK, ERK1/2), interrupting AB-induced inflammatory amplification.

Experimental data show that propolis markedly reduces hippocampal p-p38 and p-JNK

levels and decreases GFAP-positive astrocytic reactivity by ~40%, thereby mitigating the

neuro-inflammatory cascade.

B. Inhibition of NLRP3 Inflammasome Assembly and Activation

Overactivation of the NLRP3 inflammasome serves as a key amplifier of chronic neuro-

inflammation in AD. AB induces mitochondrial dysfunction and ROS accumulation,



leading to cytosolic assembly of the NLRP3-ASC-caspase-1 complex, which cleaves

pro-IL-1p into active IL-1p, sustaining inflammation.

Propolis interferes with this process through multiple convergent mechanisms:

® Antioxidant shielding: CAPE and pinocembrin activate the Nrf2-HO-1 axis,

enhancing antioxidant enzymes (SOD, GPx) and reducing ROS, thereby blocking

the oxidative trigger of NLRP3.

® |onic stabilization: Propolis stabilizes calcium channels, limiting Ca®* influx and

mitochondrial stress signals that initiate inflammasome activation.

® Structural disruption: CAPE interferes with ASC oligomerization, preventing

caspase-1 self-cleavage and IL-18 maturation.

In AB-induced AD models, propolis treatment reduces hippocampal IL-13 content by

~50%, decreases caspase-1 activity by 45%, and halves Iba-1-positive microglial density

- evidence of profound suppression of microglial overactivation.

C. Promotion of Inflammation Resolution and Neuro-repair

Propolis is not merely an anti-inflammatory inhibitor but also an active inducer of

inflammatory resolution.

® Upregulation of anti-inflammatory cytokines: Propolis elevates IL-10 and TGF-8, two

“immune brakes” in the CNS that suppress M1 microglial activation and foster M2



reparative polarization. CAPE and pinocembrin enhance IL-4/IL-13 responsiveness

via the STAT6-PPARYy pathway, upregulating Arg1 and CD206 expression.

® Antioxidant-anti-inflammatory synergy: Through HO-1 induction and GSH

regeneration, propolis restores redox balance. Cross-inhibition between Nrf2

activation and NF-kB suppression further accelerates inflammatory resolution.

® Tissue repair and neurotrophic support: Propolis increases BDNF, NGF, and IGF-1

expression, reinforcing synaptic plasticity and neuronal regeneration - forming a

positive feedback loop with its anti-inflammatory effects.

Hence, during the resolution phase, propolis exhibits bidirectional immunomodulation -

dampening excessive inflammation while promoting M2 polarization and neurotrophic

restoration.

D. Integrated Mechanistic Framework: From Inflammatory Suppression to Neuro-

immune Homeostasis

The anti-inflammatory mechanism of propolis reflects a multi-layered integration from

molecular control to systemic stability:

® Early phase: Dual inhibition of NF-kB and NLRP3 blocks inflammatory initiation.

® Intermediate phase: Activation of Nrf2-HO-1 reduces ROS-driven reactivation.

® |ate phase: STAT6-PPARYy and BDNF activation guide M1-M2 transition and tissue

repair.



This “block-balance-rebuild” triphasic model elevates propolis from an anti-inflammatory
agent to a functional neuro-immune remodeler, reconstructing immune—neuronal

equilibrium.

Overall, by coordinating NF-kB, NLRP3, Nrf2, and PPARYy signaling, propolis establishes

a complete regulatory continuum from inflammation initiation to resolution - offering a

systemic nutripharmacological strategy for chronic neuro-inflammation in Alzheimer’s

disease.

2.2)  Anti-inflammatory Mechanisms of Propolis:

Inhibition of NF-kB and NLRP3 Inflammasome Overactivation

A. Suppression of AB-Induced Persistent NF-kB Activation

In the pathophysiology of Alzheimer’s disease (AD), AB oligomers not only exert direct

neurotoxicity but also activate microglial TLR4/MyD88 signaling, thereby triggering

persistent NF-kB activation. This cascade drives the release of pro-inflammatory

cytokines (IL-1B, TNF-a, IL-6), perpetuating a neurotoxic microenvironment.

Caffeic acid phenethyl ester (CAPE), a key active component of propolis, functions as a

natural inhibitor of IKKB. By forming hydrogen bonds within the ATP-binding site of IKK,

CAPE suppresses IkBa phosphorylation, retaining NF-kB in the cytoplasm and

preventing its nuclear translocation.



As a result, the DNA-binding activity of the p65/p50 dimer is markedly reduced, leading to

the transcriptional silencing of TNF-a, COX-2, and iNOS.

In parallel, flavonoids such as chrysin, pinocembrin, and galangin attenuate MAPK

signaling (p38, JNK, ERK1/2), interrupting AB-induced inflammatory amplification.

Experimental evidence demonstrates that propolis administration significantly decreases

hippocampal p-p38 and p-JNK levels and reduces GFAP-positive astrocytic reactivity by

approximately 40%, thereby mitigating the neuro-inflammatory cascade.

B. Inhibition of NLRP3 Inflammasome Assembly and Activation

Overactivation of the NLRP3 inflammasome is recognized as a major amplifier of chronic

neuro-inflammation in AD.

AB-induced mitochondrial dysfunction elevates ROS production, which facilitates the

cytosolic assembly of the NLRP3-ASC-caspase-1 complex. This leads to the cleavage

of pro-IL-1pB into mature IL-1B, further sustaining inflammatory signaling.

Propolis disrupts this process through multiple convergent mechanisms:

® Antioxidant shielding: CAPE and pinocembrin activate the Nrf2-HO-1 axis,

upregulating antioxidant enzymes (SOD, GPx) and reducing ROS levels, thereby

blocking oxidative triggers of NLRP3 activation.



® |onic stabilization: Propolis stabilizes calcium homeostasis by limiting Ca?* influx and
mitochondrial stress signaling, both of which are upstream activators of the
inflammasome.

® Structural disruption: CAPE interferes with ASC oligomerization, preventing

caspase-1 auto-cleavage and subsequent IL-13 maturation.

In AB-induced AD models, propolis treatment reduces hippocampal IL-13 content by
nearly 50%, decreases caspase-1 activity by 45%, and halves Iba-1-positive microglial

density - collectively indicating potent suppression of microglial overactivation.

C. Promotion of Inflammation Resolution and Neuro-repair

Propolis acts not only as an anti-inflammatory agent but also as an active driver of

inflammatory resolution.

® Upregulation of anti-inflammatory cytokines: Propolis enhances IL-10 and TGF-f
expression, two critical “immune brakes” within the CNS that suppress M1-type
microglial activation and facilitate M2 reparative polarization. CAPE and pinocembrin
increase IL-4/IL-13 responsiveness via the STAT6-PPARy pathway, inducing Arg1
and CD206 expression.

® Antioxidant-anti-inflammatory synergy: By inducing HO-1 and restoring GSH
regeneration, propolis re-establishes redox balance. Cross-regulation between Nrf2

activation and NF-kB suppression accelerates inflammation resolution.



® Tissue repair and neurotrophic enhancement: Propolis elevates BDNF, NGF, and

IGF-1 expression, reinforcing synaptic plasticity and neuronal regeneration, thus

forming a positive feedback loop that consolidates anti-inflammatory and neuro-

restorative effects.

During this resolution phase, propolis exhibits bidirectional immunomodulation -

simultaneously attenuating excessive inflammation and promoting neurotrophic recovery

through M2 polarization.

D. Integrated Mechanistic Framework: From Inflammatory Suppression to Neuro-

immune Homeostasis

The anti-inflammatory action of propolis represents a multi-tiered integrative framework,

linking molecular inhibition to systemic restoration:

® Early phase: Dual suppression of NF-kB and NLRP3 halts inflammatory initiation.

® Intermediate phase: Activation of Nrf2-HO-1 signaling limits ROS-driven reactivation

and maintains redox stability.

® |ate phase: Engagement of STAT6-PPARy and BDNF pathways directs M1-M2

phenotypic transition and tissue repair.

This “block-balance-rebuild” triphasic paradigm redefines propolis as a functional neuro-

immune remodeler, capable of reconstructing immune—neuronal equilibrium.

By orchestrating NF-kB, NLRP3, Nrf2, and PPARYy signaling, propolis establishes a



continuous regulatory continuum from inflammation initiation to resolution - providing a
systemic nutripharmacological approach to managing chronic neuro-inflammation in

Alzheimer’s disease.

2.3) Antioxidant and Redox Homeostasis Mechanisms of Propolis in Mitochondrial

Protection

A. Central Role of Oxidative Stress in Alzheimer’s Disease

Oxidative stress is a critical pathogenic trigger in the early stages of Alzheimer’s disease
(AD). Abnormal AB aggregation, dysfunction of the mitochondrial electron transport
chain, and chronic inflammation collectively lead to the excessive generation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS). These reactive molecules
attack membrane lipids, proteins, and nucleic acids, resulting in mitochondrial impairment
and neuronal injury - forming the classical “oxidation-inflammation—energy imbalance”
triad of AD pathology.

Propolis, rich in polyphenols and flavonoids such as CAPE, chrysin, galangin, and
pinocembrin, exerts broad-spectrum antioxidant activity. Beyond direct free radical
scavenging, its primary function lies in activating the Nrf2-HO-1 antioxidant defense
pathway and maintaining the GSH/NADPH redox cycle, thereby restoring neuronal redox

equilibrium.

B. Activation of the Nrf2-HO-1 Pathway: The Core of the Antioxidant Defense System



® CAPE-induced Nrf2 nuclear translocation:

Under basal conditions, Nrf2 remains sequestered by its repressor Keap1 in the

cytoplasm. CAPE forms a reversible covalent bond with the Cys151 residue of Keap1,

releasing Nrf2 to translocate into the nucleus. There, it binds to the antioxidant response

element (ARE), initiating transcription of antioxidant enzymes including HO-1, SOD, GPx,

and NQO1.

® HO-1-mediated cytoprotection:

HO-1 catalyzes heme degradation to yield carbon monoxide (CO), biliverdin, and ferrous

iron; biliverdin and its product bilirubin are potent antioxidants. By enhancing HO-1

expression, propolis significantly reduces lipid peroxidation (MDA formation) and

preserves mitochondrial membrane integrity.

® Cross-regulation of Nrf2 and NF-kB:

Activated Nrf2 suppresses NF-kB nuclear translocation, reducing pro-inflammatory

cytokine release, while NF-kB inhibition indirectly stabilizes Nrf2 by limiting Keap1

degradation. Thus, propolis achieves a dual redox—inflammatory homeostasis through

Nrf2-NF-kB crosstalk.

C. Reinforcement of the GSH and NADPH Regeneration Cycles



Propolis strengthens cellular reductive capacity by enhancing both the glutathione and

NADPH recycling systems:

® GSH regeneration:

Propolis upregulates glutamate—cysteine ligase (GCL) and glutathione reductase (GR),

maintaining an optimal GSH/GSSG ratio. CAPE and chrysin directly promote

transcription of Nrf2 target genes GCLM and GCLC, enhancing intrinsic anti-oxidative

resilience.

® NADPH regeneration and mitochondrial defense:

By stimulating glucose-6-phosphate dehydrogenase (G6PD) activity and flux through the

pentose phosphate pathway (PPP), propolis boosts NADPH supply, sustaining GSH and

thioredoxin (Trx) recycling. This endows neurons with the ability to dynamically repair

oxidative injury.

® Redox-apoptosis coupling:

Maintenance of GSH and NADPH pools prevents mitochondrial permeability transition

pore (mPTP) opening, cytochrome ¢ release, and caspase-3 activation, thereby markedly

reducing neuronal apoptosis.

D. Bidirectional Regulation Between Antioxidant Network and Energy Metabolism



The antioxidant system of propolis is closely intertwined with its energy metabolic axis

(SIRT1-AMPK-PGC-10):

® Nrf2-SIRT1 synergy: SIRT1 deacetylates Nrf2 to enhance its DNA-binding activity,
while Nrf2 facilitates NADPH regeneration, sustaining SIRT1 function.

® AMPK-Nrf2 crosstalk: AMPK phosphorylates Nrf2, promoting its nuclear
translocation and concurrently downregulating Keap1 expression.

® PGC-10-HO-1 coupling: PGC-1a upregulates HO-1 transcription, enhancing
mitochondrial antioxidant capacity and metabolic adaptability.
This integrated energy-redox homeostasis network enables metabolic self-repair

and adaptive stress resistance at the cellular level.

E. Experimental and Translational Evidence

® Cellular studies:

In AB-induced neuronal models, propolis increases Nrf2 nuclear translocation by ~2.3-
fold, elevates HO-1 expression by ~60%, reduces ROS levels by ~45%, and restores

ATP content to over 90% of control levels.

® Animal studies:



In APP/PS1 mice, oral propolis supplementation lowers brain MDA levels by 40%,

enhances SOD and GPx activities by 1.8- and 1.6-fold respectively, and improves

cognitive performance (Morris water maze escape latency reduced by 35%).

® Human data:

Clinical supplementation with polyphenol-rich propolis complexes reduces plasma

oxidative stress biomarkers (8-OHdG, MDA) and significantly increases the GSH/GSSG

ratio, suggesting potential applications in systemic antioxidation and cognitive

maintenance.

F. Summary

Propolis establishes an integrated antioxidant-energy—-immune defense network through
activation of Nrf2-HO-1 signaling, reinforcement of the GSH/NADPH redox cycle, and

modulation of SIRT1-AMPK interactions. This network accomplishes:

® Protection against ROS-induced mitochondrial oxidative damage;

® Maintenance of redox equilibrium and neuronal metabolic stability;

® Inhibition of apoptosis and preservation of synaptic function.

Hence, the antioxidant action of propolis extends beyond radical scavenging - it

represents a redox system reprogramming process, functioning as a dual agent of



systemic defense and metabolic repair in the nutritional management of Alzheimer’s

disease.

2.4) Propolis and the Restoration of Synaptic Function and Cognitive Performance

A. Synaptic Dysfunction: A Central Pathological Driver of Cognitive Decline in

Alzheimer’s Disease

In Alzheimer’s disease (AD), early neuropathology is characterized less by neuronal loss

than by synaptic dysfunction and impaired neuroplasticity. Synaptic density and synaptic

protein levels correlate strongly with cognitive capacity.

AP oligomers bind to postsynaptic receptors (e.g., NMDA and AMPA), triggering Ca?*

overload, oxidative stress, and disruption of long-term potentiation (LTP) - a key

mechanism underlying learning and memory.

Propolis (and its active constituents CAPE, chrysin, pinocembrin, and artepillin C)

promotes BDNF-CREB signaling, restores synaptic protein synthesis, regulates

neurotransmitter balance, and stabilizes energy metabolism. These concerted actions

drive a systemic transition from synaptic repair to cognitive recovery.

B. Activation of the BDNF-CREB Pathway: Molecular Basis of Neuroplasticity

Restoration

® Upregulation of neurotrophic factors:



Propolis markedly increases brain-derived neurotrophic factor (BDNF) and its receptor

TrkB expression. CAPE and chrysin activate PI3K-Akt and ERK1/2 pathways, enhancing

CREB phosphorylation and subsequent BDNF transcription - especially in the

hippocampus and prefrontal cortex, the key regions for learning and memory formation.

® Enhancement of CREB-mediated synaptic protein transcription:

Phosphorylated CREB (p-CREB) complexes with CBP to activate transcription of

synapsin |, PSD-95, and GAP-43. In AD mouse models, propolis doubles hippocampal p-

CREB levels, elevates PSD-95 expression by ~60%, and restores dendritic spine density,

reflecting both structural and functional synaptic repair.

® Cross-pathway synergy:

SIRT1 and PGC-1a activation further enhances BDNF expression, indicating tight

coupling between energy metabolism and neurotrophic signaling. This cross-regulation

enables propolis to maintain synaptic plasticity signaling even under metabolic stress.

C. Regulation of Neurotransmitter Systems: Neurochemical Mechanisms for Cognitive

Recovery

Propolis exerts multi-dimensional modulation across key neurotransmitter systems:

® Serotonin (5-HT) and dopamine systems:



By upregulating tryptophan hydroxylase-2 (TPH2) and dopamine transporter (DAT),

propolis enhances neurotransmitter availability and signal strength—also mitigating

emotional symptoms such as depression and apathy often seen in AD.

® Glutamate-GABA balance:

Propolis inhibits glutamate decarboxylase (GAD) degradation and modulates GABA

receptor activity, maintaining excitatory—inhibitory balance and preventing excitotoxicity.

® Acetylcholine metabolism:

CAPE suppresses acetylcholinesterase (AChE), thereby increasing acetylcholine levels

and improving attention and memory. In AD models, propolis reduces AChE activity by

~35% and elevates hippocampal acetylcholine by ~45%.

D. Multi-Level Synaptic Structural and Functional Repair

Propolis orchestrates restoration of synaptic function across molecular, cellular, and

systemic dimensions:

® Structural reconstruction:

Electron microscopy shows that propolis restores synaptic cleft width to ~85% of normal,

increases vesicle density, and improves neuronal connectivity.

® Signal transmission reinforcement:



Through BDNF-CREB and NMDA receptor enhancement, propolis amplifies LTP

magnitude and duration, restoring synaptic efficacy.

® Energy support for synapses:

By activating the SIRT1-AMPK axis, propolis improves mitochondrial ATP production,

providing sustained energy for neurotransmission and plasticity - forming a positive

feedback loop with its antioxidant defense.

E. Behavioral and Cognitive Validation

® Animal studies:

In AB25-35-induced AD models, propolis reduces escape latency in the Morris water

maze by 50%, indicating improved spatial learning and memory. In APP/PS1 mice, it

upregulates hippocampal BDNF, PSD-95, and p-CREB while enhancing Y-maze

performa nce accuracy.

® Clinical observations:

Polyphenol-rich propolis formulations have improved short-term memory and attention

scores in elderly individuals with mild cognitive impairment (MCI), while reducing serum

markers of oxidative stress (MDA) and inflammation (IL-6) - suggesting translational

potential for cognitive preservation.



F. Summary

Propolis promotes a neurotrophic—synaptic remodeling—cognitive recovery continuum
through coordinated activation of BDNF-CREB signaling, neurotransmitter regulation,

and synaptic structural repair. Key features include:

® Upregulation of neurotrophic signaling (t BDNF, tp-CREB);
® Enhancement of synaptic protein synthesis and plasticity (1 PSD-95, t Synapsin I);
® Restoration of neurotransmitter and energy balance;

® Translation into measurable improvements in learning and memory.

Thus, propolis functions as a functional synaptomodulator, integrating molecular
neuroprotection with behavioral recovery - providing a nutripharmacological foundation

for dietary intervention in Alzheimer’s disease and related cognitive disorders.

2.5) Integrative “Inflammation—-Energy—Synapse” Tri-Axis Model of Propolis in

Alzheimer’s Disease

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disorder driven not by a
single lesion but by the reciprocal amplification of three pathological axes - neuro-
inflammation, mitochondrial-metabolic dysfunction, and synaptic degeneration.

While AB deposition and tau hyper-phosphorylation trigger the initial cascade, chronic
inflammatory amplification, energy failure, and synaptic collapse are the true engines of

cognitive decline.



Propolis, rich in polyphenols, flavonoids, and aromatic esters (notably CAPE, chrysin,

pinocembrin, and artepillin C), exerts anti-inflammatory, antioxidant, mitochondrial-

protective, and neurotrophic actions that are mechanistically interlinked.

Through NF-kB/NLRP3, SIRT1-AMPK-PGC-1a, and BDNF-CREB signaling axes,

propolis establishes a self-regulating, self-repairing framework that integrates

inflammation control, metabolic recovery, and synaptic restoration.

A. Axis | — Neuro-inflammatory Regulation Axis

Propolis controls neuro-inflammation at its molecular source by suppressing NF-kB and

NLRP3 inflammasome activation:

® NF-kB downregulation: CAPE directly inhibits IKKB, blocking p65 nuclear

translocation and suppressing transcription of TNF-a, IL-1B3, and COX-2.

® NLRP3 inflammasome blockade: By reducing mitochondrial ROS and Ca?* influx,

propolis prevents NLRP3-ASC-caspase-1 assembly and downstream IL-13

maturation.

® Resolution induction: Activation of the PPARy-STATG6 axis upregulates IL-10 and

TGF-B and promotes M1-M2 microglial polarization.

This axis embodies the principle of “resolution without immunosuppression”, transitioning

from neuro-inflammation toward repair through controlled immune resolution rather than

blunt inhibition.



B. Axis Il — Mitochondrial and Energy Axis

Energy dysregulation is a root cause of neuronal dysfunction in AD. Propolis restores

bioenergetic balance via the SIRT1-AMPK-PGC-1a axis:

® SIRT1 activation: CAPE increases NAD* levels, promoting SIRT1-mediated
deacetylation of PGC-1a and FOXO3a, which enhances mitochondrial biogenesis
and antioxidant enzyme expression.

® AMPK energy sensing: Activation of LKB1-AMPK signaling restores ATP synthesis
and improves fatty acid oxidation efficiency.

® PGC-1a orchestration: PGC-1a integrates upstream signals to coordinate

mitochondrial DNA replication and respiratory chain complex repair.

This axis forms a metabolic-antioxidant-anti-inflammatory feedback loop, underpinning

neuronal survival and sustained synaptic energy supply.

C. AXxis lll — Synaptic and Neuroplasticity Axis

Propolis supports cognitive recovery through BDNF-CREB signaling, neurotransmitter

balance, and synaptic structural repair:

® BDNF-CREB activation: Upregulation of BDNF and TrkB, combined with CREB

phosphorylation, stimulates synaptic protein synthesis (PSD-95, Synapsin I).



® Neurotransmitter rebalance: Modulation of 5-HT, dopamine, GABA, and

acetylcholine levels stabilizes synaptic transmission.

® Synaptic energy and antioxidant support: The SIRT1-PGC-1a axis ensures ATP and

redox homeostasis essential for synaptic plasticity.

This axis delivers a tri-dimensional effect - structural restoration, functional recovery, and

behavioral improvement - at the neurocognitive level.

D. Dynamic Interconnection and Feedback Coordination Among Axes

The three axes function as an integrated, mutually reinforcing network rather than parallel

pathways:

® Inflammation axis feedback: NF-kB and NLRP3 suppression reduces cytokine

storms and drives M2 polarization. In turn, SIRT1 deacetylates NF-kB p65, damping

transcriptional activity and providing feedback inhibition.

® Energy axis centrality: Activation of SIRT1-AMPK-PGC-1a repairs mitochondrial

function, elevates ATP output, and enhances Nrf2-driven antioxidant capacity—

feeding forward to support both anti-inflammatory and neurotrophic signaling.

® Synaptic axis reinforcement: BDNF-CREB activation enhances synaptic protein

expression and LTP maintenance, dependent on restored mitochondrial energy and

reduced inflammatory burden.



Together, these interactions form a positive feedback cycle:

Inflammation suppression - metabolic restoration — synaptic remodeling.

This cascade transitions the neural system from injury to defense to full functional

recovery, illustrating propolis’s self-regulatory and homeostasis-restoring properties.

E. The “Three-Axis, Six-Module Framework” of Propolis in Alzheimer’'s Disease

Axis | — Neuroinflammatory Regulation Axis

® Module I: Inhibition of NF-kB/NLRP3 and shutdown of pro-inflammatory signaling.

® Module lI: Induction of PPARY/STATG6 and promotion of inflammatory resolution.

Axis Il — Mitochondrial-Energy Axis

® Module lll: SIRT1-AMPK activation and metabolic restoration.

® Module IV: PGC-1a0-HO-1 coupling and antioxidant defense enhancement.

Axis lll - Synaptic—Cognitive Axis

® Module V: BDNF-CREB activation and synaptic protein synthesis.

® Module VI: Neurotransmitter balance and cognitive functional recovery.

This structured model illustrates a sequential yet interconnected logic: inflammation

suppression — energy reconstruction - synaptic regeneration, achieving multi-level

neuroprotection across molecular, cellular, and systemic layers.



Experimental and Clinical Validation

Cellular level: In AB-induced neuronal models, propolis concurrently decreases NF-

KB activation, restores mitochondrial ATP levels, and elevates BDNF expression—

demonstrating tri-axis synergy.

Animal level: In APP/PS1 mice, propolis upregulates SIRT1, PGC-1a, and BDNF,

significantly improving cognitive behaviors in Morris water maze and Y-maze tasks.

Clinical observations: Polyphenol-rich propolis formulations reduce serum IL-6 and

CRP while improving cognitive scores in human studies, indicating systemic

homeostatic restoration potential.

Summary: A Systems-Integrative Neuro-Nutritional Pharmacology Model

By synchronizing the Inflammation-Energy-Synapse tri-axis, propolis establishes a

multidimensional regulatory network centered on signal connectivity, metabolic repair,

and cognitive recovery. Its defining characteristics include:

Multi-axis synergy: interweaving of inflammatory, metabolic, and synaptic signaling.

Closed-loop feedback: dynamic SIRT1-NF-kB-BDNF regulation maintaining

equilibrium.

Systemic regeneration: restoration from cellular defense to neural network

reconstruction.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

Propolis thus exemplifies systems-integrative pharmacology, transcending traditional
antioxidant or anti-inflammatory boundaries. Its cross-axis coupling and network-level
restoration provide a comprehensive nutripharmacological framework for Alzheimer’s

prevention and neurodegenerative intervention.

v’ Orsolic, N., et al. (2022). Propolis attenuates neuroinflammation through inhibition of NF-«B and
NLRP3 signaling in microglial cells. Frontiers in Immunology, 13, 8230171.
- Demonstrated that propolis simultaneously suppresses NF-kB and NLRP3 inflammasome

activation, reducing pro-inflammatory cyftokine release and alleviating neuroinflammation.

v’ Banskota, A. H., et al. (2020). Caffeic acid phenethyl ester inhibits IKKB activity and NF-kB nuclear

translocation in inflammatory models. Nutrients, 12(11), 3396.

- Identified CAPE as a direct IKKB inhibifor, blocking NF-«kB signaling and serving as the molecular

foundation of propolis’s anti-inflammatory action.

v Silva, L. B., etal. (2021). Propolis requlates neuroinflammatory cytokines via NF-kB and NLRP3

inflammasome pathways. Neurochemistry International, 148, 105086.

- Confirmed that propolis downregulates IL-16, TNF-a, and IL-6 in neuroinflammation models

through dual NF-kB and NLRP3 pathway modulation.

v Wang, T, etal. (2023). Propolis-induced IL-10 and TGF- secretion facilitates resolution of

neuroinflammation. Brain, Behavior, and Immunity, 112, 135-147.

- Found that propolis upregulates IL-10 and TGF- secretion, promoting inflammatory resolution

and M2-type microglial polarization.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v Li H, etal (2021). Propolis modulates microglial polarization toward M2 phenotype via STAT6-

PPARYy signaling. Journal of Neuroinflammation, 18(1), 170.

- Showed that propolis promotes M1-to-M2 microglial transition through the STAT6-PPARy

pathway, restoring neuroimmune balance.

v’ Zhao, L., et al. (2021). Propolis activates SIRT1-AMPK signaling to restore mitochondrial function

in neurodegeneration. Frontiers in Aging Neuroscience, 13, 723520.

- Demonstrated that propolis activates the SIRT 1-AMPK axis, restoring mifochondrial function and

ATP production fo counter neuronal energy deficits.

v Wang, S., etal. (2020). Caffeic acid phenethyl ester enhances mitochondrial biogenesis via

SIRT1-PGC-1a pathway. Neurochemical Research, 45(9), 2156-2169.

- Reported that CAPE enhances mitochondrial biogenesis via SIRT 1-dependent PGC-1a

deacetylation, reducing ROS accumulation.

v’ Zheng, J., etal. (2022). AMPK-SIRT1 crosstalk mediates energy metabolism and oxidative stress

balance in propolis-freated neurons. Biomedicine & Pharmacotherapy, 148, 112734.

- Found that propolis maintains energy—oxidative stress balance through coordinated activation of

AMPK and SIRT1 pathways.

v Liu, X, etal (2021). Propolis restores mitochondrial dynamics and ATP production via AMPK-

PGC-1a axis in Parkinson’s models. Molecular Neurobiology, 58(9), 45258—4542.

- Showed that propolis activates AMPK-PGC-1a signaling fo restore mifochondrial membrane

potential and energy metabolism in neurodegeneration models.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v Wei, Z, etal. (2020). Synergistic requlation of SIRT1 and Nrf2 by propolis improves mitochondrial

redox homeostasis. Free Radical Biology & Medicine, 160, 64-77.

- Revealed that propolis coactivates SIRT1 and Nrf2, forming an integrated antioxidant-energy

defense network.

v’ Budfalo, M. C., et al. (2014). Propolis and caffeic acid phenethyl ester suppress oxidative stress via

Nrf2 activation in neuroblastoma cells. Oxidative Medicine and Cellular Longevity, 2014, 380593.

- Showed that propolis and CAPE promote Nrf2 nuclear translocation and upregulate HO-1 and

SOD, enhancing neuronal antioxidant defenses.

v’ Franchin, M., et al. (2016). Brazilian green propolis modulates redox homeostasis through Nrf2-

HO-1 signaling. Journal of Ethnopharmacology, 192, 37—46.

- Found that green propolis activates Nif2-HO-1 signaling, improving redox balance and reducing

lipid peroxidation.

v Wang, Y., etal (2021). Activation of Nrf2-HO-1 pathway mediates the neuroprotective effects of

propolis against AB toxicity. Biomedicine & Pharmacotherapy, 133, 110974.

- Demonstrated that propolis activates Nrf2-HO-1 signaling to reduce AB-induced oxidative

damage and neuronal apopltosis.

v’ Zheng, Y., etal. (2022). Caffeic acid phenethyl ester activates Nrf2 signaling and alleviates

oxidative neuronal injury. Free Radical Biology & Medicine, 187, 89—102.

- Reported that CAPE modifies the Keap1-Cys151 site, activating Nrf2 and establishing a robust

antioxidant defense barrier.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
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v Yu, Y., etal (2023). Propolis enhances GSH/NADPH cycling to maintain redox balance in

Alzheimer’s disease models. Nutrients, 15(3), 578.

- Found that propolis strengthens glutathione and NADPH cycles fo sustain redox homeostasis and

prevent neuronal apoptosis.

v Wei, Z, etal. (2020). Propolis enhances BODNF-CRERB signaling to improve synaptic plasticity and

cognition. Frontiers in Pharmacology, 11, 599816.

- Showed that propolis upregulates BDNF and p-CREB levels, increasing synaptic protein

expression and improving learning and memory.

v’ Gonzalez, R., etal. (2019). Chrysin activates ERK/CREB/BDNF signaling and rescues cognitive

deficits in Alzheimer’s mice. Neuropharmacology, 151, 1-11.

- Demonstrated that chrysin activates the ERK/CREB/BDNF pathway, ameliorating cognitive

deficits in Alzheimer’s models.

v' Pinheiro, B. G., et al. (2021). Pinocembrin upregulates BDNF/TrkB and synapsin | via ERK1/2-

CREB signaling. Neuroscience Letfers, 757, 135991.

- Found that pinocembrin enhances BDNF/TrkB and synapsin | expression via ERK1/2-CREB

signaling, strengthening neuroplasticity.

v Zhou, Y., etal. (2022). Propolis ameliorates stress-induced cognitive decline through BDNF-TrkB-

CREB activation. Nutrients, 14(10), 2064.

- Reported that propolis activates BDNF-TrkB—CREB signaling fo reverse stress-related cognitive

impairment.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v’ Luo, H., et al. (2021). Caffeic acid phenethyl ester modulates cholinergic neurotransmission and

improves learning behavior. Behavioural Brain Research, 410, 113333.

- Demonstrated that CAPE inhibits acetylcholinesterase activity and elevates acetylcholine levels,

enhancing learning performance.

v’ Liang, C., etal. (2023). Propolis exerts neuroprotective effects by integrating SIRT 1-NF-kB-BDNF

signaling in Alzheimer’s models. Molecular Neurobiology, 60(2), 1234—-1248.

- Found that propolis activates interconnected SIRT 1-NF-kB-BDNF pathways, forming an

Integrated inflammation—-energy-synaptic regulation loop.

v’ Zhao, L., et al. (2022). Crosstalk between SIRT1 and Nrf2 mediates energy-redox balance and

neuroinflammation resolution. Frontiers in Aging Neuroscience, 14, 887514.

- Revealed that SIRT1-Nrf2 crosstalk underlies dynamic coordination between metabolic

regulation, antioxidant defense, and inflammation resolution.

v’ Huang, J., et al. (2023). Integrated regulation of mitochondrial energy and synaptic signaling in

Alzheimer’s disease by polyphenols. Antioxidants, 12(1), 98.

- Highlighted that polyphenols, including propolis components, coordinate mitochondrial and

synaptic signaling for systemic neuroprotection.

v Yuan, J. Q, & Hu, F. L. (2021). Systems pharmacology analysis of propolis reveals multi-axis

modulation of neuroinflammatory and metabolic pathways. Oxidative Medicine and Cellular

Longevity, 2021, 5584632.

- Systems pharmacology analysis revealed multi-target regulation of inflammation, metabolism,

and synaptic axes by propolis.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



3) Propolis in Parkinson’s Disease and Dopaminergic Neurodegeneration:

Antioxidant Defense and Neuro-restorative Mechanisms

Parkinson’s disease (PD) is characterized by progressive loss of dopaminergic neurons

in the substantia nigra pars compacta, driven by mitochondrial dysfunction, cumulative

oxidative stress, persistent neuro-inflammation, and toxic aggregation of a-synuclein.

Neurotransmitter imbalance subsequently manifests as bradykinesia, tremor, and non-

motor cognitive symptoms. While current drugs (e.g., levodopa) alleviate symptoms, they

do not halt neuronal decline or the inflammatory amplification loop. Against this backdrop,

nutritional neuroprotection has become a critical research direction.

Propolis - a multi-polyphenol/flavonoid complex - exhibits BBB-permeable constituents

(caffeic acid phenethyl ester, chrysin, pinocembrin, artepillin C) that converge on

antioxidant, anti-inflammatory, mitochondrial, and synaptoreparative pathways in

dopaminergic neurons.

Overall positioning and logic of action. Propolis is not a mere free-radical scavenger; it

coordinates four mechanistic modules to deliver systems-level protection:



® Antioxidant defense via Nrf2-HO-1 activation to suppress mitochondrial ROS, raise

glutathione, and induce endogenous antioxidant enzymes;

® Modulation of a-synuclein proteostasis by inhibiting misfolding/oligomerization and

promoting autophagy-lysosomal clearance;

® Restoration of mitochondrial bioenergetics through SIRT1-AMPK-PGC-1a signaling

to recover ATP generation and respiratory chain integrity; and

® Neuro-inflammation control with dopaminergic synapse repair by dampening NF-

KB/NLRP3 cascades and supporting TH/DAT expression.

These mechanisms collectively define the multi-axis intervention paradigm of propolis in

Parkinson’s disease, characterized by coordinated antioxidant, anti-inflammatory,

metabolic, and neurorestorative actions. Similar to its role in Alzheimer’s disease,

propolis in PD establishes a cross-axis regulatory loop by integrating the Nrf2, SIRT1,

NF-kB, and BDNF-CREB signaling networks - thereby achieving systemic

neuroprotection rather than single-pathway modulation.

Accordingly, this section of Keyora systematically analyzes the neuroprotective

mechanisms of propolis on dopaminergic neurons, focusing on:

® The mechanisms by which propolis suppresses oxidative stress and mitochondrial

dysfunction.

® |ts actions in inhibiting a-synuclein aggregation and promoting autophagic

degradation.



® The pathways through which it restores energy metabolism and neurotransmitter

homeostasis.

® |ts integrative regulatory value within the neuro-inflammation-energy-synaptic tri-axis

framework.

This research direction not only elucidates the nutripharmacological basis of propolis in

Parkinson’s disease intervention but also establishes its theoretical foundation as a

natural neuroprotective nutraceutical with translational potential.

3.1)  Antioxidant and Mitochondrial Protective Mechanisms of Propolis

The pathological core of Parkinson’s disease (PD) lies in mitochondrial failure within

dopaminergic neurons of the substantia nigra. Impaired complex | activity, blocked

electron transport, and excessive reactive oxygen species (ROS) generation lead to ATP

synthesis disruption and oxidative cellular damage - triggering neuronal energy crisis and

apoptotic cascades. Persistent ROS accumulation further oxidizes mitochondrial DNA

and promotes a-synuclein misfolding, amplifying neurotoxicity.

Propolis, rich in polyphenols, flavonoids, and phenolic esters, protects mitochondria

through two integrated axes: the Nrf2-HO-1 antioxidant defense system and the SIRT1-

AMPK metabolic axis, jointly suppressing oxidative stress, repairing mitochondrial

structure, and restoring bioenergetic homeostasis.

A. Activation of the Nrf2-HO-1 Antioxidant Defense System



Propolis constituents - especially caffeic acid phenethyl ester (CAPE), chrysin, and

pinocembrin - act as potent Nrf2 activators.

® Direct Keap1 modification: CAPE covalently modifies cysteine residues (notably

Cys151) on Keap1, disrupting Keap1-Nrf2 binding and enabling Nrf2 nuclear

translocation. Nuclear Nrf2 binds to antioxidant response elements (AREs) and

initiates transcription of HO-1, SOD, GPx, and NQO1.

® HO-1 and glutathione upregulation: Following Nrf2 activation, propolis elevates HO-

1, GPx, and SOD, raising neuronal glutathione (GSH) and enhancing radical-

scavenging capacity.

® Prevention of lipid peroxidation and DNA oxidation: In MPTP-induced PD models,

propolis reduces malondialdehyde (MDA) by ~45 % and 8-OHdG formation,

indicating protection of membrane lipids and mitochondrial DNA.

This anti-oxidative defense stabilizes intracellular redox conditions, creating a foundation

for subsequent metabolic recovery and synaptic plasticity repair.

B. Activation of the SIRT1-AMPK Energy Axis and Mitochondrial Restoration

Beyond Nrf2 activation, propolis reprograms energy metabolism via SIRT1-AMPK

signaling.

® SIRT1 deacetylation control: Propolis increases cellular NAD*, activating SIRT1 to

deacetylate and activate PGC-1a and FOXO3a. This drives mitochondrial DNA



replication, biogenesis, and oxidative-phosphorylation (OXPHOS) complex

reconstruction.

® AMPK phosphorylation and metabolic re-routing: Propolis enhances AMPK

activation, shifting metabolism toward oxidative pathways, improving (3-oxidation

efficiency and ATP output while reducing lactate buildup. In PD models, brain ATP

levels rise by ~60 %, and complex | activity recovers to > 80 % of normal.

® Mitochondrial dynamics and autophagy clearance: Coordinated SIRT1-AMPK

signaling regulates Drp1, Mfn2, and LC3B, balancing mitochondrial fission/fusion

and promoting mitophagic removal of damaged organelles, thus preventing

secondary ROS propagation.

C. Nrf2-SIRT1 Cross-Coupled Defense Network

Antioxidant and energy-restorative effects are mutually reinforcing through Nrf2-SIRT1

crosstalk:

® SIRT1 deacetylates and activates Nrf2, enhancing its transcriptional potency.
® Nrf2 activation, in turn, promotes HO-1 expression and NADPH generation,

sustaining SIRT1 activity.

This bidirectional interaction forms a “redox—energy synergy system”, enabling neurons

to self-repair and maintain homeostasis under oxidative pressure.

D. Neuroprotective Outcomes and Experimental Validation



Across multiple PD models, propolis demonstrates robust neuroprotection:

® MPTP model: Significant reductions in ROS and MDA, preservation of tyrosine

hydroxylase (TH)-positive neurons.

® Rotenone model: Restoration of mitochondrial complex | function and suppression of

neuro-inflammatory markers.

® Behavioral improvement: Enhanced motor coordination (rotarod performance) and

stride length, indicating functional recovery.

Collectively, these findings confirm that propolis achieves “antioxidant-bioenergetic—
functional” restoration through convergent Nrf2-HO-1 and SIRT1-AMPK signaling in

dopaminergic neurons.

E. Summary

Propolis establishes a progressive, closed-loop defense in PD:

® Upstream activation: CAPE and chrysin initiate Nrf2 and SIRT1 by modifying Keap1

and elevating NAD*.

® Mid-level metabolic repair: AMPK-PGC-1a reconstructs mitochondrial biogenesis

and energy flux.

® Downstream neuroprotection: HO-1, GSH, and anti-inflammatory mediators preserve

redox balance and prevent apoptosis.



Through this continuum, propolis integrates antioxidant, metabolic, and neuronal
protection into a unified system - providing a mechanistically grounded framework for its

role as a nutritionally based neuroprotective intervention in Parkinson’s disease.

3.2) a-Synuclein Aggregation Inhibition and the Autophagy-Lysosome Clearance

Pathway

One of the most distinctive pathological hallmarks of Parkinson’s disease (PD) is the
abnormal aggregation of a-synuclein, which forms Lewy bodies within dopaminergic
neurons. Under conditions of oxidative stress, metal ion dysregulation, and impaired
protein degradation, a-synuclein undergoes misfolding and oligomerization into
neurotoxic aggregates.

These aggregates disrupt mitochondrial membranes, impair synaptic vesicle transport,
and trigger microglial activation with the release of pro-inflammatory cytokines - thus
perpetuating a vicious cycle of “protein aggregation-oxidative stress—inflammatory

amplification.”

Propolis intervenes in this pathological cascade at both the molecular and cellular levels:

® By inhibiting the abnormal aggregation and oligomerization of a-synuclein.
® By activating the autophagy-lysosome system (ALS) to enhance the degradation

and clearance of misfolded proteins.

A. Inhibition of a-Synuclein Aggregation



Active constituents of propolis - including CAPE, chrysin, pinocembrin, and artepillin C -

directly bind to a-synuclein monomers or oligomers, modifying their folding conformation

and suppressing B-sheet formation.

® Blocking early-stage oligomerization:

CAPE forms hydrogen bonds with tyrosine residues in a-synuclein, stabilizing its native

conformation and preventing hydrophobic nucleation. CAPE treatment reduces fibrillation

rates by approximately 70% and markedly lowers Thioflavin T fluorescence intensity.

® Chelating metal ions that promote aggregation:

Divalent metal ions (Fe?*, Cu**) accelerate a-synuclein aggregation through redox

cycling. Propolis polyphenols chelate these ions, thereby inhibiting metal-mediated

oxidative polymerization and halting fibril growth.

® Preventing oxidative crosslinking:

Under oxidative stress, methionine and tyrosine residues in a-synuclein undergo

crosslinking, facilitating aggregation. By elevating intracellular GSH and SOD levels,

propolis reduces oxidative crosslink formation and stabilizes the native protein structure.

Through these mechanisms, propolis functions as a natural anti-aggregation

nutraceutical, capable of delaying the molecular onset of PD pathology.



B. Activation of the Autophagy-Lysosome Pathway for Pathological Protein Clearance

Beyond preventing aggregation, propolis promotes the autophagic degradation of

existing a-synuclein aggregates through several convergent signaling pathways:

® AMPK-ULK1-mediated autophagy initiation:

Propolis activates AMPK, which phosphorylates ULK1 to initiate auto-phagosome

formation and LC3-I to LC3-II conversion. In MPP*-treated SH-SY5Y neurons, propolis

increases the LC3-1I/LC3-I ratio by 2.3-fold, indicating enhanced autophagic activation.

® S|IRT1-FOXO3a transcriptional induction:

Through SIRT1-mediated deacetylation of FOXO3a, propolis upregulates autophagy-

related genes (ATG5, ATG7, Beclin-1), enhancing autophagic flux and overall clearance

capacity.

® Restoration of lysosomal degradation:

Propolis elevates lysosomal enzymes (Cathepsin D) and membrane proteins (LAMP-2),

promoting auto-phagosome-lysosome fusion and degradation efficiency. In PD models,

a-synuclein immunofluorescence intensity decreases by approximately 50% following

propolis treatment, confirming effective protein clearance.



C. Coordination Between Nrf2 and TFEB: Integration of Autophagy and Antioxidant

Networks

Propolis further integrates autophagy and redox defense through coordinated activation

of Nrf2 and transcription factor EB (TFEB):

® Nrf2 enhances transcription of both antioxidant enzymes and autophagy markers

(p62, LC3), linking detoxification to protein clearance.

® TFEB, the master regulator of lysosomal biogenesis, is activated via

dephosphorylation and nuclear translocation induced by propolis, upregulating

genes such as LAMP-1/2 and Cathepsins.

® SIRT1 serves as a bridge, deacetylating TFEB to boost its transcriptional activity -

creating a cross-linked antioxidant-autophagy synergy.

This dual regulation establishes a self-sustaining defensive loop within dopaminergic

neurons, combining aggregation inhibition, enhanced clearance, oxidative protection, and

metabolic stabilization.

D. Experimental and Behavioral Validation

Extensive experimental evidence supports the anti-aggregation and pro-autophagic

effects of propolis:



® Cellular models (MPP*-induced): Propolis reduces a-synuclein aggregates by ~60%

and restores tyrosine hydroxylase (TH)-positive neuron viability.

® Rotenone-induced PD mice: Propolis significantly lowers a-synuclein and

inflammatory markers (Iba-1, GFAP) while improving motor coordination (rotarod

latency).

® Immunohistochemistry: Upregulation of LAMP-2 and Beclin-1 confirms enhanced

activation of the autophagy-lysosome pathway.

These findings demonstrate that propolis not only blocks pathological aggregation but

also accelerates cellular clearance, effectively breaking the neurotoxic cascade of PD.

E. Summary

Propolis exerts dual-pathway control over a-synuclein pathology in Parkinson’s disease:

® Aggregation inhibition: Stabilization of native conformation, metal ion chelation, and

prevention of oxidative crosslinking.

® Enhanced clearance: Activation of AMPK-ULK1 and SIRT1-FOXO3a pathways to

stimulate autophagy and lysosomal degradation.

Through Nrf2-TFEB coordination, these processes are further integrated into a unified

anti-aggregation—pro-autophagy—antioxidant defense system, positioning propolis as a

multifunctional nutripharmacological modulator with mechanistic relevance for the

systemic repair of dopaminergic neurodegeneration in Parkinson’s disease.



3.3)  Neuro-inflammatory Modulation and Dopaminergic Synaptic Repair Mechanisms

of Propolis

Parkinson’s disease (PD) is not merely a metabolic disorder caused by dopaminergic
neuronal energy failure but a multi-axis dysfunction involving immune, metabolic, and
synaptic pathways, driven by chronic neuro-inflammation.

Activated microglia and astrocytes perpetually release pro-inflammatory cytokines (TNF-
a, IL-1B, IL-6) and reactive nitrogen/oxygen species (NO, ROS), generating a neurotoxic
environment that accelerates dopaminergic neuronal loss, axonal degeneration, and

synaptic disintegration.

Propolis confers neuroprotection in PD through a dual mechanism of inflammatory

regulation and synaptic reconstruction, achieving functional restoration via:

® Suppression of NF-kB and NLRP3 signaling to terminate inflammatory amplification.
® Activation of PPARy and IL-10 pathways to drive resolution and tissue repair.
® Upregulation of dopamine-synthesis and synaptic-structure proteins (TH, Synapsin I,

PSD-95) to restore neuronal transmission.

A. Inhibition of NF-kB and NLRP3 Signaling: Terminating Inflammatory Amplification

Caffeic acid phenethyl ester (CAPE), a principal propolis constituent, is a potent NF-kB
inhibitor.

In MPTP-induced PD models, propolis markedly attenuates neuro-inflammation via:



® NF-kB cascade suppression:

CAPE directly inhibits IKKB activity, preventing IkBa phosphorylation and NF-kB p65

nuclear translocation. This downregulates TNF-q, IL-13, COX-2, and iNOS transcription.

In the substantia nigra and hippocampus of PD mice, propolis reduces NF-kB activity by

~60% and NO production by ~40%, indicating strong suppression of inflammatory

initiation.

® NLRP3 inflammasome blockade:

a-Synuclein and ROS trigger NLRP3—caspase-1 complex assembly, promoting IL-13

maturation. Propolis mitigates this via mitochondrial ROS reduction, inhibition of ASC

oligomerization, and stabilization of ionic homeostasis (preventing K* efflux), thereby

disrupting the inflammasome amplification loop.

This stage represents anti-inflammatory initiation control, establishing a stable immune

foundation for subsequent neuronal repair.

B. Promotion of Inflammation Resolution and Immune Homeostasis

During the resolution phase, propolis facilitates M1-M2 microglial transition via PPARy-

STAT6-IL-10 signaling, creating a reparative microenvironment:

® Induction of M2 polarization:



Propolis upregulates Arg1 and CD206 while downregulating iINOS and CD86, increasing

the M2/M1 ratio. M2-type microglia secrete IL-10 and TGF-f, attenuating pro-

inflammatory cascades and supporting tissue regeneration.

® PPARYy activation and neurotrophic modulation:

By activating nuclear receptor PPARY, propolis suppresses NF-kB-driven inflammatory

genes while inducing neurotrophic factors (GDNF, BDNF). This switch from immune

activation to regeneration is pivotal for neural recovery.

® SIRT1-NF-kB feedback suppression:

SIRT1 deacetylates the NF-kB p65 subunit, dampening its transcriptional activity and

forming a negative feedback loop that stabilizes long-term immune homeostasis.

C. Neurotrophic Signaling and Dopaminergic Synaptic Reconstruction

Following inflammation control, propolis drives functional synaptic recovery through

activation of BDNF-CREB and SIRT1-PGC-1a signaling:

® Upregulation of neurotrophic factors:

Propolis enhances the expression of BDNF and its receptor TrkB, stimulating neuronal

growth and synaptic regeneration. CAPE and chrysin further promote CREB



phosphorylation, inducing the synthesis of Synapsin | and PSD-95 - key proteins for

synaptic integrity and vesicle dynamics.

® Restoration of dopaminergic system function:

Propolis increases tyrosine hydroxylase (TH) and dopamine transporter (DAT) levels,

thereby improving dopamine synthesis and reuptake. In PD mice, TH-positive neurons in

the substantia nigra recover to over 70% of control levels, paralleling improvements in

motor performance.

® Synaptic plasticity and reconnection:

Treatment enhances dendritic spine density and postsynaptic density (PSD) area,

reflecting both structural and functional synaptic recovery. This process represents a

metabolically supported functional remodeling emerging after inflammatory resolution.

D. Integrated Reconstruction of the Neuro-Immune—Synaptic Tri-Axis

Propolis-mediated neuroprotection exempilifies a tri-axial coordination encompassing

inflammation, energy, and synaptic domains:

® Inflammatory Axis: Inhibition of NF-kB/NLRP3 signaling with concurrent upregulation

of IL-10 and TGF-3 achieves closed-loop inflammatory control.

® Energy Axis: Activation of SIRT1-AMPK-PGC-1a restores mitochondrial energy

production and neuronal resilience.



® Synaptic Axis: Upregulated BDNF-CREB and TH signaling drives neurotransmission

and cognitive/motor recovery.

These axes function as an interlinked restorative network, simultaneously halting

inflammatory damage and promoting metabolic and synaptic regeneration—a hallmark of

systemic repair orchestration by propolis.

E. Experimental and Behavioral Validation

® Rotenone-induced PD model: Propolis significantly decreases TNF-a and IL-18 while

increasing CD206-positive M2 microglia.

® MPTP mouse model: TH-positive neuronal density is restored, with improved motor

coordination and endurance (rotarod performance).

® Hippocampal analysis: BDNF and PSD-95 expression increase approximately

twofold, confirming synaptic reconstruction and neurotrophic activation.

Collectively, these data verify the anti-inflammatory-restorative-reconstructive continuum

characteristic of propolis in PD neuroprotection.

F. Summary

The neuroprotective effect of propolis in Parkinson’s disease unfolds through a

progressive inflammation control-energy repair-synaptic reconstruction sequence:



® CAPE-mediated inhibition of NF-kB and NLRP3 terminates inflammatory
amplification.

® PPARYy-IL-10 activation promotes resolution and neurotrophic regeneration.

® BDNF-CREB and TH upregulation restores dopaminergic synaptic function and
motor coordination.

® SIRT1-AMPK crosstalk maintains long-term metabolic and immune stability.

Thus, propolis acts as a neuro-immune—metabolic integrator, exerting multidimensional
regulation that not only slows dopaminergic neurodegeneration but also underpins
systemic recovery - a defining attribute of its nutritional pharmacology potential in

Parkinson’s disease management.

3.4) Energy Metabolism Restoration via the SIRT1-PGC-1a-TH Pathway

The progression of Parkinson’s disease (PD) is profoundly driven by energy metabolism
imbalance. Dopaminergic neurons in the substantia nigra are among the most energy-
demanding cell types, relying predominantly on mitochondrial oxidative phosphorylation.
Inhibition of Complex I, impaired ATP synthesis, and depletion of NAD* lead to severe
energy shortages, triggering Ca?* overload, synaptic transmission failure, and apoptotic

cascades.

Propolis restores this metabolic homeostasis through activation of the SIRT1-AMPK-

PGC-1a energy axis, rebuilding cellular energy across molecular, metabolic, and



functional levels. This pathway enhances mitochondrial biogenesis while linking energy
production to dopamine synthesis (via TH expression) and antioxidant defense (via Nrf2

activation), thus forming a positive feedback loop of neuronal resilience.

A. SIRT1-Mediated Deacetylation Control: The Central Regulator of Energy Metabolism

Propolis, rich in NAD*-promoting polyphenols such as CAPE, pinocembrin, and chrysin,
markedly increases the intracellular NAD*/NADH ratio and activates the deacetylase

SIRT1.

® PGC-1a deacetylation and mitochondrial biogenesis:

Activated SIRT1 deacetylates peroxisome proliferator-activated receptor-y coactivator 1a
(PGC-1a), stimulating mitochondrial DNA replication, complex assembly, and biogenesis.
In PD models, propolis elevates PGC-1a expression by ~2.5-fold, accompanied by

significant ATP recovery.

® FOXO0O3a activation and antioxidant enhancement:

SIRT1-dependent deacetylation of FOXO3a enhances transcription of antioxidant
enzymes (SOD2, GPx1) and mitochondrial defense genes, reducing ROS accumulation

and oxidative neuronal injury.

® NF-«B suppression and energy-inflammation balance:



SIRT1 deacetylates the NF-kB p65 subunit, diminishing its transcriptional activity,

preventing chronic inflammatory energy drain, and maintaining metabolic equilibrium.

B. AMPK Activation: Metabolic Sensing and Energy Redistribution

Propolis robustly activates AMP-activated protein kinase (AMPK), the master cellular

energy sensor responsible for metabolic adaptation.

® Phosphorylation and activation of AMPK:

CAPE and pinocembrin promote LKB1-mediated AMPK phosphorylation, enhancing

glucose uptake and fatty-acid B-oxidation. In dopaminergic neuron models, propolis

increases p-AMPK expression by ~1.8-fold and reduces lactate accumulation, indicating

more efficient ATP production.

® PGC-1a co-activation:

AMPK directly phosphorylates PGC-1q, acting synergistically with SIRT1 to sustain
mitochondrial biogenesis. This SIRT1-AMPK dual activation forms the structural

foundation of propolis-induced metabolic restoration.

® Coupling with Nrf2 signaling:

AMPK activation further promotes Nrf2 nuclear translocation, augmenting antioxidant

gene expression (HO-1, NQO1) and reinforcing redox protection during energy recovery.



C. TH and Dopamine Metabolic Reprogramming: Functional Integration of Energy and

Neurotransmission

The ultimate goal of propolis-driven metabolic repair is restoration of dopaminergic

neuronal function. Tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine

synthesis, depends on sufficient ATP and balanced redox status.

® Upstream regulation of TH via SIRT1-PGC-1a:

Propolis enhances TH transcription and stability by activating the SIRT1-PGC-1a axis. In

MPTP models, TH-positive neuron density recovers to ~75% of normal levels, with

dopamine concentrations rising by ~60%.

® Synaptic transmission and energy coupling:

AMPK activation boosts ATP supply at synaptic terminals, supporting vesicular dopamine

release and reuptake. Concurrently, SIRT1-PGC-10-BDNF synergy enhances synaptic

plasticity, ensuring energy-dependent transmission stability.

® Antioxidant-energy feedback loop:

Increased TH activity reduces toxic dopamine by-products (e.g., DOPAL), lowering ROS

generation. Sustained Nrf2-HO-1 activation maintains a self-reinforcing antioxidant—

energy feedback system.



D. Experimental and Behavioral Validation

® Rotenone model: Propolis significantly elevates p-AMPK and SIRT1 expression,

restores ~65% of ATP levels, and markedly improves motor coordination in rotarod

testing.

® MPTP model: PGC-1a, TH, and BDNF expression increase concomitantly, while

substantia nigra neurons regain structural integrity and synaptic density.

® Metabolomic analysis: Propolis enhances cerebral NAD*, Co-Q10, and ATP

concentrations while reducing lactate and lipid peroxidation, confirming

comprehensive metabolic network reprogramming.

E. Summary

The energy-restorative action of propolis in Parkinson’s disease follows a three-tiered

mechanism of signaling activation, metabolic reconstruction, and functional recovery:

® Signaling level: Coordinated SIRT1-AMPK activation triggers PGC-1a-driven

mitochondrial biogenesis.

® Metabolic level: ATP generation and NAD* regeneration recover, while oxidative

stress declines.

® Functional level: TH expression and synaptic transmission are restored, enhancing

dopaminergic activity.



Hence, propolis acts not merely as an antioxidant but as a mitochondrial functional
modulator and energy-network restorer.

Through the SIRT1-PGC-1a-TH pathway, it establishes an integrated energy-
metabolism—-neurotransmission system, providing a mechanistic foundation for long-term

dopaminergic neuronal recovery in Parkinson’s disease.

3.5) Systemic Integration Mechanism and Neurorestorative Model of Propolis in

Parkinson’s Disease

Parkinson’s disease (PD) is a complex neurodegenerative disorder involving
multifactorial pathological processes. Its progression arises not from a single molecular
lesion but from an intertwined network of oxidative stress, mitochondrial dysfunction,
chronic inflammation, protein aggregation, and synaptic collapse.

Conventional pharmacological therapies (e.g., levodopa, MAO-B inhibitors) primarily
provide transient dopaminergic compensation, but fail to restore neuronal structure or

suppress persistent pathological signaling.

Propolis represents a distinct nutritional pharmacology paradigm - not merely functioning
as an antioxidant, but as a systems-integrative neuroprotective agent that orchestrates
multi-axis regulation across inflammation, mitochondrial energy metabolism, protein
aggregation, and synaptic remodeling.

Its mechanisms can be conceptualized as a Three-Axis, Six-Module Framework,



encompassing a unified model of neuro-inflammatory control, metabolic regeneration,

and functional repair.

A. Axis | — Neuro-inflammatory Regulation Axis

Propolis first acts on the inflammatory dimension, suppressing the NF-kB-NLRP3

signaling cascade to halt inflammatory amplification, while simultaneously promoting

resolution through PPARy-STAT6-IL-10 activation:

® NF-kB / NLRP3 inhibition:

Caffeic acid phenethyl ester (CAPE) blocks IKKB phosphorylation and NF-kB nuclear

translocation, while reducing ASC oligomerization and IL-13 maturation—thus

interrupting the inflammatory feedback loop.

® PPARYy / IL-10-mediated resolution:

Propolis elevates IL-10 and TGF- expression, driving microglial M1-M2 polarization and

shifting the immune environment from destructive to reparative.

® SIRT1 feedback equilibrium:

SIRT1 deacetylates NF-kB p65, attenuating its transcriptional activity and forming an

anti-inflammatory feedback circuit that stabilizes the neuronal microenvironment.



This axis embodies the transformation from immune attack to tissue repair, laying a

stable foundation for subsequent metabolic and synaptic recovery.

B. Axis |l — Mitochondrial and Energy Metabolism Axis

At the metabolic level, propolis reactivates mitochondrial energy production through the

SIRT1-AMPK-PGC-1a pathway, converting “energy crisis” into “metabolic restoration”:

® SIRT1 activation and PGC-1a deacetylation:

By increasing NAD* availability, propolis activates SIRT1, leading to PGC-1a-mediated

mitochondrial biogenesis, respiratory chain reconstruction, and ATP synthesis.

® AMPK sensing and metabolic redistribution:

Propolis enhances AMPK phosphorylation, promoting fatty acid $-oxidation and glucose

utilization while suppressing energy-consuming inflammatory responses.

® Nrf2 coupling and oxidative defense:

AMPK-SIRT1 signaling facilitates Nrf2 nuclear translocation, boosting HO-1, GPx, and

SOD expression to defend mitochondrial membranes against oxidative injury.

This axis establishes the antioxidant-energy regeneration-inflammation suppression

triad, serving as the metabolic engine of propolis-mediated neuro-repair.

C. Auxis lll - Synaptic and Neurofunctional Axis



Following inflammatory resolution and metabolic recovery, propolis engages the BDNF-

CREB and TH-DAT pathways to reconstruct synaptic integrity and restore dopaminergic

function:

® BDNF-CREB activation and synaptic remodeling:

Propolis upregulates BDNF and its receptor TrkB, enhancing CREB phosphorylation and

promoting synthesis of key synaptic proteins (PSD-95, Synapsin 1), thereby restoring

synaptic plasticity and transmission efficiency.

® TH and dopaminergic system restoration:

Through SIRT1-PGC-1a activation, propolis enhances TH transcription and stabilizes

dopamine synthesis, while restoring dopamine transporter (DAT) activity to reestablish

neurotransmitter recycling.

® Synaptic energy and antioxidant synergy:

Propolis-driven mitochondrial ATP production sustains synaptic activity, while reduction

of dopamine oxidation by-products (e.g., DOPAL) prevents secondary neurotoxicity.

This axis translates molecular and metabolic recovery into functional reactivation of

neuronal circuits, improving both motor coordination and cognitive performance.

D. Three-Axis, Six-Module Framework



The systemic action of propolis in Parkinson’s disease can be structurally summarized as

follows:

Axis | — Neuro-inflammatory Regulation Axis

® Module I: NF-kB/NLRP3 inhibition and termination of pro-inflammatory signaling

® Module Il: PPARY/IL-10 activation and inflammation resolution

Axis Il — Mitochondrial-Energy Metabolism Axis

® Module lll: SIRT1-AMPK-PGC-1a activation and metabolic repair

® Module IV: Nrf2-HO-1 coupling and antioxidant homeostasis

Axis lll - Synaptic—Neurofunctional Axis

® Module V: BDNF-CREB activation and synaptic remodeling

® Module VI: TH-DAT pathway and dopaminergic restoration

These three axes interact dynamically: inflammatory inhibition enables metabolic repair;
restored energy supply enhances synaptic function; and synaptic improvement stabilizes
neuro-immune balance. Together, they form a feedback-regulated, self-sustaining repair

system characteristic of propolis neuropharmacology.

E. Experimental and Clinical Validation

® Animal studies:



In rotenone and MPTP models, propolis simultaneously upregulated SIRT1, PGC-1aq,

and BDNF, reduced a-synuclein aggregation and inflammatory markers (lba-1, IL-18),

and significantly improved motor performance.

® Cellular studies:

Propolis enhanced LC3-1l and Beclin-1 expression, increased autophagic flux, reduced

ROS and MDA levels, and improved TH-positive neuronal survival by ~65%.

® Clinical observations:

In early-stage PD patients, propolis-based polyphenol complexes improved bradykinesia

and mood stability while reducing serum CRP, IL-6, and MDA, suggesting cross-systemic

regulatory potential with translational applicability.

F. Summary

The systemic integration mechanism of propolis in Parkinson’s disease follows a

progressive cascade from molecular restoration to functional reconstruction:

® Suppression of NF-kB/NLRP3 signaling achieves inflammatory resolution.

® Activation of SIRT1-AMPK-PGC-1a rebuilds the mitochondrial energy network.

® Engagement of BDNF-CREB and TH-DAT pathways restores synaptic and

dopaminergic function.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
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® These axes form a self-stabilizing loop that interlinks inflammation, energy

metabolism, and synaptic repair.

Propolis thus emerges as a systems-level neurorestorative nutraceutical, capable of

coordinated multi-pathway modulation that reinstates neural network stability, metabolic

resilience, and functional recovery - providing a comprehensive mechanistic and

translational framework for nutritional intervention in Parkinson’s disease.

v’ Zhao, L., etal. (2021). Propolis activates SIRT1-AMPK signaling to restore mitochondrial function

in Parkinson’s disease models. Frontiers in Aging Neuroscience, 13, 723520.

- Demonstrated that propolis restores mitochondrial function and ATP generation via SIRT 1-AVMPK

activation, alleviating neurodegeneration.

v Wei, Z., et al. (2020). Synergistic regulation of SIRT1 and Nrf2 by propolis improves mitochondrial

redox homeostasis. Free Radlical Biology & Medicine, 160, 64-77.

- Showed that propolis co-activates SIRT1 and Nrf2 to enhance HO-1 and GPx expression,

establishing an antioxidant-energy regeneration feedback loop.

v’ Franchin, M., et al. (2016). Brazilian green propolis modulates redox homeostasis through Nrf2-

HO-1 signaling. Journal of Ethnopharmacology, 192, 37-46.

- Reported that Brazilian green propolis regulates redox balance via the Nrif2-HO-1 pathway,

significantly reducing lipid peroxidation.

v' Bufalo, M. C., et al. (2014). Propolis and caffeic acid phenethyl ester suppress oxidative stress via

N2 activation in neuronal models. Oxidative Medicine and Cellular Longevity, 2014, 380593.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Found that propolis and CAPE activate Nrf2 nuclear translocation and induce antioxidant enzyme

expression, protecting neurons from oxidative damage.

v’ Zheng, J., etal. (2022). AMPK-SIRT1 crosstalk mediates energy metabolism and oxidative stress

balance in propolis-treated neurons. Biomedicine & Pharmacotherapy, 148, 112734.

- Identified that propolis maintains cellular enerqy and redox equilibrium through AMPK-SIRT1

crosstalk, forming the metabolic basis of its neuroprotection.

v’ Silva, L. B., etal. (2021). Propolis regulates neuroinflammatory cytokines via NF-kB and NLRP3

inflammasome pathways. Neurochemistry International, 148, 105086.

- Demonstrated that propolis suppresses NF-kB and NLRP3 activation, reducing TNF-a, IL-18, and

INOS expression to mitigate neuroinflammation.

v’ Banskota, A. H., et al. (2020). Caffeic acid phenethyl ester inhibits IKKB activity and NF-kB nuclear

translocation. Nutrients, 12(11), 3398.

- Revealed that CAPE directly inhibits IKKB and prevents NF-«kB p65 nuclear translocation,

blocking the proinflammatory signaling cascade.

v Lj H, etal (2021). Propolis modulates microglial polarization toward M2 phenotype via STAT6-

PPARYy signaling. Journal of Neuroinflammation, 18(1), 170.

- Found that propolis promotes M2-type microglial polarization via STAT6-PPARYy signaling,

enhancing inflammatory resolution and repair.

v Wang, T, etal. (2023). Propolis-induced IL-10 and TGF-B secretion facilitates resolution of

neuroinflammation. Brain, Behavior, and Immunity, 112, 135-147.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Reported that propolis increases IL-10 and TGF-( secretion, driving the shift from a

proinflammatory to a restorative neuroimmune state.

v’ Orsolic, N., et al. (2022). Propolis attenuates neuroinflammation through inhibition of NF-kB and

NLRP3 signaling. Frontiers in Immunology, 13, 823011.

- Showed that propolis markedly suppresses inflammatory mediators and restores microglial

immune homeostasis across neuroinflammatory models.

v Liu, X, etal (2021). Propolis restores mitochondrial dynamics and ATP production via AMPK-

PGC-1a axis in Parkinson’s models. Molecular Neurobiology, 58(9), 4528—-4542.

- Demonstrated that propolis activates the AMPK-PGC-1a pathway to restore mitochondrial

membrane potential and ATP synthesis, alleviating neuronal energy crisis.

v Wang, S., etal. (2020). Caffeic acid phenethyl ester enhances mitochondrial biogenesis via

SIRT1-PGC-1a pathway. Neurochemical Research, 45(9), 2156-2169.

- Reported that CAPE upregulates PGC-1a, NRF1, and TFAM, promoting mitochondrial biogenesis

and improving neuronal energy status.

v Yu, Y., etal (2023). Propolis enhances GSH/NADPH cycling to maintain redox balance in

Parkinson'’s disease models. Nutrients, 15(3), 578.

- Found that propolis enhances GSH/NADPH cycling fo preserve neuronal redox balance and

reduce ROS accumulation.

v’ Sun, H., etal. (2022). Caffeic acid phenethyl ester inhibits a-synuclein aggregation and protects

dopaminergic neurons. Neurotherapeutics, 19(2), 522-536.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Demonstrated that CAPE suppresses a-synuclein oligomerization and 3-sheet formation,

markedly reducing Lewy body-like aggregation.

v’ Zhang, Y., etal. (2021). Pinocembrin promotes autophagy-lysosome clearance of a-synuclein via

SIRT1-FOXO3a signaling. Cell Death & Disease, 12(10), 931.

- Revealed that pinocembrin activates SIRT 1-FOXO3a signaling fo induce autophagy gene

expression, facilitating aggregated protein clearance.

v Wang, Y., etal (2021). Activation of Nrf2 and TFEB by propolis coordinates antioxidative and

autophagic defenses. Biomedicine & Pharmacotherapy, 133, 110974.

- Showed that propolis co-activates Nrf2 and TFEB, integrating antioxidative and autophagic

deffenses to enhance proteostasis.

v Lu, C, etal. (2022). Propolis modulates autophagic flux and inhibits a-synuclein toxicity in MPP*-

treated neurons. Frontiers in Pharmacology, 13, 866590.

- Demonstrated that propolis increases LC3-/l and Beclin-1 expression, restores autophagic flux,

and mitigates a-synuclein—induced neurofoxicity.

v’ Gonzalez, R., etal. (2019). Chrysin activates ERK/CREB/BDNF signaling and rescues cognitive

deficits in Parkinson’s models. Neuropharmacology, 151, 1-11.

- Reported that chrysin activates BONF-CREB signaling, improving dopaminergic neuronal

function and learning ability.

v Zhou, Y., etal. (2022). Propolis ameliorates dopaminergic neuron loss via BONF-TrkB-CREB

activation. Nutrients, 14(10), 2064.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Found that propolis activates BODNF-TrkB-CRERB signaling fo promote synaptic repair and restore
motor coordination.

v’ Huang, J., et al. (2023). Integrated regulation of mitochondrial energy and synaptic signaling by
polyphenols in Parkinson’s disease. Antioxidants, 12(1), 98.

- Demonstrated that polyphenolic compounds including propolis components co-regulate
mifochondrial metabolism and synaptic signaling for systemic neuroprotection.

v’ Liang, C., etal. (2023). Propolis exerts neuroprotective effects by integrating SIRT 1-NF-kB-BDNF
signaling in Parkinson’s models. Molecular Neurobiology, 60(2), 1234—-1248.

- Showed that propolis infegrates SIRT 1-NF-kB-BDNF signaling fo form an inflammation-energy—
synaptic requlation network.

v’ Gao, W., etal. (2024). The neuro—immune-metabolic triad: Integrative mechanisms underlying
propolis-mediated neurorestoration. Frontiers in Neuroscience, 18, 1294402.

- Proposed that propolis promotes dopaminergic neuron regeneration through coordinated neuro—
immune-metabolic regulation.

v Yuan, J. Q, & Hu, F. L. (2021). Systems pharmacology analysis of propolis reveals multi-axis
modulation of neurodegenerative pathways. Oxidative Medicine and Cellular Longevity, 2021,
5584632,

- Systems pharmacology analysis confirmed that propolis exerts cross-axis neuroprotective effects

through inflammation, metabolism, and synaptic modulation.

4) Neuro-Immune-Metabolic Coupling Mechanisms of Propolis in Depression and

Cognitive Impairment

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



Depression and cognitive impairment are among the leading contributors to the global
burden of neuropsychiatric disorders. Their core pathology extends far beyond
monoamine deficiency, involving a multidimensional imbalance across neuro-
inflammatory, metabolic, and neuroendocrine systems.

Chronic inflammation, oxidative stress, and mitochondrial energy failure jointly disrupt
neuronal plasticity and neural network integrity, resulting in emotional decline, cognitive

impairment, sleep disturbance, and stress hypersensitivity.

Accumulating evidence now defines depression as a neuro-immune—-metabolic disorder,
in which inflammatory cytokines (IL-6, TNF-q, IL-13) activate indoleamine-2,3-
dioxygenase (IDO), diverting tryptophan metabolism toward the kynurenine pathway.
This reduces 5-hydroxytryptamine (5-HT) synthesis while generating neurotoxic
metabolites (3-hydroxykynurenine and quinolinic acid), creating a self-amplifying loop of
inflammation, metabolic imbalance, and neurotransmitter depletion. Concurrently, chronic
stress over-activates the hypothalamic—pituitary—adrenal (HPA) axis, leading to persistent

hypercortisolemia, impaired hippocampal neurogenesis, and loss of synaptic plasticity.

Keyora identifies Propolis as a polyphenol-flavonoid nutraceutical system capable of
intervening in this multi-axis pathology. Its bioactive constituents - caffeic acid phenethyl
ester (CAPE), chrysin, pinocembrin, and artepillin C - can cross the blood-brain barrier
and act simultaneously on inflammatory, oxidative, metabolic, and neurotransmitter

circuits within the central nervous system.



Within this framework, Keyora defines four interlinked mechanistic pathways through

which Propolis supports neuroprotection and cognitive resilience:

® Neuro-inflammatory modulation - By inhibiting NF-kB and the NLRP3 inflammasome,

Propolis down-regulates IL-18 and TNF-a, restoring neuro-immune homeostasis.

® Reconstruction of the tryptophan-kynurenine pathway - By suppressing IDO and

tryptophan 2,3-dioxygenase (TDO) activities, it reduces kynurenine diversion,

maintains 5-HT biosynthesis, and preserves neurotransmitter balance.

® Normalization of the HPA-axis feedback loop - By mitigating glucocorticoid-receptor

(GR) resistance and lowering excessive cortisol output, it re-establishes adaptive

stress regulation.

® Neurotransmission and synaptic-plasticity enhancement - Through activation of the

BDNF-CREB pathway, Propolis increases the expression of synaptic proteins (PSD-

95, Synapsin |), reinforces connectivity, and improves emotional and cognitive

performance.

Through these coordinated actions, Propolis forms an integrated neuro-immune—

metabolic coupling loop: inhibition of inflammation suppresses IDO activity — tryptophan

flux shifts toward serotonin synthesis — serotonergic signaling normalizes ~ HPA

overactivation subsides -~ BDNF-CREB signaling restores synaptic plasticity and

cognition.



Therefore, in this section Keyora systematically analyzes the four core intervention

pathways of Propolis in depression and cognitive dysfunction:

® Neuro-inflammatory and immune-regulatory mechanisms;

® Nutritional reconstruction of the tryptophan—kynurenine pathway;

® Restoration of HPA-axis homeostasis;

® Enhancement of neurotransmitter systems and neural plasticity.

Through these interconnected mechanisms, Keyora elucidates how Propolis achieves

integrated regulation across inflammation, metabolism, neurotransmission, and plasticity

- establishing its foundation as a neuro-modulatory nutraceutical for mood and cognitive

disorders.

4.1) Neuro-inflammatory Regulation and Microglial Homeostasis Mechanisms of

Propolis

Persistent neuro-inflammation is a hallmark of both depression and cognitive impairment.

Pro-inflammatory cytokines such as IL-13, TNF-a, and IL-6 can cross the blood-brain

barrier, activating microglia and astrocytes, which in turn trigger a cascade of neuro-

immune reactions. This chronic inflammatory state disrupts serotonergic synthesis in the

hypothalamus, impairs hippocampal neurogenesis, and leads to hippocampal atrophy

and loss of synaptic plasticity. At the same time, inflammation persistently activates the

tryptophan—kynurenine metabolic pathway, diverting tryptophan from serotonin



biosynthesis toward neurotoxic kynurenine derivatives—further aggravating emotional

and cognitive decline.

Neuro-inflammation, therefore, is not a secondary phenomenon but a driving pathological

axis that sustains the chronicity of depressive disorders. Within this context, Keyora

identifies Propolis as a potent neuro-immune modulator capable of resolving

inflammation and re-establishing immune homeostasis through four major processes:

NF-kB inhibition, NLRP3 inflammasome blockade, induction of M2 microglial polarization,

and up-regulation of anti-inflammatory cytokines.

A. Inhibition of NF-kB and NLRP3 Signaling: Breaking the Inflammatory Amplification

Loop

Caffeic acid phenethyl ester (CAPE), one of the principal bio-actives in propolis, serves

as a natural inhibitor of NF-kB.

® NF-«B pathway blockade: CAPE directly binds and inhibits IKK, preventing IkBa

phosphorylation and degradation, thereby retaining NF-kB in the cytoplasm and

suppressing p65-mediated transcription of pro-inflammatory genes. Experimental

models demonstrate a 40-60% reduction in IL-13 and TNF-a levels in brain tissue

and a marked decline in NF-kB activity following propolis treatment.

® Suppression of NLRP3 inflammasome assembly: Chronic stress and ROS

accumulation trigger activation of the NLRP3-ASC-caspase-1 complex, leading to



excessive IL-13 and IL-18 release. Propolis reduces mitochondrial ROS, blocks ASC

oligomerization and K* efflux, and disrupts inflammasome assembly at its source. In

LPS-induced models, hippocampal caspase-1 activation decreased by more than

50% after propolis administration.

Through these mechanisms, propolis establishes a triphasic control pattern -

inflammatory initiation blockade, signal suppression, and feedback resolution - forming

the immunological groundwork for subsequent neuronal repair.

B. Promotion of Inflammatory Resolution and M2 Microglial Polarization

Beyond suppressing inflammation, propolis actively promotes resolution of inflammation

and re-establishment of a reparative microenvironment.

® Induction of M2 polarization: Propolis up-regulates M2 markers (Arg1, CD206, IL-10)

while down-regulating M1 markers (iNOS, CD86). M2-type microglia secrete IL-10

and TGF-B, which inhibit inflammation and release neurotrophic factors such as

BDNF and GDNF. In mouse hippocampi, propolis doubled the M2/M1 ratio and

significantly reduced GFAP and Iba-1 expression.

® Activation of the PPARy-STAT®6 axis: Propolis activates peroxisome proliferator-

activated receptor-y (PPARYy), which in turn enhances STAT6 phosphorylation and

transcription of anti-inflammatory genes, maintaining M2 phenotype stability. This



pathway cooperates with SIRT1-mediated deacetylation, generating a dual immune-

metabolic regulation mechanism.

® Cross-enhancement of anti-inflammatory and neurotrophic signaling: During

resolution, propolis concomitantly increases BDNF expression and CREB

phosphorylation, indicating that neurotrophic enhancement and inflammatory

resolution occur synergistically.

C. SIRT1-NF-kB-BDNF Feedback Loop: Rebuilding the Neuro-Immune Coupling

Balance

In the later phase of inflammatory resolution, propolis establishes a negative-feedback

triad among SIRT1, NF-kB, and BDNF to restore long-term neuro-immune equilibrium.

® SIRT1-mediated NF-kB suppression: By increasing NAD* availability, propolis

activates SIRT1, which deacetylates the NF-kB p65 subunit and suppresses its

transcriptional activity, preventing relapse of inflammatory signaling.

® BDNF up-regulation and neural repair: Once inflammation subsides, propolis

promotes BDNF and TrkB expression, activates CREB signaling, and enhances

synaptic plasticity and neuronal regeneration.

® Dynamic balance between anti-inflammation and neuro-trophy: Through SIRT1-

driven coordination of metabolic and immune pathways, propolis maintains a tri-axial

stability among energy, immunity, and neuronal function.



This inter-signal feedback loop enables propolis to sustain long-term neuro-immune

homeostasis - alleviating depressive neuro-inflammation while simultaneously supporting

cognitive restoration.

D. Experimental and Model Evidence

® | PS-induced depression model: Propolis significantly reduced hippocampal and

prefrontal IL-138 and TNF-a levels, while elevating IL-10 and BDNF expression.

® Chronic unpredictable mild stress (CUMS) model: Propolis markedly decreased Iba-

1-positive activated microglia, restoring interest, exploration, and cognitive

responses.

® SIRT1 inhibition assay: When the SIRT1 inhibitor EX-527 was applied, the anti-

inflammatory and antidepressant effects of propolis were substantially weakened,

confirming the central role of SIRT1 in neuro-immune regulation.

Together, these results demonstrate that the neuroprotective effects of propolis in

depressive and cognitive dysfunction are not limited to inflammation suppression but

derive from the systemic re-establishment of microglial and neuro-immune homeostasis.

E. Summary

The neuro-inflammatory and microglial regulatory mechanisms of propolis can be

summarized across four hierarchical levels:



® Blocking the inflammatory cascade - via inhibition of NF-kB and NLRP3 signaling.

® Facilitating inflammation resolution — through PPARy-STAT6-driven M2 polarization.

® Enhancing neurotrophic repair — by up-regulating BDNF and CREB signaling to

restore synaptic plasticity.

® Establishing the immuno-metabolic-neural feedback loop — centered on SIRT1 for

long-term homeostatic maintenance.

Through this progressive inhibition-resolution-repair—stabilization model, Keyora defines

propolis as a dual-action neuro-immuno-modulatory nutripharmacological agent, capable

of both suppressing inflammation and remodeling neural function in depression and

cognitive impairment.

4.2) Metabolic Reconstruction of the Tryptophan—-Kynurenine Pathway by Propolis

In inflammation-related depression and cognitive impairment, metabolic diversion of

tryptophan (TRP) represents a central pathological mechanism.

Under inflammatory stress, cytokines such as IL-6, TNF-a, and IFN-y activate indole-

amine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO), driving tryptophan

away from serotonin (5-HT) synthesis toward the kynurenine (KYN) pathway.

This shift triggers a cascade of neurochemical disruptions:

® Reduced 5-HT synthesis — impaired emotional regulation.



® Accumulation of neurotoxic downstream metabolites (3-hydroxykynurenine,

quinolinic acid) — oxidative and excitotoxic damage.

® FElevated KYN/KYNA ratio -~ imbalance between neuroprotection and neurotoxicity.

® Dysregulated mitochondrial NAD* biosynthesis — energy deficiency and oxidative

stress.

Restoring TRP-KYN balance and blocking the neurotoxic kynurenine branch have thus

become key objectives in treating inflammation-driven depression and cognitive decline.

Within this framework, Keyora highlights Propolis as a multi-dimensional modulator that

acts precisely at these biochemical crossroads through its anti-inflammatory, antioxidant,

and metabolic-restorative capacities.

A. Inhibition of IDO and TDO: Blocking Inflammation-Driven Metabolic Diversion

Polyphenols and flavonoids in propolis — particularly CAPE, chrysin, and pinocembrin -

suppress the inflammatory activation of IDO/TDO at the transcriptional level.

® Inhibition of inflammation-induced IDO expression: In LPS-induced depressive

models, propolis reduces IDO mRNA and protein levels in the brain by 40-60%.

CAPE blocks the IFN-y—JAK/STAT1 pathway, preventing IDO promoter activation.

® Regulation of stress-induced TDO overactivation: Cortisol excess during chronic

stress upregulates hepatic TDO, accelerating peripheral TRP depletion. Propolis



indirectly reduces TDO activity by normalizing HPA-axis feedback and lowering

cortisol levels (see Section 4.3).

® Restoration of plasma and cerebral tryptophan availability: After propolis treatment,

free TRP levels increase by 25-35%, and the KYN/TRP ratio declines significantly,

indicating a corrected metabolic redistribution.

Through the dual control of inflammatory suppression and endocrine stabilization,

propolis redirects tryptophan metabolism from the neurotoxic branch back to the

neurotransmitter synthesis branch.

B. Suppression of Neurotoxic Kynurenine Metabolites: Blocking the Excitotoxic

Pathway

Downstream of the kynurenine pathway, two opposing classes of metabolites determine

neural outcomes:

® 3-hydroxykynurenine (3-HK) and quinolinic acid (QUIN): neurotoxic and excitatory.

® Kynurenic acid (KYNA): NMDA receptor antagonist and neuroprotective.

Propolis shifts this metabolic balance toward neuroprotection through redox and

enzymatic regulation:



® Reduction of 3-HK and QUIN accumulation: Propolis inhibits kynurenine

monooxygenase (KMO), thereby reducing 3-HK synthesis. Its antioxidant action via

Nrf2-HO-1 activation also attenuates QUIN-induced mitochondrial ROS generation.

® Enhancement of KYNA synthesis: By upregulating kynurenine aminotransferase

(KAT) activity, propolis increases KYNA production, moderating NMDA receptor

overactivation and Ca?* overload. This preserves excitatory—inhibitory balance and

supports cognitive stability.

® Restoration of the KYN/KYNA equilibrium index: In CUMS behavioral models,

propolis lowered the KYN/KYNA ratio by approximately 45%, paralleled by

improvements in memory and exploratory behavior.

Hence, propolis functions as a kynurenine-pathway rebalancer, exerting both

neuroprotective and antidepressant effects.

C. Nrf2-SIRT1 Coupling: From Metabolic Repair to Neuroregeneration

Propolis not only suppresses the neurotoxic pathway but also rebuilds neuronal

metabolism through coupled activation of Nrf2 and SIRT1.

® Nrf2 activation and oxidative defense: CAPE modifies the Keap1-Cys151 site,

inducing Nrf2 nuclear translocation and upregulation of antioxidant enzymes (HO-1,

GPx, SOD), neutralizing oxidative damage caused by 3-HK and QUIN.



® SIRT1 activation and energy optimization: SIRT1 deacetylates PGC-1a and
FOXO3a, enhancing mitochondrial biogenesis and NAD* cycling to restore oxidative
phosphorylation.

® Tri-dimensional reconstruction of metabolism, energy, and neural function: Once
redox and metabolic balance are restored, propolis activates BDNF-CREB signaling,
increases synaptic proteins (PSD-95, Synapsin 1), and strengthens cognitive

plasticity.

Through this sequential cascade - from metabolic correction to neurofunctional recovery -
propolis establishes a complete restorative loop, transforming kynurenine-pathway

intervention into a systemic metabolic regeneration strategy.

D. Experimental and Model Evidence

® Chronic inflammation model (CUMS + LPS): Propolis significantly reduces IDO and
KMO expression while enhancing KAT and BDNF levels, alleviating depressive-like
behavior (anhedonia, inactivity).

® Metabolomic analysis: Propolis increases serum 5-HT by 1.8-fold and decreases
neurotoxic kynurenine derivatives by over 40%.

® Mechanistic inhibition test: When Nrf2 inhibitor (ML385) is applied, the metabolic and
antidepressant effects of propolis are partially lost, confirming dependence on Nrf2—

SIRT1 co-activation.



E. Summary

Through integrated anti-inflammatory, metabolic, energy, and neuro-plastic mechanisms,

propolis forms a closed-loop intervention within the TRP-KYN axis:

® Inflammation suppression: inhibits IDO/TDO overactivation.

® Metabolic balance: decreases 3-HK/QUIN while increasing KYNA.

® Energy recovery: engages SIRT1-Nrf2 coordination to restore mitochondrial
function.

® Neural repair: activates BDNF-CREB signaling to enhance cognition and emotion

regulation.

By rebuilding the TRP-KYN pathway across these interconnected layers, Keyora
positions propolis as a neuro-immune—metabolic regulatory nutraceutical, capable of
reversing inflammation-driven biochemical imbalances and restoring brain homeostasis

in depression and cognitive dysfunction.

4.3) Regulatory Mechanisms of Propolis on the HPA Axis Stress Response

The hypothalamic—pituitary—adrenal (HPA) axis is the central neuroendocrine system
governing stress response and emotional homeostasis. Under chronic psychological
stress, inflammatory stimulation, or metabolic imbalance, the HPA axis remains

persistently hyper-activated:



® Elevated hypothalamic corticotropin-releasing hormone (CRH);
® Excessive pituitary adrenocorticotropic hormone (ACTH) secretion;

® Sustained high levels of circulating cortisol.

Chronic elevation of cortisol leads to hippocampal neuronal apoptosis, reduced
glucocorticoid receptor (GR) sensitivity, and impaired negative feedback regulation (HPA
feedback resistance). This disrupted feedback loop not only triggers anxiety- and
depression-like behaviors but also activates the indole-amine 2,3-dioxygenase (IDO)
pathway, exacerbates oxidative stress, and damages synaptic integrity - forming a

vicious “neuro—-immune-metabolic triad.”

Propolis exhibits a pronounced ability to restore stress-related feedback through multi-
level modulation of neurotransmitter balance, receptor sensitivity, and endocrine output
along the HPA axis.

Its polyphenolic and flavonoid constituents collectively regulate this process from the

stages of “overactivation - feedback restoration - homeostatic recovery.”

A. Suppression of HPA Axis Overactivation: From Central Neurotransmitters to CRH

Regulation

The anti-stress properties of propolis begin at the central level by attenuating the initial

stress signaling cascade.

® Regulation of the hypothalamic CRH-AVP system:



Propolis reduces the expression of CRH and arginine vasopressin (AVP) in the

hypothalamus of chronically stressed animals, thereby weakening pituitary activation.

Caffeic acid phenethyl ester (CAPE) inhibits NF-kB-IL-6 signaling, blocking inflammatory

activation of CRH neurons and suppressing stress input at its source.

® Restoration of monoaminergic neurotransmitter homeostasis:

Depressive states are characterized by reduced levels of serotonin (5-HT), dopamine

(DA), and norepinephrine (NE), which amplify stress reactivity. Through its anti-

inflammatory and antioxidant effects, propolis normalizes tryptophan metabolism (as

discussed in Section 4.2), enhances 5-HT synthesis, and upregulates dopamine 3-

hydroxylase activity, balancing emotional regulation and neural activation.

® Restoration of hippocampal-hypothalamic negative feedback:

Propolis upregulates hippocampal GR expression, improving cortisol feedback sensitivity.

Animal studies show that propolis increases GR levels by approximately 60% in

chronically stressed mice, reinstating CRH inhibition and reducing systemic cortisol

concentrations.

B. Regulation of ACTH and Cortisol Release: Feedback Restoration at the Pituitary-

Adrenal Level



At the pituitary and adrenal levels, propolis exerts strong corrective effects on

dysregulated endocrine signaling.

® Reversal of impaired pituitary feedback:

Under chronic stress, ACTH secretion becomes insensitive to cortisol suppression.
Propolis restores GR-FKBP5 coupling, enhancing ACTH responsiveness to cortisol and

reestablishing negative feedback control.

® Inhibition of adrenal hypertrophy and excessive cortisol synthesis:

Propolis downregulates key steroidogenic enzymes, including CYP11B1 and
steroidogenic acute regulatory protein (StAR), thereby reducing cortisol biosynthesis. In
chronic stress models, plasma cortisol levels decrease by about 35%, and adrenal

cortical hypertrophy is markedly alleviated.

® Nrf2-SIRT1 cooperation for energy homeostasis:

By activating the SIRT1-AMPK pathway, propolis improves adrenal cellular energy

metabolism, ensuring sustainable feedback regulation and preventing metabolic stress

injury.

C. Bidirectional Regulation Between Neurotrophic Factors and HPA Axis Stability



Propolis not only suppresses HPA axis hyperactivation but also enhances neurotrophic

signaling to strengthen feedback resilience.

® Upregulation of the BDNF-CREB pathway:

Chronic stress suppresses hippocampal brain-derived neurotrophic factor (BDNF)

expression; propolis reverses this inhibition. CAPE and chrysin increase CREB

phosphorylation, stimulate BDNF release, and reestablish the neurotrophic foundation of

HPA regulation.

® SIRT1-GR reciprocal modulation:

SIRT1 deacetylates GR, enhancing its DNA-binding affinity and cortisol sensitivity.

Propolis increases intracellular NAD* and SIRT1 activity, thereby stabilizing the GR-

BDNF signaling feedback loop and achieving coordinated neuroendocrine restoration.

® Coordination between neuroplasticity and stress response:

Following propolis intervention, hippocampal synaptic proteins such as PSD-95 and

Synapsin | are upregulated, restoring neural circuitry and synchronizing emotional

regulation with stress response.

D. Experimental and Model Evidence

® Chronic Unpredictable Mild Stress (CUMS) model:



Propolis significantly reduces plasma ACTH and cortisol levels, increases hippocampal

GR and BDNF expression, and improves behavioral performance in forced-swim and

sucrose preference tests.

® Glucocorticoid-induced model:

Propolis prevents hippocampal atrophy and GR suppression caused by exogenous

cortisol exposure, demonstrating neuroendocrine protective effects.

® Blocking experiments:

When SIRT1 inhibitor (EX-527) or GR antagonist (RU486) is administered, the

restorative effects of propolis on HPA axis feedback are markedly attenuated, confirming

its reliance on the SIRT1-GR regulatory pathway.

E. Summary

Propolis rebalances the HPA axis through the integrated modulation of neuro, immune,

metabolic, and endocrine networks:

® Upstream control: Suppresses CRH-AVP activation and restores central

neurotransmitter equilibrium.

® Central feedback: Upregulates hippocampal GR and BDNF to restore negative

feedback sensitivity.



® Downstream repair: Reduces ACTH-cortisol hypersecretion and alleviates adrenal

metabolic burden.

® Systemic homeostasis: Maintains “energy-inflammation—endocrine” balance via

SIRT1-NF-kB-GR cooperation.

Thus, propolis acts not merely as an anti-stress agent but as a systemic neuroendocrine

stabilizer. Its mechanism centers on SIRT1 as the metabolic hub, NF-kB as the

inflammatory regulator, and GR-BDNF as the feedback executor - collectively forming a

closed-loop regulatory network of “anti-inflammation—anti-stress—neurorestoration,”

enabling the transition from stress overload to homeostatic recovery in depressive and

cognitive disorders.

4.4) Regulatory Mechanisms of Propolis on Neurotransmitter Systems and Synaptic

Plasticity

The neurobiological basis of depression and cognitive impairment primarily stems from

monoaminergic neurotransmitter imbalance and reduced synaptic plasticity. Decreased

levels of serotonin (5-HT), dopamine (DA), and norepinephrine (NE) not only weaken

emotional regulation and reward responses but also diminish downstream synaptic

signaling, leading to hypo-activity in neural circuits. Furthermore, chronic stress and

inflammatory environments suppress brain-derived neurotrophic factor (BDNF)

expression and inhibit CREB phosphorylation, resulting in dendritic atrophy and network



disconnection. Restoring neurotransmitter synthesis and synaptic plasticity is therefore

regarded as a key strategy for reversing depressive pathology.

Propolis, through its integrated anti-inflammatory, antioxidant, metabolic, and
neurotrophic actions, simultaneously modulates neurotransmitter metabolism, receptor
sensitivity, and synaptic structure reconstruction—forming a continuous repair chain that

bridges chemical signaling with functional restoration.

A. Restoration of the Serotonergic System: Neurotransmitter Recovery via Tryptophan

Pathway Rebalancing

In inflammation-related depression, tryptophan is excessively shunted into the
kynurenine pathway, impairing 5-HT synthesis. Propolis reestablishes serotonergic

function through metabolic realignment:

® Increased brain 5-HT levels and metabolic stability:

By suppressing IDO/TDO activity, propolis redirects tryptophan toward 5-HT synthesis,
significantly increasing hippocampal 5-HT and its metabolite 5-HIAA. Studies show a

1.5-2-fold elevation of 5-HT content following propolis treatment.

® Upregulation and sensitization of 5-HT1A receptors:



Depression models typically exhibit 5-HT1A receptor downregulation and signaling

attenuation. Propolis enhances CREB phosphorylation, thereby promoting receptor gene

transcription and restoring neuronal responsiveness to serotonin.

® Enhanced presynaptic 5-HT storage and release:

Propolis upregulates Synapsin | and vesicular monoamine transporter 2 (VMAT?2),

maintaining normal serotonergic vesicle cycling and preventing neurotransmitter leakage

or degradation.

Through combined effects on precursor metabolism and receptor regulation, propolis

achieves full-spectrum restoration of the serotonergic system—from substrate supply to

signal transmission.

B. Regulation of Dopaminergic and Noradrenergic Systems: Repair of Reward and

Attention Networks

Dysfunction in dopaminergic (DA) and noradrenergic (NE) systems plays an equally

critical role in depression and cognitive decline. Propolis supports catecholaminergic

recovery through coordinated anti-inflammatory and metabolic regulation:

® Upregulation of tyrosine hydroxylase (TH) and dopamine transporter (DAT):

Inflammatory and oxidative stress in depression suppress TH activity and damage



DAT. Propolis, via Nrf2-SIRT1 activation, enhances TH expression and preserves

DAT function, thereby restoring dopamine synthesis and recycling.

® Stabilization of NE synthesis and synaptic clearance:

Propolis increases dopamine 3-hydroxylase (DBH) activity to promote NE synthesis,

while inhibiting excessive catechol-O-methyltransferase (COMT) activity to maintain

attention and arousal stability.

® Restoration of reward circuitry in the nucleus accumbens and prefrontal cortex:

Behavioral studies reveal that propolis markedly improves sucrose preference,

exploratory activity, and social interaction in CUMS models, indicating restored

motivation and reward-related circuitry via the DA-NE pathway.

Through this regulation, propolis not only elevates mood activity but also reestablishes

functional coupling among energy metabolism, neurotransmission, and emotion.

C. Activation of the BDNF-TrkB-CREB Pathway: Rebuilding Synaptic Plasticity and

Learning-Memory Function

Synaptic plasticity impairment is the structural hallmark of depression and cognitive

disorders. Propolis promotes neurostructural and functional regeneration via activation of

the BDNF-TrkB-CREB axis:

® Upregulation of neurotrophic factors:



Propolis significantly enhances the transcription and translation of BDNF and its receptor

TrkB. CAPE and chrysin activate ERK1/2 and PI3K-Akt pathways, promoting CREB

phosphorylation and subsequent BDNF secretion.

® Restoration of synaptic architecture and signaling:

Propolis increases postsynaptic density protein 95 (PSD-95) and Synapsin | expression,

restoring synaptic membrane density and signal integration capacity. Electron

microscopy of the hippocampal CA1 region shows notable increases in dendritic spine

density and size.

® Facilitation of long-term potentiation (LTP):

By strengthening the BDNF-CREB axis, propolis enhances NMDA receptor function and

CaMKII activation, improving learning and memory. In the Morris water maze test,

propolis-treated animals exhibited shortened escape latency and improved spatial

memory scores.

Thus, propolis enables a transition from structural repair to functional synaptic

reconstruction.

D. Nrf2-SIRT1-BDNF Axis Synergy: Integrating Energy, Anti-Inflammatory, and

Plasticity Mechanisms



The regulation of neurotransmission and synaptic plasticity by propolis operates within an

integrated Nrf2—-SIRT1-BDNF framework:

® Nrf2 activation provides antioxidant defense, reducing ROS-induced synaptic

damage.

® SI|RT1 deacetylation optimizes energy metabolism, supporting protein synthesis and

neurotransmitter cycling.

® BDNF-CREB signaling strengthens neural connectivity and learning capacity.

These three axes function in positive coordination: Nrf2 offers cellular protection, SIRT1

provides metabolic energy, and BDNF supplies the structural blueprint—forming a

comprehensive “anti-inflammatory—metabolic—plasticity” system within the central

nervous network.

E. Experimental and Model Evidence

® Chronic stress (CUMS) model: Propolis significantly increases brain 5-HT, DA, and

NE concentrations, upregulates BDNF, CREB, and PSD-95 expression, and

improves both mood and cognitive performance.

® Hippocampal injury model: Propolis restores mitochondrial morphology and dendritic

spine density, enhancing LTP amplitude.



® Pharmacological blocking experiments: When TrkB antagonist (ANA-12) or SIRT1
inhibitor (EX-527) is applied, the antidepressant and pro-learning effects of propolis

are markedly diminished, confirming the central role of Nrf2—SIRT1-BDNF synergy.

F. Summary

The systemic regulatory mechanisms of propolis on neurotransmitters and synaptic

plasticity can be summarized as follows:

® Metabolic reconstruction: Inhibition of IDO/TDO to enhance 5-HT synthesis.

® Neurotransmitter balance: Restoration of 5-HT, DA, and NE transmission pathways.

® Synaptic remodeling: Activation of the BDNF-CREB pathway to repair neural
connections.

® Energy and anti-inflammatory support: Maintenance of metabolic and structural

stability via the Nrf2-SIRT1 network.

Hence, propolis functions not only as a mood modulator but as a neuro-plastic
nutraceutical - a systemic restorative agent capable of synchronizing neurotransmission,
energy metabolism, structural repair, and functional recovery across the central nervous

system.

4.5) Systemic Integrative Mechanisms of Propolis in Depression and Cognitive

Impairment: The Neuro-Immune—Metabolic Tri-Axis Model



The pathophysiological essence of depression and cognitive impairment lies in the

disruption of the Neuro—-Immune—Metabolic Axis, where neural, immune, and metabolic

systems lose synchronized regulation.

Conventional pharmacotherapies often target isolated pathways - such as monoamine

reuptake inhibition, glucocorticoid antagonism, or anti-inflammatory modulation - while

propolis (Propolis), as a multi-component, multi-pathway natural bioactive complex,

achieves multidimensional regulation through the synergistic integration of anti-

inflammatory, antioxidant, metabolic restorative, neuroplasticity-enhancing, and

endocrine-stabilizing effects.

The defining features of this tri-axis model are:

® Suppression of inflammatory signaling promotes metabolic recovery.

® Metabolic restoration provides the energetic foundation for neural repair.

® Neural repair, in turn, stabilizes immune and endocrine networks.

Through these interlinked feedbacks, propolis establishes a sequential regulatory

process of “inflammatory resolution - metabolic regeneration - neurofunctional

reconstruction,” facilitating the restoration of systemic homeostasis from chronic stress

and neuro-inflammatory imbalance.

A. Axis | — Immune-Inflammatory Axis



Propolis restores immune balance primarily through NF-kB/NLRP3 inhibition and

PPARy-STATG6 activation:

® Blockade of the inflammatory amplification loop:

CAPE and chrysin inhibit NF-kB signaling and prevent IkBa degradation, while

suppressing NLRP3-ASC-Caspase-1 inflammasome assembly, thereby halting IL-1pB, IL-

6, and TNF-a cascades.

® Promotion of inflammatory resolution:

Propolis induces IL-10 and TGF- expression, driving microglial and macrophage

polarization from the pro-inflammatory M1 phenotype toward the reparative M2

phenotype, reconstructing a restorative immune environment.

® Formation of an anti-inflammatory feedback loop:

SIRT1 deacetylates the NF-kB p65 subunit, establishing a self-limiting “anti-

inflammatory—metabolic” balance that prevents relapse of chronic inflammation and

accumulation of neurotoxic mediators.

This axis functions as the first-line defense of the propolis regulatory network - containing

inflammation, stabilizing immune microenvironments, and preparing conditions for

downstream metabolic and neural restoration.



B. Axis Il — Metabolic-Energy Axis

At the core of the tri-axis system, propolis activates the Nrf2-SIRT1-AMPK-PGC-1a

pathway to rebuild metabolic resilience:

® Mitochondrial energy regeneration:

By activating AMPK and SIRT1, propolis promotes PGC-1a deacetylation, enhancing

mitochondrial biogenesis and ATP production, thereby alleviating neuronal energy crises.

® Reconstruction of antioxidant defenses:

CAPE triggers Nrf2 nuclear translocation, upregulating HO-1, GPx, and SOD expression,

which counteracts ROS generated by 3-HK, quinolinic acid, and cortisol-induced

oxidative stress.

® Rebalancing the tryptophan—kynurenine pathway:

Propolis suppresses IDO/TDO and KMO activities while increasing KAT expression,

redirecting tryptophan metabolism from the neurotoxic branch toward protective

kynurenic acid (KYNA) synthesis.

This metabolic-energy axis acts as the engine of the tri-axis system, sustaining

mitochondrial function, neurotransmitter synthesis, and endocrine feedback stability.

C. Axis lll — Neuro-plastic and Neurotransmitter Axis



Through BDNF-CREB signaling and regulation of 5-HT/DA/NE pathways, propolis

facilitates comprehensive neurofunctional reconstruction:

® Restoration of neurotransmitter dynamics:

Propolis restores 5-HT synthesis and 5-HTA receptor sensitivity, enhances DA and NE

turnover, and rebuilds reward, attention, and cognitive circuits.

® Synaptic structure repair:

It upregulates synaptic proteins (PSD-95, Synapsin I) and CREB phosphorylation,

reinstating synaptic density and functional connectivity.

® Integration of neurotrophic signaling:

Activation of the BDNF-TrkB pathway enhances neuronal growth and synaptic plasticity,
achieving dual-level repair - from neurochemical restoration to cognitive performance

improvement.

This axis represents the execution layer of propolis’s systemic action, translating

molecular and metabolic recovery into functional and behavioral outcomes.

D. Dynamic Interconnection and Feedback Loops Among the Three Axes

The three axes of propolis action form a continuous feedback system linking

inflammation, energy, and neuroplasticity:



® Inflammatory suppression — metabolic activation: NF-kB inhibition upregulates

SIRT1-AMPK signaling, optimizing cellular energy output.

® Metabolic restoration - neural enhancement: Nrf2-SIRT1 activation promotes BDNF

expression and neurotransmitter biosynthesis.

® Neural recovery — inflammatory stabilization: BDNF-CREB signaling feeds back to

suppress HPA overactivation and prevent inflammatory relapse.

At the heart of this system lies the SIRT1-Nrf2-BDNF tri-node synergy, in which SIRT1

links energy metabolism and inflammation control, Nrf2 maintains redox defense, and

BDNF governs structural and cognitive regeneration—together constituting a self-

regulatory neurohomeostatic system unique to propolis.

E. Biological Characteristics of the Integrative Model

The Neuro-Immune—Metabolic tri-axis model of propolis can be summarized as follows:

® Upper defensive layer: NF-kB/NLRP3 inhibition and immune resolution prevent

inflammatory—metabolic signaling spillover.

® Intermediate energetic layer: SIRT1-AMPK-Nrf2 activation restores mitochondrial

function and antioxidant capacity.

® |ower executive layer: BDNF-CREB-5-HT integration reconstructs synaptic

plasticity and emotional-cognitive function.



Through vertical coupling across metabolic, signaling, and neural hierarchies, propolis

achieves continuity from molecular repair to systemic behavioral restoration, exemplifying

a multi-level transition from metabolic homeostasis to neural homeostasis.

F. Experimental and Translational Evidence

® Animal studies:

In CUMS and LPS models, propolis markedly reduced serum IL-6, TNF-a, and MDA
levels, elevated brain BDNF, SIRT1, and Nrf2 expression, and improved sucrose

preference and spatial memory.

® Metabolomic and neuro-omic analyses:

Propolis normalized tryptophan, KYNA, and 5-HT pathway metabolites, while elevating

brain NAD* and ATP, confirming systemic metabolic realignment.

® Clinical observations:

In an 8-week intervention among individuals with mild-to-moderate depression, a

polyphenol-rich propolis complex reduced HPA axis hormones and significantly improved

Hamilton Depression (HAM-D) and MoCA cognitive scores.

Collectively, these findings validate the translational potential of the Neuro—-Immune-

Metabolic integrative framework of propolis.



G. Summary

The mechanisms of propolis in depression and cognitive impairment can be

conceptualized as a multi-layered, closed-loop regulatory system:

® Immune-inflammatory axis: NF-kB/NLRP3 suppression, M2 polarization, and

inflammation resolution.

® Metabolic—energy axis: Activation of SIRT1-AMPK-Nrf2-PGC-1a to restore

mitochondrial and metabolic balance.

® Neuroplastic axis: Activation of BDNF-CREB-5-HT pathways to rebuild synaptic

structure and function.

The interplay among these three axes forms the distinctive Neuro-Immune-Metabolic

homeostatic loop of propolis, enabling comprehensive restoration from molecular

defense -~ metabolic reconstruction — neural repair -~ behavioral recovery.

Accordingly, propolis can be scientifically defined as a Systemic Neuro—Immune-

Metabolic Nutraceutical, providing a robust theoretical and experimental foundation for its

dietary pharmacological application in depression, cognitive impairment, and stress-

related disorders.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

- Demonstrated that propolis alleviates depressive-like behavior through NF-«kB inhibition and

microglial M2 polarization, restoring neuroimmune homeostasis.

v Silva, L. B., etal. (2022). Caffeic acid phenethyl ester modulates neuroinflammation through NF-kB

and NLRP3 inflammasome inhibition. Frontiers in Pharmacology, 13, 861453.

- Showed that CAPE blocks the NF-kB-NLRP3 axis, reducing IL-18 and TNF-a expression fo

suppress neuroinflammation.

v Li H, etal (2020). Propolis regulates microglial homeostasis via PPARy-STATE6 signaling to

resolve neuroinflammation. Brain, Behavior, and Immunity, 89, 455-468.

- Found that propolis activates PPARy-STATE signaling to promote inflammatory resolution and

maintain microglial stability.

v’ Orsolic, N., et al. (2021). Propolis attenuates chronic neuroinflammation and oxidative stress in

depressive models. Oxidative Medicine and Cellular Longevity, 2021, 9965839.

- Reported that propolis alleviates chronic neuroinflammation and oxidative stress through

combined antioxidant and anti-inflammatory mechanisms.

v Wang, T, etal. (2023). SIRT1-dependent anti-inflammatory effect of propolis mediates IL-10 and

TGF-B upregulation in hippocampal tissue. Neurochemistry International, 157, 105411.

- Revealed that SIRT1 activation by propolis enhances IL-10 and TGF-£ expression, forming a

feedback loop coupling inflammation resolution with neurotrophic support.

v Zhou, X., etal. (2022). Propolis alleviates tryptophan—kynurenine pathway dysregulation via IDO

inhibition and Nrf2 activation. Nutrients, 14(6), 1214.
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Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

- Demonstrated that propolis restores tryptophan—kynurenine metabolic balance through IDO

suppression and Nrf2 pathway activation.

v Wei, Z, etal. (2021). Polyphenols from propolis modulate kynurenine metabolism and serotonin

synthesis in depression models. Phytotherapy Research, 35(9), 4900-4913.

- Showed that polyphenols in propolis regulate kynurenine metabolism and promote serofonin

synthesis, yielding antidepressant and neuroprotective effects.

v’ Sun, H., etal. (2022). Inhibition of kynurenine 3-monooxygenase by propolis mitigates

neurotoxicity in LPS-induced depression. Neurobiology of Disease, 168, 105699.

- Reported that propolis inhibits KMO activity, reducing neurofoxic metabolites (3-HK, QUIN)

accumulation in depression models.

v Liu, J., etal. (2023). Activation of SIRT 1-Nrf2 axis by propolis reconstructs tryptophan metabolism

and redox homeostasis. Biomedicine & Pharmacotherapy, 158, 114202.

- Found that propolis activates the SIRT1-Nrf2 axis fo restore redox equilibrium and energy

metabolism.

v’ Gao, W., et al. (2023). Metabolic reprogramming of kynurenine pathway by propolis improves

cognition and mood in chronic stress mice. Frontiers in Neuroscience, 17, 1130941.

- Showed that propolis reprograms the kynurenine pathway to enhance cognitive and emotional

function under chronic stress.

v Kim, D. H., etal. (2021). Propolis attenuates HPA axis hyperactivity and restores glucocorticoid

receptor sensitivity in stress models. Neuroendocrinology, 111(10), 1025-1038.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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- Demonstrated that propolis suppresses HPA axis overactivation and restores glucocorticoid

receptor sensitivity, improving stress feedback control.

v Wu, Y., etal (2022). Caffeic acid phenethyl ester modulates CRH and ACTH secretion through

NF-kB-IL-6 suppression. Endocrine Connections, 11(9), e220240.

- Reported that CAPE reduces CRH and ACTH secretion by inhibifing NF-kB-IL-6 signaling,

lowering HPA axis activation.

v Zhang, Q., etal. (2023). SIRT1-GR crosstalk mediates the feedback control of HPA axis in

propolis-treated depressive models. Molecular Psychiatry, 28(6), 2435-2449.

- Found that propolis restores HPA axis feedback through SIRT1-GR crosstalk, decreasing cortisol

levels.

v’ Liang, C., et al. (2023). BDNF-CREB enhancement by propolis rebalances neuroendocrine—

metabolic coupling in chronic stress. Frontiers in Molecular Neuroscience, 16, 1178302.

- Showed that propolis upregulates BDNF-CRERB signaling, improving neuroendocrine—metabolic

coordination and depressive behavior.

v’ Chen, Y., etal. (2022). Propolis restores monoamine neurotransmission and synaptic structure

through BONF-CREB signaling. Neurochemistry International, 151, 105239.

- Demonstrated that propolis enhances BDNF-CREB signaling fo restore monoamine transmission

and synaptic integrity.

v’ Gonzalez, R., et al. (2020). Chrysin enhances dopaminergic transmission and cognitive

performance in depressive models. Neuropharmacology, 164, 107903.
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- Reported that chrysin enhances dopaminergic signaling and cognitive performance, contributing

to antidepressant effects.

v Wang, J., etal. (2021). Propolis upregulates serotonin receptor expression and improves synaptic

density. Behavioural Brain Research, 411, 113369.

- Found that propolis increases 5-HT receptor expression and synaptic density, improving

emotional and cognitive outcomes.

v Yu, Y., etal (2023). Nrf2-SIRT 1-BDNF tri-axis mediates neuroplastic and antidepressant effects

of propolis. Antioxidants, 12(4), 745.

- Revealed that the Nif2-SIRT 1-BDNF tri-axis underiies the neuroplastic and antidepressant

actions of propolis.

v’ Feng, X, etal. (2023). Integrated neuro—immune-metabolic requlation of propolis in depression: A

systems pharmacology approach. Frontiers in Pharmacology, 14, 1189704.

- Applied systems pharmacology fo confirm that propolis achieves antidepressant efficacy through

coordinated regulation of neuro-immune-metabolic axes.

v Yuan, J. Q, & Hu, F. L. (2022). Systems biology reveals SIRT1-Nrf2-BDNF as core regulatory

triad in propolis-mediated neuroprotection. Oxidative Medicine and Cellular Longevity, 2022,

8594307.

- ldentified SIRT1-Nrf2-BDNF as the central regulatory triad mediating the integrative control of

metabolism, inflammation, and neuroplasticity by propolis.

v’ Park, S. H., etal. (2023). Polyphenol network of propolis regulates IDO, HPA, and BDNF signaling

in neuropsychiatric disorders. Nutrients, 15(2), 305.
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5) Synergistic Cross-Axis Neuroprotective Mechanisms of Propolis, Folic Acid, Garlic

Extract, and Onion Extract

Mono-nutrient interventions typically act on isolated biochemical pathways, whereas the

combination of propolis (Propolis), folic acid (Folic Acid), garlic extract (Garlic Extract),

and onion extract (Onion Extract) represents a model of cross-axis nutripharmacology,

integrating multiple metabolic and signaling dimensions. This complex forms a

complementary biochemical triad - antioxidant-methyl donor—sulfur metabolism - and

establishes a systemic coordination within the Neuro-Immune-Metabolic Tri-Axis,

providing a holistic framework for neuroprotection and metabolic homeostasis.

® Propolis, rich in polyphenols and flavonoids, serves as the core modulator of anti-

inflammatory, antioxidant, and mitochondrial restorative pathways.

® Folic acid supports DNA synthesis, neurotransmitter metabolism, and epigenetic

regulation through one-carbon and methylation cycles, stabilizing cellular redox and

neurochemical balance.



® Garlic extract contributes sulfur-containing antioxidants (e.g., allicin, S-allyl cysteine)
and nitric oxide homeostasis, reinforcing immune modulation and vascular perfusion.
® Onion extract, abundant in quercetin and organosulfur compounds, enhances anti-

inflammatory signaling, endothelial protection, and neuronal redox stability.

Rather than a simple additive mixture, this combination exhibits signal complementarity

and metabolic cross-activation, enabling coordinated multi-axis protection:

® Propolis—Folic Acid Axis — Stabilization of redox and methylation metabolism through
Nrf2 activation and one-carbon cycle optimization.

® Propolis—-Garlic Axis — Restoration of immune-inflammatory balance via NF-kB
inhibition and sulfur-based redox signaling.

® Propolis—Onion Axis — Reinforcement of antioxidant and neurovascular integrity

through quercetin-mediated enhancement of Nrf2-SIRT1-eNOS pathways.

Together, these interactions create an integrated “polyphenol-methyl donor-thiol”
network, functioning as a self-regulating system that synchronizes inflammation
resolution, metabolic repair, and neuronal resilience - a defining model of cross-axis

neuroprotection in nutritional neuroscience.

5.1)  Propolis—Folic Acid Axis: Methylation Cycle and Neurotransmitter Co-Recovery



Depression and cognitive impairment are frequently accompanied by methyl donor
deficiency and elevated homocysteine (Hcy), leading to abnormal DNA methylation and

impaired synthesis of neurotransmitters such as 5-HT, DA, and NE.

® Folic Acid and Methyl Donor Function

Folic acid participates in one-carbon metabolism by remethylating Hcy to methionine,
producing S-adenosylmethionine (SAM) - a key substrate for neurotransmitter
methylation. Its deficiency disrupts SAM synthesis, promoting neuro-inflammation and

cognitive decline.

® Propolis as an Anti-Inflammatory and Metabolic Co-Regulator

Propolis inhibits NF-kB and NLRP3 inflammasome activation, reducing cytokine-induced
suppression of BH4 and IDO pathways, thereby maintaining the integrity of the folate—

SAM-5-HT synthesis chain.

® SIRT1-MTHFR Interaction Pathway

By activating SIRT1, propolis enhances the stability of methylenetetrahydrofolate
reductase (MTHFR), forming a metabolic feedback loop with folate that improves Hcy

degradation and methyl balance.

Through this synergy, Hcy levels decrease while SAM rises, restoring neurotransmitter

synthesis and achieving a dual metabolic-neurochemical repair effect.



5.2) Propolis—Garlic Axis: Sulfur-Based Antioxidant and Immune-Resolution Pathways

Garlic extract provides potent sulfur antioxidants such as allicin and S-allyl cysteine
(SAC), which enhance cellular defense via glutathione (GSH) cycling and Nrf2 activation.

Propolis and garlic exert functional complementarity through the following mechanisms:

® Nrf2-GSH Coupling Enhancement

Caffeic acid phenethyl ester (CAPE) from propolis and SAC from garlic both promote
Nrf2 nuclear translocation, inducing HO-1, GCLC, and GPx expression, significantly

elevating the intracellular GSH/GSSG ratio.

® |Immune Resolution and Inflammation Termination

Garlic promotes IL-10 release and Treg differentiation, while propolis suppresses NF-kB
and TNF-a. Together, they form a pro-resolution immune microenvironment, halting

chronic neuro-inflammation.

® Mitochondrial-Sulfur Metabolism Synergy

SAC enhances thiol cycling and NADPH regeneration, supporting the SIRT1-AMPK-
PGC-1a pathway driven by propolis, thereby reinforcing mitochondrial bioenergetics and

redox protection.



The Propolis—Garlic Axis thus achieves a closed-loop complementarity of antioxidation,
anti-inflammation, and energy reconstruction, showing strong synergy in stress-induced

fatigue and chronic neuro-inflammatory conditions.

5.3) Propolis—Onion Axis: Polyphenol Resonance and Neurovascular Protection

Onion extract, rich in quercetin and organosulfur compounds, forms a polyphenolic
resonance network with propolis flavonoids, producing cooperative effects in

antioxidation, inflammation control, and microcirculatory function.

® Polyphenol Synergistic Antioxidant Barrier

Both quercetin and CAPE activate Nrf2 while suppressing ROS overproduction, restore

mitochondrial complexes I-lll, and reduce oxidative burden within neural tissue.

® Blood-Brain Barrier and Microcirculatory Protection

Onion extract upregulates endothelial nitric oxide synthase (eNOS) and increases nitric
oxide (NO) bioavailability, improving cerebral perfusion. Propolis complements this by
preventing endothelial inflammation and oxidative injury, maintaining neurovascular

homeostasis.

® Neurotransmission and Cognitive Enhancement



Onion extract facilitates acetylcholine synthesis and inhibits acetylcholinesterase (AChE),

while propolis activates the BDNF-CREB pathway, enhancing synaptic plasticity and

memory.

The Propolis—Onion Axis thus integrates antioxidation, vascular protection, and cognitive

reinforcement, offering pronounced benefits in neurodegeneration, “brain fog,” and

fatigue-related cognitive dysfunction.

5.4) Systemic Cross-Axis Integration Model

The synergistic mechanisms among propolis, folic acid, garlic, and onion can be

summarized in a Three-Axis, Six-Module Framework:

Axis | — Immune-Inflammatory Regulation

® Module I: Nrf2-NF-kB antagonism by the Propolis—Garlic Axis.

® Module IlI: IL-10, PPARYy, and STAT6-mediated inflammation resolution and immune

repair.

Axis Il — Metabolic-Energy Axis

® Module llI: Propolis—Folic Acid synergy in Hcy degradation and SAM-5-HT synthesis

restoration.

® Module IV: Garlic—Propolis co-activation of mitochondrial regeneration and sulfur-

based antioxidant defense.



Axis lll - Neuro—Cognitive Axis

® Module V: Polyphenol synergy of Onion—Propolis for antioxidation and

microcirculatory enhancement.

® Module VI: BDNF-CREB-driven synaptic plasticity and learning—-memory

improvement.

These axes are interconnected through metabolic, immune, and neural signaling cross-

links, forming a Cross-Axis Resonance Effect, in which propolis acts as the anti-

inflammatory core while folate and sulfur nutrients reinforce metabolic and neurocognitive

recovery.

5.5) Experimental and Applied Insights

® Animal Studies: Propolis combined with folic acid significantly reduces plasma Hcy

and elevates brain BDNF and 5-HT levels. Co-administration with garlic or onion

extracts ameliorates LPS-induced cognitive deficits and inflammatory markers.

® Clinical Observations: A 12-week intervention using a propolis—folate—garlic complex

reduced plasma IL-6, CRP, and Hcy while improving mood and memory scores in

subjects with mild-to-moderate depression.

® Practical Applications: The combination shows translational potential for nutritional

intervention in age-related cognitive decline, depression—-metabolic comorbidity, and

chronic stress states.



5.6) Summary

The integrated actions of propolis, folic acid, garlic extract, and onion extract form a

Neuro-Immune—-Metabolic Complementary Resonance system:

® Propolis provides the anti-inflammatory and antioxidant core.

® Folic acid restores methylation and neurotransmitter synthesis.

® Garlic strengthens thiol-based antioxidation and immune resolution.

® Onion enhances polyphenol synergy and cerebrovascular function.

Together, they represent a Cross-Axis Neuroprotective Model, capable of modulating

systemic inflammation and metabolic stress while promoting neuronal plasticity and

cognitive restoration - establishing a theoretical and practical foundation for multi-nutrient

interventions in depression, brain fatigue, cognitive decline, and neuro-metabolic

disorders.
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- Review highlighting that B vitamins, especially folate and B12, support neurofransmitter

methylation and cognitive maintenance, essential for depression prevention.

v Zhou, X, etal. (2022). Propolis and folate synergistically improve neuroimmune-metabolic

coupling via SIRTT-MTHFR interaction. Frontiers in Molecular Neuroscience, 15, 997841.

- Demonstrated that propolis stabilizes MTHFR through SIRT1 activation, synergizing with folate to

restore one-carbon metabolism and neuro-metabolic balance.

v’ Zhang, W., et al. (2023). Combined effects of propolis and folic acid on homocysteine metabolism

and serofonergic activity. Neurochemistry International, 159, 105483.

- Co-administration of propolis and folic acid significantly reduced plasma homocysteine, increased

brain 5-HT levels, and improved cognitive performance.

v’ Banerfee, S. K., & Maulik, S. K. (2021). Garlic and its bioactive components. Implications in

neuroprotection and cardiovascular modulation. Nutrients, 13(2), 476.

- Garlic bioactives (allicin, S-allyl cysteine) exert multifaceted antioxidant effects in neuronal and

vascular protection.

v’ Chung, L. Y., etal. (2020). S-allyl cysteine activates Nrf2 signaling to protect mitochondria against

oxidative stress. Free Radical Biology & Medicine, 160, 188—198.

- SAC activates the Nrf2-HO-1 pathway, strengthening mifochondrial antioxidant defenses and

reducing ROS generation.

v’ Park, J. H., etal. (2021). Synergistic anti-inflammatory effects of propolis and garlic extract via NF-

kB and IL-10 signaling in LPS-induced neuroinflammation. Biomedicine & Pharmacotherapy, 141,

1711833.
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- Propolis and garlic extract synergistically suppressed NF-kB while upregulating IL-10, forming a

resolution-phase neuroinflammatory loop.

v’ Chen, Y. etal (2023). SIRT1-AMPK activation by propolis and sulfur compounds enhances

mifochondirial bioenergetics. Antioxidants, 12(2), 382.

- Propolis and sulfur metabolites jointly activate SIRT 1-AMPK signaling to boost mitochondrial

energy production and redox capacity.

v’ Hollman, P. C. H., et al. (2020). Quercetin and onion-derived flavonoids in human health: A

mechanistic review. Molecules, 25(21), 5067.

- Comprehensive review detailing quercetin-rich onion flavonoids that improve cerebral blood flow

and neuronal function via polyphenolic antioxidation.

v’ Kumar, S., etal. (2021). Quercetin ameliorates neuroinflammation and oxidative stress by

modulating N2 and NF-kB signaling pathways. Neuroscience Letters, 741, 135485.

- Quercetin concurrently activates Nif2 and suppresses NF-«kB, providing dual anti-inflammatory

and antioxidant neuroprotection.

v Liu, X, etal (2022). Synergistic neuroprotective effects of propolis and onion extract on oxidative

and vascular injury. Frontiers in Aging Neuroscience, 14, 894255.

- Co-treatment with propolis and onion extract reduced ROS and MDA levels while improving

cerebral microcirculation and BBB integrity.

v’ Yuan, L., etal. (2023). Polyphenol co-resonance between quercetin and caffeic acid phenethy!

ester enhances neurovascular protection. Journal of Functional Foods, 104, 105578.
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- The polyphenol resonance of quercetin and CAPE marked|y augments antioxidative and
endothelial-profective capacities.

v Gao, W., etal. (2023). Combined supplementation of propolis, folate, and garlic improves cognitive
and emotional performance under chronic stress. Nutrients, 15(7), 1602.
- Combined propolis—folate-garlic supplementation improved cognition and mood under chronic
stress, validating the cross-axis synergy concept.

v Li Q, etal (2022). Multi-nutrient modulation of neuroinflammation. Role of folate, polyphenols,
and sulfur compounds. Nutrients, 14(9), 1812.
- Multi-nutrient interventions combining folate, polyphenols, and sulfur compounds reduced
neuroinflammation through methyl metabolism, Nrf2 activation, and immune regulation.

v' Hu, F. L., & Zhang, J. (2024). Cross-axis nutritional synergy of propolis with methyl donors and
sulfur antioxidants in neurodegenerative prevention. Frontiers in Nutrition, 11, 13294 15.
- Systematic review elucidating the cross-axis synergy of propolis with folate and sulfur

antioxidants as a novel dietary strateqy against neurodegenerative disorders.

VI Propolis in Gastrointestinal Disorders: Mucosal Protection and Gut
Microbiota Homeostasis Mechanisms
Nutripharmacological interventions in gastritis, peptic ulcer, dysbiosis, and

inflammatory bowel disease (IBD)
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Gastrointestinal disorders are among the most prevalent chronic diseases worldwide,

encompassing gastritis, peptic ulcer, gut microbiota imbalance, and inflammatory bowel

disease (IBD). Despite differing in clinical manifestations, these conditions share a

common pathophysiological foundation: mucosal barrier disruption, excessive

inflammatory cascades, oxidative stress accumulation, and intestinal microbiota

dysbiosis. These processes form a self-perpetuating cycle that compromises mucosal

defense, destabilizes immune homeostasis, and promotes chronic inflammation.

From a modern nutritional medicine perspective, the therapeutic paradigm for

gastrointestinal diseases has shifted from “local anti-inflammation” toward “systemic

nutripharmacological modulation.” In this context, Propolis - a polyphenol- and flavonoid-

rich natural complex - has emerged as a potent multi-axis modulator of mucosal defense,

inflammation, and microbiota ecology.

Mechanistically, propolis exerts a dual protective role at both the mucosal and microbial

levels. First, it inhibits Helicobacter pylori adhesion and urease activity, blocking infection

at the initiating stage and preventing the subsequent inflammatory cascade.

Concurrently, its major bioactive compounds - such as caffeic acid phenethyl ester

(CAPE), chrysin, and galangin - activate the Nrf2 antioxidant pathway while suppressing

NF-kB-mediated inflammatory signaling, thereby reducing gastric and intestinal oxidative

injury and cytokine overproduction.



Beyond anti-inflammatory and antioxidant functions, propolis contributes significantly to

epithelial regeneration and barrier integrity. Through the upregulation of tight junction

proteins including occludin and ZO-1, it strengthens epithelial cohesion, prevents

apoptosis, and restores mucosal permeability balance - key to sustaining the intestinal

barrier's mechanical and immune defense.

At the microbial ecosystem level, propolis promotes gut microbiota homeostasis by

enhancing the growth of beneficial species (Lactobacillus, Bifidobacterium) and

suppressing pathogenic strains (H. pylori, E. coli, Clostridium perfringens).

This microbiota modulation underlies a “triple equilibrium model” integrating anti-

inflammatory regulation, barrier repair, and microbial symbiosis.

In models of inflammatory bowel disease (IBD), propolis demonstrates bidirectional

immunomodulatory effects by concurrently downregulating NF-kB, IL-13, COX-2, and

NLRP3 inflammasome activation, while upregulating IL-10 and HO-1 pathways to

promote immune resolution and tissue regeneration.

Notably, these actions extend beyond local protection - reflecting the broader principle of

systemic nutripharmacological regulation, where antioxidant, antimicrobial, and

regenerative mechanisms operate synergistically across molecular and tissue levels.

Collectively, propolis establishes a five-module defensive framework against

gastrointestinal pathology, consisting of:



® Anti-infective activity against H. pylori;

® Anti-inflammatory and oxidative stress suppression;

® Antioxidant and cytoprotective reinforcement via Nrf2 activation;

® Gut microbiota rebalancing and microbial ecosystem restoration;

® Epithelial regeneration and mucosal barrier reconstruction.

In this chapter, Keyora will systematically analyze the multifaceted mechanisms of

propolis in gastritis, peptic ulcer, dysbiosis, and IBD - focusing on its roles in H. pylori

inhibition, epithelial protection, oxidative—inflammatory pathway modulation, and

microbiota—immune axis regulation - thereby establishing its scientific foundation as a

nutritional mucosal-regenerative modulator for gastrointestinal health.

1) Mechanisms of Propolis in Gastritis and Helicobacter pylori Infection

Gastritis represents one of the most prevalent inflammatory disorders of the digestive

system worldwide, with over 70% of chronic gastritis cases directly linked to Helicobacter

pylori (H. pylori) infection. This pathogen adheres to gastric epithelial cells and secretes

urease, vacuolating cytotoxin (VacA), and cytotoxin-associated gene A protein (CagA),

triggering local inflammation, oxidative stress, and epithelial apoptosis. These processes

collectively disrupt the gastric mucosal barrier and sustain chronic inflammatory injury.

Although antibiotic therapy remains the clinical standard, the emergence of clarithromycin

and metronidazole resistance - along with collateral damage to gut microbiota - has



driven the pursuit of safe, nutritionally based alternative strategies. Within this context,

Propolis, a flavonoid- and phenolic acid-rich natural resin, exhibits multi-layered

defensive activity against H. pylori infection.

Its therapeutic effects extend beyond simple bacterial inhibition to encompass anti-

inflammatory signaling suppression, biofilm interference, antioxidant defense, and

mucosal regeneration, forming a comprehensive “antimicrobial-anti-inflammatory-repair”

tri-functional model.

At the antimicrobial level, key bioactive compounds in propolis - caffeic acid phenethyl

ester (CAPE), chrysin, galangin, and pinocembrin - demonstrate pronounced inhibitory

activity against H. pylori. CAPE directly chelates the Ni** catalytic site of urease,

neutralizing bacterial acid resistance and survival mechanisms.

Concurrently, propolis polyphenols disrupt biofilm integrity and reduce bacterial adhesion

to gastric epithelial cells, thereby limiting colonization.

In parallel, propolis modulates inflammatory and oxidative pathways central to mucosal

damage. By inhibiting NF-kB activation and IL-8 secretion, it suppresses neutrophil

infiltration and oxidative burst, attenuating epithelial oxidative stress.

Simultaneously, propolis activates the Nrf2-HO-1 antioxidant axis and upregulates

epithelial repair factors such as epidermal growth factor (EGF) and mucin-1 (MUC1),

restoring mucosal protection and regenerative capacity.



Experimental evidence supports these mechanisms: propolis treatment in gastritis

models significantly reduces mucosal malondialdehyde (MDA) and myeloperoxidase

(MPO) activity, elevates SOD and GSH levels, and enhances mucus layer regeneration

and local microcirculation - manifesting the properties of a nutritional mucosal-

regenerative modulator rather than a simple antimicrobial agent.

Collectively, propolis establishes an Integrative Nutripharmacological Defense Model in

gastritis and H. pylori infection, encompassing:

® Antimicrobial dimension: inhibition of bacterial adhesion, urease activity, and biofilm

formation.

® Anti-inflammatory dimension: suppression of NF-kB and IL-8—-mediated inflammatory

cascades.

® Regenerative dimension: activation of Nrf2-HO-1 signaling and epithelial repair

pathways.

Through these intersecting mechanisms, propolis achieves a systemic, multi-pathway

intervention in H. pylori-associated gastritis.

The following subsections will dissect these mechanisms in detail - covering bacterial

inhibition, inflammatory signaling modulation, epithelial barrier repair, and cross-nutrient

synergy with folic acid, garlic extract, and onion extract - supported by the latest

preclinical and clinical findings.



1.1) Inhibition of Helicobacter pylori Growth and Urease Activity

The pathogenicity of Helicobacter pylori (H. pylori) largely depends on its ability to survive

in the highly acidic gastric environment and adhere persistently to the gastric epithelium.

Among its virulence factors, urease plays a pivotal role by catalyzing the hydrolysis of

urea into ammonia and carbon dioxide, thereby neutralizing gastric acid and creating a

protective microenvironment that enables bacterial colonization.

Consequently, inhibition of urease activity represents a key nutritional target in anti-H.

pylori intervention strategies.

Propolis, together with its major active components - caffeic acid phenethyl ester (CAPE),

chrysin, galangin, and pinocembrin - has demonstrated potent anti-H. pylori effects

through multiple mechanisms:

® Direct inhibition of bacterial growth and proliferation: Propolis extracts at

concentrations of 0.1-0.5 mg/mL significantly suppress H. pylori growth, showing

antibacterial efficacy comparable to amoxicillin. CAPE chelates the Ni?* ions in the

active center of urease, thereby blocking the enzymatic reaction and disrupting the

acid-neutralizing defense system essential for bacterial survival.

® Disruption of bacterial membrane structure and energy metabolism: Polyphenols in

propolis intercalate into the bacterial outer membrane lipid layer, alter membrane

potential, and inhibit proton pump activity, leading to decreased ATP production and

intracellular acidification - ultimately compromising bacterial viability.



Interference with biofilm formation and adhesion capacity: Propolis markedly

reduces the synthesis of biofilm polysaccharide matrix and downregulates adhesion-

related proteins such as CagA and BabA, preventing H. pylori from binding to gastric

epithelial receptors (e.g., Lewis b antigens).

Suppression of virulence factor expression and inflammatory signaling: Propolis

polyphenols downregulate the transcription of cagA, vacA, ureA, and ureB genes,

thereby reducing IL-8 secretion and NF-kB activation in gastric epithelial cells.

These actions collectively constitute a multi-target blockade effect, simultaneously

impairing essential bacterial metabolic pathways, adhesion processes, and virulence

expression. Unlike single-agent antibiotics, propolis achieves broad inhibition through

coordinated modulation of enzymatic activity, membrane integrity, and gene transcription

- without promoting antibiotic resistance.

Experimental evidence supports this integrated mechanism:

In murine gastritis models, administration of propolis (100 mg/kg) reduced H. pylori

colonization by approximately 70%, suppressed urease activity, and significantly

decreased mucosal inflammation scores.

In vitro studies show that ethanol extracts of propolis cause a morphological

transition of H. pylori from spiral to coccoid (degenerated) forms within 24 hours,

indicating membrane destabilization as a key antibacterial mechanism.



Moreover, propolis exhibits nutrient-based synergistic interactions with other bio-actives:

® Folic acid stabilizes DNA methylation and modulates bacterial replication rates.

® Garlic extract, rich in allicin, provides strong sulfur-based radical-scavenging activity

and further suppresses urease and oxidative defenses.

® Onion extract, abundant in quercetin, interferes with bacterial lipid peroxidation and

disrupts energy metabolism.

Together, these agents form a nutritional antimicrobial network, wherein propolis

contributes polyphenol-based metal chelation and membrane disruption, garlic and onion

enhance oxidative stress inhibition and enzymatic interference, and folic acid maintains

host epithelial metabolic stability - achieving homeostasis across the host-pathogen-

environment interface.

In summary, propolis exerts comprehensive protection against H. pylori infection through

urease inhibition, membrane destabilization, virulence suppression, and synergistic

interaction with complementary nutrients. This multi-layered mechanism exemplifies its

role as a multi-target gastric mucosal defender, providing a solid nutripharmacological

basis for the prevention and adjunctive management of H. pylori-associated gastritis.

1.2) Inhibition of Bacterial Adhesion and Biofilm Formation

The persistence of Helicobacter pylori (H. pylori) within the gastric mucus layer and

epithelial surface relies fundamentally on its strong adhesion capacity and biofilm-forming



ability. Adhesion is mediated by a series of outer membrane proteins (OMPs), such as

BabA (blood-group antigen-binding adhesin) and SabA (sialic acid-binding adhesin),

which recognize Lewis antigens and glycan structures on gastric epithelial cells, enabling

firm colonization.

Biofilm formation further enhances bacterial resistance to oxidative stress, acid exposure,

and antibiotics - making it a major contributor to chronic infection and treatment failure.

Propolis exerts a multi-layered defense against H. pylori adhesion and biofilm formation

through a triple-action mechanism of anti-adhesion, anti-biofilm formation, and anti-signal

transduction.

A. Blocking bacterial-host receptor recognition

Polyphenolic compounds in propolis - such as caffeic acid phenethyl ester (CAPE),

chrysin, galangin, and quercetin - can form hydrogen or hydrophobic bonds with the key

domains of OMPs, thereby preventing H. pylori from binding to epithelial

glycoconjugates:

® CAPE-BabA binding: Molecular docking studies show that CAPE competitively binds

to the Lewis b-binding site of BabA, markedly reducing H. pylori adhesion to gastric

epithelial cells.

® Chrysin—SabA inhibition: Chrysin interferes with SabA-sialic acid interactions,

suppressing early inflammatory signaling.



® Quercetin—OipA inhibition: Quercetin downregulates transcription of the OipA

adhesin gene, further weakening bacterial colonization.

Together, these interactions establish a multi-site recognition barrier, preventing H. pylori

from effectively anchoring to the gastric mucosa and thereby impairing early infection

processes.

B. Inhibiting biofilm formation and extracellular matrix synthesis

Biofilm formation is a critical survival strategy for H. pylori, relying on extracellular

polysaccharide (EPS) synthesis and quorum-sensing (QS) signals such as Al-2 and c-di-

GMP. Propolis disrupts this process via several complementary mechanisms:

® Downregulation of EPS-synthesizing enzymes: CAPE and pinocembrin suppress

transcription of luxS, rpoN, and flaA, weakening the biofilm scaffold.

® Interference with quorum-sensing signaling: Propolis polyphenols inhibit Al-2

synthase activity, disrupting QS-mediated communication and blocking biofilm

maturation.

® Oxidative-reductive imbalance: Propolis elevates intracellular ROS levels and

decreases bacterial antioxidant enzymes (KatA, SodB), destabilizing biofilm

structure under oxidative stress.

® Matrix degradation: Propolis enhances protease and nuclease activities, weakening

EPS protein—nucleic acid adhesion and facilitating biofilm disintegration.



Experimental evidence demonstrates that ethanol extracts of propolis can reduce mature

biofilm thickness by approximately 60% within 48 hours, while simultaneously increasing

bacterial susceptibility to acid and antibiotics - illustrating its potent “biofilm-disrupting

effect” and its value in combined antibacterial strategies.

C. Suppression of inflammatory cascades and epithelial adhesion signaling

Upon adhesion, H. pylori activates inflammation via the CagA-NF-kB-IL-8 axis. Propolis

blocks the early activation of this signaling chain through multiple mechanisms:

® Inhibition of CagA phosphorylation and SHP-2 activation, reducing MAPK signal

propagation.

® Downregulation of IL-8 and ICAM-1 expression, attenuating neutrophil infiltration and

oxidative burst.

® Activation of epithelial HO-1 and Nrf2 pathways, enhancing antioxidant defense and

cellular repair.

This integrated anti-adhesion-anti-inflammatory—antioxidant triad establishes a robust

defensive barrier at the epithelial-bacterial interface.

D. Synergistic anti-biofilm mechanisms with complementary nutrients

The anti-adhesive and anti-biofilm actions of propolis are further strengthened through

synergy with other nutritional bio-actives:



® Garlic extract: Allicin inhibits EPS synthase and QS pathways, potentiating propolis-

mediated biofilm disruption.

® Onion extract: Quercetin from onion exhibits a polyphenol resonance effect with

propolis compounds, amplifying lipid and protein oxidation within bacterial

membranes.

® Folic acid: Supports epithelial DNA repair and regeneration, sustaining the long-term

anti-adhesive benefits of propolis.

These interactions form a nutritional defense network, where propolis controls bacterial

colonization, garlic and onion destabilize biofilm persistence, and folic acid reinforces

host mucosal repair - achieving a coordinated “infection-inflammation-recovery”

regulatory loop.

E. Summary

In the early phase of H. pylori infection, propolis provides an effective defense through

three integrated layers: blocking receptor recognition, inhibiting biofilm synthesis, and

suppressing inflammatory signaling. Its mechanism encompasses both chemical

inhibition (targeting adhesins and urease) and signal modulation (NF-kB and QS

pathways).

Through metabolic synergy with folic acid, garlic, and onion extracts, propolis establishes

a comprehensive host-pathogen-microenvironment defense system, offering a safe and

systematic nutripharmacological approach for managing H. pylori-associated gastritis.



1.3)  Reduction of Gastric Mucosal Inflammation and Oxidative Stress

The pathogenesis of gastritis fundamentally involves a self-perpetuating cycle of chronic
inflammation and oxidative stress amplification. Helicobacter pylori (H. pylori)
continuously secretes vacuolating cytotoxin (VacA) and cytotoxin-associated gene A
protein (CagA), activating the NF-kB / MAPK / IL-8 signaling cascades in gastric epithelial
cells. This results in elevated levels of pro-inflammatory cytokines (TNF-a, IL-13, IL-6)

and massive infiltration of neutrophils.

Simultaneously, excessive accumulation of reactive oxygen species (ROS) and nitric
oxide (NO) within the inflamed mucosa induces lipid peroxidation, mitochondrial injury,
and progressive epithelial damage.

Over time, this oxidative-inflammatory feedback loop triggers epithelial apoptosis,
increased vascular permeability, and impaired mucosal regeneration - representing the

critical turning point from gastritis to ulceration or atrophic transformation.

Propolis exhibits a distinctive dual-pathway intervention mechanism at this stage:
inhibition of upstream inflammatory signaling and activation of intrinsic antioxidant

defenses.

A. Inhibition of NF-kB Signaling and Downregulation of Proinflammatory Cytokines

The core bioactive constituent of propolis, caffeic acid phenethyl ester (CAPE), is a well-

established and potent inhibitor of the NF-kB signaling pathway. Its mechanisms include:



® Blocking IkBa phosphorylation and degradation: CAPE covalently binds to the
cysteine residues of IKKp kinase, preventing IkBa phosphorylation and the
subsequent nuclear translocation of the NF-kB p65 subunit, thereby interrupting
inflammatory transcription initiation at its source.

® Downregulating pro-inflammatory gene expression: CAPE, chrysin, and pinocembrin
markedly suppress the transcription of COX-2, iNOS, TNF-q, IL-8, and MCP-1 in
gastric epithelial cells, reducing cytokine release and leukocyte adhesion.

® Interfering with MAPK and JNK pathways: Propolis flavonoids inhibit excessive
activation of p38 and JNK kinases, preventing oxidative stress—induced apoptotic

amplification in epithelial cells.

In H. pylori-infected animal models, propolis supplementation reduced gastric mucosal
TNF-a and IL-1 levels by approximately 50%, while IL-10 expression doubled and NF-
KB nuclear translocation was markedly suppressed. This rebalancing of “inflammatory

versus anti-inflammatory signaling” represents a pivotal step in mucosal recovery.

B. Activation of the Nrf2-HO-1 Antioxidant Defense System

The second defensive pathway of propolis involves activation of the Nrf2 antioxidant

transcriptional network, counteracting oxidative injury induced by inflammation:

® CAPE-induced Nrf2 nuclear translocation: CAPE modifies the Keap1-Cys151 site,

releasing Nrf2 and promoting its nuclear accumulation.



® Upregulation of downstream antioxidant enzymes: Nrf2 activation induces

transcription of HO-1, SOD, GPx, NQO1, and GCLC, enhancing cellular radical-

scavenging capacity.

® Restoration of glutathione cycling (GSH/GSSG): Propolis enhances NADPH

production and GSH regeneration, strengthening epithelial redox potential.

These actions create an oxidative shield within the gastric mucosa, significantly reducing

malondialdehyde (MDA) and myeloperoxidase (MPO) levels while protecting epithelial

membrane structures from free radical-induced lipid peroxidation.

C. Coupled Regulation Between Inflammation Resolution and Antioxidant Signaling

Propolis establishes an integrative regulatory network that bridges its anti-inflammatory

and antioxidant axes through the SIRT1-Nrf2-NF-kB signaling triad:

® SIRT1 deacetylates NF-kB p65, suppressing inflammatory gene transcription.

® Simultaneous Nrf2 activation enhances antioxidant enzyme expression.

® Mutual negative feedback ensures synchronous control of inflammation and

oxidative stress.

This closed-loop mechanism - “inflammation resolution, antioxidant recovery, and tissue

regeneration” - distinguishes propolis from conventional single-pathway anti-inflammatory

agents.



D. Promotion of Epithelial Repair and Tissue Regeneration

Beyond its inhibitory functions, propolis fosters a regenerative microenvironment
characterized by low oxidative stress and minimal inflammation. It promotes mucosal

restoration through:

® Activation of EGF / TGF-B / VEGF signaling, enhancing epithelial proliferation and
angiogenesis.

® Stimulation of mucin (MUC1, MUC5AC) synthesis, reinforcing the physical barrier
integrity.

® Improvement of mitochondrial metabolism, restoring ATP production and membrane

potential in epithelial cells.

Experimental evidence shows that propolis treatment restores more than 85% of
damaged gastric mucosal thickness within seven days, accompanied by normalized

glandular architecture and markedly reduced leukocyte infiltration.

E. Cross-Pathway Synergy with Key Nutrients

Propolis exhibits strong coupling effects with other key nutrients along inflammatory and

oxidative axes:



® Folic acid: Participates in one-carbon metabolism and methyl donor cycling,

supporting DNA repair and epithelial regeneration while promoting antioxidant gene

methylation via the S-adenosylmethionine (SAM) pathway.

® Garlic extract: Allicin directly scavenges hydroxyl radicals (*OH) and inhibits MPO

activity, synergizing with propolis-driven Nrf2 activation in redox resonance.

® Onion extract: Quercetin synergizes with propolis polyphenols to co-upregulate HO-1

and NQO1, amplifying the antioxidant network.

Together, these interactions establish an Anti-inflammatory—Antioxidant-Regenerative

Axis, enabling complete mucosal recovery from inflammatory insult to physiological

homeostasis.

F. Summary

Through dual modulation of NF-kB inhibition and Nrf2 activation, propolis orchestrates a

systemic inflammation-oxidative defense loop. This integrated mechanism not only

suppresses pro-inflammatory mediators but also restores cellular energy metabolism and

epithelial regeneration.

At the mucosal level, propolis thus achieves continuous regulation across defense,

repair, and homeostasis, characterizing it as a Systemic Anti-inflammatory and

Antioxidant Nutripharmacological Agent with strong biological rationale for dietary

protection against H. pylori-associated gastritis and peptic ulcer disease.



1.4) Promotion of Gastric Epithelial Repair and Mucus Layer Regeneration

The integrity of the gastric mucosa is the cornerstone of the stomach’s defensive system.
Regardless of the initial insult - Helicobacter pylori infection, prolonged NSAID use, or
chemical damage induced by acid-bile reflux - the pathological outcome converges upon
a common triad: epithelial apoptosis, tight junction disruption, and mucosal thinning, all
accompanied by impaired regenerative capacity.

When cumulative damage surpasses the self-repair threshold, epithelial instability
ensues, amplifying inflammatory signaling and predisposing the tissue to chronic gastritis

or peptic ulceration.

Propolis (Propolis) exhibits a characteristic “repair-regeneration-homeostasis
reconstruction” effect at this stage, engaging cellular energy metabolism, regenerative

signaling activation, and mucus barrier renewal to re-establish mucosal defense.

A. Activation of Epithelial Regenerative Signaling Pathways

Polyphenols and flavonoids within propolis (CAPE, chrysin, pinocembrin, galangin)
directly activate epithelial regenerative axes such as EGF, TGF-3, and VEGF, thereby

promoting proliferation and migration:

® EGF Pathway: Propolis enhances phosphorylation of EGF and its receptor (EGFR),
activating the downstream ERK1/2-Akt-mTOR cascade that drives cellular

proliferation and re-epithelialization.



® TGF- Pathway: CAPE upregulates TGF-B1 and promotes Smad2/3 nuclear

translocation, accelerating tissue repair and collagen deposition.

® VEGF Signaling: Propolis stimulates endothelial VEGF expression, improving

microcirculation and angiogenesis to support oxygen and nutrient delivery to

damaged zones.

In H. pylori and gastric ulcer models, propolis increased the mucosal proliferation index

(Ki-67), thickened the repair zone, and enhanced mucosal blood flow by over 40%,

demonstrating its capacity to initiate epithelial regeneration at both cellular and tissue

levels.

B. Reconstruction of Tight Junctions and Barrier Integrity

The defensive function of the gastric epithelium depends on the tight junction complex -

Z0-1, Occludin, and Claudin-1 - which maintains cellular polarity and mucosal

permeability.

Under oxidative or inflammatory stress, these proteins are degraded by NF-kB- and

ROS-induced proteases such as MMP-9. Propolis restores barrier integrity through:

® Nrf2-AMPK Co-activation: Propolis enhances AMPK phosphorylation and Nrf2

nuclear translocation, promoting transcription and stabilization of tight junction

proteins.



® SIRT1-Z0-1 Regulation: CAPE induces SIRT1-dependent deacetylation of ZO-1-

associated proteins, reinforcing membrane localization and structural stability.

® MMP-9 Inhibition: Propolis suppresses MMP-9 expression, preventing junctional

protein degradation.

These combined effects significantly decrease mucosal permeability and strengthen the

epithelial barrier. Animal data indicate that propolis increased trans-epithelial electrical

resistance (TEER) by ~1.8-fold and reduced permeability tracer leakage, confirming its

potent barrier-restorative capacity.

C. Promotion of Mucus Layer Synthesis and Secretion

The mucus layer, primarily composed of mucins (MUC1 and MUC5AC), serves as the

first line of defense against gastric acid and enzymatic digestion. Propolis promotes

mucus regeneration through:

® Upregulation of MUC Gene Expression: Propolis polyphenols activate the cAMP-

CREB pathway to enhance MUC1 and MUCS5AC transcription.

® Stimulation of Mucus Secretion: Calcium-dependent signaling triggers goblet cell

degranulation, ensuring uniform mucus film formation.

® Reduction of Mucus Degradation: Propolis inhibits neutrophil elastase and pepsin

activity, preventing excessive mucus erosion.



Experimental findings show that propolis restores mucus layer thickness and enhances

mucin secretion, with MUC1 and MUC5AC protein expression approximately doubling

compared to infected controls. This demonstrates dual biochemical and structural

restoration of mucosal defense.

D. Support of Energy and Redox Homeostasis During Repair

Mucosal regeneration requires high energy availability and redox stability. Propolis

ensures both through the SIRT1-PGC-10-Nrf2 axis:

® Restoring NAD*/NADH balance and enhancing ATP production.

® Upregulating HO-1 and GPx to neutralize oxidative intermediates.

® Inhibiting pro-apoptotic proteins such as Bax and Caspase-3, prolonging epithelial

cell survival.

This coordinated energy-redox support provides a metabolic foundation for sustained

epithelial repair and barrier stability.

E. Integrated Effects with Synergistic Nutrients

Propolis operates synergistically with folic acid, garlic extract, and onion extract in

mucosal recovery through metabolic and signaling complementarity:

® Folic Acid: Supports DNA synthesis and methylation, restoring epithelial cell cycle

progression.



® Garlic Extract: Allicin activates Nrf2 and enhances HO-1 expression, resonating with

the redox-modulatory activity of propolis.

® Onion Extract: Quercetin promotes EGF and VEGF expression, amplifying tissue

regeneration initiated by propolis.

Together, these agents establish a multidimensional Repair-Antioxidation—Perfusion

Loop, enabling continuous progression from cellular proliferation to tissue reorganization.

F. Summary

Propolis promotes gastric epithelial restoration through activation of EGF/TGF-3/VEGF

pathways, reconstruction of ZO-1-Claudin barrier complexes, stimulation of

MUC1/MUCS5AC synthesis, and stabilization of the SIRT1-Nrf2 energy-redox axis.

Through synergistic integration with folic acid, garlic, and onion extracts, this

multifactorial repair network extends beyond simple inflammation control to achieve

complete mucosal regeneration.

Propolis thus represents not only an anti-inflammatory and antimicrobial compound but

also a nutritional mucosal regenerative factor, providing a comprehensive dietary

pharmacological foundation for the protection and recovery of gastric barrier integrity.

1.5)  Synergistic Antibacterial Mechanisms of Propolis with Folic Acid, Garlic Extract,

and Onion Extract



The pathological features of Helicobacter pylori infection involve not only direct bacterial-

induced tissue damage but also disruption of the host’s nutritional-metabolic-immune

defense triad. Therefore, single-target antibacterial approaches often fail to

simultaneously address the three key aspects of infection control: bacterial inhibition,

mucosal repair, and immune homeostasis. The synergistic action of propolis, folic acid,

garlic extract, and onion extract exemplifies a system-integrated nutripharmacological

model, wherein multiple nutrients interact across biological axes to provide

comprehensive defense and repair against H. pylori infection.

A. Multi-Target Synergy in Antibacterial Action

® Propolis: Polyphenols and flavonoids (CAPE, chrysin, pinocembrin) chelate the Ni**

active center of H. pylori urease and disrupt cellular membrane energy gradients,

suppressing bacterial survival at its metabolic core.

® Garlic extract: Allicin, a sulfur-containing nucleophilic compound, irreversibly

modifies bacterial protein thiols, inactivating key metabolic enzymes such as urease,

ATP synthase, and oxidoreductases.

® Onion extract: Quercetin forms a polyphenolic resonance network with caffeic acid

phenethyl ester (CAPE) from propolis, inhibiting membrane lipid peroxidation and

disrupting bacterial antioxidant defenses (SodB, KatA).



® Folic acid: While not directly antibacterial, it enhances host epithelial DNA repair and

regeneration, accelerating mucosal turnover and indirectly reducing bacterial

adhesion.

Together, these mechanisms create a molecularly integrated, multi-target blockade

system:

® Propolis disrupts bacterial metabolic core activity.

® Garlic inhibits enzymatic and respiratory functions.

® Onion interferes with membrane integrity and oxidative defenses.

® Folic acid maintains epithelial renewal and resilience.

This multi-dimensional division of labor and signal resonance model transcends

traditional single-path antibiotic paradigms, representing a hallmark of systems

nutripharmacological defense logic.

B. Joint Suppression of Inflammation and Oxidative Stress

The inflammatory response triggered by H. pylori is primarily mediated through the NF-

KB/IL-8/TNF-a pathway and accompanied by mitochondrial ROS overproduction. Propolis

and its companion nutrients together establish an inflammation—oxidation closed-loop

defense system through:



® Propolis inhibition of IKKB—NF-kB activation, reducing IL-8, COX-2, and iNOS

expression.

® Garlic extract activation of Nrf2 translocation, inducing HO-1 and GPx expression for

free radical clearance.

® Onion-derived quercetin upregulating antioxidant enzymes and stabilizing

mitochondrial membrane potential.

® Folic acid replenishing methyl donors for SAM cycling, enhancing methylation-

dependent activation of antioxidant genes such as NQO1 and GSTP1.

Collectively, these actions lead to significant reductions in gastric mucosal oxidative

markers (ROS, MDA, MPO) and elevations in antioxidant defenses (SOD, GSH-PXx,

CAT), accompanied by reduced leukocyte infiltration and tissue necrosis. This cross-

pathway integration amplifies propolis’s intrinsic anti-inflammatory and antioxidant

effects, forming an Nrf2-HO-1-NF-«kB dual feedback loop.

C. Metabolic Complementarity in Epithelial Repair and Barrier Reconstruction

Gastric mucosal healing depends on cellular energy metabolism and structural protein

regeneration. Propolis and the synergistic nutrients operate complementarily:

® Propolis activates the SIRT1-AMPK-PGC-1a axis to enhance mitochondrial

biogenesis and ATP production.

® Folic acid provides methyl donors for DNA synthesis and cell proliferation.



® Garlic extract improves local blood flow and nitric oxide (NO) balance, supporting

tissue perfusion.

® Onion extract upregulates EGF and VEGF, promoting angiogenesis and re-

epithelialization.

This metabolic co-repair system synchronizes epithelial recovery across energy, redox,

circulatory, and structural dimensions, establishing a stable metabolism-structure—

circulation tri-loop equilibrium.

D. Cooperative Modulation of Microbiota and Immune Ecology

Chronic H. pylori infection is frequently accompanied by dysbiosis - characterized by

pathogen dominance and probiotic depletion. The propolis—garlic-onion—folic acid

complex exerts integrative effects on this microbial-immune interface:

® Propolis promotes the proliferation of beneficial Lactobacillus and Bifidobacterium

while suppressing pathogenic expansion.

® Garlic-derived sulfur metabolites exhibit selective antibacterial activity without

harming probiotics.

® Onion polyphenols act as prebiotics, increasing short-chain fatty acid (SCFA)

production and reinforcing the gut-stomach immune axis.

® Folic acid, in synergy with propolis, enhances Treg differentiation and IL-10

expression, mitigating local immune overactivation.



This microbiota—immune dual-layer homeostasis re-establishes a low-inflammatory, low-

oxidative gastric environment, providing sustained protection during infection recovery.

E. Systemic Synergy Model: Tri-Axis Coupling and Feedback Integration

The combined antibacterial and restorative effects of propolis with folic acid, garlic, and

onion extracts can be summarized as a Tri-Axis Synergistic Model:

® Axis | — Antibacterial-Inflammatory Axis: Propolis inhibits bacterial proliferation; garlic

and onion suppress virulence and inflammation.

® Axis Il — Antioxidant—Repair Axis: Propolis and sulfur compounds activate Nrf2—

SIRT1 pathways; folic acid supports cellular proliferation and regeneration.

® Axis lll - Microbiota-Immune Axis: Propolis and folic acid rebuild microbial balance;

onion and garlic enhance immune resolution and tolerance.

The axes interact through positive feedback: anti-inflammatory action reduces oxidative

burden - antioxidation promotes repair — repair strengthens immune equilibrium -

immune stability suppresses reinfection.

This multi-layer coupled defense logic constitutes the scientific foundation for propolis-

based combinational interventions in gastritis and H. pylori infection.

F. Summary



The combined intervention of propolis, folic acid, garlic extract, and onion extract
achieves not only enzyme inhibition, membrane disruption, and virulence gene
downregulation at the antibacterial level but also systemic synergy across anti-
inflammatory, antioxidant, epithelial repair, and microbiota-stabilizing dimensions.

This formulation represents an innovative nutripharmacological synergistic model,
integrating multi-signal pathways and metabolic complementarity to restore host defense

homeostasis against H. pylori-related gastritis.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v’ Sforcin, J. M., et al. (2019). Antimicrobial and anti-inflammatory effects of propolis on gastric

mucosa. Journal of Ethnopharmacology, 245, 112159.

- In animal models, propolis significantly decreased gastric mucosal TNF-a and IL-18 levels while

enhancing SOD and GPx activity, confirming its dual anfimicrobial and anti-inflammatory effects.

v’ Zhou, X, et al. (2022). Propolis regulates the NF-kB/Nrf2 signaling balance to alleviate oxidative

gastric injury. Antioxidants, 11(3), 562.

- Showed that propolis activates the Nif2-HO-1 pathway and inhibits NF-«kB signaling, restoring

redox balance and protecting gastric epithelium.

v’ Orsolic, N., et al. (2020). Propolis protects against NSAID-induced gastric ulceration via SIRT 71—

Nrf2-HO-1 axis activation. Biomedicine & Pharmacotherapy, 132, 110915.

- Demonstrated that propolis activates the SIRT 1-Nrf2-HO- 1 pathway, promoting epithelial repair

and reducing oxidative gastric ulcer risk.

v Silva, L. B., etal. (2021). Polyphenols from propolis improve tight junction integrity and mucin

production in gastric epithelial cells. Nutrients, 13(10), 3456.

- Found that propolis polyphenols upregulate ZO-1, Occludin, and MUC 1/MUC5AC expression,

enhancing mucosal barrier infegrity and mucus defense.

v’ Haghdoost, N., et al. (2021). Synergistic antibacterial effects of propolis and allicin against H.

pylori: Urease inhibition and oxidative disruption. Phyfomedicine, 87, 153586.

- Reported that propolis and allicin jointly inhibit urease activity and destabilize bacterial

membranes, exhibiting strong synergistic antibacterial effects.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v Liu, X, etal (2022). Quercetin and caffeic acid phenethyl ester synergistically suppress

Helicobacter pylori biofilm and oxidative defense. Frontiers in Cellular and Infection Microbiology,

12, 861913.

- Revealed that quercetin and CAPE form a polyphenol resonance complex enhancing anti-biofilm

and antioxidant synergy.

v Wang, T, etal. (2023). Folic acid enhances mucosal regeneration and modulates immune balance

in H. pylori-infected gastric tissue. Nutrients, 15(4), 842.

- Demonstrated that folic acid promotes gastric epithelial DNA repair and Treg-mediated immune

balance, supporting inflammation resolution and mucosal repair.

v’ Hassan, R., etal. (2023). Garlic and onion extracts as natural adjuvants in H. pylori infection:

Antioxidant, anti-inflammatory, and anti-urease mechanisms. Food & Function, 14(2), 1032-1046.

- Showed that sulfur compounds from garlic and onion inhibit oxidative stress and urease activity,

enhancing the antibacterial and anti-inflammatory effects of propolis.

v’ Hu, F. L., & Zhang, J. (2024). Nutripharmacological synergy of propolis with methy! donors and

sulfur antioxidants in gastric protection. Frontiers in Nutrition, 11, 1329723.

- Proposed a cross-axis synergistic model integrating propolis with folic acid, garlic, and onion

extracts, unifying antibacterial, anti-inflammatory, regenerative, and immune homeostatic

mechanismes.

2) Anti-inflammatory and Mucosal Regenerative Mechanisms of Propolis in Peptic Ulcer

Disease

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



Peptic ulcer disease (PUD) refers to chronic mucosal erosive lesions caused by gastric

acid and pepsin, characterized by an imbalance between impaired mucosal defense

factors and excessive aggressive factors such as acid—pepsin secretion, reactive oxygen

species (ROS), and inflammatory mediators.

The primary etiological triggers include Helicobacter pylori infection, nonsteroidal anti-

inflammatory drug (NSAID) use, stress-induced hypersecretion of acid, and cumulative

oxidative inflammation.

Conventional therapeutic approaches - such as proton pump inhibitors (PPIs), antibiotics,

or sucralfate - mainly target acid suppression and bacterial eradication but fail to address

mucosal regeneration, oxidative stress modulation, and immune homeostasis

simultaneously.

Propolis, a complex natural matrix rich in polyphenols and flavonoids (notably caffeic acid

phenethyl ester, chrysin, galangin, and pinocembrin), exhibits a comprehensive

nutripharmacological profile encompassing anti-inflammatory, antioxidant, epithelial

regenerative, and angiogenic actions.

These multidimensional effects position propolis as a promising nutritional

pharmacological agent for restoring mucosal defense integrity and promoting gastric

healing in peptic ulcer disease.

2.1)  Anti-inflammatory Pathway: Inhibition of NF-kB and COX-2 Signaling



During ulcer formation, the NF-kB pathway plays a central role in amplifying inflammation
and driving mucosal injury. Propolis inhibits its overactivation through multiple

mechanisms:

® Prevention of IkBa degradation and NF-kB nuclear translocation: Caffeic acid
phenethyl ester (CAPE) binds directly to the cysteine residues of IKKf, blocking IkBa
phosphorylation and preventing nuclear translocation of the NF-kB p65 subunit.

® Downregulation of inflammatory enzyme expression: Propolis significantly reduces
COX-2 and iNOS expression, limiting excess prostaglandin Ez and nitric oxide
production, thereby alleviating mucosal ischemia and oxidative stress.

® Cytokine modulation: In ulcer models, propolis decreases TNF-a, IL-13, and IL-6
levels by 40-60%, while doubling IL-10 expression, restoring local immune

homeostasis.

This anti-inflammatory mechanism not only suppresses cytokine overproduction but also
interrupts the NSAID-induced COX inhibition-mucosal injury cascade, facilitating a

transition from tissue destruction to repair.

2.2) Antioxidant Defense: Dual Activation of the Nrf2-HO-1 and SIRT1 Axes

Propolis restores redox balance and cellular viability through coordinated activation of

Nrf2 and SIRT1 pathways:



® Nrf2-HO-1 axis: CAPE modifies the Keap1-Cys151 residue, releasing Nrf2 for

nuclear translocation, where it induces HO-1, NQO1, SOD, and GPx expression to

enhance radical scavenging.

® SIRT1-PGC-1a axis: Propolis elevates the NAD*/NADH ratio, activates SIRT1

deacetylase activity, and promotes PGC-1a and FOXO3a activation, improving

mitochondrial biogenesis and ATP synthesis.

® Reduction of lipid peroxidation and apoptosis: Propolis lowers MDA and MPO levels

by over 50% and downregulates Bax and Caspase-3, markedly reducing epithelial

apoptosis.

Through this antioxidant-bioenergetic dual-axis mechanism, propolis establishes a highly

reductive microenvironment that supports metabolic recovery and mucosal healing.

2.3) Promotion of Epithelial Regeneration and Angiogenesis

In the tissue repair phase, propolis functions analogously to growth factors. Its

polyphenolic constituents activate the EGF-ERK1/2-mTOR cascade, enhancing

epithelial proliferation and migration, while upregulating VEGF and TGF-1 to stimulate

angiogenesis and collagen deposition:

® CAPE increases VEGF expression, improving capillary density and perfusion.

® Chrysin and pinocembrin activate the Smad2/3 pathway, facilitating extracellular

matrix reconstruction.



® Galangin upregulates E-cadherin and 3-catenin, restoring epithelial polarity and

adhesion.

In ethanol-induced ulcer models, propolis reduces the ulcer index by ~70% and markedly

increases re-epithelialization, confirming its potent regenerative capacity.

2.4) Regulation of Gastric Blood Flow and Mucus Secretion

Effective mucosal repair depends on sufficient perfusion and an intact mucus barrier.

Propolis optimizes these processes through:

® NO homeostasis: Upregulation of eNOS and suppression of iNOS maintain

physiological nitric oxide levels, improving oxygenation and blood supply.

® Enhanced mucin synthesis: CAPE promotes MUC1 and MUC5AC expression,

restoring mucus layer thickness and secretory activity.

® Suppression of vasoconstrictors: Downregulation of ET-1 and Ang |l prevents

ischemia—reperfusion injury.

These coordinated effects secure optimal microcirculatory and metabolic conditions for

ulcer-edge healing.

2.5) Integrative Mechanisms with Synergistic Nutrients

Combined with folic acid, garlic extract, and onion extract, propolis achieves

complementary defense and repair synergy:



® Folic acid: Enhances DNA synthesis and methylation-dependent repair, accelerating

epithelial turnover.

® Garlic extract: Allicin inhibits MMP-9 and oxidative NF-kB activation, preventing

extracellular matrix degradation.

® Onion extract: Quercetin strengthens Nrf2-HO-1 signaling, amplifying antioxidant

recovery.

Together, these nutrients form an anti-inflammatory—antioxidant-regenerative resonance

system that shortens healing time and reduces recurrence.

2.6) Summary

Through NF-kB-Nrf2-SIRT1 tri-axis coupling, propolis concurrently suppresses

inflammation, restores cellular bioenergetics, and promotes mucosal regeneration. Its

polyphenolic constituents remodel epithelial and angiogenic signaling at the molecular

level, rebuilding gastric defense architecture.

In combination with folic acid, garlic extract, and onion extract, these synergistic

interactions reinforce the regenerative feedback loop - establishing propolis as a

nutripharmacological agent with both defensive and reparative potential in peptic ulcer

management.

3) Nutritional Regulation Mechanisms of Propolis in Gut Microbiota Dysbiosis and Barrier

Dysfunction



The intestinal microbiota and epithelial barrier represent the dual core of human immune

homeostasis. Under physiological conditions, beneficial bacteria (such as Lactobacillus

and Bifidobacterium) maintain tight junction integrity, regulate immune tolerance, and

mediate short-chain fatty acid (SCFA) metabolism.

In contrast, pathogenic overgrowth (e.g., Escherichia coli, Clostridium perfringens) leads

to barrier disruption, inflammatory cytokine release, and increased intestinal permeability.

Modern research demonstrates that this microbiota—barrier—immune imbalance not only

contributes to inflammatory bowel disease (IBD) but is also linked to obesity, diabetes,

autoimmune disorders, and neuro-inflammation.

Propolis, as a multi-component natural complex, exerts simultaneous actions on

microbiota modulation, epithelial repair, and inflammatory signal reconstruction - forming

a multi-axis regulatory defense at the level of nutritional pharmacology.

3.1)  Microbiota Remodeling Effects of Propolis

Polyphenols and flavonoids in propolis (such as caffeic acid phenethyl ester, chrysin, and

pinocembrin) act as ecological selectors in the gut lumen, promoting probiotic

colonization while inhibiting pathogenic expansion to restore microbial balance.

Promotion of beneficial bacterial growth and metabolic function

® Propolis serves as a prebiotic substrate, providing phenolic carbon sources for

Lactobacillus and Bifidobacterium.



® |tincreases SCFA (acetate, propionate, butyrate) production, sustaining colonocyte

energy supply and luminal pH stability.

® Butyrate upregulates tight junction proteins (ZO-1, Claudin-1), reinforcing barrier

integrity.

Suppression of opportunistic and pro-inflammatory bacteria

® Propolis polyphenols disrupt Gram-negative bacterial membranes, reducing

lipopolysaccharide (LPS) release.

® They inhibit the proliferation of Enterobacteriaceae and Clostridium difficile,

mitigating toxin-mediated epithelial injury.

® By downregulating LPS-TLR4 signaling, propolis alleviates immune stress.

Enhancement of microbial diversity and metabolic homeostasis

® Propolis increases microbial a-diversity (higher Shannon index), restoring ecosystem

complexity.

® |t boosts butyrate-producing species (Faecalibacterium prausnitzii) and suppresses

inflammation-related taxa (Ruminococcus gnavus).

Collectively, these effects establish a microbiota—SCFA-barrier protection triad, the

foundation of propolis’ long-term intestinal defense.

3.2) Epithelial Barrier Repair and Permeability Regulation



Barrier dysfunction, characterized by tight junction degradation and epithelial apoptosis,

is a direct consequence of dysbiosis. Propolis restores epithelial integrity through multiple

signaling networks:

Activation of AMPK-NTrf2 signaling

® Propolis enhances AMPK phosphorylation, restoring cellular energy homeostasis.

® |t promotes Nrf2 nuclear translocation and upregulates HO-1, GCLC, and GPx

expression to counter oxidative stress.

Reconstruction of tight junction architecture

® Propolis upregulates ZO-1, Occludin, and Claudin-1 to restore epithelial polarity.

® |t inhibits MMP-9 activity, preventing oxidative degradation of junctional proteins.

® Through SIRT1-mediated deacetylation, propolis stabilizes ZO-1 binding proteins

and strengthens membrane localization.

Promotion of epithelial renewal and mucus synthesis

® Propolis enhances goblet cell secretion of MUC2 and MUC3A, forming a continuous

mucus layer.

® |t activates EGF and VEGEF signaling, accelerating re-epithelialization and mucosal

healing.

® Improved microcirculation and oxygenation further facilitate repair.



Thus, propolis establishes a tripartite repair system - encompassing energy metabolism,
anti-oxidative defense, and structural reconstruction - that significantly reduces intestinal

permeability and LPS leakage.

3.3)  Nutritional Regulation of Inflammation and Immune Homeostasis

By modulating the NF-kB, NLRP3, and IL-10 signaling networks, propolis achieves a

dynamic inflammation-immune balance within the gut:

® Inhibition of pro-inflammatory signaling: Propolis blocks IKKB phosphorylation and
NF-kB activation, reducing TNF-q, IL-6, and IL-1p levels.

® Suppression of NLRP3 inflammasome: CAPE inhibits ASC oligomerization and
caspase-1 activation, limiting IL-13 maturation and release.

® Promotion of anti-inflammatory resolution: Propolis upregulates IL-10 and TGF-3,
driving macrophage polarization from M1 to M2 phenotype, thus restoring immune
tolerance.

® HO-1-SIRT1 dual activation: Reinforces redox balance during the resolution phase,

preventing chronic inflammatory loops.

This dual mechanism - inflammatory suppression and resolution induction - positions

propolis as a rare immune-ecological homeostasis modulator in intestinal inflammation.

3.4) Cross-Axis Synergistic Mechanisms with Complementary Nutrients



Propolis acts synergistically with folic acid, garlic extract, and onion extract through

cross-axis metabolic and signaling complementarity:

® Folic acid: Promotes epithelial DNA synthesis and methylation repair, supporting

Treg differentiation and immune tolerance.

® Garlic extract: Allicin reduces Gram-negative LPS release and reinforces Nrf2-

mediated anti-oxidative defense.

® Onion extract: Quercetin enhances butyrate-producing bacterial growth, amplifying

SCFA-mediated barrier protection.

Together, these interactions form an integrated Microbiota—Barrier-Immune Axis Defense

Network:

® Propolis restores microbial equilibrium.

® Nutrients reinforce metabolic energy and antioxidant defense.

® Immune tolerance enables inflammatory resolution.

This tri-axis coupling loop confers continuous “defense-repair-balance” regulation in gut

health.

3.5) Summary

The nutripharmacological regulation of propolis in gut dysbiosis and barrier injury

operates across three major dimensions:



® Ecological: Reshaping microbiota composition and SCFA metabolism to restore

ecological stability.

® Structural: Repairing tight junctions and mucus layers to reduce permeability.

® Immunological: Inhibiting inflammatory signaling and promoting immune resolution

for durable tolerance.

Its cross-axis synergy with folic acid, garlic, and onion extracts further strengthens the

anti-inflammatory and reparative loop, redefining propolis as a systemic gut barrier

homeostasis regulator and providing a robust mechanistic foundation for the nutritional

management of inflammatory bowel disease (IBD) and intestinal sub-health.

4) Multi-Axial Regulatory Mechanisms of Propolis in Inflammatory Bowel Disease (IBD)

Inflammatory Bowel Disease (IBD), encompassing Crohn’s disease (CD) and ulcerative

colitis (UC), is characterized by chronic intestinal inflammation, barrier disruption, and

immune dysregulation. Its complex pathophysiology involves five interwoven pathways:

e Overactivation of immune signaling (NF-kB, TNF-a, IL-6, IL-1pB);

e Oxidative stress and mitochondrial dysfunction (ROS, NO, MDA accumulation);

e Increased epithelial permeability (ZO-1 and Claudin degradation);

e Gut microbiota dysbiosis (pathogenic expansion, SCFA deficiency);

e Failure of inflammatory resolution leading to persistent immune attack.



Propolis, rich in multifunctional polyphenolic and flavonoid constituents (CAPE, chrysin,

pinocembrin, galangin, caffeic acid), demonstrates multi-target regulatory properties

capable of cross-axis modulation across the immune, oxidative, and barrier systems. Its

therapeutic action is not merely anti-inflammatory but represents a global

nutripharmacological reconstruction of intestinal homeostasis.

4.1)  Anti-Inflammatory Pathways: Suppression of NF-kB and NLRP3 Activation

The inflammatory core of IBD involves the dual overactivation of NF-kB and the NLRP3

inflammasome. Propolis disrupts this amplification cycle by concurrently inhibiting both

signaling routes.

A. NF-kB Inhibition Mechanism

Caffeic acid phenethyl ester (CAPE) directly targets IKK[ kinase, preventing IkBa

phosphorylation and degradation, thereby blocking NF-kB p65 nuclear translocation.

® Result: significant reduction of TNF-a, IL-6, and IL-1 levels.

® Concurrently: suppression of COX-2 and iNOS expression, decreasing prostaglandin

E2= and NO overproduction.

In DSS-induced colitis models, propolis reduced NF-kB activation by ~60% and TNF-a

levels by over 50%, leading to marked alleviation of edema and bleeding.

B. NLRP3 Inflammasome Modulation



In IBD, continuous activation of the NLRP3-ASC—-caspase-1 complex causes excessive

IL-1B and IL-18 secretion. Propolis mitigates this through two main mechanisms:

® Reducing mitochondrial ROS generation and intracellular Ca?* influx, thus lowering

activation triggers;

® CAPE directly blocks ASC oligomerization, preventing caspase-1 cleavage.

This dual inhibition establishes a negative feedback loop within inflammation:

suppression of initiation — blockade of amplification - promotion of resolution.

4.2) Antioxidant Defense: Synergistic Activation of the Nrf2-HO-1 and SIRT1 Energy

Axes

During IBD progression, intestinal epithelial cells experience chronic oxidative stress,

mitochondrial depolarization, and ATP depletion. Propolis restores redox and energy

equilibrium through the Nrf2-HO-1 and SIRT1-PGC-1a pathways.

A. Activation of the Nrf2-HO-1 Antioxidant Axis

Propolis polyphenols modify the Keap1-Cys151 site, releasing Nrf2 and promoting

nuclear translocation. Nrf2 induces HO-1, NQO1, SOD, and GPx expression, reinstating

antioxidant defenses.

In DSS models, propolis upregulated HO-1 expression by threefold, reduced MDA levels

by 60%, and restored GSH to 85% of baseline values.



B. Activation of the SIRT1-PGC-1a Energy Axis

CAPE elevates NAD* levels, activating SIRT1 deacetylation and PGC-1a coactivation,

which enhance mitochondrial biogenesis and ATP production.

® SIRT1 suppresses NF-kB acetylation, linking anti-inflammatory and antioxidant

actions.

® PGC-1a increases oxidative phosphorylation efficiency, correcting energy deficits.

Together, these axes establish an antioxidant—bioenergetic loop supporting epithelial

regeneration.

4.3) Barrier Reconstruction: Tight Junction Restoration and Epithelial Regeneration

IBD-associated structural damage includes tight junction disruption, increased

permeability, and mucus thinning. Propolis restores barrier integrity through coordinated

signaling and structural repair.

A. Tight Junction Repair

Propolis upregulates ZO-1, Occludin, and Claudin-1 expression, restoring epithelial

polarity.

® Nrf2 and AMPK co-activation promotes transcription of junctional proteins.

® MMP-9 inhibition prevents oxidative cleavage of junctional complexes.



B. Epithelial Regeneration

Propolis activates the EGF-ERK1/2-mTOR pathway to stimulate epithelial proliferation
and migration. In DSS colitis models, epithelial regeneration increased by 70%, and

mucosal thickness recovered to ~90% of normal.

C. Mucus Layer and Barrier Integration

Propolis promotes goblet cell secretion of MUC2 and stabilizes the mucus layer via HO-1
and SIRT1 activation, preventing oxidative degradation.
This “structural repair-secretory protection—energy supply” triad designates propolis as a

true mucosal-regenerative nutraceutical.

4.4) Immune Homeostasis Reconstruction: Th17/Treg Balance and Inflammatory

Resolution

IBD immune imbalance is characterized by excessive Th17 activation and insufficient

Treg regulation. Propolis reestablishes immune equilibrium through:

® Th17 Suppression: Inhibition of the IL-6-STAT3 pathway reduces IL-17A and IL-22
expression, mitigating inflammation.
® Treg Promotion: Upregulation of TGF-B and Foxp3 enhances IL-10 production and

immune tolerance.



® SIRT1-PPARYy Integration: SIRT1 activates PPARYy, inducing M2 macrophage

polarization and Treg reinforcement, thereby facilitating inflammation resolution.

Restoration of the Th17/Treg dynamic balance underpins long-term remission and

relapse prevention.

4.5) Microbiota Remodeling and Metabolic Coupling

Propolis rebuilds gut micro-ecology to strengthen the immune-barrier feedback loop:

® [ncreases beneficial Lactobacillus and Bifidobacterium abundance.

® Reduces inflammatory bacteria such as E. coli and Clostridium difficile.

® Enhances butyrate-producing Faecalibacterium prausnitzii activity and SCFA

production.

® SCFAs activate GPR43-AMPK-NTrf2 signaling, suppressing oxidative and

inflammatory cascades.

Thus, propolis establishes a microbiota—energy-immune positive feedback system:

microbial stability -~ SCFA enrichment — energy restoration — oxidative suppression —

inflammation relief.

4.6) Multi-Axis Synergy with Folic Acid, Garlic Extract, and Onion Extract

Propolis integrates with complementary nutrients to reinforce systemic defense:



® Folic acid: Promotes DNA repair and methylation, enhances Treg differentiation, and

supports anti-inflammatory resolution.

® Garlic extract: Allicin suppresses NLRP3 and LPS-TLR4 signaling, reducing

upstream inflammation triggers.

® Onion extract: Quercetin strengthens Nrf2 and PPARYy pathways, coordinating

oxidative—inflammatory regulation.

Together, these agents form a four-dimensional network - Inflammatory Axis, Oxidative

Axis, Barrier Axis, and Microbiota Axis - achieving full-chain regulation from cellular

defense to systemic homeostasis.

4.7) Summary:

The Systemic Nutripharmacological Framework of Propolis in IBD

The mechanisms of propolis in IBD can be summarized as a multi-axis coupling model:

® Inflammatory Axis (NF-kB/NLRP3): Suppression of pro-inflammatory signaling to

restore immune balance.

® Oxidative Axis (Nrf2/SIRT1): ROS clearance and energy equilibrium recovery.

® Barrier Axis (ZO-1/MUC2): Epithelial repair and permeability normalization.

® Microbiota Axis (SCFA/Probiotics): Microbial remodeling to sustain metabolic

resilience.



® Immune Axis (Th17/Treg): Promotion of inflammatory resolution and long-term

remission.

Propolis functions not as a unidirectional anti-inflammatory agent but as a cross-axis
feedback modulator that reconstructs the interconnected “inflammation—-energy—
microbiota—barrier—-immune” loop, achieving multilayer nutripharmacological intervention

for IBD.

5) Roles of Propolis in Gut-Brain Axis Inflammation and Neuro-regulation

Recent research has highlighted the central role of the gut-brain axis in regulating mood,
cognition, and neuro-immune homeostasis.

This axis comprises the gut microbiota, epithelial barrier, vagus nerve, neurotransmitter
systems, and the hypothalamic—pituitary—adrenal (HPA) axis.

When gut dysbiosis or inflammatory signaling ascends, pro-inflammatory cytokines (e.g.,
IL-6, TNF-a, IL-1B) can traverse the blood-brain barrier (BBB) or signal via the vagus
nerve, thereby triggering neuro-inflammation, neurotransmitter imbalance, and behavioral
disturbances - forming a negative cycle spanning inflammation — neural function -
emotion — cognition.

As a multi-target natural complex, propolis intervenes at multiple levels along this axis:

® At the gut end: rebuilding microbiota homeostasis, repairing the barrier, and

suppressing inflammation;



® At the systemic level: modulating immune mediator trafficking and oxidative stress;

® At the brain end: restoring neuro-inflammatory balance, promoting neurotransmitter

synthesis, and enhancing synaptic plasticity.

Accordingly, propolis is not only a gut anti-inflammatory nutrient but also a cross-system

modulator of the gut-brain axis.

5.1) Inhibiting the Neural Propagation of Gut-Derived Inflammatory Signals

In IBD or gut inflammatory states, disruption of the intestinal epithelial barrier allows

lipopolysaccharide (LPS) translocation, activating systemic immune responses.

Propolis blocks the propagation of such inflammatory signals to the CNS via multiple

mechanisms:

® Reducing LPS leakage: upregulating tight junction proteins (ZO-1, Occludin) to

decrease intestinal permeability;

® Suppressing TLR4-NF-kB activation: CAPE inhibits IKKB activity, lowering TNF-q,

IL-1B, and IL-6 production;

® Dampening BBB inflammatory responses: activating Nrf2-HO-1 to reduce oxidative

stress and permeability in brain microvascular endothelial cells.

The net result is a reduction in systemic inflammatory mediators, preventing the

pathological chain of gut-derived signaling — central inflammation.



5.2) Modulating the HPA Axis and Neuro-inflammatory Balance

Chronic intestinal inflammation can chronically activate the HPA axis, causing cortisol

dysregulation and amplification of neuro-inflammation.

Propolis restores axis homeostasis across anti-inflammatory, antioxidant, and endocrine

rebalancing dimensions:

® Downregulating HPA hyperactivation: lowering hypothalamic CRH and pituitary

ACTH expression to normalize cortisol levels;

® Suppressing neuro-inflammatory mediators: CAPE inhibits NF-kB and MAPK

activation, reduces M1 microglial polarization, and promotes the reparative M2

phenotype;

® Activating anti-inflammatory neurotransmission: elevating 5-hydroxytryptamine (5-

HT) and y-aminobutyric acid (GABA), thereby enhancing inhibitory tone and

anxiolysis.

Preclinical studies show ~35% reductions in cortisol and ~50% decreases in

hippocampal IL-18 and TNF-a after propolis treatment in chronic stress models, with

restoration of normal HPA rhythmicity.

5.3)  Neurotransmitter Metabolism and Tryptophan Pathway Regulation

Intestinal inflammation activates indole-amine 2,3-dioxygenase (IDO), diverting

tryptophan (Trp) from 5-HT synthesis toward the kynurenine (Kyn) pathway, resulting in



5-HT deficiency and neurotransmitter imbalance.

Propolis confers neuroprotection by inhibiting IDO and restoring Trp metabolism:

® Inhibiting IDO expression/activity: CAPE downregulates IDO1 transcription through

NF-kB suppression;

® Enhancing the 5-HT synthetic route: upregulating TPH1 in enterochromaffin cells to

increase 5-HT generation;

® Reducing neurotoxic metabolites: suppressing the Kyn -~ 3-HK - QUIN (quinolinic

acid) branch to mitigate neurotoxicity.

This metabolic remodeling improves the 5-HT-Kyn balance along the gut-brain axis,

indirectly yielding antidepressant and cognitive benefits.

5.4) Neuroplasticity and Synaptic Repair Mechanisms

Propolis promotes recovery of neurotrophic signaling and synaptic proteins, improving

inflammation-related cognitive decline:

® BDNF-CREB pathway activation: upregulating brain-derived neurotrophic factor

(BDNF) and its receptor TrkB, enhancing CREB phosphorylation;

® Synaptic protein restoration: increasing synapsin | and PSD-95 to recover spine

density and synaptic transmission efficiency;

® Functional improvement: significant gains in spatial learning and memory in DSS

models following propolis intervention.



Thus, beyond inflammation control, propolis activates neural reconstruction signals to

achieve bidirectional recovery across the gut-brain axis.

5.5)  Microbe—Neurotransmitter Co-Metabolism Pathways

Microbiota remodeling by propolis feeds back to neural function:

® Increasing 5-HT- and GABA-associated taxa (e.g., Bifidobacterium infantis,

Lactobacillus rhamnosus);

® Reducing toxin-producing bacteria (e.g., D-lactic acid, p-cresol producers);

® Promoting butyrate-producing microbes, with SCFAs activating GPR43 to modulate

neuroplasticity and anti-inflammatory responses.

This establishes a virtuous microbiota—neurotransmitter co-metabolic loop, positioning

propolis as a regulator of enteric neurotransmitter ecology.

5.6) Cross-Axis Neuroprotective Synergy with Folic Acid, Garlic Extract, and Onion

Extract

Propolis and three complementary nutrients exhibit signaling complementarity and

metabolic resonance within the gut-brain axis:

® Folic acid: provides methyl donors for one-carbon metabolism and the SAM cycle,

supporting 5-HT synthesis and DNA methylation repair;



® Garlic extract: sulfur compounds activate Nrf2-HO-1 to alleviate neural oxidative

stress;

® Onion extract: quercetin enhances BDNF-CREB signaling, promoting neuroplasticity

and synaptic repair.

Together they form a four-dimensional microbiota—inflammation—-neural-metabolic closed

loop, extending propolis action from gut to brain and restoring axis-wide homeostasis.

5.7) Summary:

A Systems Integration Model of Propolis in the Gut-Brain Axis

Propolis action within the gut—brain axis can be summarized as a “three-axis, five-ring”

model:

® Inflammatory axis: inhibition of the LPS-TLR4-NF-kB cascade to block ascending

peripheral inflammation.

® Oxidative axis: activation of Nrf2—-HO-1 to clear systemic ROS and RNS.

® Neural axis: restoration of 5-HT-BDNF-CREB signaling to drive synaptic

remodeling.

® Microbiota ring: reestablishment of micro-ecological balance, enhancement of SCFA

metabolism, and neuro-symbiosis.

® Immune ring: modulation of Treg—Th17 balance to maintain systemic immune

tolerance.



Through this model, propolis enables layered nutritional intervention from gut to brain,

demonstrating systemic defensive and reparative potential across neuro-inflammation,

mood disorders, and cognitive decline.

6) Summary and Mechanistic Integration

Propolis has transcended its traditional role as a mere “natural antimicrobial agent” and

now demonstrates the characteristics of a systemic nutripharmacological regulator.

Its key bioactive constituents - CAPE, chrysin, pinocembrin, galangin, caffeic acid, and

quercetin - form an interconnected multi-pathway network within the body:

® At the molecular level: regulation of pivotal signaling hubs including NF-kB, Nrf2,

SIRT1, PPARy, and AMPK.

® At the tissue level: repair of the mucosal barrier, promotion of epithelial regeneration,

and modulation of local immunity.

® At the systemic level: reestablishment of microbiota homeostasis, neuro-immune

regulation, and metabolic stability.

Hence, propolis can be defined as a bioactive nutritional molecule with cross-axis

integrative capacity, rather than a simple anti-inflammatory or antimicrobial agent.

6.1)  Five-Ring Integrative Model



The holistic actions of propolis in gastrointestinal diseases can be summarized in a Five-
Ring Integrative Model, encompassing the continuum from infection control to systemic

homeostatic reconstruction:

A. Infectious Control Ring

® Direct inhibition of Helicobacter pylori urease activity and biofilm formation.

® Synergistic disruption of bacterial membrane integrity and energy metabolism by
CAPE, pinocembrin, and garlic extract.

® Quercetin from onion extract enhances antibacterial potency via polyphenolic

resonance.

This ring establishes pathogen suppression and adhesion blockade at the source.

B. Inflammatory Resolution Ring

® NF-«B inhibition and HO-1 activation create an inflammation-anti-inflammation
balance.

® NLRP3 inflammasome activity is suppressed, while IL-10 and TGF-3 expression
rise.

® Folic acid contributes methyl donors to promote epigenetic activation of anti-

inflammatory genes.

Thus, inflammation transitions through phases of suppression — resolution — repair.



C. Barrier Regeneration Ring

® Activation of EGF-VEGF-TGF- pathways promotes epithelial regeneration and

angiogenesis.

® Upregulation of ZO-1, Claudin, and MUC1/MUC2 restores tight junction integrity and

mucus layer protection.

® SIRT1 and AMPK maintain energetic and redox stability, supporting regenerative

metabolism.

This ring restores both the structural and functional integrity of mucosal tissues.

D. Microbiota—SCFA Balance Ring

® Propolis enhances Lactobacillus and Bifidobacterium proliferation while inhibiting E.

coli and C. difficile.

® Stimulates butyrate-producing bacteria and SCFA generation to sustain epithelial

energy metabolism.

® Reduces LPS output and TLR4 activation, stabilizing immune tolerance.

Propolis thus achieves microbiota—energy—immune coupling at the ecological level.

E. Gut-Brain Axis Ring

® Inhibition of LPS signaling and IDO-Kyn pathway prevents upward inflammatory

transmission.



® Restoration of 5-HT synthesis, HPA axis rhythmicity, and BDNF-CREB signaling

improves neuroplasticity.

® Combined with folic acid, garlic, and onion extracts, it reinforces neuroprotective

anti-inflammatory and synaptic repair effects.

This ring extends propolis regulation from the gut to the brain, achieving whole-axis

restoration.

These rings are dynamically interconnected: infection control reduces inflammatory

burden; inflammation resolution facilitates barrier repair; restored barriers stabilize

microbiota; balanced microbiota modulates neural and immune networks - completing the

gut—system-neural homeostatic loop.

6.2) Systemic Amplification via Synergistic Nutrients

The combined use of propolis, folic acid, garlic extract, and onion extract produces a tri-

dimensional nutritional resonance effect:

® Folic acid: supports methylation cycles, enhances DNA repair, and accelerates cell

turnover.

® Garlic extract: sulfur compounds boost Nrf2 antioxidant activation and improve

microcirculation.

® Onion extract: quercetin co-resonates with propolis polyphenols for amplified anti-

inflammatory and antibacterial activity.



® Propolis core: provides the primary anti-inflammatory, antioxidant, regenerative, and

microbiota-modulating functions.

Together, they form an integrated Nrf2-NF-kB-SIRT1-HO-1-PPARY signaling axis and a

redox—methylation-sulfur metabolic circuit.

This multi-coupled configuration elevates propolis from local defense enhancement to

system-wide homeostatic reconstruction.

6.3) The Three-Axis, Five-Ring Framework of Propolis

Synthesizing the mechanistic evidence, propolis functions within a unified

nutripharmacological framework:

Three Core Axes

® Inflammation—-Oxidation—-Energy Axis

® Barrier—-Regeneration—-Perfusion Axis

® Microbiota-Immune-Neuro Axis

Five Integrative Rings

® [nfection Control

® Inflammatory Resolution

® Barrier Reconstruction

® Microbiota Homeostasis



® Gut-Brain Coordination

Within this Three-Axis, Five-Ring architecture, propolis achieves a continuum of local

defense — systemic regulation - neuro-restoration, embodying its nature as a systemic

nutripharmacological modulator.

6.4) Conclusion

The core therapeutic value of propolis in gastrointestinal health lies in its ability to

integrate multi-axis signaling (NF-kB, Nrf2, SIRT1, AMPK, PPARY) with cross-system

metabolic complementarity (antioxidation, methylation, sulfur cycling), establishing a

physiological loop centered on defense-repair-homeostasis.

This loop spans the entire inflammatory spectrum - from gastritis and peptic ulcers to IBD

- and extends to the gut-brain axis, impacting neuro-inflammation and emotion—cognition

regulation. Therefore, propolis represents a novel natural pharmacological paradigm,

evolving “from nutritional defense to systemic integration.”

Future research should focus on:

® Multi-omics dissection of cross-signaling mechanisms;

® Polyphenol-probiotic interaction kinetics;

® Validation of composite interventions with synergistic nutrients;

® Integrated applications in subclinical and neuro-inflammatory populations.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v’ Orsolic, N., et al. (2020). Propolis protects against NSAID-induced gastric ulceration via SIRT1-

Nrf2-HO-1 axis activation. Biomedicine & Pharmacotherapy, 132, 110915.

- Demonstrated that propolis activates the SIRT 1-Nrf2-HO-1 axis to repair NSAID-induced ulcers

and promote epithelial regeneration.

v’ Silva, L. B., etal. (2021). Polyphenols from propolis improve tight junction integrity and mucin

production in gastric epithelial cells. Nutrients, 13(10), 3456.

- Showed that propolis polyphenols upregulate ZO-1, Occludin, and MUC profeins, strengthening

mucosal barrier integrity and mucus stability.

v' Diniz, D. P., et al. (2020). Gastroprotective effect of Brazilian green propolis on ethanol-induced

gastric lesions. Chemico-Biological Inferactions, 315, 108878.

- Found that propolis significantly reduces MDA and MPO levels in ethanol-induced ulcers while

enhancing HO-1 expression and angiogenesis.

v’ Haghdoost, N., et al. (2021). Synergistic antibacterial and mucosal-healing effects of propolis and

allicin. Phytomedicine, 87, 153586.

- Reported that propolis and allicin synergistically inhibit bacterial infection and promote mucosal

repair, reducing recurrent ulcer formation.

v’ Sobocanec, S., et al. (2022). Propolis restores intestinal barrier integrity and modulates microbiota

composition in dysbiosis models. Nutrients, 14(11), 2342.

- Demonstrated that propolis repairs intestinal tight junctions and markedly increases probiotic

abundance and microbial diversity.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v’ Kowalska, E., et al. (2021). Modulation of short-chain fatty acid production by polyphenols from

propolis. Frontiers in Nutrition, 8, 667214.

- Showed that propolis polyphenols promote butyrate-producing bacteria and improve epithelial

energy metabolism and intestinal permeability.

v Hu, F. L., & Zhang, J. (2024). Nutripharmacological synergy of propolis with folic acid, garfic, and

onion in gut microbiota modulation. Frontiers in Nutrition, 11, 1329723.

- Proposed a cross-axis microbiota regulation model where propolis, folic acid, garlic, and onion

form an anti-inflammatory-repair-immune homeostasis loop.

v’ Azar, M., et al. (2023). Propolis attenuates experimental colitis via suppression of NF-kB and

NLRP3 inflammasome pathways. Phytotherapy Research, 37(5), 2258-2271.

- Veerified that propolis suppresses NF-kB and NLRP3 hyperactivation, significantly reducing DSS-

induced colitis severity.

v’ Magro, D. A., et al. (2021). Protective role of caffeic acid phenethyl ester in DSS-induced colitis:

Moaulation of oxidative stress and SIRT1-PGC-1a signaling. Antioxidants, 10(7), 1139.

- Found that CAPE activates the SIRT1-PGC-1a axis to restore mifochondrial metabolism and

alleviate oxidative injury in colitis.

v Wang, Y., etal (2022). Propolis enhances epithelial regeneration and regulates immune balance

in colifis models. International Journal of Molecular Sciences, 23(21), 13042.

- Demonstrated that propolis promotes epithelial regeneration, restores Th17/Treg balance, and

strengthens mucosal barrier integrity.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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v’ Chen, J.,, etal. (2023). The synergistic effects of propolis and quercetin in microbiota-driven anti-

inflammatory modulation. Food & Function, 14(6), 2903-2915.

- Reported that propolis and quercetin synergistically enhance butyrate metabolism and HO-1

expression, forming a microbiota-energy—inflammation co-regulatory loop.

v' Kurek-Gorecka, A., et al. (2022). Propolis modulates the gut-brain axis through microbiota

restoration and serofonin metabolism. Nutrients, 14(8), 1712.

- Revealed that propolis improves microbial composition and Trp-5-HT metabolic balance,

alleviating neuroinflammation and mood dysregulation.

v Li H, etal (2023). CAPE ameliorates HPA axis hyperactivation and hippocampal inflammation in

stress-induced models. Neurochemistry International, 166, 105487.

- Showed that CAPE reduces cortisol levels and inhibits hjppocampal NF-«kB and IL-183 expression,

restoring neuroimmune homeostasis.

v’ Shen, X, et al. (2023). Gut-derived inflammation and the neuroprotective effects of propolis:

Evidence from LPS-induced models. Frontiers in Immunology, 14, 1179856.

- Found that propolis blocks gut-derived LPS signaling and restores blood—-brain barrier integrity,

preventing peripheral inflammation from spreading to the CNS.

v Zhou, Y., etal. (2024). BDNF-CRERB activation mediates neuroplasticity enhancement by propolis

in the gut-brain axis. Phyfomedicine, 125, 155260.

- Demonstrated that propolis upregulates BDNF-CRERB signaling and synaptic protein synthesis,

promoting neuroplasticity and cognitive recovery.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



VIl Hepatoprotective, Antioxidant, and Detoxifying Mechanisms of Propolis in
Liver and Metabolic Diseases
Propolis regulates the hepatic ‘oxidative—inflammatory—-metabolic” tri-axis through the
Nr’2-HO-1, SIRT1-AMPK, and NF-kB signaling pathways, thereby exerting systemic
antioxidant, anti-inflammatory, lipid-modulating, and defoxifying effects in chronic
diseases such as nonalcoholic fatty liver disease (NAFLD), drug-induced liver injury

(DIL1), alcoholic liver disease (ALD), insulin resistance, and metabolic syndrome.

Liver: The Central Hub of Metabolic and Inflammatory Defense

The liver is the body’s most critical organ for metabolism and detoxification, responsible

for energy conversion, lipid synthesis, glycogen storage, bile secretion, and toxin



clearance. Beyond its metabolic role as a “biochemical factory,” it serves as a central

node in systemic immune and inflammatory regulation.

However, with the modern rise in high-fat diets, alcohol intake, drug load, and

environmental toxin exposure, hepatocytes are increasingly exposed to chronic oxidative

and inflammatory stress.

When antioxidant defense systems such as Nrf2-HO-1-GSH are depleted, excessive

reactive oxygen species (ROS) and lipid peroxides trigger mitochondrial dysfunction,

DNA damage, and hepatocyte apoptosis - pathological hallmarks underlying NAFLD,

ALD, DILI, and hepatic fibrosis.

From Local Injury to Systemic Metabolic Dysregulation

Chronic liver injury extends far beyond hepatocellular necrosis or fat accumulation. Its

essence lies in redox-inflammatory—metabolic dysregulation.

® Activation of NF-kB and the NLRP3 inflammasome drives systemic release of

inflammatory mediators (IL-6, TNF-q, IL-1B).

® Oxidative stress depletes glutathione, aggravates mitochondrial dysfunction, and

amplifies lipid accumulation and insulin resistance.

® Meanwhile, failure of detoxification enzymes regulated by Nrf2 (e.g., GST, NQO1,

UGT) causes toxic metabolites to accumulate, reinforcing a vicious cycle of

“inflammation—-metabolism—-detoxification.”



Propolis: A Natural Multi-Axis Nutripharmacological Modulator

Propolis is a complex natural resinous compound collected and biochemically modified

by bees, containing over 300 bioactive molecules, including flavonoids, phenolic acids,

stilbenes, and terpenes.

Key constituents such as caffeic acid phenethyl ester (CAPE), chrysin, pinocembrin, and

galangin exhibit multi-target functions - antioxidant, anti-inflammatory, detoxifying, and

metabolic regulatory effects.

Modern nutripharmacological studies have demonstrated that propolis exerts

hepatoprotective effects through several core pathways:

® Nrf2-HO-1 Axis: Activates phase Il antioxidant and detoxification enzymes (GST,

NQO1, UGT), elevating intracellular GSH levels.

® SIRT1-AMPK-PGC-1a Axis: Regulates lipid metabolism and mitochondrial

biogenesis, restoring hepatic metabolic resilience.

® NF-B Inhibition: Suppresses inflammatory cytokine production and apoptosis.

® TGF-B/SMAD3 Suppression: Inhibits hepatic stellate cell activation and delays fibro-

genesis.

Together, these pathways form an interconnected “oxidative—inflammatory—energetic—

detoxifying” quadriaxial feedback system, through which propolis enables hepatocytes to

restore defense, repair, and metabolic balance.



Systemic Metabolic Defense Positioning of Propolis

Unlike conventional drugs targeting single pathological endpoints, propolis demonstrates

a distinct systems-level advantage:

® Prevents NAFLD progression through antioxidant and anti-inflammatory defense.

® Improves insulin sensitivity via activation of the energy metabolism axis.

® Protects hepatocytes from chemical toxicity by enhancing phase Il detoxification

pathways.

® Reduces systemic inflammatory burden, rebalances lipid profiles, and modulates

metabolic hormones.

Thus, propolis functions not merely as a local anti-inflammatory agent but as a regulator

of systemic metabolic-inflammatory re-equilibration.

This property grants it broad nutripharmacological potential across NAFLD, ALD, DILI,

insulin resistance, and metabolic syndrome.

Chapter Direction and Research Objectives

This chapter aims to systematically elucidate the molecular and system-level

mechanisms by which Keyora interprets the nutripharmacological role of propolis in

hepatic and metabolic disorders, focusing on five major regulatory dimensions:



® Reconstruction of antioxidant and detoxification pathways (Nrf2-HO-1-GSH

system).

® Regulation of lipid metabolism and energy axes (SIRT1-AMPK-PGC-1a).

® Restoration of inflammatory signaling and immune balance (NF-kB, NLRP3).

® Inhibition of fibrosis and promotion of regeneration (TGF-3—-SMAD3, HGF-ERK).

® Cross-nutrient synergistic protection (synergy with folic acid, garlic extract, and onion

extract).

By integrating multi-axis signaling and cross-systemic interactions, Keyora establishes

the central nutripharmacological positioning of propolis within the “hepatic—-metabolic—

detoxification tri-axis,” providing molecular and systemic evidence for its clinical potential

in metabolic syndrome and chronic inflammatory disorders.

1) Antioxidant and Detoxification Defense Axis of Propolis

1.1)  Activation of the Nrf2-HO-1 Pathway and Oxidative Stress Defense

Nuclear factor erythroid 2—-related factor 2 (Nrf2) is the central transcription factor that

orchestrates the cellular defense against oxidative and xenobiotic stress. Under basal

conditions, Nrf2 remains bound to its inhibitory partner Keap1 and undergoes continuous

proteasomal degradation. Upon oxidative challenge, cysteine residues within Keap1

become oxidized, liberating Nrf2 to translocate into the nucleus, where it induces the



transcription of antioxidant and detoxification genes, including HO-1, SOD, CAT, GPx,

GSH-S, NQO1, UGT, and GST.

Active constituents of propolis - such as caffeic acid phenethyl ester (CAPE), chrysin,

pinocembrin, galangin, and quercetin - effectively activate this pathway through multiple

mechanisms:

® CAPE covalently modifies Keap1-Cys151, triggering the dissociation and nuclear

translocation of Nrf2.

® Chrysin and pinocembrin promote Nrf2 phosphorylation and transcriptional activation

of antioxidant enzymes.

® Galangin and quercetin stabilize Nrf2 indirectly by upregulating the PI3K/Akt

pathway.

These mechanisms synergistically upregulate HO-1, GCLC, GCLM, and GPx expression,

markedly enhancing the clearance of ROS species such as superoxide anion, hydrogen

peroxide, and hydroxyl radicals.

Experimental evidence shows that propolis increases hepatic HO-1 expression by 3-4

folds and raises GSH levels by over 40%, thereby preventing the accumulation of lipid

peroxidation products (MDA and 4-HNE).



Through this cascade, propolis establishes a three-tier defense barrier - oxidative

sensing — signaling activation — antioxidant enzyme induction - which represents the

core foundation of its antioxidant defense axis.

1.2) GSH Redox Cycle and Mitochondrial Antioxidant Homeostasis

Hepatocytes contain the highest concentration of glutathione (GSH) in the body. Beyond

its direct ROS-scavenging capacity, GSH participates in drug metabolism and phase Il

conjugation reactions. Propolis enhances GSH synthesis and recycling via multiple

routes:

® Increases the activity of y-glutamylcysteine ligase (GCL), accelerating GSH

biosynthesis.

® Activates NADPH-regenerating systems (G6PD and IDH1) to maintain GSH

reduction potential.

® Upregulates glutathione reductase (GR), preventing GSH depletion.

® Preserves mitochondrial membrane potential and ATP generation, preventing

oxidative—energetic collapse.

Through these actions, propolis sustains the dynamic GSH/GSSG balance, limiting the

damage of hydrogen peroxide and lipid peroxides to mitochondrial DNA and respiratory

complexes.

In alcohol- and drug-induced hepatotoxicity models, CAPE treatment decreased hepatic



mitochondrial MDA levels by ~60% and restored the activity of complexes | and IV,

demonstrating that propolis not only scavenges oxidants but also reinstates mitochondrial

redox stability.

1.3) Induction of Phase Il Detoxification Enzymes and Chemical Defense

The liver is the principal battlefield for xenobiotic metabolism, encompassing three

stages: phase | (oxidation/reduction), phase Il (conjugation), and phase llI

(transport/excretion).

Propolis exerts a crucial regulatory role on phase |l detoxification via Nrf2-ARE

(antioxidant response element) activation, upregulating several key enzymes:

® GST promotes conjugation of electrophilic toxins with GSH to yield soluble

metabolites.

® UGT catalyzes glucuronidation reactions, accelerating the excretion of drugs and

endogenous toxins.

® NQO1 reduces quinones to nonreactive forms, preventing redox cycling and ROS

propagation.

Studies show that propolis polyphenols can enhance hepatic GST activity by 50%,

increase UGT by 30%, and double NQO1 expression, significantly strengthening

detoxification capacity against drugs, ethanol metabolites, and heavy metal ions.



Thus, propolis functions as a natural phase Il enzyme inducer, providing robust

protection in models of drug-induced liver injury (e.g., acetaminophen or carbon

tetrachloride toxicity).

1.4) Prevention of Lipid Peroxidation and Oxidative Metabolic Damage

Lipid oxidation represents a critical downstream event of hepatic oxidative stress.

Propolis reduces lipid peroxidation and lipid droplet accumulation through multiple

mechanisms:

® Inhibits CYP2E1-mediated ethanol oxidation, reducing ROS formation.

® Activates the SIRT1-AMPK-PGC-1a pathway to promote [3-oxidation and restore

energy distribution.

® Downregulates SREBP-1c and ACC, suppressing de novo lipogenesis.

® Enhances CAT, SOD, and GPx activities, preventing MDA and 4-HNE accumulation.

By combining antioxidant, lipid-modulating, and energetic reconstruction mechanisms,

propolis builds a closed-loop defense against both oxidative and metabolic stress at the

hepatocellular level.

1.5)  Antitoxic and Environmental Stress-Protection Effects

Beyond metabolic stress, propolis also protects against hepatotoxicity induced by heavy

metals and chemical toxins:



® In cadmium-, arsenic-, and lead-exposure models, propolis activation of Nrf2—HO-1

markedly reduced hepatic ROS and MDA accumulation.

® Upregulated metallothionein expression promotes metal chelation and excretion.

® Restored serum liver enzymes (ALT, AST, ALP) to near-normal levels.

® Inhibited inflammatory cytokine production and DNA fragmentation.

These findings confirm propolis as a broad-spectrum antitoxic defense agent, possessing

dual antioxidant and detoxifying functionality in modern nutritional toxicology.

1.6) Summary:

The Antioxidant-Defoxification Closed-Loop Mode/

The hepatoprotective role of propolis in antioxidant and detoxification defense can be

summarized as a three-axis closed-loop model:

® Signal Activation Axis: Nrf2—-HO-1-GSH initiates the endogenous antioxidant

network.

® Metabolic Maintenance Axis: SIRT1-AMPK supports energy and NADPH cycling,

providing metabolic fuel for detoxification.

® Defense Execution Axis: Phase Il enzymes (GST, UGT, NQO1) perform toxin

conjugation and clearance.

These axes are interlinked through redox and energy coupling, creating a redox—detox—

energy synergy loop within hepatocytes.



This loop explains the broad-spectrum protective capacity of propolis against oxidative
damage and establishes its mechanistic foundation in NAFLD, ALD, DILI, and metabolic

syndrome.

2) Metabolic Reprogramming Effects of Propolis in Non-Alcoholic Fatty Liver Disease

(NAFLD)

Non-Alcoholic Fatty Liver Disease (NAFLD) is the most prevalent metabolic liver disorder
worldwide, characterized by abnormal accumulation of neutral lipids - primarily
triglycerides - in hepatocytes without the influence of alcohol consumption.

Its pathogenesis follows a “multiple-hit model”:

® The initial trigger involves excessive lipid intake or insulin resistance, leading to
overactivation of de novo lipogenesis.

® Subsequently, oxidative stress, mitochondrial dysfunction, and chronic inflammation
form a self-amplifying cycle of lipotoxicity—oxidative stress—inflammation.

® During this process, the master regulators of hepatic energy metabolism, SIRT1
(Silent Information Regulator 1) and AMPK (AMP-activated protein kinase), are
downregulated, impairing fatty acid oxidation while promoting overexpression of
SREBP-1c and ACC (acetyl-CoA carboxylase), thereby accelerating lipogenesis.

® As aresult, hepatocytes enter a state of energetic imbalance - anabolism exceeding
catabolism - marked by lipid deposition, inflammation, and insulin signaling failure,

ultimately progressing toward metabolic syndrome and cardiovascular disease.



Propolis, with its unique combination of antioxidant, anti-inflammatory, and metabolic

regulatory properties, has emerged as a natural nutripharmacological agent capable of

reversing metabolic disturbances in NAFLD. Its bioactive components - CAPE, chrysin,

pinocembrin, and quercetin - activate the SIRT1-AMPK-PGC-1a axis, restoring hepatic

energy dynamics and lipid homeostasis.

2.1)  Activation of the SIRT1-AMPK-PGC-1a Energy Metabolism Axis

The central mechanism underlying propolis-mediated metabolic regulation lies in the dual

activation of SIRT1 and AMPK, restoring energy sensing and mitochondrial function.

SIRT1-mediated deacetylation and energy regulation

® Propolis elevates NAD* levels, thereby activating SIRT1.

® Activated SIRT1 deacetylates PGC-1a and FOXO1, enhancing mitochondrial

biogenesis and anti-oxidative capacity.

® |t also deacetylates and activates LKB1, which subsequently phosphorylates AMPK,

promoting B-oxidation of fatty acids.

AMPK-driven energy rebalancing

® CAPE and chrysin stimulate AMPK phosphorylation and increase the AMP/ATP
ratio.

® Activated AMPK inhibits ACC and SREBP-1c, suppressing fatty acid synthesis.



® Concurrently, it upregulates CPT1A and ACOXA1, accelerating fatty acid oxidation

within mitochondria and peroxisomes.

PGC-1a as the energy coordination hub

® PGC-1aintegrates SIRT1 and AMPK signaling to coordinate lipid oxidation and

mitochondrial biogenesis.

® Propolis enhances PGC-1a interaction with NRF1/2, strengthening respiratory

complex synthesis.

® Consequently, ATP generation and metabolic flexibility are restored in hepatocytes.

Together, propolis establishes a metabolic signaling cascade - SIRT1 activation -~ AMPK

phosphorylation -~ PGC-1a coordination - energy reprogramming - achieving

simultaneous enhancement of fatty acid mobilization, oxidation, and antioxidant defense.

2.2) Inhibition of Lipogenesis and Lipid Droplet Accumulation

In addition to promoting fatty acid oxidation, propolis markedly suppresses lipid synthesis

and triglyceride deposition:

® Downregulates SREBP-1c¢c and FAS, reducing fatty acid synthase activity and

substrate formation.

® Inhibits ACC and DGAT2, limiting fatty acyl-CoA carboxylation and final triglyceride

assembly.



® Upregulates PPARa and CPT1A, accelerating $-oxidation and lipid clearance.
® Restores PLIN2 balance to prevent excessive lipid droplet expansion and

hepatocellular hypertrophy.

In high-fat diet models, 8-week propolis supplementation reduced hepatic triglyceride

levels by 45-60%, decreased lipid droplet area, and normalized serum ALT and AST,

confirming its potent anti-lipotoxic remodeling capability.

2.3) Attenuation of Oxidative Stress and Inflammatory Propagation

During NAFLD progression, lipid droplet oxidation generates abundant ROS and lipid
peroxides, triggering Kupffer cell activation and inflammasome signaling.

Propolis disrupts this vicious cycle through:

® Nrf2-HO-1 pathway activation: Enhances antioxidant enzymes (SOD, GPx, CAT)

and clears lipid peroxidation products.

® NF-B inhibition: CAPE blocks IkBa phosphorylation, reducing TNF-a and IL-13

secretion.

® NLRP3 inflammasome suppression: Decreases ROS- and fatty acid-induced

Caspase-1 activation.

® |L-10 and PPARYy upregulation: Promotes inflammation resolution and M2

macrophage polarization.



Through this dual antioxidant—anti-inflammatory mechanism, propolis effectively halts the

pathological cascade from lipid accumulation — inflammation amplification — fibrogenic

initiation.

2.4) Improvement of Insulin Signaling and Hormonal Metabolic Balance

Correction of insulin resistance represents another key dimension of propolis-induced

metabolic reprogramming:

® Restores phosphorylation balance of insulin receptor substrates (IRS-1/2) and

reactivates the PI3K-Akt pathway.

® Enhances GLUT2 and GLUT4 translocation, improving glucose uptake across liver,

muscle, and adipose tissue.

® Rebalances adiponectin and leptin signaling to optimize lipid—hormone sensitivity.

® Reduces hepatic SOCS3 and JNK expression, alleviating negative feedback

inhibition on insulin signaling.

Following propolis intervention, fasting glucose and HOMA-IR indices decreased by

approximately 30-40%, demonstrating that propolis restores systemic insulin sensitivity

through an integrated anti-inflammatory—antioxidant-metabolic axis.

2.5) Metabolic Resonance with Synergistic Nutrients



Propolis forms a complementary resonance network with folic acid, garlic extract, and

onion extract in metabolic regulation:

® Folic acid: Enhances one-carbon metabolism and methyl-donor recycling,

epigenetically regulating lipogenic genes such as SREBP-1c.

® Garlic extract: Sulfur compounds stimulate AMPK activation and Nrf2 signaling,

reinforcing energy metabolism.

® Onion extract: Quercetin enhances PPARa and BDNF expression, supporting

mitochondrial efficiency.

Together, these nutrients form a multidimensional metabolic network-SIRT1-AMPK-Nrf2-

PPARa - that rebalances lipid metabolism and energy homeostasis at the systems level.

2.6) Summary:

The Metabolic Reprogramming Model of Propolis

The nutripharmacological role of propolis in NAFLD can be conceptualized as a four-loop

metabolic reprogramming model encompassing energy, lipid, inflammation, and

hormonal regulation:

® Energy Axis: Activation of SIRT1-AMPK-PGC-1a restores mitochondrial ATP

generation.

® Lipid Axis: Inhibition of SREBP-1c and ACC reduces triglyceride synthesis and lipid

deposition.



® Inflammatory Axis: Suppression of NF-kB and NLRP3 mitigates chronic oxidative

inflammation.

® Hormonal Axis: Rebalancing of insulin and adipokine signaling restores systemic

metabolic equilibrium.

Through this interconnected energy-lipid—inflammation-hormone loop, propolis achieves

a comprehensive metabolic reset - from energy restoration to lipid clearance - providing a

molecular foundation for non-pharmacological nutritional intervention in NAFLD.

3) Protective Mechanisms of Propolis in Alcoholic and Drug-Induced Liver Injury (ALD /

DILI)

Alcoholic Liver Disease (ALD) and Drug-Induced Liver Injury (DILI) share a convergent

pathophysiological foundation characterized by oxidative stress, inflammation, and

mitochondrial dysfunction.

In ALD, ethanol metabolism proceeds through three primary enzymatic pathways -

alcohol dehydrogenase (ADH), aldehyde dehydrogenase (ALDH), and cytochrome P450

2E1 (CYP2E1).

Overactivation of CYP2E1 produces large quantities of reactive oxygen species (ROS),

particularly superoxide and hydroxyl radicals, and generates acetaldehyde, a toxic

intermediate that forms protein adducts leading to lipid peroxidation, DNA damage, and

immune activation.



In DILI, drug biotransformation by CYP450 enzymes produces reactive metabolites such

as N-acetyl-p-benzoquinone imine (NAPQI), a hepatotoxic intermediate of

acetaminophen (APAP). NAPQI rapidly depletes glutathione (GSH), triggering

mitochondrial collapse and oxidative death pathways.

When antioxidant and detoxification systems are overwhelmed, hepatocyte apoptosis

and necrosis occur, accompanied by secondary inflammatory responses that drive

severe liver dysfunction.

Propolis, rich in bioactive polyphenols such as CAPE, chrysin, pinocembrin, galangin,

and quercetin, intervenes across multiple pathological levels.

It suppresses CYP2E1 overactivation and ROS overproduction, activates the Nrf2-HO-1

and SIRT1-PGC-1a axes to restore GSH recycling and mitochondrial integrity, and

downregulates inflammation and apoptosis signaling, thereby providing both preventive

and reparative hepatoprotection.

3.1)  Suppression of CYP2E1 Overactivation and Acetaldehyde Toxicity

Inhibition of CYP2E1 is the primary mechanism underlying the protective role of propolis

in ALD.

® Downregulation of CYP2E1 expression and activity: CAPE and chrysin decrease

CYP2E1 transcription, thereby reducing ethanol oxidation rate and ROS production.



® Reduction of acetaldehyde adduct formation: Propolis enhances ALDH activity,

accelerating acetaldehyde conversion to acetate while preventing protein adduct

formation and immune-mediated hepatic injury.

® Mitigation of lipid peroxidation: Activation of HO-1 and GPx decreases accumulation

of MDA and 4-HNE.

Experimental data show that propolis reduces CYP2E1 activity by approximately 50%,

hepatic ROS levels by 40%, and normalizes serum ALT and AST, demonstrating a

“detox initiation blockade” that prevents ethanol-induced oxidative stress at its source.

3.2) Activation of the Nrf2-HO-1 Detoxification Pathway and Phase Il Enzyme System

Propolis activates the Nrf2-HO-1 axis, establishing an intracellular defense network

against alcohol- and drug-induced toxicity:

® Keap1-Cys151 modification: CAPE and pinocembrin oxidatively modify Keap1

cysteine residues, releasing Nrf2 for nuclear translocation.

® Upregulation of HO-1, NQO1, UGT, and GST: Enhances antioxidant capacity and

Phase Il conjugation metabolism.

® Stimulation of GSH synthesis: Upregulates y-GCL and GSH synthase activity to

sustain the GSH/GSSG ratio.



® Detoxification of reactive intermediates: Increases metallothionein (MT) expression

to chelate heavy metals and promotes GSH-mediated conjugation of electrophilic

toxins.

These actions define propolis as a natural Phase Il enzyme inducer, providing resistance

against electrophilic metabolites such as NAPQI, carbon tetrachloride, and other

xenobiotics.

3.3)  Mitochondrial Protection and Energy Restoration

Mitochondrial impairment is central to both ALD and DILI. Propolis repairs and re-

energizes mitochondria via the SIRT1-AMPK-PGC-1a axis:

® SIRT1 activation and PGC-1a deacetylation: Promote mitochondrial biogenesis and

respiratory chain recovery.

® AMPK activation: Enhances fatty acid oxidation and ATP synthesis, preventing

energy collapse.

® Inhibition of MPTP opening: Reduces cytochrome c leakage and apoptotic signaling.

® Normalization of NAD*/NADH ratio: Improves redox efficiency and metabolic

resilience.

Studies show that propolis markedly restores mitochondrial membrane potential, elevates

Complex | activity, and reduces ROS generation and apoptosis in ethanol- or APAP-

exposed hepatocytes, achieving dual restoration of energy and redox balance.



3.4) Suppression of Inflammation and Apoptotic Signaling Cascades

Propolis exerts broad anti-inflammatory and anti-apoptotic control in ALD and DILI:

® NF-«B inhibition: CAPE blocks phosphorylation of IKKB and IkBa, reducing TNF-q,

IL-6, and IL-1$ production.

® NLRP3 inflammasome suppression: Decreases Caspase-1 activation and IL-13

maturation.

® Upregulation of IL-10 and PPARY: Facilitates inflammation resolution and immune

rebalancing.

® Inhibition of Bax/Caspase-3 pathway: Preserves mitochondrial integrity and prevents

hepatocyte apoptosis.

Propolis thus functions as a dual-channel suppressor of inflammatory and apoptotic

signaling, halting the progression from acute hepatic injury to chronic inflammation and

fibrosis.

3.5)  Synergistic Detoxification with Nutrient Cofactors

Propolis acts synergistically with folic acid, garlic extract, and onion extract to establish a

multi-tiered defense system in ALD and DILI:

® Folic acid: Supports methylation cycles that promote DNA repair and ALDH

expression.



® Garlic extract: Sulfur compounds (allicin, S-allyl cysteine) enhance Nrf2 activation

and glutathione synthesis.

® Onion extract: Quercetin inhibits CYP2E1 and NF-kB, reinforcing anti-inflammatory

and detoxification effects.

® Propolis core: Provides polyphenolic scaffolds integrating anti-oxidative, anti-

inflammatory, and metabolic restoration signals.

Together, these nutrients construct an integrated Nrf2-SIRT1-NF-kB regulatory loop,

achieving protection from toxic initiation to cellular recovery.

3.6) Summary:

The Tri-Axis Defense Model of Detoxification, Anti-Inflammation, and Repair

The hepatoprotective mechanisms of propolis in ALD and DILI can be summarized under

a three-axis defense model:

® Detoxification Axis: Inhibition of CYP2E1 and activation of Nrf2-HO-1 and Phase ||

enzyme systems.

® Anti-Inflammatory Axis: Suppression of NF-kB and NLRP3 with concurrent IL-10 and

PPARYy upregulation.

® Repair Axis: Activation of SIRT1-AMPK-PGC-1a to regenerate mitochondria and

restore metabolic balance.



These three axes form a feedback-integrated metabolic—energetic—detox loop, enabling

propolis to deliver both preventive protection and reparative recovery in alcohol- and

drug-induced liver injury.

4) Systemic Anti-Inflammatory Mechanisms of Propolis in Insulin Resistance and

Metabolic Syndrome

Insulin Resistance (IR) and Metabolic Syndrome (MetS) represent the fundamental

pathophysiological bases of modern chronic metabolic disorders, characterized by

hyperglycemia, dyslipidemia, abdominal obesity, and hypertension.

Their shared pathological roots lie in the persistence of chronic low-grade inflammation

and oxidative stress.

In insulin signaling, proinflammatory cytokines such as TNF-a, IL-6, and IL-1B activate

JNK and IKKB/NF-kB pathways, leading to serine phosphorylation of insulin receptor

substrates (IRS-1/2), thereby disrupting downstream PI3K-Akt signaling.

Concurrently, free fatty acids (FFAs) and lipotoxic intermediates derived from adipose

tissue induce macrophage infiltration and M1 polarization, perpetuating a self-reinforcing

cycle of lipotoxicity—inflammation—insulin resistance.

Propolis, as a multi-target nutripharmacological agent, intervenes through four integrated

mechanisms - anti-inflammation, antioxidation, lipid modulation, and energy metabolism

reprogramming - forming a systemic defense network across the liver, skeletal muscle,



adipose tissue, and intestine, to restore insulin signaling and metabolic homeostasis at

multiple levels.

4.1) NF-xB and JNK-Mediated Inflammatory Interference with Insulin Signaling

Propolis directly interrupts inflammation-induced insulin signaling blockade via its key

bioactive compounds:

® CAPE mechanism: Inhibits IKKB phosphorylation, prevents IkBa degradation, and

suppresses NF-kB nuclear translocation, resulting in downregulation of TNF-a, IL-1p3,

and IL-6 gene expression.

® Chrysin and pinocembrin synergy: Suppress JNK activation and prevent IRS-1

Ser307 phosphorylation, thereby restoring PI3K-Akt-GLUT4 signaling integrity.

® Systemic anti-inflammatory outcome: In insulin-resistant models, propolis reduces

TNF-a levels by ~45%, restores IRS-1 phosphorylation by 60-70%, and lowers the

HOMA-IR index by approximately 35%.

Through this mechanism, propolis acts as an inflammatory signal disinhibitor, effectively

breaking the negative control of cytokine signaling over the insulin receptor pathway.

4.2) Activation of the SIRT1-AMPK Energy Metabolism Axis

Propolis re-establishes metabolic energy balance and insulin sensitivity via activation of

the SIRT1-AMPK-PGC-1a axis:



® SIRT1 activation: Enhances the NAD*/NADH ratio, deacetylates PGC-1a and LKB1,

and promotes fatty acid oxidation and mitochondrial biogenesis.

® AMPK phosphorylation: Inhibits lipogenic enzymes (ACC, SREBP-1c), stimulates £3-

oxidation, facilitates GLUT4 translocation and muscle glucose uptake, and

suppresses hepatic gluconeogenesis to stabilize glycemia.

® Metabolic outcome: After six weeks of propolis intervention, fasting glucose levels

drop by ~25%, hepatic lipid droplet area decreases by ~40%), and mitochondrial ATP

content increases by ~35%.

Thus, propolis functions as a metabolic re-equilibration modulator, restoring insulin

sensitivity through energy sensing recalibration and lipid metabolism optimization.

4.3) Regulation of Adipose Immune Ecology and Adipokine Secretion

Adipose tissue functions not only as an energy reservoir but also as an immunometabolic

organ. In obesity, adipose tissue macrophages (ATMs) shift from the anti-inflammatory

M2 phenotype to the proinflammatory M1 phenotype, secreting IL-1B, MCP-1, and TNF-

a, which interfere with insulin signaling. Propolis restores adipose immune balance

through:

® Inhibition of M1 polarization: Downregulates INOS, CD86, and TNF-a expression.

® Promotion of M2 polarization: Upregulates Arg1, CD206, and IL-10 expression.

® Adipokine normalization: Increases adiponectin while reducing leptin and resistin.



® Lipid metabolism regulation: Activates PPARYy, improving lipid droplet stability and

lipolytic balance.

This immune-metabolic remodeling reduces adipose inflammatory load, restores insulin

signaling fidelity, and enhances glucose uptake in hepatic and muscular tissues.

4.4) Improvement of Gut Barrier Integrity and Prevention of Metabolic Endotoxemia

Increased intestinal permeability is a key upstream driver of metabolic inflammation.

Propolis restores barrier integrity and microbial balance to halt systemic inflammatory

propagation:

® Upregulation of ZO-1 and Occludin: Rebuilds tight junction architecture.

® Inhibition of TLR4-NF-kB signaling: Reduces LPS-induced systemic inflammation.

® Promotion of beneficial microbiota: Enriches Lactobacillus and Bifidobacterium

populations.

® Reduction of circulating LPS and IL-6: Attenuates “metabolic endotoxemia” and

downstream inflammatory cascades.

Thus, propolis acts as a barrier-protective modulator that disrupts the chain of “gut-

derived inflammation—insulin signaling interference,” extending its anti-inflammatory

defense from the intestinal to the systemic level.

4.5) Systemic Synergy with Folic Acid, Garlic Extract, and Onion Extract



Propolis synergizes with three key nutritional cofactors to form an integrated anti-

inflammatory-lipid-modulatory—metabolic tri-axis network:

® Folic acid: Contributes methyl donors for DNA methylation repair and lipid-regulatory
gene modulation (PPARy, SREBP-1¢).

® Garlic extract: Sulfur compounds activate Nrf2 and AMPK, enhancing both energy
metabolism and anti-inflammatory capacity.

® Onion extract: Quercetin inhibits NF-kB and enhances BDNF-CREB signaling,
improving metabolic and neuro-metabolic coupling.

® Propolis core: Integrates polyphenolic signaling to stabilize the Nrf2-SIRT1-AMPK

network for systemic metabolic restoration.

Together, these compounds establish a cross-system nutritional network linking the liver,
adipose tissue, muscle, gut, and nervous system into an energetically and

immunologically coherent homeostatic framework.

4.6) Summary:

The Inflammation-Oxidation—-Insulin Signaling Tri-Axis Mode/

The mechanisms of propolis in insulin resistance and metabolic syndrome can be

summarized as a tri-axis model:

® Inflammatory Axis: Inhibits NF-kB and JNK, removing inflammatory suppression of

insulin receptor signaling.



® Oxidative Axis: Activates the Nrf2-HO-1-GSH system to eliminate ROS and lipid
peroxidation products.
® Signaling Axis: Reactivates the SIRT1-AMPK-PGC-1a network to restore energy

metabolism and insulin sensitivity.

Through this integrated tri-axis defense, propolis achieves a metabolic transition from
inflammation suppression to energy reconstruction, functioning as a systemic
nutripharmacological modulator for the prevention and management of metabolic

syndrome.

5) Anti-Inflammatory and Anti-Apoptotic Mechanisms of Propolis in Liver Fibrosis and

Hepatocellular Regeneration

Liver fibrosis is the common pathological outcome of various chronic hepatic injuries
(e.g., NAFLD, ALD, DILI, viral hepatitis) under persistent inflammatory stimulation,
characterized by aberrant extracellular matrix (ECM) deposition and activation of hepatic
stellate cells (HSCs). When inflammatory signals (predominantly TGF-B1, TNF-a, IL-1B)
persist, quiescent HSCs convert into myofibroblast-like, secretory cells that synthesize
large amounts of collagen (Collagen I/lll) and a-SMA, forming scar tissue.

Concurrently, anti-fibrotic and reparative factors (e.g., MMP-9, HGF) are downregulated,
hindering ECM degradation, distorting lobular architecture, and ultimately leading to
cirrhosis, portal hypertension, and hepatic failure.

Owing to its polyphenolic constituents, propolis exerts combined “anti-inflammatory,



antioxidant, anti-apoptotic, and pro-regenerative” effects, thereby providing dual benefits

of signal interception and tissue reconstruction during the formation and reversal of liver

fibrosis.

5.1) Inhibition of the TGF-B1/SMAD3 Signaling Pathway

The TGF-1/SMAD3 axis is a key driver of hepatic fibrogenesis. Propolis interferes with

both upstream activation and downstream transcriptional effects through multiple

mechanisms:

® Suppressing TGF-B1 expression and receptor engagement: CAPE and chrysin

markedly downregulate TGF-B1 and TBRI mRNA, blocking ligand-receptor

interactions.

® Modulating SMAD3 phosphorylation and nuclear translocation: by upregulating

SIRT1 and AMPK activity, propolis promotes SMAD3 deacetylation and inactivation;

simultaneously, it increases SMAD7 expression to establish negative feedback

control.

® Reprogramming downstream gene expression: it reduces transcription of a-SMA,

COL1A1, and COL3A1, while rebalancing MMP-9 and TIMP-1 to facilitate ECM

degradation.

Together, these actions attenuate profibrotic TGF-31 signaling, prevent sustained HSC

activation, and curb excessive ECM deposition.



5.2) Suppression of HSC Activation and ROS-Driven Signaling

In chronic inflammation, ROS serve as pivotal signals for HSC activation. Propolis blocks

this process via antioxidant and mitochondrial homeostatic regulation:

® Activating the Nrf2-HO-1 antioxidant system to lower hepatic ROS and MDA levels.
® |nhibiting NADPH oxidase (NOX1/4) activity to reduce ROS generation at its source.
® Suppressing PDGFRB/ERK1/2 signaling to limit HSC proliferation and migration.

® Inducing HSC apoptosis and de-activation through increases in the Bax/Bcl-2 ratio

and Caspase-9.

Experimental evidence shows that propolis reduces a-SMA expression by ~60% and
nearly halves collagen deposition area in CCls-induced fibrosis models, indicating robust

inhibition of HSC activation.

5.3) Regulation of ECM Degradation and Matrix Remodeling

Beyond limiting ECM synthesis, propolis promotes its breakdown and structural

remodeling:

® Upregulating MMP-9 and MMP-2 to accelerate collagen fibril hydrolysis.
® |owering TIMP-1 and LOX to impede matrix crosslinking and ECM stiffening.
® Restoring liver sinusoidal endothelial cell function to improve perfusion and oxygen

delivery.



Additionally, propolis shifts hepatic macrophages from a profibrotic phenotype toward a

reparative one, elevating IL-10 and HGF secretion to enhance dynamic balance in tissue

remodeling.

5.4) Activation of the HGF-ERK Pathway and Hepatocellular Regeneration

Impaired regenerative capacity is a major barrier to fibrosis reversal. Propolis promotes

hepatocyte renewal and tissue repair by activating regenerative signaling pathways:

® Engaging the HGF/c-Met pathway to enhance DNA synthesis and cell-cycle

progression, thereby driving hepatocyte proliferation.

® Activating ERK1/2 and PI3K/Akt to suppress apoptosis while increasing cell survival

and antioxidant capacity.

® Stimulating hepatic progenitor/stem cell activation, increasing CK19- and EpCAM-

positive cell populations to support parenchymal regeneration.

Studies indicate that in certain fibrosis models, propolis achieves partial recovery of

hepatic structure and function within six weeks, evidencing a genuine “pro-regenerative”

effect.

5.5)  Anti-Apoptotic and Cytoprotective Mechanisms of Propolis

At the cellular level, propolis prevents chronic inflammation-induced hepatocyte

apoptosis and necrosis by:



® Inhibiting the Bax/Caspase-3 pathway and enhancing Bcl-2 expression.

® |Lowering ER stress markers (CHOP, GRP78) to maintain proteostasis.

® Activating SIRT1 and PGC-1a to preserve mitochondrial membrane potential.

® Increasing GSH content and NAD* levels to support reparative metabolism.

Thus, during late inflammatory stages of fibrosis, propolis provides sustained

cytoprotection and a pro-regenerative milieu, embodying its dual “anti-apoptotic—pro-

regenerative” nutripharmacological profile.

5.6) Summary:
A Tri-Axis Closed-Loop Model of Anfi-Fibrosis, Anti-Inflammation, and

Regeneration

The actions of propolis in liver fibrosis can be summarized as a closed-loop model

comprising three axes:

® Anti-fibrosis axis: inhibition of TGF-31/SMAD3 signaling and HSC activation, with

concurrent promotion of ECM degradation.

® Anti-inflammation axis: reduction of NF-kB, IL-1B3, and TNF-a activity to mitigate

chronic inflammatory drive.

® Regeneration axis: activation of HGF-ERK and PI3K/Akt pathways to promote

hepatocyte renewal and functional recovery.



Positive feedback operates among the axes: dampening inflammation lowers fibrotic

burden; alleviating fibrosis creates structural space for regeneration; enhanced

regeneration further suppresses inflammation and ROS.

Through this dynamic equilibrium, propolis supports the physiological reversal of fibrosis,

guiding the transition from fibrotic progression to structural repair.

6) Multi-Axial Metabolic Defense Model of Propolis and Its Synergistic Nutrients

Although propolis possesses intrinsic antioxidant, anti-inflammatory, and detoxifying

properties, its metabolic remodeling potential at the clinical level is markedly amplified

through synergistic interactions with other metabolically active nutrients.

Folic acid, garlic extract, and onion extract respectively represent three key metabolic

mechanisms - methyl donors, sulfur-cycle modulators, and polyphenolic resonators -

which integrate with the polyphenol-flavonoid core of propolis to form a cross-system

coupling.

Together, these four components create a multi-axial defense network encompassing

redox regulation, detoxification, energy homeostasis, and inflammatory resolution,

achieving a coordinated state of metabolic resonance, signaling complementarity, and

systemic feedback.

6.1)  Folic Acid: The Methylation and Epigenetic Regulation Axis



Folic acid acts as a primary methyl donor within one-carbon metabolism, fueling the

“Folate-Vitamin B+>—Methionine (SAM) cycle” that sustains DNA methylation, lipid

metabolism, and hepatic detoxification.

Propolis and folic acid jointly form an integrated Nrf2-SIRT1-SAM regulatory tri-axis:

Propolis activates SIRT1, enhancing methylenetetrahydrofolate reductase (MTHFR)

activity.

® Folic acid replenishes methyl donors, restoring methylation equilibrium in DNA and

PPARa gene expression.

® The combination downregulates SREBP-1c and FASN, thereby suppressing de novo

lipogenesis.

® |t simultaneously strengthens GSH synthesis and methylation-dependent phase Il

detoxification (UGT, GST).

This synergy produces a dual-layered “metabolic and epigenetic restoration” effect,

reinforcing DNA repair and detoxification processes in conditions such as fatty liver and

drug-induced hepatotoxicity.

6.2) Garlic Extract: Sulfur Metabolism and Antioxidant Energy Axis

Garlic extract, rich in sulfur-based bio-actives (allicin, S-allyl cysteine, diallyl disulfide),

directly modulates the oxidative—energetic coupling network. In molecular terms, propolis

and garlic extract act cooperatively through the Nrf2-HO-1-SIRT1-AMPK axis:



® Sulfhydryl reactions from garlic activate Nrf2, promoting HO-1 induction and GSH

synthesis.

® Polyphenols in propolis stabilize Nrf2 and enhance its nuclear translocation.

® Together, they elevate mitochondrial NAD* and ATP levels, stimulating 3-oxidation.

® Concurrently, they lower MDA and ROS accumulation, preventing lipid peroxidation

cascades.

This collaboration functions as a sulfur-driven anti-oxidative coupling, ensuring

synchronized stability of hepatic energy metabolism, redox balance, and detoxification

pathways.

6.3) Onion Extract: Polyphenolic Co-Regulation and the Neuro—Metabolic Interaction

Axis

Onion extract, abundant in quercetin and quercitrin, shares structural similarity with the

polyphenolic matrix of propolis but extends its function toward signal amplification and

cross-system coordination.

Propolis and onion extract jointly engage the Nrf2-BDNF-CREB and NF-kB-PPARYy

signaling networks:

® Quercetin inhibits NF-kB and COX-2, complementing CAPE in suppressing chronic

inflammation.



® Both agents activate Nrf2 and CREB, bridging metabolic and neuroprotective repair
processes.

® They increase BDNF and PGC-1a expression, improving mitochondrial plasticity and
cognitive metabolism.

® At the liver—brain interface, they alleviate metabolic inflammation-related cognitive

decline and circadian disruption.

Through this mechanism, onion extract extends propolis’s antioxidant and anti-
inflammatory benefits from the metabolic domain into the metabolo-neural co-regulation

dimension.

6.4) Propolis Core: Polyphenolic Hub and Signal Integration Center

The polyphenolic backbone of propolis functions as the central processing unit within this

multi-axial system:

® Polyphenolic compounds (CAPE, chrysin, pinocembrin, galangin) provide electron
flow for redox buffering, stabilizing all upstream networks.

® As a Keap1-Cys151 modifier, propolis directly activates Nrf2 and downstream
detoxification genes.

® Through SIRT1 and AMPK, it bridges signaling between folic acid, garlic, and onion
constituents.

® |t maintains dynamic equilibrium among Nrf2, SIRT1, NF-kB, and PPARy nodes.



Thus, propolis serves as a signal-integrative hub, ensuring independent yet synergistic

operation across nutrient axes.

6.5)  Multi-Axial Defense Model: Metabolic Resonance and Systemic Closure

The combined action of propolis, folic acid, garlic extract, and onion extract forms a five-

layer metabolic defense loop within the hepatic and systemic metabolic network:

® Methylation Axis: regulates DNA methylation, detoxification enzyme activation, and

lipid gene expression.

® Sulfur-Antioxidant Axis: drives Nrf2-HO-1 activation and anti-oxidative—energetic

coupling.

® Polyphenol Amplification Axis: suppresses NF-kB while enhancing BDNF-CREB-

mediated neuro-metabolic balance.

® Energy Integration Axis: sustains mitochondrial biogenesis and energy equilibrium.

® Inflammatory Resolution Axis: coordinates inflammatory resolution, cytoprotection,

and tissue regeneration.

These interconnected layers, anchored by the polyphenolic core of propolis, construct a

multi-dimensional network encompassing oxidation, energy, inflammation, detoxification,

and repair - achieving systemic metabolic homeostasis.

6.6) Summary:

The Four-Body Resonance Model of Systemic Nutripharmacology



The integrated actions of propolis and its three synergistic nutrients can be

conceptualized as a four-body resonance model:

® Propolis: the central signaling hub integrating antioxidant, anti-inflammatory, and

metabolic reprogramming functions.

® Folic acid: the methyl donor that restores DNA integrity and regulates gene

expression.

® Garlic extract: the sulfur-driven catalyst enhancing detoxification and energy

metabolism.

® Onion extract: the polyphenolic amplifier extending effects to neuro—metabolic

domains.

Together, they embody the continuum “antioxidation as initiation, detoxification as

defense, metabolic reprogramming as core, and systemic repair as completion.”

This framework defines the signal-level integration mechanism underlying propolis-based

nutritional pharmacology and solidifies its role as a central agent in multi-axial

nutripharmacological regulation.

7) Summary and Mechanistic Integration

The actions of propolis (Propolis) within hepatic and metabolic systems transcend simple

antioxidant or anti-inflammatory effects; instead, they represent a holistic defense



achieved through system-level signal interconnection and metabolic re-equilibration. Its

mechanisms can be summarized across five fundamental axes:

Oxidative—Detox Axis

® Activates the Nrf2-HO-1-GSH system to restore cellular antioxidant reserves.

® Induces phase Il enzymes (GST, UGT, NQO1), strengthening xenobiotic and drug
detoxification.

® Inhibits NADPH oxidase and lipid peroxidation chain reactions, preserving

membrane and mitochondrial integrity.

Energy—Mitochondrial Axis

® Activates the SIRT1-AMPK-PGC-1a network, enhancing p-oxidation and ATP
production.

® Promotes mitochondrial biogenesis and membrane potential stability.

® Regulates lipid metabolism balance, preventing hepatic steatosis and insulin

resistance.

Inflammation-Immune Axis

® Suppresses NF-kB, JNK, and NLRP3 inflammasome signaling.
® Reduces TNF-q, IL-13, and IL-6 levels while increasing IL-10 and TGF-£.

® Rebalances macrophage M1/M2 polarization and Kupffer cell immune homeostasis.



Anti-Fibrotic-Regeneration Axis

® Inhibits TGF-B1/SMAD3 signaling and hepatic stellate cell activation.

® Promotes ECM degradation and restores the MMP-TIMP dynamic balance.

® Activates HGF-ERK-PI3K/Akt pathways, stimulating hepatocyte regeneration and

functional recovery.

Nutrient Synergy Axis

® Works with folic acid to restore DNA methylation and lipid gene regulation.

® Resonates with garlic extract in the Nrf2-SIRT1-AMPK anti-oxidative—energetic

system.

® Cooperates with onion extract to activate Nrf2-BDNF-CREB signaling, achieving

dual metabolic—neurological homeostasis.

Together, these five axes intersect and feedback into one another, forming the core

nutripharmacological intervention network of propolis in liver and metabolic disorders.

7.1)  Five-Axis Feedback Model: From Inflammatory Suppression to Systemic Repair

The multi-axial effects of propolis ultimately form a dynamic and self-regulating feedback

loop:

® |[nitiation (Defense): The Nrf2-HO-1 antioxidant system eliminates ROS, preventing

primary oxidative injury.



® Center (Metabolism): The SIRT1-AMPK axis restores energy and lipid balance,

enhancing cellular viability and metabolic efficiency.

® Hub (Inflammation): NF-kB-NLRP3 suppression re-establishes immune balance and

inflammation resolution.

® Extension (Repair): The HGF-ERK pathway promotes regeneration and structural

reconstruction, restoring tissue function.

® Integration (System): Synergy with folic acid, garlic, and onion extracts provides

multi-layer metabolic and neurological support.

This “Defense—Metabolism—Inflammation—Repair-Synergy” closed loop endows propolis

with the properties of a metabolically oriented system modulator, distinct from single-

function antioxidants or pharmaceuticals.

7.2)  From Molecules to Systems: Multi-Level Mechanistic Pathways

The effects of propolis operate across three hierarchically integrated levels:

® Molecular Level: Polyphenols such as CAPE, chrysin, and pinocembrin directly

modify key regulatory nodes (Keap1, IKKB, SMAD3, PPARY), exerting precise

control over transcription factors and signaling pathways.

® Cellular Level: Enhances mitochondrial function and GSH cycling, stabilizes

endoplasmic reticulum stress, inhibits apoptosis, and coordinates immune—metabolic

coupling among hepatocytes, Kupffer cells, and hepatic stellate cells.



® Systemic Level: Reconstructs energy and inflammatory balance within the liver—-gut—

adipose—-muscle-brain network; improves insulin sensitivity, lipid profile, and redox

homeostasis; and provides nutritional defense throughout the progression from

metabolic syndrome to fibrosis.

This cross-level integration defines propolis as a bridge-type nutripharmacological agent

linking cellular metabolism, physiological stability, and clinical recovery.

7.3) Functional Positioning in Chronic Metabolic Disorders

Based on molecular and preclinical evidence, propolis shows consistent intervention

potential across the following disease spectrum:

® Non-alcoholic fatty liver disease (NAFLD): Reduces lipid accumulation and oxidative

injury.

® Alcoholic liver disease (ALD): Mitigates ROS and inflammatory reactions from

ethanol metabolism.

® Drug-induced liver injury (DILI): Enhances detoxification enzymes and antioxidant

systems against reactive metabolites.

® Liver fibrosis and early cirrhosis: Inhibits HSC activation and promotes hepatocyte

regeneration.

® Metabolic syndrome and insulin resistance: Restores energy metabolism and

systemic inflammation balance.



Thus, propolis spans the entire continuum - from metabolic precursors to structural

hepatic injury - anchored in a central logic of systemic metabolic restoration.

7.4)  Conclusion: The Systemic Nutripharmacological Model of Propolis

In summary, propolis’s mechanisms in hepatic and metabolic disorders constitute a

Systemic Nutripharmacological Model characterized by:

® Biochemical foundation: Its polyphenol-flavonoid complex enables multi-target

electron transfer and signal modulation.

® Network architecture: A cyclic feedback among Nrf2, SIRT1, NF-kB, AMPK, and

TGF-B pathways.

® Systemic integration: Hierarchical unification across oxidative, inflammatory,

energetic, detoxifying, and regenerative axes.

® Clinical positioning: Applicable to metabolic syndrome, fatty liver, drug-induced

injury, and pre-fibrotic states.

The nutripharmacological value of propolis lies not in the intensity of a single mechanism

but in its signaling resonance and metabolic complementarity, constructing a self-

restorative physiological defense system.

This paradigm represents a scientific transition from “anti-oxidative nutrition” to “systemic

metabolic intervention,” defining propolis as a multi-axial natural modulator of metabolic

defense in modern nutritional medicine.



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v’ Bhadauria, M., Nirala, S. K., & Shukla, S. (2008). Propolis protects hepatic tissue from

acetaminophen-induced oxidative stress and apopfosis. Toxicology, 246(2-3), 109-118.

- Demonstrated that propolis elevates GSH and SOD while suppressing lipid peroxidation, thereby

attenuating acetaminophen-induced liver injury.

v Silva, R. P. D., Machado, B. A. S., Barreto, G. D. A., Costa, S. S., Andrade, L. N., Amaral, R. G.

D., & Umsza-Guez, M. A. (2017). Chemical composition, biological activifies and pofential

therapeutic uses of propolis: A review. Brazilian Journal of Microbiology, 48(4), 923-931.

- A comprehensive review of propolis constituents and its antioxidant, anti-inflammatory, and

antimicrobial properties, providing a basis for hepatoprotective mechanisms.

v’ Bhadra, S., Kumar, N., Banerjee, S., & Das, A. (2021). Caffeic acid phenethyl ester ameliorates

hepatic fibrosis via inhibifion of TGF-B/SMAD and activation of Nrf2 pathways. Biochimica et

Biophysica Acta (BBA) - Molecular Basis of Disease, 1867(11), 166259.

- Shows that CAPE suppresses TGF-/SMAD signaling and activates Nrf2, elucidating an anti-

fibrotic mechanism relevant to propolis.

v Al M. A., & Kunugi, H. (2021). Propolis, bee honey, and their components protect against

coronavirus disease 2019 (COVID-19). Antioxidant, anti-inflammatory, and immune-modulatory

effects. Frontiers in Pharmacology, 11, 615889.

- Reviews systemic antioxidant, anti-inflammatory, and immunomodulatory effects of propolis

linked fo metabolic defense.

v’ Zhao, L., Chen, J., Su, J., & Li, L. (2020). Chrysin attenuates non-alcoholic fatty liver disease by

regulating SIRT1/AMPK and Nrf2 pathways. Phyfomedicine, 69, 153209.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



Nutritional Pharmacology of Propolis: Multi-Axis Mechanisms in Antioxidant, Anti-Inflammatory, and
Immune-Regulatory Pathways - Dietary Modulation and Therapeutic Applications in Cardiovascular,

Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

- Indicates that the propolis flavonoid chrysin improves NAFLD and insulin resistance via SIRT1-

AMPK and Nrf2 activation.

v’ Omar, H. R., Komarova, 1., & EI-Ghonemi, M. (2012). Protective effects of caffeic acid phenethy!

ester on carbon tetrachloride-induced hepatic fibrosis. Experimental and Toxicologic Pathology,

64(6), 541-546.

- Animal evidence that CAPE suppresses CCls-induced hepatic fibrosis and hepatic stellate cell

activation.

v’ Zhang, Y., Liu, X, Zhang, L., & Li, J. (2020). Antioxidant and hepatoprotective effects of

pinocembrin in high-fat diet-induced nonalcoholic fatty liver disease. Journal of Functional Foods,

65, 103734.

- Shows that pinocembrin from propolis alleviates oxidative stress and lipid dysregulation in NAFLD

models.

v’ Sharma, P., & Singh, R. (2021). Folic acid supplementation restores hepatic one-carbon

metabolism and epigenetic regulation in NAFLD rats. Nutritional Biochemistry, 89, 108581.

- Demonstrates folic acid restoration of hepatic one-carbon metabolism and epigenetic confrol,

supporting propolis—folate synergy.

v Shen, Y., Wang, S., Li, Y., & Zhang, W. (2022). Synergistic effects of propolis and folic acid on

hepatic oxidative stress and lipid metabolism in NAFLD. Nutrients, 14(5), 1003.

- Animal study showing combined propolis and folic acid reduce oxidative stress and correct ljpid

metabolism in NAFLD, confirming metabolic resonance.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996
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Metabolic, Immune, Infectious, Neurodegenerative, Hepatic, and Gastrointestinal Disorders

v' Almatroodi, S. A., Almatroudi, A., Khan, A. A., & Rahmani, A. H. (2020). Garlic and its bioactive

compounds: Role in prevention and treatment of metabolic syndrome. Frontiers in Nutrition, 7, 146.

- Reviews sulfur-containing compounds in garilic that exert anti-inflammatory, lipid-lowering, and

AMPK-activating actions supporting propolis—garlic synergy.

v’ Rahman, M. M., Gan, S. H., & Khalil, M. I. (2017). Onion: New insights on its flavonoid content and

biological activities. Food Research International, 99(1), 290-301.

- Reviews quercetin-rich onion extracts with anti-inflammatory and neuro-metabolic effects

supporting cross-axis synergy with propolis.

v’ Fang, X, Hu, H., Chen, J., & Zhou, S. (2023). Multi-target nutripharmacological modulation by

propolis and polyphenols.: From redox balance to metabolic reprogramming. Frontiers in Nuftrition,

70, 1198452.

- Proposes a systems pharmacology framework for propolis polyphenols linking redox balance fo

metabolic reprogramming.

v’ Mahmoud, A. M., Abd EI-Twab, S. M., & Abdel-Reheim, E. S. (2019). Propolis and quercetin

synergistically protect against strepfozotocin-induced insulin resistance via modulation of AMPK

and Nrf2. Biomedicine & Pharmacotherapy, 112, 108674.

- Demonstrates that propolis plus quercetin co-activate AMPK-NIrf2, improving insulin signaling

and metabolic stress.

v’ El-Haskoury, R., Kriaa, W., Lyoussi, B., & Makni, M. (2021). Propolis and its bioactive components

in the treatment of metabolic disorders: An update. Journal of Food Biochemistry, 45(4), e13697.

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



VIII Propolis in Oral and Skin Disorders: Anti-Inflammatory, Reparative, and
Regenerative Mechanisms
Focusing on its multi-axis nutripharmacological inferventions in gingivitis, oral ulcers,

eczema, and wound healing

Oral and Skin Systems: Shared Barrier Networks and Inflammatory Models

The oral mucosa and skin epithelium form the body’s foremost defense line, responsible
for multiple biological functions including barrier protection, antimicrobial defense, tissue
repair, and immune surveillance.

Despite differences in tissue structure, oral inflammatory conditions (such as gingivitis
and oral ulcers) and skin diseases (such as eczema and chronic wounds) share a
common pathophysiological foundation - epithelial barrier disruption, microbial invasion,
and inflammatory amplification.

During this process, oxidative stress (ROS accumulation), persistent NF-kB activation,



and imbalance between collagen degradation and regeneration constitute the key

mechanistic links. Prolonged imbalance results in epithelial apoptosis, thinning of the

stratum corneum, microvascular leakage, and the development of chronic inflammation

or non-healing lesions.

Therefore, the restoration of epithelial antioxidant defense, inflammation control, and

promotion of tissue regeneration are central to the management of both oral and skin

disorders.

Propolis as a Multi-target Nutripharmacological Modulator in Epithelial Repair

Propolis is rich in flavonoids (such as CAPE, chrysin, galangin, and pinocembrin) and

phenolic acids (such as caffeic acid and ferulic acid), showing potent antimicrobial, anti-

inflammatory, antioxidant, and reparative activities.

Recent studies have revealed that propolis restores oral and skin barrier homeostasis

through three major mechanisms:

® Inhibition of microbial biofilm formation: CAPE and pinocembrin interfere with the

adhesion and EPS synthesis of Staphylococcus and Streptococcus species,

reducing biofilm stability and antibiotic resistance.

® Activation of keratinocytes and fibroblasts: Propolis enhances keratinocyte

proliferation and migration by activating ERK1/2 and PI3K/Akt pathways, thereby

improving epithelial regeneration capacity.



® Enhancement of antioxidant defense and collagen remodeling: By activating the

Nrf2-HO-1 and SOD/GSH systems, propolis clears ROS, while simultaneously

upregulating TGF--Smad2/3 and HIF-1a signaling to accelerate collagen deposition

and angiogenesis.

Together, these effects constitute the “defense-repair-regeneration tri-axis system”

fundamental to the role of propolis in epithelial restoration.

Dual Anti-Inflammatory and Antimicrobial Defense Mechanisms of Propolis

Propolis exhibits a unique bidirectional regulation in inflammatory control:

® Anti-inflammatory aspect: CAPE suppresses IkBa phosphorylation and NF-kB

nuclear translocation, downregulating IL-13, TNF-a, COX-2, and iNOS expression,

while simultaneously increasing IL-10 and TGF-B levels to promote inflammation

resolution.

® Antimicrobial aspect: Propolis inhibits common pathogens such as Porphyromonas

gingivalis and Staphylococcus aureus, disrupts bacterial membrane structures, and

suppresses biofilm matrix formation, thereby reducing microbial adhesion and

quorum-sensing activity.

This “antimicrobial-anti-inflammatory synergy” enables propolis not only to block infection

spread but also to prevent secondary inflammatory development.



Clinical and Experimental Advances

Clinical and preclinical evidence collectively demonstrates the therapeutic value of

propolis across oral and dermatological disorders:

® Gingivitis and oral ulcers: Topical application of propolis gel significantly reduces

swelling, pain, and ulcer area, while promoting epithelial healing and shortening

recovery time.

® Eczema and dermatitis: Propolis cream alleviates itching, dryness, and exudation,

downregulates TNF-a and IL-6 in skin tissue, and improves barrier integrity.

® \Wound healing: Animal studies show that propolis enhances collagen I/1ll deposition,

angiogenesis, and granulation tissue formation, with remarkable efficacy even in

diabetic wound-healing models.

These findings collectively support the capacity of propolis to promote tissue

regeneration and modulate local immune balance, driven by the integrated regulation of

anti-inflammatory, antimicrobial, and antioxidant pathways.

Chapter Structure and Research Objectives

This chapter will systematically examine the molecular mechanisms, cellular responses,

and tissue repair pathways of propolis in oral and skin disorders, integrating

contemporary nutripharmacological evidence to delineate its multi-axis regulatory

framework. The discussion will be organized into five sections:



® Propolis in gingivitis: dual antimicrobial-anti-inflammatory mechanisms.

® Propolis in oral ulcers: promotion of epithelial repair and regeneration.

® Propolis in eczema and dermatitis: barrier modulation and inflammatory regulation.
® Propolis in wound healing: multi-pathway mechanisms for tissue regeneration.

® Cross-barrier synergistic repair: integration with folic acid, garlic extract, and onion

extract.

Through these sections, the chapter aims to define propolis as a central
nutripharmacological modulator within the “oral-skin-barrier system”—not merely as an
antimicrobial agent, but as a physiological integrator that harmonizes defense and repair

signaling.

1) Antimicrobial and Anti-Inflammatory Mechanisms of Propolis in Gingivitis

Gingivitis is a chronic inflammatory disease of the gingival tissue, triggered by prolonged
stimulation from bacterial biofilms. It is characterized by gingival swelling, bleeding, pain,
and edema. In its early stages, gingivitis is dominated by pathogenic microbial
communities - particularly Porphyromonas gingivalis, Prevotella intermedia, and

Streptococcus mutans.

These anaerobic bacteria form a stable biofilm at the gingival margin and release

lipopolysaccharides (LPS) that activate the TLR4-NF-kB pathway in gingival epithelial



cells, leading to persistent secretion of pro-inflammatory cytokines (TNF-a, IL-1f3, IL-6)

and immune cell infiltration.

If inflammation fails to resolve, tissue degradation and periodontal destruction ensue,

which are also associated with systemic inflammatory disorders such as cardiovascular

disease and diabetes.

Therefore, the three key therapeutic targets in gingivitis are: inhibition of biofilm

formation, suppression of inflammatory signaling, and promotion of tissue repair.

Propolis, owing to its natural polyphenolic antimicrobial composition, anti-inflammatory

signaling modulation, and reparative bioactivity, is regarded as a promising dual local-

systemic nutripharmacological intervention agent.

1.1)  Antimicrobial Action: Disruption of Biofilm Formation and Bacterial Metabolic

Pathways

The antimicrobial activity of propolis derives from its rich polyphenolic profile - particularly

CAPE, pinocembrin, galangin, and chrysin - which destabilize bacterial ecosystems at

both the structural and metabolic levels.

Inhibition of bacterial adhesion and biofilm matrix formation

® CAPE and pinocembrin suppress the expression of flagellin and surface adhesion

proteins in P. gingivalis.



® They reduce extracellular polysaccharide (EPS) production, preventing the formation

of dense protective biofilm layers.

® They disrupt the early colonization of Streptococcus and Actinomyces, reducing

biofilm stability and resistance.

Interference with bacterial energy metabolism and quorum sensing

® Propolis downregulates luxS and lasl/R gene expression, blocking Al-2 signaling and

thereby suppressing virulence gene expression dependent on quorum sensing.

® [t inhibits key metabolic enzymes (ATPase, dehydrogenase), reducing bacterial

proliferation and acidogenic capacity.

Direct disruption of bacterial membrane structure and ion homeostasis

® CAPE inserts into the bacterial lipid bilayer, increasing membrane permeability and

inducing potassium ion leakage.

® (Galangin and chrysin chelate metal ions within membrane proteins, disrupting

electron transport in the respiratory chain and collapsing bacterial energy

metabolism.

Experimental data show that propolis extract exhibits minimum inhibitory concentrations

(MICs) of 64-128 pg/mL against P. gingivalis and S. mutans, demonstrating strong

antibacterial potency with lower cytotoxicity compared to conventional oral antiseptics

such as chlorhexidine.



1.2)  Anti-Inflammatory Mechanisms: Inhibition of TLR4-NF-kB and NLRP3 Pathways

The inflammatory cascade in gingivitis is primarily driven by LPS-TLR4-mediated NF-kB

activation. Propolis modulates this process at multiple signaling levels to restore local

immune balance.

Inhibition of TLR4 activation and downstream signaling

® CAPE prevents the formation of the MyD88-TRAF6 complex, thereby blocking IkBa

phosphorylation and NF-kB p65 nuclear translocation.

® |t downregulates the expression of COX-2, iNOS, TNF-a, IL-18, and IL-6, disrupting

the inflammatory amplification loop.

Suppression of NLRP3 inflammasome activation

® Propolis reduces ROS accumulation and calcium influx, inhibiting NLRP3 and ASC
oligomerization.

® |t decreases caspase-1 activity, preventing IL-18 maturation and secretion.

Promotion of inflammation resolution and tissue homeostasis

® Propolis upregulates anti-inflammatory mediators IL-10 and TGF-(.

® |t activates PPARy and STAT6 pathways, promoting macrophage polarization from

the pro-inflammatory M1 to the reparative M2 phenotype.

® |treduces excessive MMP-9 activity, preventing accelerated collagen degradation.



In experimental gingivitis models, propolis treatment lowered TNF-a and IL-1( levels by

approximately 60%, while histological analysis revealed reduced gingival edema and

inflammatory infiltration.

1.3) Epithelial and Connective Tissue Repair: ERK-TGF-B—Collagen Pathways

Beyond antimicrobial and anti-inflammatory actions, propolis enhances epithelial and

connective tissue regeneration:

® ERK-PI3K/Akt signaling: promotes keratinocyte and fibroblast proliferation and

migration.

® TGF-B-Smad signaling: stimulates collagen | and Il synthesis, accelerating

extracellular matrix reconstruction.

® VEGF upregulation: promotes angiogenesis and tissue perfusion.

® Nrf2-HO-1 activation: mitigates oxidative stress and protects the microenvironment

of epithelial stem cells.

In vitro, propolis increased human gingival fibroblast (HGF-1) proliferation by ~40%,

doubled migration rates, and significantly upregulated COL1A1 and VEGF expression.

1.4) Clinical Evidence and Practical Implications

Randomized clinical trials have confirmed the efficacy of propolis in gingivitis

management:



® Topical application of propolis gel (1-2% CAPE content) for two weeks reduced the

Gingival Bleeding Index (GBI) by 45% and the Plaque Index (PI) by 35%, with

marked improvement in clinical inflammation scores.

® Daily use of propolis mouthwash significantly reduced P. gingivalis counts and

calculus formation.

® Compared to chlorhexidine, propolis formulations exert milder effects on oral

microbiota equilibrium and do not cause taste alteration or mucosal irritation.

These findings establish propolis as a natural antimicrobial and anti-inflammatory agent

capable of modulating gingival micro-ecology and promoting structural repair through

nutripharmacological pathways.

1.5) Summary:

The “Triple-Axis Intervention Model” of Propolis in Gingivitis

The mechanistic framework of propolis in gingivitis can be summarized as a “three-axis

intervention model” - antimicrobial, anti-inflammatory, and reparative:

® Antimicrobial axis: inhibition of biofilm formation and bacterial metabolic signaling.

® Anti-inflammatory axis: blockade of TLR4-NF-kB and NLRP3 cascades.

® Reparative axis: activation of ERK-TGF-B-Nrf2 pathways, promoting collagen

synthesis and tissue regeneration.



These three axes are dynamically interconnected - antimicrobial effects reduce

inflammatory triggers; inflammation control restores reparative capacity; and tissue

regeneration reinforces local defense.

Thus, propolis embodies a systemic “inhibition-resolution-regeneration” defense logic,

representing a paradigmatic model of natural nutripharmacological intervention in gingival

inflammation.

2) Mechanisms of Propolis in Oral Ulcer Healing and Epithelial Regeneration

Recurrent Aphthous Ulcer (RAU) is a chronic relapsing inflammatory condition

characterized by mucosal necrosis, inflammatory infiltration, and pain.

Its multifactorial pathogenesis involves local trauma, immune dysregulation, oxidative

stress, and impaired neuro-regulation. Once ulcers form, the epithelial barrier is

disrupted, exposing the basement membrane to persistent stimulation from bacteria, free

radicals, and inflammatory mediators - leading to delayed healing.

Conventional therapies primarily target inflammation and pain, but offer limited support

for epithelial regeneration or metabolic recovery.

Propolis, with its combined anti-inflammatory, antimicrobial, antioxidant, and reparative

activities, serves as a natural nutripharmacological agent capable of promoting mucosal

regeneration through multi-axis coordination.



2.1) Anti-Inflammatory and Antioxidant Regulation: Inhibition of the TNF-a—-NF-kB-

COX-2 Cascade

The anti-inflammatory efficacy of propolis in oral ulcer models is rooted in its precise
control over inflammatory signaling cascades. CAPE acts as an IKK@ inhibitor, preventing
IkBa phosphorylation and NF-kB p65 nuclear translocation, thereby downregulating TNF-
a, IL-1B, and COX-2 expression to alleviate mucosal inflammation.

Chrysin and galangin further inhibit MAPK members (p38 and JNK), blocking upstream

inflammatory amplification.

Concurrently, propolis activates the Nrf2-HO-1 axis, elevates intracellular GSH and SOD,
and markedly reduces MDA accumulation, protecting epithelial stem cells from oxidative

damage.

In animal ulcer models, propolis reduced mucosal TNF-a levels by approximately 55%
and ROS content by nearly 50%, confirming its integrated anti-inflammatory and

antioxidant synergy.

2.2) Epithelial Regeneration and Migration: Activation of ERK-PI3K-TGF-B Signaling

Propolis exerts dual “migration-promoting and differentiation-enhancing” effects during

mucosal repair.



® CAPE and pinocembrin activate ERK1/2 and PI3K/Akt signaling, stimulating
keratinocyte proliferation and migration.

® TGF-31 upregulation and Smad2/3 phosphorylation induce collagen l/lll and
fibronectin synthesis, accelerating basement membrane reconstruction.

® Propolis also enhances VEGF and FGF-2 secretion, facilitating angiogenesis and

oxygen delivery to regenerating tissue.

In vitro, propolis extract nearly doubled human oral epithelial cell migration rates and
increased COL1A1 and VEGF expression by ~60% and 45%, respectively—

demonstrating a clear pro-regenerative effect at the cellular level.

2.3) Antimicrobial and Wound Defense: Inhibition of Pathogen Colonization and

Biofilm Formation

The ulcerated oral mucosa is highly susceptible to secondary infection by pathogens
such as Streptococcus mutans, Fusobacterium nucleatum, and Candida albicans.
Polyphenols in propolis effectively suppress colonization and biofilm formation by these
microbes. CAPE and pinocembrin disrupt bacterial adhesins and EPS production,
destabilizing microbial biofilms; they also block Al-2-mediated quorum sensing.
Against Candida albicans, propolis inhibits hyphal transition, reducing invasiveness and

drug resistance.



Clinical studies indicate that topical propolis gel significantly decreases infection rates

and shortens healing time by roughly 30% within 7—10 days, confirming its dual

antimicrobial and tissue-protective roles.

2.4) Analgesic and Neuro-Anti-Inflammatory Effects: Dual Modulation of TRPV1 and

COX-2

Propolis exhibits notable neuro-nutritional activity in reducing ulcer-related pain.

® CAPE suppresses hyperactivation of the TRPV1 channel, lowering peripheral nerve

sensitivity to protons and thermal stimuli.

® [t attenuates the COX-2-PGE: pathway, reducing inflammatory nociceptive

transmission.

® Activation of Nrf2 and SIRT1 inhibits glial cell-mediated neuro-inflammatory

amplification.

In oral ulcer models, propolis treatment raised the pain-response threshold by

approximately 40%, indicating strong analgesic and neuroprotective potential.

2.5) Clinical Validation and Practical Applications

Randomized controlled trials demonstrate that topical propolis accelerates oral ulcer

healing and relieves pain.



Twice-daily application of CAPE-containing propolis gel (1.5%) shortened mean healing

time by ~3 days and reduced visual analogue pain scores (VAS) by more than 50%.

Histological analyses revealed complete epithelial regeneration, decreased inflammatory

cell infiltration, and pronounced angiogenesis and collagen deposition.

Compared with conventional topical corticosteroids, propolis showed better tolerability

and long-term safety without increasing recurrence risk.

2.6) Summary:

The “Triple-Ring Infegrative Model” of Propolis in Oral Ulcer Repair

The mechanism of propolis in oral ulcer healing can be summarized as a “three-ring

integrative model” encompassing inflammation suppression, epithelial reconstruction,

and neural regulation:

® Inflammatory control ring: Inhibition of TNF-a—NF-kB and NLRP3 signaling reduces

oxidative stress and cytokine overload.

® Regenerative ring: Activation of ERK-TGF-B-PI3K/Akt pathways promotes

keratinocyte proliferation, migration, and basement membrane rebuilding.

® Neural modulation ring: Regulation of TRPV1 and COX-2 pathways alleviates pain

and supports neuro-inflammatory recovery.

These three rings operate in a closed feedback loop: inflammation suppression creates a

favorable regenerative environment; epithelial repair reduces recurrent inflammation; and



neuro-analgesic effects improve local metabolism and perfusion.

Collectively, propolis functions as a systemic nutripharmacological modulator integrating

anti-inflammatory, antimicrobial, reparative, and analgesic actions in the management of

recurrent oral ulcers.

3) Barrier-Regulating Mechanisms of Propolis in Eczema and Cutaneous Inflammation

Eczema and other chronic inflammatory dermatoses (such as atopic and seborrheic

dermatitis) share three core pathological hallmarks: disruption of the stratum corneum,

impairment of the lipid barrier, and excessive immune activation.

In the early phase, keratinocytes respond to environmental triggers (allergens, microbes,

oxidative stress) by releasing IL-1B3, TNF-a, and IL-6, which activate dermal immune cells

- particularly Th2 lymphocytes and mast cells.

These cells, in turn, secrete histamine, IL-4, IL-13, and reactive oxygen species (ROS),

aggravating barrier dysfunction and reducing the expression of key structural proteins

such as filaggrin and loricrin.

This forms a vicious cycle of inflammation-barrier breakdown-re-inflammation.

Effective intervention thus requires simultaneous suppression of inflammation,

enhancement of antioxidant defense, restoration of keratin structure, and normalization of

immune resolution.



Propolis (rich in CAPE, chrysin, pinocembrin, and galangin) meets all these

requirements, exhibiting system-level regulatory activity across multiple axes in

inflammatory skin diseases.

3.1)  Anti-Inflammatory Axis: Inhibition of NF-kB, STAT6, and MAPK Signaling

Pathways

Propolis suppresses inflammatory overactivation at the transcriptional level through three

complementary pathways:

® NF-kB pathway inhibition: CAPE covalently inhibits IKK(3, preventing IkBa

degradation and p65 nuclear translocation, thereby downregulating TNF-a, IL-18, IL-

6, and COX-2, and halting the pro-inflammatory transcription program in

keratinocytes.

® STAT6/Th2 pathway modulation: Through SIRT1 activation, propolis deacetylates

and inactivates STAT6, reducing IL-4/IL-13-mediated Th2 polarization, IgE

synthesis, and mast cell degranulation.

® MAPK pathway regulation: Chrysin and pinocembrin attenuate phosphorylation of

p38 and ERK1/2, limiting cytokine amplification and excessive MMP release.

Topical application studies report that propolis reduces cutaneous TNF-a and IL-6 levels

by ~60%, weakens COX-2 expression, and decreases erythema and edema areas by

more than 50%.



3.2) Antioxidant Defense and Cytoprotection: Reactivation of the Nrf2-HO-1-GSH

Axis

Oxidative stress plays a pivotal role in maintaining chronic eczema.

Propolis restores redox balance via activation of the Nrf2-dependent antioxidant system:

® Nrf2 activation: CAPE modifies Keap1-Cys151, releasing Nrf2 to translocate into the

nucleus and induce HO-1, NQO1, and GST expression.

® Glutathione cycling: Upregulation of y-GCS and GSH-Px enhances glutathione

synthesis and ROS scavenging capacity.

® Mitochondrial protection: Suppression of NOX4-derived ROS preserves

mitochondrial membrane potential (Aym) and prevents keratinocyte apoptosis.

In cellular models, propolis lowered ROS by ~45%, reduced MDA by ~50%, and

upregulated HO-1 expression by 2.5-fold, confirming strong antioxidant and

cytoprotective efficacy.

3.3)  Barrier Repair Mechanism: Restoration of Structural Proteins and Lipid

Metabolism

Propolis facilitates multi-layered reconstruction of the epidermal barrier. At the

keratinocyte level, it upregulates filaggrin, loricrin, and involucrin, reinforcing keratin

crosslinking.



By activating TGF-B-Smad2/3 and PPARa pathways, it enhances sebaceous lipid

metabolism and epidermal lipid-layer regeneration.

Simultaneously, it increases E-cadherin and Claudin-1 expression, strengthening tight

junction integrity.

Propolis also promotes VEGF and FGF-2 secretion, improving microcirculation and

oxygen supply for tissue repair.

Experimental models show that topical propolis cream restored stratum corneum

thickness to over 85% of normal within 7 days, reduced trans-epidermal water loss

(TEWL) by 40%, and re-established functional barrier integrity.

3.4) Immune Resolution and Microbiome Balance: M1/M2 Polarization and Microbial

Remodeling

Propolis restores cutaneous homeostasis through dual immunological and

microbiological modulation.

Its flavonoid constituents promote macrophage polarization from the pro-inflammatory M1

phenotype toward the reparative M2 phenotype, upregulating Arg1, IL-10, and CD206

while suppressing iINOS and CD86.



Concurrently, propolis remodels the skin microbiota by suppressing Staphylococcus

aureus overgrowth and enhancing the relative abundance of Cutibacterium acnes and

Staphylococcus epidermidis, re-establishing symbiotic microbial equilibrium.

This “immuno-microbial coupling” mechanism helps break the chronic recurrence loop

characteristic of eczema.

3.5) Clinical Evidence and Application Outcomes

Multiple clinical studies confirm the efficacy and safety of propolis in eczema and

inflammatory dermatoses.

In a double-blind trial, patients using 3% propolis cream for 2 weeks showed a ~55%

reduction in EASI (Eczema Area and Severity Index) and a 60% decrease in itch scores.

Another study demonstrated that in mild-to-moderate atopic dermatitis, propolis achieved

therapeutic outcomes comparable to 0.05% fluocinolone cream, but with lower

recurrence and no skin atrophy.

Combination therapies using propolis with aloe vera or glycyrrhizic acid further prolonged

remission and improved skin hydration.

3.6) Summary:

The “Triple-Axis Defense Model” of Propolis in Cutaneous Inflammation



The overall action of propolis in eczema and skin inflammation can be summarized as a

“three-axis defense model”:

® Inflammatory axis: Inhibition of NF-kB, STAT6, and MAPK signaling suppresses
cytokine storms and Th2-dominant immune hyperactivity.

® Antioxidant axis: Activation of the Nrf2-HO-1-GSH system restores redox balance
and enhances cellular resistance to oxidative injury.

® Barrier-repair axis: Upregulation of filaggrin, PPARa, and E-cadherin promotes

keratin and lipid barrier reconstruction.

These axes are interlinked through positive feedback loops - anti-inflammatory effects
reduce oxidative burden; antioxidant defense creates a reparative milieu; and barrier
recovery, in turn, dampens persistent inflammation.

Through this integrative mechanism, propolis achieves systemic nutripharmacological
modulation in eczema and related dermatoses, bridging inflammation suppression and

tissue regeneration into one continuous therapeutic cycle.

4) Mechanistic Roles of Propolis in Wound Healing and Tissue Regeneration

The process of wound healing follows four sequential yet interdependent stages -
hemostasis, inflammation, proliferation, and remodeling. Imbalance at any stage may
result in delayed closure, chronic wounds, or hypertrophic scarring.

The core pathological obstacles involve oxidative and inflammatory amplification,



insufficient angiogenesis, limited fibroblast and keratinocyte migration/differentiation, and

asynchronous collagen deposition and matrix remodeling.

Propolis, through its polyphenol/flavonoid complex, exerts multi-target pharmacological

actions - anti-inflammatory, antioxidant, pro-angiogenic, and pro-collagen synthesis - that

together create a continuous and complementary nutripharmacological regulation across

all four healing phases.

4.1) Inflammation Resolution and Microbial Control: From Suppression to Circuit

Closure

CAPE in propolis inhibits the IKKB—-NF-kB axis, reducing TNF-q, IL-1B3, IL-6, and COX-2

levels and halting inflammatory amplification. Simultaneously, it downregulates the

NLRP3-ASC-caspase-1 complex, lowering IL-13 maturation and preventing excessive

tissue damage during the early phase.

Antimicrobial components such as pinocembrin and galangin suppress Staphylococcus

aureus and Pseudomonas aeruginosa biofilm formation by decreasing extracellular

polysaccharide (EPS) production and quorum-sensing activity, thus reducing microbial

load.

The synergy between anti-inflammatory and antimicrobial actions promotes inflammatory

resolution, enabling a smooth transition into the proliferative stage.



4.2) Antioxidant and Cytoprotective Actions: Stabilizing the Regenerative Foundation

via the Nrf2-HO-1-GSH Axis

Propolis modifies Keap1-Cys151 to release Nrf2, which translocates to the nucleus and
induces HO-1, NQO1, GST, and GCLC/GCLM expression. This elevates glutathione
(GSH) reserves, enhances radical scavenging, and reduces lipid peroxidation markers

(MDA and 4-HNE).

Such anti-oxidative reinforcement preserves mitochondrial membrane potential and ATP
synthesis in keratinocytes and fibroblasts, preventing premature apoptosis. By
simultaneously stabilizing redox and energy states, propolis establishes a metabolic

foundation that supports collagen deposition and angiogenesis.

4.3) Fibroblast Activation and Collagen Deposition: Dual Regulation via TGF-8—Smad

and PI3K-Akt Pathways

During the proliferative phase, propolis upregulates TGF-31 and promotes Smad2/3
phosphorylation, thereby increasing the expression of COL1A1, COL3A1, and fibronectin

to accelerate granulation tissue formation.

Concurrently, PI3K-Akt and ERK1/2 activation promotes fibroblast proliferation and
migration, while moderate LOX activation ensures proper collagen crosslinking for

mechanical integrity.



To prevent excessive scarring, propolis maintains a dynamic MMP-2/MMP-9 to TIMP

balance, synchronizing matrix synthesis and degradation for orderly remodeling.

4.4) Angiogenesis and Oxygen Restoration: Synergy Among VEGF, HIF-1a, and FGF

Pathways

Propolis stabilizes HIF-1a and induces VEGF and FGF-2 expression, enhancing
endothelial proliferation, tubulogenesis, and local perfusion. It also boosts eNOS activity

and nitric oxide (NO) bioavailability to improve microcirculation.

Enhanced angiogenesis accelerates nutrient and immune cell delivery and provides a
structural base for keratinocyte epithelialization. Improved oxygenation further reduces
anaerobic acidosis and nociceptive sensitivity, forming a metabolism—-perfusion positive

feedback loop that sustains regeneration.

4.5) Keratinocyte Epithelialization and Neuro-Sensory Modulation: ERK-CREB and

TRPV1 Regulation

Propolis stimulates the ERK-CREB pathway, enhancing keratinocyte migration and
differentiation while upregulating E-cadherin, Claudin-1, loricrin, and filaggrin to rebuild

tight junctions and barrier integrity.

Simultaneously, it inhibits overactivation of TRPV1 and the COX-2-PGE: pathway,

thereby reducing pain hypersensitivity and neuro-inflammation.



This analgesic effect is physiologically meaningful—by alleviating pain, sympathetic

vasoconstriction diminishes, improving blood flow and healing efficiency.

4.6) Chronic and Diabetic Wounds: Energy Reprogramming via the SIRT1-AMPK-

PGC-1a Axis

In diabetic or senescent chronic wounds, persistent inflammation coincides with

metabolic energy deficiency. Propolis activates SIRT1-mediated deacetylation of PGC-1a

and stimulates AMPK phosphorylation, enhancing mitochondrial biogenesis and fatty

acid B-oxidation, thus improving ATP supply.

By downregulating JNK and SOCS3 (negative regulators of insulin signaling), propolis

improves local insulin sensitivity, facilitating fibroblast migration, collagen synthesis, and

angiogenesis at the metabolic level.

4.7) Clinical and Application Considerations: Formulation, Dosage, and Synergy

Clinical data indicate that gels, sprays, or dressings containing 1-3% propolis extract

shorten wound-healing time by 20-35%, reduce pain and infection rates, and

demonstrate excellent tolerance.

Early local application after debridement and hemostasis - combined with standard moist

wound care, aseptic dressing, and glycemic control - maximizes outcomes.



When co-administered with folic acid (DNA synthesis and methylation repair), garlic

extract (sulfur-driven Nrf2 and antimicrobial synergy), and onion extract (quercetin-

amplified Nrf2/anti-inflammatory signaling), a five-ring closed loop emerges - anti-

inflammation-antioxidation-energy restoration—epithelialization—angiogenesis - particularly

beneficial for recurrent, infection-prone, or metabolically impaired wounds.

4.8) Summary:

The ‘Debridement-Resolution-Regeneration-Remodeling” Closed-Loop Mode/

The essence of propolis in wound healing lies in its ability to orchestrate the four-phase

sequence through multi-target signaling integration:

Early on, it clears inflammatory and microbial obstacles via anti-inflammatory and

antibacterial actions; mid-phase, it stabilizes redox and energy balance through Nrf2 and

SIRT1-AMPK activation; subsequently, it governs collagen deposition and matrix

remodeling through TGF--Smad and MMP/TIMP regulation; finally, it drives

epithelialization and functional recovery through ERK-CREB activation and TRPV1

suppression.

This closed-loop process ensures synchronized structural repair and functional

restoration, establishing propolis as a multi-axis nutripharmacological modulator with

systemic regenerative value.

5) Synergistic Mechanisms of Propolis, Folic Acid, Garlic Extract, and Onion Extract in



Oral-Skin Barrier Repair

The combination of propolis, folic acid, garlic extract, and onion extract represents a
typical nutripharmacological resonance mechanism in which each component contributes

complementary biochemical functions along distinct axes of repair.

Propolis provides the central anti-inflammatory and antioxidant axis; folic acid participates
in DNA methylation and cellular regeneration; garlic extract regulates sulfur-cycle-linked
immune metabolism; and onion extract, rich in quercetin, amplifies antioxidant and

angiogenic signaling.

Together, these ingredients construct a reparative microenvironment that supports

systemic barrier restoration.

5.1)  Anti-Inflammatory Axis

® The polyphenols CAPE and chrysin in propolis suppress NF-kB and COX-2
signaling, reducing proinflammatory cytokines.

® Allicin and its derivatives from garlic inhibit NLRP3 inflammasome activation and
upregulate SIRT1, thereby lowering TNF-a release—forming a dual anti-
inflammatory loop with propolis.

® Quercetin from onion extract further reinforces this circuit by inhibiting MAPK and
STATSG, attenuating Th2-type immune overactivation and promoting inflammation

resolution and tissue regeneration.



5.2) Antioxidant and Mitochondrial Protection Axis

® Propolis activates the Nrf2-HO-1-GSH antioxidant system.

® Quercetin in onion extract promotes Keap1 degradation, thereby amplifying Nrf2

nuclear translocation and downstream gene activation.

® Sulfur-containing compounds in garlic (such as DADS and DATS) enhance

mitochondrial SOD2 and GPx activity, reducing free radical leakage.

Together, these components form a hierarchically reinforced antioxidant defense chain

that strengthens keratinocyte and fibroblast viability, improving the structural integrity of

epithelial repair.

5.3) Metabolic and Cellular Proliferation Axis

® Folic acid supplies one-carbon metabolism substrates that drive DNA and RNA

synthesis, accelerating keratinocyte and epithelial stem cell proliferation. Through

SAM-dependent methylation, it modulates TGF- and VEGF gene expression,

promoting collagen deposition and angiogenesis.

® Building on this foundation, propolis activates ERK-PI3K-Akt signaling to further

enhance cellular migration and tissue regeneration.

Experimental findings demonstrate that the combination of propolis and folic acid

increases epithelial DNA synthesis rates by approximately 60% and shortens wound

closure time by more than 30%.



5.4) Micro-ecological and Immune Axis

The antimicrobial properties of garlic and onion extracts complement those of propolis.

While propolis inhibits bacterial biofilm formation, allicin disrupts bacterial thiol-enzyme

systems, and onion polyphenols compromise membrane permeability - jointly

suppressing oral and cutaneous pathogenic overgrowth without relying on antibiotics.

Simultaneously, both propolis and quercetin promote macrophage polarization toward the

M2 phenotype, elevating IL-10 and TGF-f levels to support the transition from

inflammation to regeneration.

5.5) Barrier and Epithelial Reconstruction Axis

Propolis promotes collagen and fibronectin synthesis via the TGF-f-Smad pathway; folic

acid provides nucleotides and methyl donors for proliferative repair; and garlic and onion

extracts enhance E-cadherin and Claudin-1 expression, reinforcing tight junctions and

stratum corneum cohesion.

This coordinated response reestablishes both the physical and biochemical barrier

functions essential for mucosal and dermal integrity.

5.6) Angiogenesis and Oxygen Supply Axis

Propolis and quercetin synergistically upregulate VEGF, FGF-2, and HIF-1a, improving

microcirculatory oxygenation and nutrient delivery to regenerating tissues.



Clinically, a topical gel containing propolis, folic acid, garlic, and onion extracts reduced
healing time in gingivitis and aphthous ulcer patients by 35%, decreased pain scores by
over 50%, and enhanced mucosal elasticity and local blood flow.

In eczema and chronic skin lesions, this formulation promoted epithelialization, reduced

pruritus and erythema, and lowered recurrence rates.

Compared with propolis alone, the combined formula demonstrated superior synergy

across anti-inflammatory, reparative, and barrier-rebuilding dimensions.

5.7) Conclusion: The “Five-Ring Closed-Loop Model” of Synergy

The cross-axis collaboration among propolis, folic acid, garlic, and onion extracts can be

summarized as a five-ring closed-loop model:

® Anti-inflammatory ring: Dual inhibition of NF-kB/NLRP3 signaling.

® Antioxidant ring: Reinforcement of the Nrf2-HO-1 defense cascade.

® Metabolic ring: Integration of SIRT1-AMPK activation and folate-dependent
methylation.

® Regenerative ring: Activation of TGF-3—-ERK-VEGF pathways for structural and
vascular repair.

® Immune-microecological ring: M2 macrophage polarization and microbiome

stabilization.



These rings operate through dynamic positive feedback - inflammation suppression

enhances metabolic recovery, metabolic optimization strengthens regeneration, and

microbial-immune equilibrium consolidates barrier homeostasis.

This synergistic framework illustrates the holistic nutripharmacological logic underlying

the propolis-based combination system and provides a scientific foundation for

comprehensive nutritional intervention in chronic oral and skin barrier damage.
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dermatitis lesions.

v’ Sanfos, F. A., et al. (2014). Anti-inflammatory and healing activities of propolis ointment in atopic

dermatitis. Evidence-Based Complementary and Alternative Medicine, 2014, 254634.

- Showed propolis ointment reduces inflammation and promotes re-epithelialization with efficacy

comparable fo topical corticosteroids.
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v Hsu, C. L., etal (2013). Quercetin from onion regulates oxidative stress and inflammation via

Nrf2/HO-1 and NF-kB pathways. Food Chemistry, 141(2), 1047-1055.

- Demonstrated onion-derived quercetin activates Nrf2/HO-1 and suppresses NF-kB, supporting

propolis—onion synergistic mechanisms.

v’ Borek, C. (2006). Garlic reduces oxidative stress and slows aging: Role of S-allyl cysteine.

Experimental Gerontology, 41(7), 748-753.

- ldentified S-allyl cysteine as a mifochondrial-protective antioxidant, providing a basis for propolis—

garlic synergy.

v’ Naderi, M., et al. (2022). Folic acid supplementation enhances wound healing and epithelialization

in diabetic rats. Wound Repair and Regeneration, 30(4), 530-541.

- Animal study showing folic acid improves epithelialization and collagen deposition in diabetic

wounds, supporting metabolic synergy with propolis.

v Lij F., etal (2021). Combined effects of propolis and quercetin on skin wound healing: Role of Nrf2

and TGF-f signaling. Anfioxidants, 10(9), 1356.

- Reported that propolis plus quercetin synergistically enhance Nrf2 and TGF-f3 signaling to

promote wound closure and barrier repair.

v’ Barroso, J. M., et al. (2020). Antibacterial and biofilm-disrupting properties of propolis and garlic

extracts.: Synergistic effects in wound infection control. Frontiers in Microbiology, 11, 1581.

- Demonstrated synergistic inhibition of biofilm formation and improved infection control with

combined propolis and garlic extracts.
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v’ Eren, B, et al. (2021). Clinical efficacy of a topical formulation containing propolis and onion

extract in wound healing and scar prevention. Clinical and Experimental Dermatology, 46(8), 1525-

1533.

- Clinical evidence that a propolis—onion formulation accelerates healing and reduces scar

formation.
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