1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Nutr Health Aging. Author manuscript; available in PMC 2024 March 18.

-, HHS Public Access
«

Published in final edited form as:
J Nutr Health Aging. 2023 ; 27(4): 291-300. doi:10.1007/s12603-023-1908-1.

The Aryl Hydrocarbon Receptor, Epigenetics and the Aging
Process

S. Abudahab?, E.T. Pricel, M.G. Dozmorov?3, L.S. Deshpande*®, J.L. McClay?

1.Department of Pharmacotherapy and Outcomes Science, School of Pharmacy, Virginia
Commonwealth University, Richmond, Virginia, USA

2.Department of Biostatistics, School of Medicine, Virginia Commonwealth University, Richmond,
Virginia, USA

3.Department of Pathology, Virginia Commonwealth University, Richmond, VA, 23284, USA

4Department of Neurology, School of Medicine, Virginia Commonwealth University, Richmond,
VA, USA

5Department of Pharmacology and Toxicology, School of Medicine, Virginia Commonwealth
University, Richmond, VA, USA

Abstract

The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor, classically
associated with the regulation of xenobiotic metabolism in response to environmental toxins. In
recent years, transgenic rodent models have implicated AhR in aging and longevity. Moreover,
several AhR ligands, such as resveratrol and quercetin, are compounds proven to extend the
lifespan of model organisms. In this paper, we first review AhR biology with a focus on aging and
highlight several AhR ligands with potential anti-aging properties. We outline how AhR-driven
expression of xenobiotic metabolism genes into old age may be a key mechanism through which
moderate induction of AhR elicits positive benefits on longevity and healthspan. Furthermore,
via integration of publicly available datasets, we show that liver-specific AhR target genes are
enriched among genes subject to epigenetic aging. Changes to epigenetic states can profoundly
affect transcription factor binding and are a hallmark of the aging process. We suggest that the
interplay between AhR and epigenetic aging should be the subject of future research and outline
several key gaps in the current literature. Finally, we recommend that a broad range of non-toxic
AR ligands should be investigated for their potential to promote healthspan and longevity.
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The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor that
regulates gene expression and xenobiotic metabolism. Recently, this transcription factor

has been associated with aging and longevity (1, 2). Aging research has identified many
nutritional and pharmacological compounds that affect the aging process with some that

can be considered as anti-aging therapies (3). Interestingly, many of these compounds are
AR ligands, suggesting that activation of the AhR pathway may have fundamental roles

in aging/antiaging biology. However, the fact that many of these compounds act through a
common mechanism, i.e., AhR, has been underappreciated to date. Moreover, the ability of
AhR to bind to DNA is strongly influenced by epigenetic states at its binding sites (4, 5).
Changes to epigenetic states are a hallmark of the aging process6 and several AhR ligands
with anti-aging properties also affect epigenetic states as we outline below. Therefore, the
goals of this paper are to 1) review the role of AhR in aging and longevity, 2) review

AR ligands that show antiaging properties and 3) highlight potentially important epigenetic
aging mechanisms that may influence AhR function in the aging process. We argue that

an improved understanding of the interplay between AhR modulation, epigenetics and the
aging process may inform the development of improved anti-aging supplements or therapies.

The biology of AhR: from regulation of xenobiotic metabolism to several

fundamental physiological roles

AhR was first identified in the 1970s as the cellular binding protein of the potent toxin
tetrachlorodibenzo-p-dioxin (TCDD) (7, 8). AhR is a member of the Basic-Helix/Loop/
Helix Per-Arnt-Sim (bHLH/PAS) family of transcription factors, but it is the only ligand-
activated member of the family (9). In the cytoplasm, AhR is usually in an inactive state
being bound to the molecular chaperone heat shock protein 90 (HSP90), co-chaperone p23,
and XAP2 (10) (Figure 1). AhR binding to a ligand or modulator such as TCDD leads

to dissociation of the chaperones. AhR then shuttles to the nucleus where it dimerizes

with one of the Aryl hydrocarbon receptor nuclear translocators (ARNT1, ARNT2 and
ARNTS3). The resulting heterodimer can bind to several xenobiotic responsive elements
(XREs) depending on the cell type and the modulating ligand. For example, the canonical
XRE ([T/C]GCGTG) (Figure 2a) activates the CYP1AL gene and XRE Il (CATG{n6}C[T/
A]TG) (Figure 2b) activates CYP1A2 which are the classical AhR detoxification pathways
(9, 11). Other XREs include: TCDD-unresponsive, BaP-responsive XRE, which is activated
by Benzo(a)pyrene (BaP); TCDD-unresponsive, polyphenol-responsive XRE, which is
activated by 3-Methylcholanthrene, BaP and quercetin; Tyrosine hydroxylase AhRE IlI;
Cathepsin D, c-fos, pS2 iXRE and RelB-AhRE, which are all activated by TCDD (11). In
response to the binding with the XRE, three mechanisms have been suggested as negative
feedback to the AhR activity; 1) the metabolism and excretion of the activating ligand, 2)
the induction of Aryl-Hydrocarbon Receptor Repressor (AHRR), which competes with the
AhR/ARNT complex in binding to the XRE and 3) by the ubiquitylation and proteasome-
mediated degradation of the AhR protein (9, 12).

AR is constitutively expressed in several tissues (Figure 2c), with the highest levels of
AHR mRNA detected in the urinary bladder, gall bladder, and lungs. It is also expressed
at high levels in the appendix, liver, bone marrow, stomach, esophagus, and placenta. It
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is expressed in lower levels in different parts of the gastrointestinal tract, spleen, skin,
thyroid, brain, and lymph nodes. The exact number of genes regulated by AhR is still
unknown and will be tissue dependent. However, the plethora of tissues where AhR is
expressed is indicative of its extensive role in normal physiology. In addition to xenobiotic
metabolism, AhR is involved in physiological functions such as immunological reactions
(13), hematopoietic stem cell (HSC) proliferation (14), reproductive health (15), and normal

aging (1).

The role of the transcription factor AhR in normal aging: multiple aging

processes with a common AhR connection

Aging is an extremely complex biological phenomenon and part of the challenging nature
of aging research is that aging is not a disease but the result of the interplay of numerous
factors6. While our understanding of AhR has historically focused on its role in xenobiotic
metabolism, here we consider the role of AhR in aging. We focus on two aspects, the effect
on lifespan and healthspan. The latter term can be generally defined as the time spent in
good health, free from chronic diseases or any age-related disabilities16.

Laboratory rodent studies

Ahr knockout mice (Ahr—/-) have shown that AhR deficiency accelerates the aging process
and is associated with a premature aging phenotype. Hirabayashi & Inoue (2009)17 found
that Ahr knockout mice had a significantly reduced lifespan in a gene-dosage-dependent
manner. Fernandez-Salguero et al. (18) showed that 40-50% of the Ahr—/— mice died or
were selectively cannibalized within four days after their birth and those who survived had a
slower growth rate. Moreover, both studies found reduced fertility in Ahr—/— mice when they
reached adulthood (17, 18).

Ahr knockout mouse models have shown a wide range of age-associated phenotypes.
Bravo-Ferrer et al. (2019) (19) demonstrated that Ahr—/— mice up to 24 months old had

a significant increase in cardiac hypertrophy, liver fibrosis, splenomegaly, rectal prolapse,
kyphosis and decline in motor function when compared to controls. They also showed that
AhR deficiency promotes anatomic signs of brain aging including loss of white matter,
premature spatial memory impairment and greater astrogliosis in the hippocampus. In
particular, they focused on age-associated inflammation (“inflammaging”) and found that
AhR deficiency is associated with increased cytokine levels. The study also reported that the
brain levels of AhR protein decrease with age in wild-type mice further indicating a link
between AhR and aging (19).

Hirabayashi & Inoue (17) also showed that Ahr knockouts had lower antioxidative function
in the hematopoietic microenvironment with low oxidative tension, and a reduction in the
fraction of the dormant stem cell/progenitor compartment. This reduction increases the
differentiation of hematopoietic progenitor cell compartment and leads to early exhaustion
(17). Furthermore, their HSCs showed increased levels of reactive oxygen species, increased
staining for y-H2A.X (a sensitive indicator of DNA damage) as well as an increase in Rad50
MRNA (a double-strand break repair protein). This dysregulation of HSCs was supported
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by Singh et al. (2009) (20) who showed that Ahr knockout results in the altered ability

of HSCs to sense appropriate signals in the bone marrow microenvironment leading to
hematopoietic disease of imbalance between quiescence and proliferation (14, 20). Singh et
al. also examined gene expression changes in SLAM+ cells (surface glycoproteins in the
immunoglobulin superfamily CD150 and CD48) in Ahr knockout mice. They found 673
differentially expressed genes, including an upregulation of genes linked with leukemia

and abnormal proliferation, and an almost fourfold upregulation mechanistic target of
rapamycin (Mtor). Its encoded protein mTOR is considered a regulator of many hallmarks
of aging and lifespan and has been extensively investigated in aging research (21, 22).
Other age-associated phenotypes connected with Ahr knockouts include the inability to
maintain glucose and lipid homeostasis (23), increased levels of cytokines that correlate with
inflammaging (19), increased uric acid stones in the urinary bladder (24), development of
minor renal insufficiency (25). In contrast, Eckers et al. showed a positive aging sign in Ahr
knockout mice, whereby they exhibited a decrease in vascular stiffness (26). Taken together,
though, the current literature more often reports reduced lifespan and increased aging signs
in Ahr knockout mice.

Caenorhabditis elegans studies

Only a few studies have investigated AhR and aging in C. elegans and these have
contradictory findings. Chamoli et al. observed increased ahr-1 expression in worms
subjected to dietary restriction (27), an intervention that increases lifespan across several
species (28). On the other hand, Brinkmann et al. investigated the resistance of C. elegans to
different types of stressors and found that RNA. targeting the ahr-1 gene did not extend the
lifespan (29). Eckers et al. (26) found that AhR-deficient C. elegans worms have increased
life span and health span, indicated by their increased motility and stress resistance when
compared to controls (26). Aarnio et al. showed several physiological disadvantages in ahr-1
mutant C. elegans including slower larval development, fewer eggs laid, a higher number

of dead embryos and movement deficits compared with the wild-type (30). However, no
differences in longevity in the mutants were reported. Overall, the evidence relating AhR
and aging/longevity in C. elegans is inconclusive, in contrast to the more clear-cut findings
in mice.

Human studies of AhR and aging

Several human studies have found connections between AhR and aging. The expression of
genes in the AhR/ARNT pathway and the AHRR (AhR repressor) was shown to be different
between adults 30-50 years old, septuagenarians (70 to 79 years old) and centenarians

(100 or more years old). Moreover, centenarians maintained a high expression of AHR,
ARNT, CYP1B1 genes and a low expression of AHRR like younger individuals, while
septuagenarians showed a significant decrease of AHR, ARNT, CYP1B1 expression and a
significant increase of AHRR as compared to young individuals (31, 32). These findings are
particularly interesting because they align with the concept of centenarians as “super agers”
that have slower aging processes when compared to other older adults.

Exercise is known to have a strongly beneficial influence on human healthy aging, chronic
disease and immunity (13, 33). A recent randomized cross-over trial investigating the effects
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of endurance and resistance exercise on AhR found that both types of exercise can impact
AR levels (34). This trial showed that a single 50-minute session of both types of exercise
was able to reduce the gene expression levels of AhR in peripheral blood samples, which
could be explained by the increase of the AhR ligand kynurenine that is reported to increase
after exercise (35).

Brinkmann et al. (1) pointed to a possible crosstalk between AhR and the mitochondria.
Not only does AhR influence mitochondrial function, but some AhR is localized within the
mitochondria (the intermembrane space (36) when not bound to any ligands. For example,
Hwang et al. (36) showed that when murine hepatoma cells were treated with increasing
amounts of TCDD the localization of AhR in the intermembrane space was lost indicating
the essential role of the ligand in this process. Brinkmann et al. (1) further suggested that
the effect of AhR on the mitochondria is complex and likely varies by tissue, age, and sex,
and ligand. Yet, this is potentially an important connection as mitochondrial dysfunction is
considered one of the hallmarks of aging (6).

Human genome-wide association studies (GWAS) implicating AhR

GWASs have successfully identified thousands of genetic loci that predispose individuals to
certain traits and diseases. Using the GWAS catalogue (www.ebi.ac.uk/gwas/) we reviewed
all GWAS that identified an association with the human AHR gene. Of the 104 associations
from 75 studies, the majority were with bitter non-alcoholic beverage consumption, such

as coffee. This is unsurprising as coffee stimulates expression of AHR and is metabolized
by AhR-responsive genes such as CYP1A2 (37). Many of the other GWAS hits (Table 1)
are associated with phenotypes that are linked with aging, including a decline in kidney
function, dyslipidemia and chronic inflammatory disease.

Focusing on the aging process itself, a GWAS conducted by Zhang et al. found an
association between genetic variants at the AHR locus and DNA methylation variation in
normal aging (38). The epigenome changes extensively during the aging process (6) and,
among known epigenetic marks, methylation of cytosine residues in DNA (5-methylcytosine
or 5mC) has been the most studied. For example, “epigenetic clocks” use 5mC levels at
several CpG positions around the genome to accurately identify the age of individuals (39).
In their study Zhang et al. (38) identified CpG sites with statistically significant variation

in the rate of change of 5mC among older individuals, and one of these sites was at AHR.
More broadly, Farley & Jarman et al. (2) derived a predictive lifespan clock based on

CpG density in a selected set of promoters across forty different vertebrate species. They
implicated a specific CpG-dense regulatory region at AHR associated with longevity. Taken
together, these studies suggest importance of epigenetic states at AHR in aging.

AhR ligands with anti-aging properties

AhR binds to a wide variety of ligands. The canonical ligands in the AhR literature are
mostly exogenous toxins including dioxin, 3-methylcholanthrene and benzo[a]pyrene (40,
41). AhR also binds to numerous endogenous ligands (42), indicative of the fact that

this transcription factor has more physiological functions beyond mediating the toxicity of
environmental pollutants. It also responds to many ligands derived from plants and synthetic
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chemicals used as pharmaceuticals in clinical practice. Several AhR ligands have anti-aging
properties, and this section focuses on the role of AhR ligands in the anti-aging process.

Plant-derived ligands

AhR binds many plant-derived compounds with putative anti-aging properties including:
resveratrol, a type of phenol produced by many plants in response to stress or injury;
quercetin, a naturally occurring flavonoid, and curcumin, a yellow spice and coloring agent.

Resveratrol (3,5,4’-trihydroxy-trans-stilbene) was first isolated from the roots of Veratrum
grandiflorum (43). It is present in many plants such as grapes, peanuts, cocoa, berries and
soy, and has ROS scavenging properties making it a potent antioxidant (44). In addition

to being a known antagonist of AhR (45), resveratrol was shown to activate sirtuin 1
through the NAD+ pathway (46). Several early studies suggested that resveratrol can
extend lifespan via stimulating sirtuins which are the same pathways activated by calorie
restriction in different species: S.cerevisiae (47), C. elegans (48, 49), and D. melanogaster
(50, 51). However, the mechanistic link between resveratrol’s anti-aging effect and sirtuins
was subsequently called into doubt, and some initial findings were not reproducible (52,
53). Subsequent meta-analysis (54) and reviews of the resveratrol literature in model
organisms (55) concluded that overall resveratrol acts as a life-extending agent, but the
underlying mechanism through which this occurs remains unclear. Several clinical trials
have found beneficial effects of resveratrol in humans including improvement of skeletal
muscle mitochondrial function (56), bone mineral density (57), cerebrovascular function,
memory and cognition (58, 59).

Quercetin (3,31,41,5,7-pentahydroxyflavone) is a naturally occurring polyphenol flavonoid,
found in fruits and vegetables, including onions, apples, berries, tea, tomatoes and citrus
fruits (60). Quercetin is an AhR agonist and directly competes with TCDD as a ligand

(61). Quercetin also increases CYP1A1 gene expression (CYP1AL is regulated by AhR)
and interferes with the degradation of 6-formylindolo[3,2-b]carbazole (an endogenous AhR
ligand) (62). Quercetin has also been investigated as a senolytic drug, a class of anti-aging
drugs that selectively clear senescent cells and have a potential role in cancer treatments
(63). Quercetin has been shown to extend lifespan in several animal models. For example, in
a C. elegans study, Pietsch et al. showed that quercetin caused a lifespan extension in a dose-
dependent manner (64). They reported life span extensions of 11% and 18% in response to
100 and 200 uM of quercetin, respectively. Kampkotter et al. reported similar results with
an extension of 15% with 100 uM of quercetin (65). In a mouse model transplanted with
senescent cells, administration of the senolytic cocktail of dasatinib plus quercetin reduced
the number of naturally occurring senescent cells (66).

Using a D. melanogaster model, Saul et at. showed that quercetin increased mean lifespans
up to 15% (67), whereas Proshkina et al. showed no obvious life extension (68).

Curcumin ((1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione)) is an AhR
agonist extracted from Curcuma longa (69). It is extensively used as a spice in curry and
mustard and gives them a distinctive yellow color. It has antioxidant and anti-inflammatory
effects and can prolong the mean lifespan of aging model organisms such as C. elegans
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(70), D. melanogaster (71), and mouse (72). In C. elegans treated with curcumin, the mean
lifespan increased by 39% and the maximum lifespan by 21%. Curcumin extended the

life span of two different strains of D. melanogaster. More specifically, curcumin at 100
UM extended the life span of Canton-S female flies by 19% and at 250 UM extended the
life span of Ives male flies by 16%. In C57BL/6 mice, those receiving curcumin had an
average of 10% longer survival. Curcumin has been shown to have beneficial effects on
many age-associated disease states including cancer (73, 74), rheumatoid arthritis (75, 76),
cardiovascular disease (77), liver disease (78), and neurodegenerative diseases (79-81).

Pharmaceutical ligands: Metformin

Metformin has antioxidant and anti-inflammatory properties, and it is used mainly for the
management of diabetes to improve insulin sensitivity for type 2 diabetes (82). Metformin
has attracted interest in the field of aging biology because several studies have shown

that it increases healthspan and longevity in animals (83, 84). The drug is currently under
testing in the Targeting Aging with Metformin (TAME) Trial to examine whether it has
anti-aging effects in humans (85). The exact anti-aging mechanism of metformin is still
unknown; however, many are being investigated. In the context of AhR, one study showed
that metformin at low doses inhibited mast cells stimulated with the AhR ligand, 5,11-
dihydroindolo[3,2-b] carbazole-6-carbaldehyde (FICZ). Furthermore, metformin was shown
to inhibit the IgE receptor (FceR1) and AhR-mediated passive cutaneous anaphylaxis,
indicating the role of metformin on the AhR pathway (86). Metformin also inhibited
endogenous AhR ligand-induced CYP1A1 and CYP1B1 expression in breast cancer cells
(87). In summary, metformin has clearly beneficial effects on aging and also modulates AhR
activity and/or downstream gene expression, but additional work is needed to identify if it
interacts with AhR directly, or acts competitively with other AhR agonists/antagonists.

Xenobiotic metabolism in aging

AhR and its ligands can profoundly affect longevity and healthspan, but the mechanism(s)
through which AhR affects the aging process is unclear. Some commentators have
suggested that AhR affects overall levels of reactive oxygen species (42) or the function
of mitochondrial, both of which may be relevant to an extent. However, an alternative
explanation could be that moderate stimulation of AhR helps to maintain the integrity

of xenobiotic metabolism into old age. Expression of xenobiotic metabolizing genes and
enzymes is elevated in liver tissue of long-lived mouse models such as calorie-restricted
mice and long-lived dwarf mice (88-90), while resistance to oxidative toxins is a hallmark
of long-lived mouse models (89). Mutation of xenobiotic metabolizing genes in several
organisms can affect lifespan (91, 92) and genetic variation in xenobiotic metabolizing
genes has been associated with longevity in several human studies (93, 94). There is now
substantial and convincing evidence from worm to mouse to human that upregulation

of genes involved in xenobiotic detoxification is a common mechanism of increased
longevity across phyla (95, 96). Therefore, a deeper understanding of mechanisms governing
AhR-driven expression of xenobiotic metabolism genes into old age could increase our
understanding of the biology of healthy aging.
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Epigenetics and AhR regulation of drug-metabolizing genes in aging

A significant body of work has demonstrated that xenobiotic metabolism genes are under
epigenetic control (97, 98) and epigenetic change is a hallmark of the aging process6.
Moreover, epigenetic aging has been shown to affect expression of xenobiotic metabolism
genes (99). AhR, like other TFs, is strongly influenced by epigenetic states at its target genes
(4, 5). However, no studies have yet investigated AhR in the context of epigenetic aging.
Therefore, we asked the question, are AhR-regulated genes subject to epigenetic aging?

To answer this, we first obtained AhR Chromatin immunoprecipitation (ChIP) data from
Fader et al. 2017 that identified areas in the mouse liver genome where AhR binds following
activation by TCDD (100). Next, we obtained age-differentially methylated regions (a-
DMRs) in the mouse liver genome from Sandoval-Sierra et al., 2020 (101). We then used
GREAT (102) to identify the set of genes associated with each set of loci. We then tested
for enrichment of liver genes under AhR control among liver genes that undergo epigenetic
aging as shown in Table 2. Fisher’s exact test yielded an enrichment p-value < 2.2 x

10716 and an odds ratio of 4.8. We then ran the 129 gene list in a gene ontology (GO)
analysis in PANTHER (103) and DAVID (104). One significant category that we found
was “cellular response to chemicals”, which was significantly enriched in both analyses.
This category includes a lot of xenobiotic metabolism genes. The enrichment ratios were
1.93-fold (p= 3.172 x 1075, and FDR= 4.982 x 1072) and 1.54-fold (p= 4.3 x 1073, and
FDR=0.2), for PANTHER and DAVID respectively. Restricting the analysis to just genes
expressed in the liver obtained similar results (Table 2). For just liver-expressed genes, the
GO category “cellular response to chemicals” was significant in PANTHER with 2.48-fold
enrichment (p= 1.93 x 107>, and FDR= 1.60 x 1072) but not significant in DAVID with
1.23-fold enrichment (p= 2.4 x 1073, and FDR= 1.1 x 1071). These findings suggest that
genes regulated by AhR that undergo epigenetic change with age are involved in xenobiotic
response.

Discussion and Conclusions

In this article, we have shown several lines of intersecting evidence that indicate the
importance of AhR to aging biology. As a ligand-dependent TF, the role of AhR ligands

in the aging process is also intriguing, while the significant overlap between genes subject
to epigenetic aging in the liver and those regulated by AhR suggests a possible interplay
between epigenetic aging and AhR. While these findings are of interest, there are gaps in
our knowledge of AhR and some instances of apparently conflicting evidence. We will now
address several of these issues and suggest the areas where further research would be of
immediate benefit.

First, we reviewed evidence that deletion of AhR in rodent models leads to reduced
lifespan. Other studies in mice and humans were consistent with this direction of effect,
suggesting that up-regulation of AhR is beneficial for longevity and healthspan. However,
other commonly used aging models, particularly C. elegans, showed either no aging effect
or conflicting evidence for the role of AhR on longevity. A possible explanation is that
mammalian AhR is functionally distinct from AhR in invertebrates because the latter does
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not bind to the canonical ligand TCDD, due to structural differences at the ligand binding
domain of the protein (11, 105). Therefore, it is possible that the involvement of AhR in
the aging process is somehow related to a vertebrate-specific or perhaps even mammalian-
specific function. Currently, insufficient studies have been performed in different species to
draw general conclusions. We recommend that additional studies of AhR and aging, in the
context of different ligands, are conducted in a broader range of invertebrate and vertebrate
species to delineate potential relevant pathways.

Second, there is an apparent inconsistency with respect to the AhR ligands outlined above,
with quercetin and curcumin being referred to as AhR agonists and resveratrol being

referred to as an AhR antagonist in many studies. How could the apparently opposite
properties of these ligands lead to the same outcome of increased longevity and healthspan?
To reconcile this apparent conflict, we must first define what it means to be an agonist
versus antagonist for a ligand-dependent TF. Typically, agonists bind to the TF and activate
it, causing the downstream expression of several gene pathways, while antagonists bind to
the TF and prevent it from activating those pathways. Most often, in the case of AhR, the
agonist/antagonist distinction is based on whether or not the ligand elicits the downstream
activation of CYP1A1 and CYP1AZ2. Resveratrol downregulates the expression of these
xenobiotic metabolism genes, but on the other hand it up-regulates alternative pathways such
as paraoxonase 1 (PON1) (106). This activation of alternative pathways while suppressing
canonical pathways possibly calls into question the usefulness of the agonist/antagonist
distinction in the case of AhR (11). Clearly, additional work is necessary to fully evaluate
the complement of genes activated by AhR in response to the binding of different ligands. At
present, we are only aware of chromatin immunoprecipitation sequencing (ChlP-seq) studies
of AhR binding in mouse liver following administration of TCDD100. Repeating such an
experiment for different ligands in both rodent liver and human hepatocytes in culture would
yield valuable information on this topic.

On a related note, it is interesting to highlight the distinction between AhR agonists

such as quercetin and curcumin, which have positive effects on longevity and health, as
compared to toxic agonists such as TCDD which are clearly detrimental to health. While
the inherent toxicity of the ligands themselves plays a role, it has been suggested that
moderate activation of AhR is beneficial with respect to aging while over-activation can
lead to potential unwanted side effects such as production of free radicalsl. Therefore,
AhR-activating ligands of moderate potency are preferable as dietary supplements (Figure
3).

We have suggested that AhR exerts its effects on the aging process, at least partly, through
the up-regulation of xenobiotic metabolism genes. Epigenetics is an essential mediator
between the activation of AhR and its ability to bind to its target genes, through the
regulation of chromatin state. It is now well established that epigenetic aging is a hallmark
of the aging process (6), but less well appreciated is that AhR ligands themselves may
affect epigenetic states. Toxins such as Agent Orange (a herbicide mixture used during the
Vietnam War that contains dioxin) were found to impact the epigenome of several tissues
in veterans (107, 108). In another study, dioxin was found to induce AhR-dependent DNA
demethylation of the CYP1A1 promoter in mouse liver, a significant increase in histone
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H3 lysine 4 trimethylation (H3K4me3) and a significant decrease in histone H4 Lysine 20
trimethylation (H4K20me3) (109).

In addition to the epigenetic effects of these toxic AhR ligands, research has been
conducted on the epigenetics of the putative anti-aging compounds that we highlighted
above. Resveratrol was reported to effectively reverse epigenetic changes associated with
activation of the AhR and its binding to the BRCAL promoter in breast cancer cells (110).
Moreover, a reverse association between serum resveratrol levels and Ras Association
Domain Family Member-1a (RASSF1A) methylation was observed, resulting in a higher
expression of this tumor suppressor gene (110, 111). Resveratrol has been epigenetically
investigated with many other cancers (112). Quercetin has also been reported to have a
broad spectrum of cancer-preventive activities, but like resveratrol no aging epigenetic
studies investigated its aging effects. It has been shown to inhibit DNA methyltransferase
(DNMT) activity in vitro and was associated with the upregulation of both mRNA and
protein levels of p16 (a tumor suppressor protein)113 resulting in an inhibition of cell
proliferation114. Furthermore, quercetin and curcumin have been shown to enhance BRCAL
expression in Triple Negative Breast Cancer cells (TNBC). The BRCA1 promoter histone
H3K9 acetylation was significantly increased with the combined treatment of quercetin
and curcumin (115). Moreover, curcumin treatment restored BRCA1 expression through
reduction of its promoter methylation level (116). Overall, these studies show the potential
epigenetic effects of AhR ligands and these effects could have profound implications for
the aging process. Current research on the interaction between these ligands and epigenetic
aging are sorely lacking, both with respect to AhR and to aging biology more generally.

Finally, we speculate that other AhR ligands could have antiaging properties, potentially
with greater efficacy than those shown here. For example, Sonowal et al. (117) showed

that indoles from commensal bacteria extend healthspan in multiple species (C. elegans,
Drosophila melanogaster, and mice) and alter patterns of gene expression in old animals

to resemble the young. Interestingly, many indoles including indole-3-acetonitrile (118), 5-
hydroxyindole-3-acetic acid (119), and idole-3-acetic acid (120) have been reported to bind
to AhR. Snonowal found that AhR-dependent genes represented 36% of indole-regulated
genes (117) proposing that indoles may promote healthy aging.

In summary, AhR is intrinsically associated with healthy aging and some of its weaker,
natural ligands may have antiaging properties. We suggest that these anti-aging effects are a
result, at least in part, of up-regulation of xenobiotic metabolism into old age. The interplay
between epigenetic aging and AhR has not been widely investigated, but we showed through
the integration of publicly available datasets that AhR-regulated genes in the liver are
over-represented among genes undergoing epigenetic aging. While these intersecting lines
of evidence point towards a complex interplay between AhR, its ligands and epigenetics,
insufficient research has been carried out in this area. Additional, naturally-occurring dietary
AR ligands should be investigated for their effects on the aging process.
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Figure 1. Therole of thetranscription factor AhR in drug metabolism
AhR serves as an intracellular mediator of the xenobiotic metabolic pathway as it regulates

the transcription of several phase | and phase Il drug-metabolizing enzymes (left panel).
Upon ligand binding, AhR decouples from molecular chaperones and shuttles to the nucleus
where it forms a heterodimer with ARNT, allowing it to bind to XREs to regulate gene
transcription. Figure created with BioRender.com.
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Figure 2.
(A) Binding motif of the xenobiotic responsive element (XRE1), (B) Binding motif of the

xenobiotic responsive element (XRE2), (C) Bulk tissue gene expression of AHR obtained
from: the GTEx Portal on 14/10/2022
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Figure 3. Summary of the AhR activation on the aging phenotype
The type and dose of AhR ligands have varying effects on aging phenotype; (a) potent AhR

ligands like TCDD produce accelerated aging phenotype and toxic effects, (b) AhR ligands
have beneficial anti-aging effects, (c) AhR knockout models lack the beneficial effects of
ligands. Figure created with BioRender.com.
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