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The prevalence of chronic inflammatory diseases including inflammatory bowel disease
(IBD), autoimmunity and cancer have increased in recent years. Herbal-based
compounds such as flavonoids have been demonstrated to contribute to the
modulation of these diseases although understanding their mechanism of action
remains limited. Flavonoids are able to interact with cellular immune components in a
distinct way and influence immune responses at a molecular level. In this mini review, we
highlight recent progress in our understanding of the modulation of immune responses by
the aryl hydrocarbon receptor (AhR), a ligand-dependent transcription factor whose
activity can be regulated by diverse molecules including flavonoids. We focus on the
role of AhR in integrating signals from flavonoids to modulate inflammatory responses
using in vitro and experimental animal models. We also summarize the limitations of these
studies. Medicinal herbs have been widely used to treat inflammatory disorders and may
offer a valuable therapeutic strategy to treat aberrant inflammatory responses by
modulation of the AhR pathway.
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INTRODUCTION

Aberrant activation of immune responses is an underlying cause for the development of chronic
inflammatory diseases which either excessively activate immune cells that contribute to tissue
damage or suppress immune cells and enable cancer cell proliferation and metastasis (1). Non-toxic
herbal compounds such as flavonoids have been shown to induce protective effects against multiple
chronic inflammatory diseases (2) including IBD (3), autoimmunity (4, 5) and cancer (6, 7).
Understanding the molecular mechanisms of flavonoids and their potential pathways is crucial to
identify therapeutic targets for more effective and safer interventions for inflammatory diseases.

Flavonoids are polyphenols, acting as the main bioactive metabolites in various plants, which
contribute to the color, taste as well as pharmacological and biochemical effects (8). Good sources of
flavonoids include plant-derived food such as fruits, vegetables, tea, cocoa products, nuts, legumes,
and herbal plants (8).

Flavonoids have a broad range of structures depending on the position of the carbon in the C
ring to which the B ring is attached, and the degree of saturation and oxidation of the C ring
(Figure 1). Flavonoids can be categorized into six major groups from a structural standpoint,
namely flavonols, flavones, isoflavones, flavonones, flavanols and anthocyanidins (9).
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Numerous in vitro and in vivo studies have demonstrated the
health-promoting effects flavonoids possess including antioxidant,
anti-inflammatory and immunomodulatory properties (2, 9). The
mode of action of flavonoids include their ability to directly
interact with immune cells, modify the production of cytokines
and inhibit inflammatory signaling pathways (10). For example,
fisetin (a flavonol) was found to inhibit maturation and activation
of dendritic cells and inhibit Th1 polarization by significantly
inhibiting the expression levels of costimulatory proteins CD40,
CD80, CD86 andMHCClass II in a dose-dependent manner (11).
Similar effects have been observed in dendritic cells harvested from
mouse bone marrow using quercetin (another flavonol) (12). In a
murine model of experimental autoimmune thyroiditis (EAT),
luteolin (a flavone) led to decreased lymphocyte infiltration by
inhibiting interferon-g-induced COX-2 and pro-inflammatory
cytokine tumor necrosis factor-a (TNF-a) (13). Apigenin (a
flavone) has been demonstrated to decrease colonic damage
scores and colonic weight/length ratio in a rat model of colitis
(14). Oral administration of apigenin resulted in normalization of
some colonic inflammatory markers such as TNF-a, transforming
growth factor b (TGF-b) and interleukin-6 (IL-6) (14). Genistein
(an isoflavone), kaempferol, quercetin (a flavonol), and daidzein
(an isoflavone) were shown to inhibit STAT-1 and NF-kB
activation (15). Interestingly, flavonoid metabolism in the gut
also modulates intestinal immune responses via the activation of
T-cell differentiation, gut microbiota alteration and cytokine
production (16). This highlights the importance of dietary
interventions containing flavonoids to combat human chronic
Frontiers in Immunology | www.frontiersin.org 2
diseases (16). However, less is known about how flavonoids
regulate immune components and immune signaling pathways
at a molecular level. Structural studies reveal that flavonoids are
ligands of the aryl hydrocarbon receptor (AhR) (17–19).
ARYL HYDROCARBON RECEPTOR (AhR)

AhR is a ligand-dependent transcription activator that responds
to a variety of molecules from the environment including dietary,
metabolic products and pollutants (20). This protein was first
identified as the dioxin receptor that mediates biotransformation
and elimination of harmful xenobiotics, it’s activation leading to
toxicity and tumor development (21, 22). AhR is increasingly
recognized as an important immune modulator implicated in
many chronic inflammatory diseases (23).

The inactive form of AhR resides in the cytoplasm, complexed
with several chaperone proteins such as heat-shock protein (HSP90),
p23 (17), c-SRC and AhR interacting protein (AIP) (20, 24, 25).
Upon binding with environmental ligands, AhR translocates to the
nucleus which leads to heterodimerization with the AhR nuclear
translocator (ARNT). AhR-ARNT complex binds to the xenobiotic
response element (XRE) in regulatory genes to induce specific
transcription of gene expression including drug and ligand-
metabolizing enzymes such as CYP1A1, CYP1A2 and CYP1B1
and AhR repressor (AhRR). This pathway is tightly controlled
through proteasomal degradation of AhR ligand metabolism by
CYP1A1, and AhR/ARNT complex disruption by AhRR (26).
FIGURE 1 | The basic skeleton structure of flavonoids and six major classes of flavonoids (9).
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AhR can also interact with other transcriptional regulators
including retinoblastoma protein (Rb), NF-kB, the estrogen
receptor and modulate their activity (27). AhR interaction with
Rb leads to cell cycle arrest in the G1-phase in several cell lines
(28), while AhR interaction with NF-kB induces the expression of
cytokines and chemokines such as B-cell activating factor of TNF
family (BAFF), CXCL13, CCL1 and the transcription factor
interferon responsive factor 3 (IRF3) (29). It has been shown
that 2,3,8,7-tetradichlorobenzo-p-dioxin (TCDD)-mediated AhR
activation led to its recruitment to a non-consensus XRE, ie E2F-
regulated-S phase loci (30). Kruppel-like factor 6 (KLF6) is
another AhR-DNA binding partner recently reported (31). KLF6
is a tumor suppressor and it’s mutations have been associated with
a number of cancers such as hepatocellular carcinoma, gastric and
colon cancers (31). KLF6 activates p21cip1 via an AhR-dependent
mechanism which leads to the inhibition of cell cycle progression
(32). In addition, AhR has also been demonstrated to control
biological processes through the regulation of retrotransposons,
micro-RNAs and long non-coding RNAs which are known to
regulate multiple target genes (33).

AhR can influence chromatin architecture by interacting with
Brahma/SWI2-related gene 1 (Brg1) subunit of the SWI/SNF
chromatin-remodeling complex (34). AhR can also affect local
histone hyperacetylation and methylation either by directly
interacting with coactivators such as the steroid receptor
coactivator-1 (SRC-1) complex (35) or by displacing histone
deacetylase (HDAC) complexes (36).

There have also been reports that show AhR can act
independently of ligand activation under certain conditions
(37, 38). However, the physiological relevance of these
observations remain to be evaluated. Overall, activation of AhR
by a ligand can induce non-genomic and genomic pathways that
promote transcriptional events and modulation of myriad
biological processes including immune responses. Through
both mechanisms, AhR targets specific gene expressions
associated with inflammation including NF-kB, immune
regulatory and growth factors (20). AhR is also able to control
the differentiation of several cell types in the immune system
including innate dendritic cells (DCs), macrophages and natural
killer cells (39) and adaptive B and T cells relevant to
inflammation (40–45).
AhR EXPRESSION

AhR is widely expressed throughout the body particularly in the
liver, placenta (46) and in epithelial barriers such as the skin, gut
and lung mucosa (47). AhR is also highly expressed by multiple
cell types at these barrier sites including intestinal epithelial cells
(IECs) (48), intraepithelial lymphocytes (IELs) (49), innate
lymphoid cells (ILCs) (50) and intraepithelial CD8aa-
expressing lymphocytes (49). AhR levels are very low in naïve
T and B cells, Th1 and Th2 helper T cells, moderate in natural
killer (NK) cells but very high in Tregs, Th17 cells (24, 25, 39,
47), B cells (51, 52) and DCs (53–57). AhR expression is also
pronounced in unconventional peripheral gd T cell subsets such
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as TCRg1, TCRg2, TCRg3, TCRg4, TCRg5 and TCRg6 (58).
Systemic Vg5-expressing gd T cells produce IL-22 in response to
AhR activation (59) while epidermal Vg3 and intestinal Vg5-
expressing gd T cells require AhR for survival as studies in AhR-
deficient mice showed they were lacking these subsets (26). Vg4-
expressing gd T cells which are predominant in the lungs,
reproductive tract and oral mucosa express very high levels of
AhR. However, these cells are not reduced in AhR deficient mice
suggesting they may also have different roles (26). Overall, AhR
has become a key player in maintaining tissue integrity, tissue
repair and immune protection against environmental challenges,
particularly at epithelial barrier sites.
AhR LIGANDS

Numerous AhR ligands have been identified which consist of
xenobiotic compounds and natural compounds that are derived
from food and host/microbiome metabolism (17, 18). Many of
these ligands have been shown to impact on immune responses
via modulation of immune cell function and differentiation.

The first prototypical AhR ligand studied was TCDD (21), an
environmental contaminant that has intrigued toxicologists for
decades. Early studies mostly focused on the immune toxicity
and carcinogenic effects of TCDD in humans and animal models.
It has profound immunosuppressive effects that are undesirable
as it increases susceptibility to bacterial and viral infections and
tumor growth (60). Other reported effects include thymic
involution, depletion of lymphoid organs, thymocyte and T cell
apoptosis (26, 61). However, during inappropriate immune
responses, the effects of AhR activation by TCDD seem
beneficial for preventing development of diseases such as
allograft rejection, allergic responses, autoimmunity including
type 1 diabetes (60). TCDD has been shown to suppress Th1,
Th2 and Th17-cell mediated responses and promotes the
development of Tregs by a TGF-b-dependent mechanism
(25, 41, 60).

Tryptophan (Trp) amino acid metabolism is an emerging key
family of AhR ligands. Degradation of Trp via enzymes including
indoleamine 2,3-dioxygenase (IDO) and tryptohan 2,3-
dioxygenase (TDO), photo-oxidation and bacterial degradation
generate distinct AhR agonist ligands such as kynurenine (Kyn),
6-formylindolo[2,2-b]carbazole (FICZ) and indoles respectively.
It has been reported that Kyn is produced in glioma cells and has
been shown to promote the differentiation of Tregs and promote
immunosuppression in the tumor microenvironment (62).
Photo-oxidation of Trp to FICZ has been shown to impact
immune responses in an experimental autoimmune
encephalitis (EAE) mouse model (24). The activation of AhR
by FICZ interfered with Treg cell development, boosted Th17 cell
differentiation and increased the severity of EAE in mice (41).
Interestingly, AhR activation by FICZ also strongly promotes
expression of IL-22 (63, 64) which is a member of the IL-10
family of cytokines. Although IL-22 has been shown to be pro-
inflammatory and can induce skin inflammation (65, 66), it has
also been reported to prevent tissue damage and aids in repair of
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the gastrointestinal tract. Bacterial degradation of Trp to
produce indole metabolites such as indole-3-aldehyde (IAld)
has been demonstrated by Lactobacillus species in the intestine
(67). Zelante et al. demonstrated that activation of AhR by
lald helps maintain intestinal homeostasis and prevents
colonization by pathogenic microorganisms such as Candida
albicans and inhibits development of inflammatory disorders
such as IBD and cancer (67). Deficits in commensal bacteria
producing Trp-derived AhR agonist may contribute to the
pathogenesis of human IBD (68).

Dietary factors can also be a source of AhR ligands.
Vegetables such as broccoli, cauliflower, Brussel sprouts and
cabbages contain indole-based glucobrassicin (24, 26) which can
be converted into AhR agonist precursors such as indole-3-
carbinol (I3C) and indole-3-acetonitrile (I3ACN) by chewing.
I3C and I3ACN can be further converted into AhR activating
metabolites such as 3,3’-di-indolyl-methane (DIM), [2-(indol-3-
ylmethyl)-indol-3-yl] indol-3-ylmethane (LTr1), and indolo[3,4-
b] carbazole (ICZ) (69). These dietary compounds have been
shown to promote maintenance of the intraepithelial
lymphocytes (IELs) and innate lymphoid cells (ILCs) allowing
cell proliferation, immune surveillance and modulation of the
gut inflammation (69). Other therapeutic effects of I3C and its
precursors reported include modulation of inflammation in
experimental animal models of multiple sclerosis (70) and
other murine models (48) via AhR-dependent induction of
FoxP3 regulatory T cells.

Natural compounds from plants have also been reported to be
ligands for AhR. Indirubin and indigo are phytochemicals with
mild AhR agonistic activity. Their concentrations may be too low
to be considered as relevant physiological ligands, however their
dietary accumulation may have the potential to affect AhR
activation and contribute to the maintenance of mucosal
integrity in the gastrointestinal tract (24). A study by Kawai
et al. on murine dextran sulfate-induced colitis showed increased
mRNA expressions of IL-10 and IL-22 following indigo
treatment derived from herbal plants (71). The group also
showed the expansion of IL-10 producing CD4+ T cells and
IL-22 producing CD3-RORgt cells, but interestingly not
CD4+FoxP3+ regulatory T cells in C57BL/6J mice (71). Indigo
is a potent inducer of IL-10 and IL-22 that protects against high-
fat diet (HFD)-induced insulin resistance in a C57BL/6J diet-
induced obesity murine model that is linked to a reduction in
harmful inflammatory immune cell accumulation in the
intestine, visceral adipose tissue and liver (72).
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Flavonoids are another group of phytochemicals that are
thought to be important ligands of AhR. They have been
demonstrated to confer protective effects in a range of AhR-
dependent in vitro and in vivo models associated with ulcerative
colitis, allergy and cancer. Flavonoids have been shown to
control inflammatory responses by inhibiting certain
inflammatory pathways, downregulating pro-inflammatory
cytokines and promoting tolerogenic immune responses by
AhR dependent mechanisms (Table 1). Activation of AhR by a
non-toxic flavonoid, b-naphthoflavone (bNF) was observed to
reduce the severity of colitis in a murine model through
inhibition of NF-kB pathway and pro-inflammatory cascade of
cytokines (73). Activation of AhR by cardamonin (a flavone)
isolated from Alpinia katsumadai Hayata seeds, significantly
improved the condition of male C57BL/6J and BALB/c mice
through inhibition of NLRP3 inflammasome activation (74).
Alpinetin (a flavone) also isolated from Alpinia katsumadai
Hayata seeds alleviated colitis through restoring Th17/Treg
balance in the colon via activation of AhR. In vitro assays
showed alpinetin induction of Treg differentiation but less
effect was observed on Th17 differentiation in this study (75).
Activation of AhR by naringenin (a flavonone) commonly found
in grapefruit promoted the differentiation of Tregs in murine
models of allergy (76). Interestingly, AhR also contributes to
flavonoid metabolism and this will affect bioavailability in vivo.
AhR activation upregulates gene expression of xenobiotic enzymes
creating positive feedback loops. The xenobiotic enzymes can be
distinguished into phase 1 and phase II enzymes. Phase 1 enzymes
mediate oxidation, reduction and hydrolysis reactions, and
flavonoid metabolism occurs mainly in the intestine (77). The
cytochrome P450 (CYP450) family are crucial to phase 1
biotransformation of flavonoids. Once flavonoids enter intestinal
epithelial cells, phase II enzymes produce the corresponding
conjugated metabolites. Three types of phase II enzymes are
reported to metabolize flavonoids, uridine-5ʹ-diphosphate-
glucuronosyltransferases (UGT), sulfotransferases (SULT), and
catechol-O-methyltransferases (COMT) (78, 79). Phase II
conjugation also occurs in the liver where flavonoids can be
further conjugated (e.g., sulfation/methylation) (79) then
transported to the portal vein or lymphatics. In addition, the gut
microbiota also contribute to flavonoid metabolism (80) and may
compensate for phase 1 and phase II enyzmes (79).

The role of AhR in cancer remains unclear. Many
investigators speculate AhR is a double-edged sword that can
either act as a tumor suppressor or promoter. Flavonoids exhibit
TABLE 1 | Effect of flavonoids-induced immunomodulation via AhR.

Flavonoid Type of study Disease involved Mechanism References

bNF In vivo Colitis Inhibition of NF-kB pathway
Inhibition of pro-inflammatory cytokines TNF-a, IL-6 and IL-12

(73)

Cardamonin In vitro
In vivo

Cell line (THP-1)
Colitis

Inhibition of NLRP3 inflammasome activation
Inhibition of pro-inflammatory cytokines such as IL-1b, TNF-a

(74)

Alpinetin In vivo
In vitro

Colitis
Cell isolation (colonic lamina propria)

Restoration of Th17/Treg balance
Induce differentiation of Treg and less effect on Th17 differentiation

(75)

Naringenin In vivo Allergy Induced Treg differentiation (76)
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AhR agonist or antagonist activity in a cell line- and species-
specific manner unlike TCDD (81, 82). Apigenin (a flavone),
baicalein (a flavone), chrysin (a flavone), diosmetin (a flavone)
and quercetin (a flavonol) are shown to activate the AhR (19)
while keampferol (a flavonol), galangin (a flavonol) and
naringenin (a flavanone) are demonstrated to antagonise the
AhR and exhibit anti-cancer effects (83). Some flavonoids
demonstrate dual AhR activity which further emphasizes the
complexity of AhR responses in in vitro models. Opitz et al.
demonstrated the pathophysiological role of AhR as a transducer
of anti-tumor responses through activation by kynurenine (Kyn),
a tryptophan (Trp) metabolite (84) which are both potent AhR
agonists. However, emerging evidence reveals a role for AhR in
halting malignant transformation and development of colorectal
cancer (CRC). Metidji et al. demonstrated that application of
AhR dietary ligand (I3C) can restore the Wnt-b-catenin
signaling balance. The Wnt-b-catenin pathway is responsible
for regulation of cell fate, proliferation, differentiation during
developmental stages and tissue homeostasis (85). Deregulation
of this signaling pathway has been strongly linked to many types
of cancers (85) including CRC (48). In non-AhR studies, Wnt/-
b-catenin signaling has been affected by flavonoids such as
quercetin and fisetin, apigenin and epigallocatechin gallate (a
flavanol) (85). Overall, these reports suggest that flavonoid-
induced immunomodulation may also have the potential to
halt tumorigenesis in an AhR-dependent manner.
Limitations
Flavonoids are one group AhR ligands that have been shown to
have therapeutic effects in various chronic inflammatory
diseases. Therefore, further studies on the exact molecular
mechanisms of action of flavonoids via AhR signaling is
necessary to uncover the potential roles of AhR as an
immune modulator. The majority of studies have been
performed in immortalized cell lines and animal models
which do not necessarily reflect immune responses by
primary human cells/tissues (26). There is also evidence that
flavonoids are selective AhR modulators which exhibit their
agonist and antagonist activities and different potencies in
tissue/organ/species-specific manner (47, 86). Therefore, it is
difficult to predict their response selectivity on AhR as agonist
or antagonist. Other factors which might limit the widespread
acceptance of flavonoids as therapeutic agents include poor oral
bioavailability and water solubility (87). Flavonoids generally
have short half-lives in the human body. Hence, dietary intake
of these flavonoids should be as regular as possible to maintain
plasma concentrations sufficient to exert certain biological
activities (87). Additionally, flavonoids can be recovered in
large amounts using solvent extracts such as ethanol, methanol
and acetone compared to water due to the different chemical
characteristics and polarities (88). However, not all solvents are
safe for consumption (89). Thus, various approaches have been
taken into consideration, including application of novel drug
delivery system such as nanoparticles and liposomes (87) that
may help improve the bioavailability and solubility of
Frontiers in Immunology | www.frontiersin.org 5
flavonoids in human studies and unveil the full potential of
these AhR ligands that can properly manipulate AhR signaling
and improve disease outcomes. Curcumin, a phytochemical
derived from Curcuma Longa has been extensively studied in
nanoparticle drug delivery systems. Solid lipid nanoparticles
(SLNPs) have been shown to improve the bioavailability,
photostability, prevent degradation of curcumin plus target
delivery to the tissue/cell of interest (90, 91). Encapsulation
of curcumin by liposomes in rats demonstrated high
bioavailability and more effective absorption compared to
natural curcumin (92).

Herbal plants are a rich source of flavonoids. Celery, parsley,
chamomile, mint and ginkgo biloba are herbs that contain high
amounts of flavone (9). With modern scientific approaches, we
could expand our scientific understanding of the medicinal
effects of herbal plants at a molecular level considering their
long history of usage and application as natural remedies for
many diseases (93, 94).
CONCLUDING REMARKS

AhR responds to natural flavonoids in vivo and in vitro which
can impact immune cell function and activation. Recent studies
have suggested that AhR can control inflammatory responses
and modulate the differentiation of multiple immune cells
implicated in inflammatory diseases. Importantly, AhR offers a
unique therapeutic opportunity for wide ranging chemical
structures found in herbal medicine that may activate different
immunomodulatory downstream pathways. We believe that the
proper manipulation of AhR signaling from plant-based
products could be the next promising strategy for treatment of
many inflammatory diseases.
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6. Rodrıǵuez-Garcıá C, Sánchez-Quesada C, Gaforio JJ, Gaforio JJ. Dietary
Flavonoids as Cancer Chemopreventive Agents: An Updated Review of
Human Studies. Antioxidants (2019) 8:1–23. doi: 10.3390/antiox8050137
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Elizondo G. Activation of Aryl Hydrocarbon Receptor Regulates the LPS/
IFNg-Induced Inflammatory Response by Inducing Ubiquitin-Proteosomal
and Lysosomal Degradation of RelA/P65. Biochem Pharmacol (2018)
155:141–9. doi: 10.1016/j.bcp.2018.06.016

74. Wang K, Lv Q, Miao Ym, Qiao Sm, Dai Y, Wei Zf. Cardamonin, a Natural
Flavone, Alleviates Inflammatory Bowel Disease by the Inhibition of NLRP3
Inflammasome Activation Via an AhR/Nrf2/NQO1 Pathway. Biochem
Pharmacol (2018) 155:494–509. doi: 10.1016/j.bcp.2018.07.039

75. Lv Q, Shi C, Qiao S, Cao N, Guan C, Dai Y, et al. Alpinetin Exerts Anti-Colitis
Efficacy by Activating AhR, Regulating miR-302/DNMT-1/CREB Signals, and
Therefore Promoting Treg Differentiation. Cell Death Dis (2018) 9:1–25.
doi: 10.1038/s41419-018-0814-4

76. WangHK,YehCH, IwamotoT, SatsuH,ShimizuM,TotsukaM.DietaryFlavonoid
Naringenin Induces Regulatory T Cells Via an Aryl Hydrocarbon Receptor
Mediated Pathway. J Agric Food Chem (2012) 60:2171–8. doi: 10.1021/jf204625y

77. Miron A, Aprotosoaie AC, Trifan A, Xiao J. Flavonoids as Modulators of
Metabolic Enzymes and Drug Transporters. Ann NY Acad Sci (2017)
1398:152–67. doi: 10.1111/nyas.13384

78. Van Der Woude H, Boersma MG, Vervoort J, Rietjens IMCM. Identification
of 14 Quercetin Phase II Mono- and Mixed Conjugates and Their Formation
by Rat and Human Phase II In Vitro Model Systems. Chem Res Toxicol (2004)
17:1520–30. doi: 10.1021/tx049826v

79. Murota K, Nakamura Y, Uehara M. Flavonoid Metabolism: The Interaction of
Metabolites and Gut Microbiota. Biosci Biotechnol Biochem (2018) 82:600–10.
doi: 10.1080/09168451.2018.1444467
June 2021 | Volume 12 | Article 697663

https://doi.org/10.1038/nm.3868
https://doi.org/10.1016/j.immuni.2012.08.024
https://doi.org/10.1016/j.immuni.2012.08.024
https://doi.org/10.4049/jimmunol.1402044
https://doi.org/10.1084/jem.20160789
https://doi.org/10.1369/jhc.2010.955955
https://doi.org/10.1124/pr.114.009001
https://doi.org/10.1016/j.immuni.2018.07.010
https://doi.org/10.1016/j.cell.2011.09.025
https://doi.org/10.1016/j.cell.2011.09.025
https://doi.org/10.3389/fimmu.2017.01909
https://doi.org/10.3389/fimmu.2017.01909
https://doi.org/10.1006/taap.2002.9403
https://doi.org/10.1124/mol.104.002915
https://doi.org/10.1073/pnas.1014465107
https://doi.org/10.1111/imm.12540
https://doi.org/10.1016/j.imlet.2017.07.013
https://doi.org/10.3389/fimmu.2017.00880
https://doi.org/10.1111/cei.12352
https://doi.org/10.4049/jimmunol.1800934
https://doi.org/10.1016/j.immuni.2009.06.020
https://doi.org/10.1016/j.immuni.2009.06.020
https://doi.org/10.1111/j.1749-6632.2009.05125.x
https://doi.org/10.1093/toxsci/kfr218
https://doi.org/10.1016/j.tem.2017.02.009
https://doi.org/10.1038/nature06881
https://doi.org/10.1084/jem.20081438
https://doi.org/10.1007/s00109-009-0457-0
https://doi.org/10.1007/s00109-009-0457-0
https://doi.org/10.1093/intimm/dxr001
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.1038/nm.4102
https://doi.org/10.1016/j.it.2018.10.010
https://doi.org/10.1038/s41590-018-0107-1
https://doi.org/10.1007/s00535-016-1292-z
https://doi.org/10.1007/s00535-016-1292-z
https://doi.org/10.1038/s41366-019-0340-1
https://doi.org/10.1016/j.bcp.2018.06.016
https://doi.org/10.1016/j.bcp.2018.07.039
https://doi.org/10.1038/s41419-018-0814-4
https://doi.org/10.1021/jf204625y
https://doi.org/10.1111/nyas.13384
https://doi.org/10.1021/tx049826v
https://doi.org/10.1080/09168451.2018.1444467
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bungsu et al. Herbal-Derived Flavonoids Act via AhR
80. Ray SK, Mukherjee S. Evolving Interplay Between Dietary Polyphenols and
Gut Microbiota—An Emerging Importance in Healthcare. Front Nutr (2021)
8:197–203. doi: 10.3389/fnut.2021.634944

81. Murray IA, Patterson AD, Perdew GH. Aryl Hydrocarbon Receptor Ligands
in Cancer: Friend and Foe. Nat Rev Cancer (2014) 14:801–14. doi: 10.1038/
nrc3846

82. Zhang S, Qin C, Safe SH. Brogan & Partners Flavonoids as Aryl Hydrocarbon
Receptor Agonists/Antagonists: Effects of Structure and Cell Context. Environ
Health Perspect (2014) 111:1877–82. doi: 10.1289/ehp.6322

83. Zhang S, Qin C, Safe SH. Flavonoids as Aryl Hydrocarbon Receptor Agonists/
Antagonists: Effects of Structure and Cell Context. Environ Health Perspect
(2003) 111:1877–82. doi: 10.1289/ehp.6322

84. Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, Trump S, et al. An
Endogenous Tumour-Promoting Ligand of the Human Aryl Hydrocarbon
Receptor. Nature (2011) 478:197–203. doi: 10.1038/nature10491

85. Amado NG, Fonseca BF, Cerqueira DM, Neto VM, Abreu JG. Flavonoids:
Potential Wnt/Beta-Catenin Signaling Modulators in Cancer. Life Sci (2011)
89:545–54. doi: 10.1016/j.lfs.2011.05.003

86. Safe S, Jin UH, Park H, Chapkin RS, Jayaraman A. Aryl Hydrocarbon
Receptor (AHR) Ligands as Selective Ahr Modulators (SAHRMS). Int J Mol
Sci (2020) 21:1–16. doi: 10.3390/ijms21186654

87. Yang T, Feng YL, Chen L, Vaziri ND, Zhao YY. Dietary Natural Flavonoids
Treating Cancer by Targeting Aryl Hydrocarbon Receptor. Crit Rev Toxicol
(2019) 49:445–60. doi: 10.1080/10408444.2019.1635987

88. Altemimi A, Lakhssassi N, Baharlouei A, Watson DG, Lightfoot DA.
Phytochemicals: Extraction, Isolation, and Identification of Bioactive
Compounds From Plant Extracts. Plants (2017) 6:445–60. doi: 10.3390/
plants6040042

89. Do QD, Angkawijaya AE, Tran-Nguyen PL, Huynh LH, Soetaredjo FE,
Ismadji S, et al. Effect of Extraction Solvent on Total Phenol Content, Total
Frontiers in Immunology | www.frontiersin.org 8
Flavonoid Content, and Antioxidant Activity of Limnophila Aromatica.
J Food Drug Anal (2014) 22:296–302. doi: 10.1016/j.jfda.2013.11.001

90. Ahmad MZ, Alkahtani SA, Akhter S, Ahmad FJ, Ahmad J, Akhtar MS, et al.
Progress in Nanotechnology-Based Drug Carrier in Designing of Curcumin
Nanomedicines for Cancer Therapy: Current State-of-the-Art. J Drug Target
(2016) 24:273–93. doi: 10.3109/1061186X.2015.1055570

91. Coradini K, Lima FO, Oliveira CM, Chaves PS, Athayde ML, Carvalho LM,
et al. Co-Encapsulation of Resveratrol and Curcumin in Lipid-Core
Nanocapsules Improves Their In Vitro Antioxidant Effects. Eur J Pharm
Biopharm (2014) 88:178–85. doi: 10.1016/j.ejpb.2014.04.009

92. Takahashi M, Uechi S, Takara K, Asikin Y, Wada K. Evaluation of an Oral
Carrier System in Rats: Bioavailability and Antioxidant Properties of
Liposome-Encapsulated Curcumin. J Agric Food Chem (2009) 57:9141–6.
doi: 10.1021/jf9013923

93. Ko SG, Yin CS, Du B, Kim K. Herbal Medicines for Inflammatory Diseases.
Mediators Inflamm (2014) 2014:982635. doi: 10.1155/2014/982635

94. Li F, Weng J. Demystifying Traditional Herbal Medicine With. Nat Publ
Group (2017) 3:1–7. doi: 10.1038/nplants.2017.109

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Bungsu, Kifli, Ahmad, Ghani and Cunningham. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
June 2021 | Volume 12 | Article 697663

https://doi.org/10.3389/fnut.2021.634944
https://doi.org/10.1038/nrc3846
https://doi.org/10.1038/nrc3846
https://doi.org/10.1289/ehp.6322
https://doi.org/10.1289/ehp.6322
https://doi.org/10.1038/nature10491
https://doi.org/10.1016/j.lfs.2011.05.003
https://doi.org/10.3390/ijms21186654
https://doi.org/10.1080/10408444.2019.1635987
https://doi.org/10.3390/plants6040042
https://doi.org/10.3390/plants6040042
https://doi.org/10.1016/j.jfda.2013.11.001
https://doi.org/10.3109/1061186X.2015.1055570
https://doi.org/10.1016/j.ejpb.2014.04.009
https://doi.org/10.1021/jf9013923
https://doi.org/10.1155/2014/982635
https://doi.org/10.1038/nplants.2017.109
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Herbal Plants: The Role of AhR in Mediating Immunomodulation
	Introduction
	Aryl Hydrocarbon Receptor (AhR)
	AhR Expression
	AhR Ligands
	Limitations

	Concluding Remarks
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


