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ABSTRACT: The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that exhibits antag-
onistic pleiotropy, mediating both protective and detrimental cellular effects depending on the ligand and context.
AhR can be activated by a variety of endogenous and exogenous stimuli, including environmental pollutants,
UVB radiation, heme, arachidonic acid metabolites, gut microbiota—derived compounds, and xenobiotics. Upon
activation, AhR translocates to the nucleus, where it dimerizes with the aryl hydrocarbon receptor nuclear translo-
cator (ARNT) and binds to xenobiotic response elements, inducing the expression of genes involved in xenobiotic
metabolism, oxidative stress responses, and inflammatory signaling. In addition to these classical pathways, AhR
also modulates immune function by regulating cytokine networks, including 1L-17, IL-22, and IL-10, which play
key roles in barrier integrity and immune homeostasis. Bioactive dietary compounds, particularly polyphenols such
as flavonoids, have emerged as potential modulators of AhR signaling. Propolis, a complex bee-derived product
rich in flavonoids and other phenolic compounds, has demonstrated antioxidant and anti-inflammatory effects
across multiple experimental models. However, the specific mechanisms through which propolis interacts with AhR
signaling remain poorly understood. This mini-review summarizes current evidence on the potential role of propolis
as an AhR modulator, discusses its implications for immune regulation, barrier function, and inflammation control,
and highlights areas for future research.
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1 Introduction agonist. In addition, non-xenobiotic AhR ligands have

been identified, including tryptophan metabolites from

The aryl hydrocarbon receptor (AhR) is a transcrip-
tion factor activated by specific agonists. Activation
of the AhR leads to nuclear translocation and
transcriptional regulation of genes associated with
xenobiotic metabolism, immune regulation, oxidative
stress control, and cellular differentiation. By inte-
grating environmental, dietary, and microbial-derived
signals, AhR influences critical cellular responses,
including cytokine production, immune cell polar-
ization, epithelial barrier integrity, and metabolic
adaptation [1,2]. Dysregulation of these pathways has
been implicated in chronic inflammatory conditions,
metabolic disorders, and chronic kidney disease [3,4].
AhR is expressed in various tissues and plays mul-
tiple roles, regulating the physiological functions of
the cardiovascular, gastrointestinal, nervous, immune,
and circadian systems [5]. Several studies have already
described the role of the xenobiotic pollutant 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) as a potent AhR

microbial metabolism, heme metabolites, and indole
metabolites [3].

Given this diversity of endogenous and exogenous
ligands, increasing attention has been directed toward
understanding how nutrients and bioactive dietary
compounds modulate AhR signaling. Advances in
nutritional and molecular sciences have revealed
that specific bioactive compounds can interact with
the AhR pathway, influencing downstream cellular
responses. In this context, polyphenols, particularly
plant-derived flavonoids, have been identified as bio-
logically relevant AhR ligands [6,7].

Polyphenols, the most prevalent antioxidants in
the human diet, are found in a wide range of foods,
including vegetables, fruits, teas, wines, and chocolate.
They play a role in disease prevention [8]. Polyphe-
nols can be classified into families based on their
distinct chemical structures, with flavonoids, lignans,
stilbenes, and phenolic acids representing the primary
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families [9]. Among flavonoids, the main subclasses
reported to modulate the AhR are flavones, flavonols,
flavanones, and isoflavones [7]. The precise mecha-
nisms and implications of flavonoid-AhR interactions
are actively investigated in nutritional science and
toxicology, shedding light on the multifaceted health
benefits of these bioactive compounds.

The AhR signaling pathway is a multistep process
that begins with ligand binding and involves confor-
mational changes, interactions with multiple cofactors,
nuclear translocation, heterodimerization with the aryl
hydrocarbon receptor nuclear translocator (ARNT),
and subsequent binding of the AhR-ARNT com-
plex to specific DNA response elements. Through
these sequential events, polyphenols may modulate
AhR activity at multiple regulatory levels, including
nuclear translocation, receptor—cofactor interactions,
chromatin remodeling, and the recruitment of tran-
scriptional co-regulators, ultimately influencing gene
expression outcomes [10].

Among the sources of polyphenols is propolis, a
complex mixture produced by bees and composed of
resinous and balsamic plant materials, along with bee
saliva and enzymes [8,9]. Due to its rich composition
and salutary properties, mainly antioxidant and anti-
inflammatory, propolis has shown great potential to
improve health and help treat several diseases [11].
A study in hepatocellular carcinoma cells showed
that propolis and its flavonoids (chrysin, pinocembrin,
galangin, and pinobanksin) exhibit potent antioxidant
and anti-inflammatory effects, activating the nuclear
factor erythroid 2-related factor 2 (Nrf2) pathway and
inhibiting the nuclear factor kappa B (NF-kB) path-
way in a dose-dependent manner [12]. Studies have
shown crosstalk between the AhR, NF-kB, and Nrf2
pathways [13]. Additionally, studies in patients with
chronic kidney disease [! 1], rheumatoid arthritis [14],
diabetes [12], and COVID-19 [15] have shown the anti-
inflammatory effects of propolis [16,17].

Despite our limited understanding of the molecular
mechanisms underlying this signaling pathway, AhR
modulators, such as polyphenols in propolis, may sig-
nificantly impact health. This mini review explores the
potential role of propolis as an AhR modulator.

1.1 Aryl Hydrocarbon Receptor

The AhR is a ligand-activated transcription factor
encoded by a gene located on chromosome 7plS5.
It is part of the period (PER)-ARNT-single-minded
protein (SIM) (PER-ARNT-SIM) superfamily of tran-
scription factors [3]. AhR is considered a sensor that
integrates endogenous and exogenous signals within
the cell, employing complex mechanisms to trigger
responses crucial to homeostasis [3]. In general, the reg-
ulation of the AhR-ARNT heterodimer is complex and
involves multiple biological processes, including xeno-
biotic metabolism, cell-cycle regulation, and immune
responses [3].

The AhR typically exists in an inactive form in the
cytoplasm, as part of a stable protein complex that
includes two heat shock proteins (HSPs), an AHR-
interacting protein (AIP, also known as XAP2), a
co-chaperone p23, and a protein kinase SRC [3]. Some
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endogenous AhR ligands include tryptophan-derived
metabolites such as kynurenine, microbiota-derived
indole-3-acetate (IAA), and 6-formylindolo[3,2-
b]carbazole (FICZ). Environmental pollutants such
as dioxins e.g. TCDD (2,3,7,8-tetrachlorodibenzo-
p-dioxin) and polycyclic aromatic hydrocarbons
(benzo[a]pyrene) are considered exogenous AhR
ligands. Additionally, diet can provide ligands,
including flavonoids (e.g., quercetin and resveratrol),
carotenoids, and glucosinolates [3].

The biological effects of AhR activation are highly
context-dependent and determined primarily by the
nature of the ligand, the signaling pathway engaged,
and the cellular environment.

In the canonical pathway, upon binding to spe-
cific ligands, AhR is activated and translocates to the
nucleus, where it heterodimerizes with ARNT. The
AhR-ARNT complex binds to xenobiotic or dioxin
response elements (XREs/DREs) in the regulatory
regions of target genes, inducing the transcription
of phase I enzymes, such as cytochrome P450 1A1
(CYP1AL1), and phase II detoxification and antioxidant
enzymes, including glutathione S-transferase-a. (GST-
o) and NAD(P)H quinone reductase 1 (NQO1) [3,18].
CYPI1AL1 expression is therefore widely used as a hall-
mark of AhR activation [19].

AhR can activate noncanonical pathways by
interacting with alternative DNA response elements,
regulatory RNAs, or other transcription factors,
particularly nuclear factor NF-xB. Through both
indirect mechanisms, such as suppressor of cytokine
signaling 2 (SOCS2), and direct protein—protein
interactions, AhR can modulate NF-kB-dependent
transcriptional programs [3,18]. To date, however,
experimental studies directly addressing the integrated
AhR-SOCS2-NF-«B signaling axis remain scarce, and
most available evidence supporting this mechanism
derives from studies examining pairwise interactions
between AhR and NF-xB or from SOCS-mediated
modulation of NF-kB signaling [20,21]. In this context,
Kim et al. (2019) reported that indoxyl sulfate is
associated with the modulation of TNF-o expression in
human macrophages through an axis involving AhR,
NF-xB, and SOCS2 [22]. IS-mediated AhR activation
was shown to promote interaction with the NF-kB p65
subunit and to induce SOCS2, which in turn negatively
modulates NF-kB signaling. These findings suggest
a non-canonical regulatory mechanism by which a
uremic toxin may influence inflammatory responses.
This bidirectional crosstalk establishes a regulatory
feedback loop in which AhR and NF-kB mutually
influence each other’s expression and activity [10,23].

Importantly, although classical AhR signaling is
primarily associated with xenobiotic detoxification
and antioxidant responses, alternative AhR-mediated
pathways may promote proinflammatory signaling,
depending on ligand specificity and cellular context.
Endogenous regulatory mechanisms further control
this functional duality. The AhR repressor (AhRR)
negatively regulates AhR transcriptional activity by
competing for ARNT binding, whereas hypoxia-
inducible factor 1o (HIF-1o) also competes with AhR
for ARNT, thereby modulating AhR-dependent gene
expression [1].
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Termination of AhR signaling occurs through
nuclear export of the receptor, followed by proteasomal
degradation in the cytoplasm, ensuring tight temporal
control of transcriptional responses [18].

In addition to these regulatory mechanisms, AhR
activity can be directly activated or inhibited by nat-
ural dietary compounds, including tryptophan-derived
metabolites, carotenoids, and flavonoids. These bioac-
tive compounds represent important diet-derived AhR
modulators, alongside environmental xenobiotics, fur-
ther highlighting the integrative role of AhR as a sensor
of dietary and environmental signals [0].

1.2 Aryl Hydrocarbon Receptors and Polyphenols

Polyphenols are a vast group of phytochemicals ubiq-
uitously present in the plant kingdom and produced
as a reaction to stress provoked by reactive oxygen
and nitrogen species, pathogens, parasites, plant preda-
tors, and ultraviolet radiation [15]. At least 10,000
polyphenolic compounds are distributed in various
plant species. They can be classified as flavonoids,
the most abundant family of polyphenols, distributed
into flavones, flavandiols, flavonols, flavanonols, fla-
vanones, anthocyanidins, catechins, and isoflavones,
and non-flavonoids, namely stilbenes, phenolic acids,
and lignans. Polyphenols’ defining feature is at least one
aromatic ring and one or more hydroxyl groups [15-17].

In recent years, numerous studies have investigated
dietary polyphenols and their impact on various
metabolic diseases, including non-alcoholic fatty liver
disease, chronic kidney disease, diabetes mellitus,
and cardiovascular and neurodegenerative diseases.
These effects are primarily attributed to their
anti-inflammatory, antioxidant, insulin-resistance-
modulating, and antiproliferative properties, as well
as to their ability to inhibit specific enzyme pathways
[24-27]. In the human diet, polyphenols are among
the most abundant antioxidant compounds, primarily
derived from plant-based foods and products, including
fruits, vegetables, tea, wine, cocoa, dark chocolate,
coffee, cereals, and propolis [27,28].

Polyphenols can act as AhR ligands (agonists and
antagonists), playing a significant role in their signaling
pathways (7able 1). Many flavonoids act as selective
AhR modulators, capable of activating or inhibiting
AhR signaling depending on ligand competition, con-
centration, and cellular context. Importantly, AhR
agonism or antagonism alone does not reliably predict
inflammatory outcomes. While some AhR agonists
elicit anti-inflammatory or cytoprotective effects, these
responses are highly context dependent. Moreover,
most studies have focused on AhR activation assessed
by reporter assays or target gene expression, with
limited evaluation of cytokine or functional inflamma-
tory endpoints. Thus, inflammatory readouts provide a
more informative framework than receptor activation
alone [6,29].

Ashida (2000) reported that multiple flavones and
flavonols suppressed AhR activation by TCDD, which
is associated with high toxicity [30]. Palermo et al.
(2003) investigated the effects of epigallocatechin gal-
late (EGCG) and epigallocatechin (EGC), the primary
polyphenols present in green tea extracts (GTE), on

AhR gene induction in mouse hepatoma cells. Both
compounds modulated AhR transcription and were
responsible for the most pronounced AhR-antagonistic
effects observed with GTE [31].

In contrast, Fukuda et al. (2007) did not observe
competitive or allosteric inhibition of AhR by EGCG
in cytosolic fractions from rat liver. These findings
suggest that catechins may indirectly inhibit AhR acti-
vation by targeting partner proteins within the AhR
complex rather than AhR itself. In the same study,
only specific flavonoid subclasses (namely flavones,
flavonols, and flavanones) acted as direct competitive
AhR antagonists [29]. A review by Amakura et al.
(2008) corroborates these findings, reporting that spe-
cific flavones (e.g., apigenin), flavonols (e.g., quercetin),
and anthraquinones (e.g., emodin) inhibit TCDD-
induced AhR activation in vitro reporter gene assay
using mouse hepatoma cells [32].

Furthermore, in a mouse AhR study, baicalin
(a flavone glycoside) attenuated the myocardial injury
and inflammatory response by inhibiting model expres-
sion [33]. Similarly, tangeretin (an O-polymethoxylated
flavone) has shown a normalizing effect on AhR hep-
atic expression, reducing the DNA damage triggered by
7, 12-dimethylbenz[a]anthracene (DMBA) [34].

The modulatory effects of flavonoids on AhR
signaling are highly context-dependent and influ-
enced by parameters such as exposure time, dose,
species, and tissue type. Van der Heiden et al.
(2009) systematically investigated these variables using
multiple AhR-responsive reporter cell lines and demon-
strated that flavonoids can exert both agonistic and
antagonistic activities depending on the experimen-
tal context. For instance, genistein exhibited agonistic
activity in rat hepatoma cells after short-term expo-
sure (6 h), but not after prolonged exposure (24 h). In
human breast tumor cells, flavonoids displayed time-
dependent agonistic or antagonistic effects, whereas
in human hepatoma cells, only antagonistic activity
was observed. These findings highlight that flavonoid—
AhR interactions are dynamic and may shift over time,
underscoring the importance of cellular context in
interpreting AhR-mediated responses [35].

A study by Ronnekleiv-Kelly et al. (2016) using
various human colorectal cancer cell lines demon-
strated that treatment with chrysin (a flavone) induced
apoptosis through an AhR-dependent pathway [36].
Nevertheless, baicalin and chrysin have been reported
to exhibit both ligand-like properties, displaying ago-
nist and antagonist effects, along with luteolin, flavone,
and apigenin [30,37-40].

In a rat model, resveratrol treatment was associated
with enhanced antioxidant capacity, reduced lipid
peroxidation, and upregulation of AhR gene
expression. In contrast, selective AhR inhibition led
to increased oxidative stress, DNA fragmentation,
and downregulation of AhR signaling. These findings
highlight the essential physiological role of AhR in
redox homeostasis and tissue integrity and reinforce
the concept that natural AhR modulators may
exert protective effects distinct from those of AhR
antagonists or toxic ligands [41]. In an experimental
model, a polyphenolic compound containing a
caffeic acid moiety (acteoside) ameliorated renal



dysfunction and fibrosis in adenine-induced chronic
kidney disease (CKD) rats, whereas its structural
isomer, isoacteoside, in which the caffeic acid group is
repositioned, showed limited efficacy. Mechanistically,
acteoside inhibited AhR nuclear translocation and
downregulated AhR-dependent gene expression,
thereby attenuating NF-kB-mediated inflammatory
signaling and modulating the Nrf2 antioxidant
pathway. These findings suggest that selective AhR
antagonists containing bioactive caffeic acid structures
may represent promising antifibrotic agents targeting
the AhR—-NF-kB/Nrf2 axis in CKD [42].

In cardiomyocytes, kynurenine (KYN) activated
AhR-dependent mitogen-activated protein kinase
(MAPK) signaling, promoting apoptosis, whereas
resveratrol attenuated cell death and enhanced
protective autophagy by modulating AhR signaling.
Pharmacological inhibition of AhR or p38 MAPK
further reduced apoptotic responses, underscoring
AhR as a key mediator of KYN-induced cardiotoxicity
and a potential target of dietary polyphenols in
CKD [43].

In silico and in vitro analyses demonstrated that
several hydroxyflavonoids, including chrysin, apigenin,
quercetin, and naringenin, exhibit high AhR binding
affinity and dose-dependently inhibit AhR activation
in the presence of toxic ligands. Notably, naringenin
was identified as an AhR antagonist. These findings
highlight the structure-dependent modulation of AhR
by flavonoids and support their potential therapeutic
relevance as AhR-targeting agents [44].
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From the flavonol class, galangin, quercitrin [45],
and isorhamnetin [45] have only presented
antagonistic effects on AhR, while kaempferol, fisetin,
quercetin [39,45], rutin [38], myricetin, morin [39],
tamarixetin [30,45] and 3,6,2',4-tetrahydroxyflavone
[39] have shown both agonist and antagonist
activity. In the flavanone group, such duplicity is
found in naringin [30,38], flavanone [30,45], and
hesperetin [38,40], whereas eriodyctiol [I5] is only
related to the antagonistic effects on AhR. Among
the isoflavones, genistein and daidzein exhibit both
antagonist and antagonist activities [47,48].

While the structure of each flavonoid subclass
does not allow conclusive inferences upon the respec-
tive effect (agonist/antagonist) on AhR modulation,
flavonoids are broadly present in the human diet,
and many studies have defined them as natural AhR
modulators. As previously mentioned, some polyphe-
nols appear to activate and inhibit the AhR, leading
to conflicting results in the literature, which may be
attributed to differences in cell types, tissues, and assay
conditions [49]. Therefore, further studies are needed
to deepen the understanding of the role of polyphenols
in the AhR signaling pathway, their antagonist effects,
and their therapeutic use in clinical practice.

1.3 AhR and Propolis

Propolis is a resinous substance produced by bees
from various plant exudates collected from different
parts of plants, including twigs, flowers, pollen, and
buds. Its chemical composition depends on the region’s

Table 1
Reported effects of polyphenols upon AhR

Reference Study model Polyphenol Response Cytokine/Inflammatory outcome
Ashida Rat hepatic Galangin, quercitrin, flavonol, kaempferol, fisetin, Antagonist effect JTCDD-induced AhR transformation;
(2000) [30] cytosol quercetin, rutin (flavonols); Eriodctyol, naringin inflammatory outcomes not assessed

(flavanones)
Tamarixetin, flavonol (flavonols); flavanone Agonist effect
Puerarin (isoflavones) Antagonist effect
Ashida et al. Rat cytosol Flavone, Chrysin, Apigenin (flavones) Antagonist effect Inflammatory outcome not assessed
(2000) [45] Morin, Myricetin, Isorhamnetin, Tamarixetin
(flavonols)
Flavanone, Naringenin (flavanones)
Palermo et al. Mouse EGCG, EGC (catechins) Antagonist effect JTCDD-induced AhR-dependent
(2003) [31] hepatoma cells transcriptional activity (DRE-luciferase
inhibition)
Park et al. Rat hepatic Kaempferide and Kaempferol (flavonols), Galangin Antagonist effect Inflammatory outcome not assessed
(2005) [50] cytosol (flavones), Chrysin (flavones)
Fukuda et al. Rat hepatic EGC (catechin) Indirect inhibition Inflammatory outcome not assessed
(2007) [29] cytosol Flavone; Flavonol; Flavanone of AhR
Competitive AhR
antagonists
Van Der Human Quercetin (flavonols) Agonistic/antagonistic Cytokines not assessed; context-dependent
Heiden et al. hepatoma and Chrysin (flavones) activities in breast pro- or anti-inflammatory signaling
(2009) [35] human breast Genistein (isoflavones) tumour cells inferred from AhR agonistic/antagonistic
tumour cells Antagonistic effect activity
in hepatoma cells
Ashida et al. Cultured Luteolin (flavones) Antagonist effect Prevention of TCDD-induced wasting
(2015) [40] adipocyte phenotype via inhibition of AhR nuclear
model translocation and preservation of PPARy

and C/EBP signaling
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Table 1
(Continued)

Reference Study model Polyphenol Response Cytokine/Inflammatory Outcome
Bialesova In vitro— Biochanin A, formononetin (isoflavones) Agonist effect Inflammatory outcome not assessed Focus
etal. transgenic gene Daidzein (isoflavones) Antagonist effect on AhR transcriptional activation
(2015) [48] reporter human

cell line
Ronnekleiv- Human Chrysin (flavones) Apoptosis Apoptosis induction; suppression of
Kelly et al. colorectal induction through inflammatory signaling
(2016) [36] cancer cells an

AhR-dependent
pathway
Agonist effect
Kaur and Porcine brain Flavone, Chrysin, Apigenin, Baicalin (flavones) Agonist effect Inflammatory outcome not assessed
Badhan microvascular Fisetin, Quercetin, Rutin (flavonols)
(2017) [38] endothelial cells Hesperetin, Hesperedin, Naringin (flavanones)
Biochanin A (isoflavones)
Dunlap et al. MCF-7 cells Daidzein, Genistein (isoflavones) Antagonist effect Inflammatory outcome not assessed
(2017) [47] Formononetin, Biochanin A (isoflavones) Agonist effect
Zhu et al. DLN cells from Baicalin (Flavones) Agonist effect Anti-inflammatory: |cytokine
(2018) [37] EAU mice transcription, | Th1/Th17, 1 Treg
(AhR-mediated)

Jin et al. Caco2 human Luteolin (flavones); Kaempferol, Myricetin, Morin, Agonist effect Inflammatory outcome not assessed
(2018) [39] colon cancer 3,6,2 4 tetrahydroxyflavone (flavonol) Antagonist effect AhR activity inferred from CYP1Al and

cell line 3,6,2' 4 -tetrahydroxyflavone UGTI1ALI gene induction
Tan et al. MCF-7 cells Hesperetin (flavanone) Antagonist on Inflammatory outcome not assessed
(2018) [46] (human breast AhR JAhR nuclear translocation and

cancer) transactivation CYP1A1/1A2/1B1 expression

and suppression of
downstream gene
expression
Koper et al. Model of Luteolin, Baicalin (flavones), 4-O-caffeoylquinic Agonist effect Inflammatory outcome not assessed
(2019) [51] Colonic acid (phenolic acids) Antagonist effect AhR activity driven predominantly by
Fermentation Quercetin (flavonols) microbiota-derived tryptophan metabolites
In vivo

Xue et al. Mouse model Baicalin (flavones) Attenuation of LhsCRP, IL-1f and IL-6 via AhR
(2015) [33] with myocardial myocardial injury inhibition

ischaemic injury

Lakshmi and Mice with Tangeretin (flavones)
Subramanian induced
(2014) [52] experimental

mammary

carcinoma

Alzahrani and

In vitro—lung

Pinocembrin (flavanones)

Rajendran epithelial cells
(2021) [53] In vivo—lung
tissue of mice
Wang et al. Stomach tissue Galangin (flavonols)
(2021) [54] of mice

and inflammatory
response by
antagonist effect

Normalization of
the hepatic AhR
expression,
reducing the DNA
damage
Antagonist effect

Antagonist effect

Antagonist effect

Inflammatory outcome not assessed
Effects mainly related to oxidative stress
and Phase I/IT detoxification

JNF-xB and MAPK (ERK1/2)
inflammatory signaling

JNF-kB signaling and
inflammatory/tumor-associated mediators
(iNOS, TGF-B, MMP-2, MMP-9);

Note: Abbreviations: AhR, aryl hydrocarbon receptor; CYP1A1, cytochrome P450 1A1; DLN, draining lymph node; EAU, experimental autoimmune uveitis; EGC,
epigallocatechin; EGCG, epigallocatechin gallate; hsCRP, high-sensitivity C-reactive protein; IL-1p, interleukin-1 beta; IL-6, interleukin-6; iNOS, inducible nitric
oxide synthase; MAPK, mitogen-activated protein kinase; MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9; NF-kB, nuclear factor kappa
B; SD, Sprague Dawley; TGF-B, transforming growth factor beta; UGT1A1, UDP-glucuronosyltransferase 1A1.

flora. Therefore, this substance has a variable com-
position, and the combination of its various chemical
components determines its broad biological activity.
Bioactive compounds, such as terpenes, lignans, amino
acids, phenolic acids, flavonoids (flavones, flavanones,
flavonols, dihydroflavonols, and chalcones), fatty acids,
sugars, vitamins, and minerals, have been identified in
propolis [55-57].

Propolis has been used for centuries for medici-
nal purposes, and current research has confirmed its

biological effects, including anticancer, antidiabetic,
antimicrobial, antioxidant, immunomodulatory, and
anti-inflammatory activities [56]. Research has shown
that propolis, with its wide range of bioactive com-
pounds, interacts with diverse molecular targets, either
directly or by modulating gene expression. Recently, the
interaction between propolis compounds and AhR has
been explored, elucidating this transcription factor’s
role in mediating propolis’s effects on human health. In



this regard, propolis has been investigated as a potential
modulator of the AhR pathway [57].

Park et al. (2004) examined the effects of dried
Brazilian propolis extract on rat hepatic cytosolic
fractions and demonstrated that ethanolic propolis
extracts, rich in flavonoid aglycones, dose-dependently
suppressed AhR-mediated transformation induced by
TCDD [50].

As previously mentioned, the CYPLAl gene is
a sensitive marker of AhR activation. CYP1Al
is involved in the production of reactive oxygen
species (ROS), such as superoxide anion and hydro-
gen peroxide, and in the metabolic activation of
procarcinogens [19]. Pinostrobin, a bioactive dihydrox-
yflavone isolated from propolis and plants, has been
suggested as an AhR antagonist, negatively modulat-
ing the AhR/CYP1A1 signaling pathway, as shown
by Zhao et al. (2023) in human coronavirus OC43
(HCoV-0C43) infected cells, elucidating the potential
beneficial effect of this bioactive compound [58].

An in vitro and in vivo study demonstrated that
pinocembrin (PCB), a natural flavonoid from honey
and propolis, alleviated the toxicity of benzo(a)pyrene,
a carcinogen, by attenuating the CYP1AIl expres-
sion and DNA damage due to suppression of the
AhR/Src/ERK pathways in lung epithelial cells. Also,
PCB reduced the activity of CYP1A1 and Src in the
lung tissues of mice [53].

Wang et al. (2021) [54] evaluated the chemoprotec-
tive effect of galangin, a flavonol found in propolis,
against benzo(a)pyrene-induced stomach carcinogen-
esis in Swiss albino mice. The authors found that
pretreatment with galangin prevented lipid peroxi-
dation and restored the loss of cellular antioxidant
status. In addition, galangin inhibited the expression
of cytochrome P450 isoform genes, AhR system (AhR,
ARNT), transcriptional activators (NF-kB), and other
tumor growth factors in the stomach tissue of mice.

Ye et al. (2020) [59] investigated the potential effects
of three representative flavonoid compounds in Chi-
nese propolis (pinocembrin, galangin, and chrysin) on
mitigating ethanol-induced injuries in HepG2 cells.
The authors reported that flavonoids could suppress
AhR nuclear translocation and CYP1A1 expression,
suggesting a protective effect against ethanol-induced
injury by inhibiting the AhR-CYP1A1 pathway. These
results provide promising evidence for the use of
pinocembrin, galangin, and chrysin in preventing and
treating ethanol-induced fatty liver disease.

On the other hand, tectochrysin present in propo-
lis extract showed marked AhR binding activity at
high concentrations in mouse hepatoma (H1L6.1¢2)
cells, suggesting an agonist AhR response to propo-
lis extract related to this flavone [32]. Kalthoff
& Strassburg (2019) conducted a study to clarify
the mechanism underlying the protective antioxi-
dant effects of propolis [60]. Propolis tincture (62%
ethanol) significantly decreased hydrogen peroxide lev-
els in human esophageal squamous cell carcinoma
(KYSE70). Hydrogen peroxide is a ROS generated
during various biochemical processes, such as the
activation of xenobiotic compounds by cytochrome
P450 enzymes (phase I metabolism). The inactiva-
tion and detoxification of this reactive metabolite
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are mediated by phase II enzymes, such as UDP-
glucuronosyltransferase 1A (UGT1A), which act as
indirect antioxidants. Different nuclear receptors and
transcription factors transcriptionally regulate the
UGTI1A gene family. In this experiment, propolis
was a potential activator of UGTI1A transcription
and enzyme activity, mediated by AhR and Nrf2
signaling [60].

Hypothetically, another route of interaction
between propolis and AhR may involve the gut
microbiota. The structural complexity of polyphenols
in propolis may affect gut microbiota composition,
enabling these compounds to reach the large intestine,
where they can modify the intestinal microbiota
through prebiotic-like effects and antimicrobial
actions [56,01]. On the other hand, the processing of
polyphenols can vary with interindividual differences
in intestinal microbiota profiles, thereby influencing
propolis’s biological activity. In this context, propolis
has been reported to affect intestinal barrier function,
gut microbiota composition, and gut microbiota
metabolites. In vivo and in vitro studies have shown that
propolis increases tight junction protein expression
(Claudin, Occludin, and Zonula Occludens Protein
1), increases the abundance of salutogenic bacteria,
and increases the production of short-chain fatty
acids (SCFA: acetic acid, propionic acid, and butyric
acid) [56,62]. Interestingly, intestinal AhR ligands have
been shown to mitigate gut inflammation and protect
intestinal barrier integrity [51,56,58—60].

Furthermore, studies have demonstrated AhR’s
involvement in communication with the gut microbiota
and in regulating intestinal metabolic homeostasis.
However, the specific mechanism by which AhR exerts
its effects in this process remains unclear. Notably,
certain commensal bacteria produce metabolites that
act as AhR agonists. Germ-free mice exhibited lower
levels of AhR and cytochrome P450 gene expres-
sion than mice with a normal microbiota. Conversely,
administration of SCFA derived from microbiota-
driven anaerobic fermentation restored the expression
of AhR target genes to normal levels. Taken together,
this information suggests a role for the gut micro-
biota in mediating propolis’s communication with the
AhR [5,63].

Figure | summarizes the possible mechanisms of
interaction of the compounds present in propolis with
the AhR pathway.

Potential Involvement of AhR—Cytokine Signaling in
the Immunomodulatory Effects of Propolis

While growing evidence supports the interaction
between propolis flavonoids and AhR signaling, exper-
imental studies directly assessing cytokine modulation
through AhR-dependent mechanisms in response to
propolis remain limited. Nevertheless, AhR activation
or inhibition is known to regulate cytokine produc-
tion in immune and epithelial cells, including tumor
necrosis factor alpha (TNF-a), IL-6, interleukin-1
beta (IL-1B), IL-10, IL-17, and IL-22, with outcomes
that vary according to the nature of the ligand, the
cellular context, and the inflammatory microenviron-
ment [64-68]. Emerging experimental data further
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Figure 1: The aryl hydrocarbon receptor (AhR) signaling pathway involves ligand binding, AhR nuclear translocation, dimerization
with the AhR Nuclear Translocator (ARNT), and binding to target genes, thereby triggering a range of pleiotropic cellular actions.
Polyphenols from propolis may exert both agonist and antagonist effects on the AhR, modulating this pathway through diverse
mechanisms. Direct interactions between propolis compounds and AhR may attenuate cytochrome P450 (CYP1A1) expression and
upregulate the suppressor of cytokine signaling 2 (SOCS2) and UDP-glucuronosyltransferase 1A (UGT1A) transcription, thereby
inhibiting the nuclear factor-xB (NF-kB) pathway. Additionally, polyphenols in propolis may indirectly modulate inflammation via
prebiotic-like effects that promote a healthy gut microbiota. This microbiota produces metabolites that interact with AhR, further
contributing to propolis’s anti-inflammatory properties. Created by BioRender.com. HSP90: Heat shock protein 90; IL-6: Interleukin-6;
P23: p23 co-chaperone protein; SCFA: short-chain fatty acids; Tumor Necrosis Factor Alpha (TNF-0)): XAP2: X-associated protein 2.

Created by Biorender.com.

indicate that propolis and its flavonoids reduce pro-
inflammatory cytokines such as TNF-o, IL-6, and
IL-1B, while promoting anti-inflammatory mediators,
effects commonly associated with NF-kB inhibition
and redox regulation [69-72]. Given the established
crosstalk between AhR, NF-kB, and Nrf2 pathways,
it is biologically plausible that the immunomodulatory
effects of propolis are mediated, at least in part, by
context-dependent AhR—cytokine signaling.

Within this framework, mechanistic studies using
propolis-derived flavonoids provide additional sup-
port for this hypothesis. Chrysin has been shown to
function as an AhR ligand, inducing AhR-dependent
transcriptional activity and TNF-o/TNF-f3 expression
in human colorectal cancer cells, effects that are abol-
ished upon AhR silencing [36]. More recent evidence
indicates that flavones, such as chrysin, apigenin, and
luteolin, may also function as AhR antagonists. In
endothelial cells exposed to the uremic toxin indoxyl
sulfate, these compounds attenuated AhR activation
by inhibiting nuclear translocation and reducing the
expression of classical AhR-responsive genes, including
CYP1A1 and AhRR, concomitantly suppressing pro-
inflammatory mediators such as [L.-6, MCP-1, COX-2,
NOX-4, and ICAM-1 [73].

Quercetin acts as a weak AhR agonist, reduc-
ing pro-inflammatory cytokines such as TNF-a, IL-6,
and IL-17 in neutrophils and colonic tissue while
promoting antioxidant responses via NQO1/reactive
oxygen species (NQOI1/ROS) pathways [74]. In addi-
tion, quercetin has been reported to activate AhR

signaling in human dendritic cells, leading to reduced
production of interleukin-12p70 (IL-12p70) and the
acquisition of an immunoregulatory phenotype [75].
Apigenin, a flavonoid present in propolis, has been
shown to act as a functional antagonist of the
kynurenine/AhR pathway in MEDI12-mutant uter-
ine leiomyoma cells by inhibiting kynurenine-induced
AhR activation, reducing tryptophan 2,3-dioxygenase
(TDO2) expression, and blocking TDO2 upregula-
tion mediated by the pro-inflammatory cytokines
TNF and IL-1B [76]. Additionally, in a model of
eosinophilic airway inflammation, apigenin decreased
AhR expression and downregulated type 2 cytokines,
including IL-4, IL-5, and IL-13 [77]. Collectively, these
findings support the biological plausibility that propo-
lis flavonoids modulate cytokine production through
ligand- and context-specific AhR-dependent mecha-
nisms, contributing to their anti-inflammatory effects.

Evidence from diverse disease models indicates
that AhR-mediated cytokine regulation is context-
dependent rather than uniform across diseases. In
CKD, AhR signaling has been implicated in the mod-
ulation of multiple pro-inflammatory cytokines as part
of the uremic milieu, and the fibrosis/inflammation
network, with ligand-dependent effects on NF-«xB
and downstream inflammatory mediators reported in
experimental and clinical settings [78,79]. In contrast,
in autoimmune conditions such as rheumatoid arthri-
tis, experimental studies show that AhR activation
can contribute to disease pathogenesis by promot-
ing pro-inflammatory cytokine production, including
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IL-1B and IL-6, and by influencing Th17 cell dif-
ferentiation, rather than primarily suppressing IL-6
expression [80,81]. These findings suggest that the
cytokine profile modulated by AhR varies with disease
context and ligand milieu.

In addition to its interactions with NF-xB, the
AhR has been increasingly recognized as a modulator
of T helper cell-derived cytokine networks, including
1L-17, 1L-22, and IL-10. AhR activation influences
the differentiation and function of Th17 and Th22
cells, which produce IL-17 and IL-22, respectively,
with IL-22 playing a key role in maintaining bar-
rier integrity and host defense in mucosal tissues;
experimental models demonstrate that AhR deficiency
reduces IL-22 production and compromises immune
homeostasis, whereas AhR activation enhances IL-22
expression via coordinated interactions with transcrip-
tion factors including RelB and RORyt at the IL-22
promoter [68,82]. Beyond the IL-17/IL-22/IL-10 axis,
other cytokines such as IL-33 are emerging as impor-
tant modulators of immune responses in complex tissue
microenvironments [83]. Proinflammatory mediators,
including TNF-o and IL-1f3, can compromise epithelial
barrier integrity, underscoring the potential of natural
compounds, such as propolis flavonoids, to restore
cytokine balance and preserve barrier function, poten-
tially through context-dependent modulation of AhR
signaling [84]. While direct evidence linking propolis—
AhR interactions to shifts between pro-inflammatory
IL-17 and barrier-protective 1L-22/IL-10 remains lim-
ited, propolis extracts have been shown to modulate
Th17-associated cytokines such as IL-17 in immune
models, consistent with broader immunoregulatory
effects on T cell-driven networks [85]. In the context
of SARS-CoV-2-associated cytokine storm, hyper-
activation of NF-«xB drives excessive production of
pro-inflammatory mediators, including IL-6, TNF-
o, IL-1B, and IL-17, which are linked to acute
respiratory distress; modulating these pathways via
AhR-dependent suppression of NF-kB and promotion
of regulatory/repair cytokines such as IL-22 and 1L-10
may therefore represent a mechanism by which AhR
ligands could contribute to limiting hyperinflamma-
tion [86,87].

The AhR exhibits antagonistic pleiotropy, mediat-
ing both harmful and beneficial effects depending on
the ligand and context. Toxic signaling, such as persis-
tent activation by TCDD, induces CYP1A1 expression
and ROS generation, leading to oxidative stress and
cellular damage. In contrast, dietary and microbial
ligands, including propolis flavonoids, may favor salu-
togenic pathways, promoting IL-22-mediated barrier
integrity and tissue protection. These findings sug-
gest that propolis could modulate AhR signaling in a
context-dependent manner [86,87].

1.4 Limitations and Future Prospects

Although growing evidence supports the AhR’s
role as a key interface among dietary compounds,
immune regulation, and inflammation, most data
on polyphenols and propolis come from in vitro and
animal studies that use heterogeneous preparations
and experimental conditions. In addition, direct
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mechanistic  evidence linking propolis-induced
cytokine modulation specifically to AhR-dependent
pathways remains limited, and AhR signaling is highly
context dependent. Future studies using standardized
propolis preparations, cytokine-specific analyses, and
AhR-targeted experimental approaches, including
translational human studies, are needed to clarify
the therapeutic relevance of propolis as a dietary
modulator of the AhR-cytokine axis.

2 Conclusion

Although initially characterized as a transcription fac-
tor involved in xenobiotic detoxification, the AhR is
now recognized as a multifunctional regulator with
broad implications for human homeostasis. Accu-
mulating evidence indicates that endogenous and
diet-derived AhR ligands elicit signaling responses
distinct from those triggered by toxic xenobiotics,
often promoting regulatory and protective effects. In
this context, bioactive compounds present in propo-
lis emerge as relevant modulators of AhR signaling.
Both agonistic and antagonistic mechanisms appear to
contribute to propolis’s biological effects, suggesting
a fine-tuned modulation of the AhR axis rather than
simple activation or inhibition. Through direct or indi-
rect interactions with this pathway, propolis-derived
polyphenols may represent a promising nutritional
strategy to attenuate oxidative stress and inflammation.

Although the available evidence remains limited,
recent studies have begun to elucidate the molecu-
lar mechanisms underlying the interaction between
propolis and the AhR signaling pathway. Further well-
designed experimental and clinical investigations are
warranted to fully characterize this complex pathway
and define the therapeutic potential of propolis as an
AhR modulator.
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