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Abstract: During the aging process our body becomes less well equipped to deal with cellular
stress, resulting in an increase in unrepaired damage. This causes varying degrees of impaired
functionality and an increased risk of mortality. One of the most effective anti-aging strategies
involves interventions that combine simultaneous glucometabolic support with augmented DNA
damage protection/repair. Thus, it seems prudent to develop therapeutic strategies that target
this combinatorial approach. Studies have shown that the ADP-ribosylation factor (ARF) GTPase
activating protein GIT2 (GIT2) acts as a keystone protein in the aging process. GIT2 can control
both DNA repair and glucose metabolism. Through in vivo co-regulation analyses it was found that
GIT2 forms a close coexpression-based relationship with the relaxin-3 receptor (RXFP3). Cellular
RXFP3 expression is directly affected by DNA damage and oxidative stress. Overexpression or
stimulation of this receptor, by its endogenous ligand relaxin 3 (RLN3), can regulate the DNA damage
response and repair processes. Interestingly, RLN3 is an insulin-like peptide and has been shown to
control multiple disease processes linked to aging mechanisms, e.g., anxiety, depression, memory
dysfunction, appetite, and anti-apoptotic mechanisms. Here we discuss the molecular mechanisms
underlying the various roles of RXFP3/RLN3 signaling in aging and age-related disorders.

Keywords: relaxin-family peptide receptor 3; aging; G-protein-coupled receptors; DNA; damage;
GIT2

1. Introduction

Aging is arguably one of the most complex molecular biological processes. The major-
ity of eukaryotic organisms undergo the aging process as progressive levels of cellular and
tissue damage accumulate across the organism’s lifetime. While bewilderingly complex,
aging can be deconstructed as a molecular biological process to reveal a core series of
functions that represent a consistent signature that lends itself to potential generic ther-
apeutic interventions. To this end, considerable research has suggested that through the
targeting of these key signature features a tractable ability to control the aging process may
be engineered. Here we discuss how such a novel target may have been recently identified.

1.1. Aging and Aging-Related Disorders

The increase in the world’s elderly population has caused an increased prevalence
of aging-related chronic disease conditions, such as neurodegenerative disorders (e.g.,
Alzheimer’s disease (AD)), cardiovascular disease, arthritis, chronic kidney disease, and
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Type II Diabetes Mellitus (T2DM) [1]. Aging is a degradative neurometabolic process
affecting every organ, and it drives the progression of a multitude of diseases. Aging is
a complex multi-factorial process and, while some contributing factors may be unique
to each individual, there are many common etiological factors across populations [1,2].
Aging is typified by the accumulation of molecular damage, causing progressive loss of an
organism’s optimal function, eventually leading to systemic dysfunction and death [1,3].

Aging and many aging-related disorders involve perturbed energy balance [3]. Reg-
ulation of glucose metabolism, via the canonical insulinotropic system, has been shown
to be a crucial regulator of the rate of aging [4]. The alteration of energy-controlling or-
ganelles and a significant reduction in glucose uptake are a sign of metabolic dysfunction.
In times of stress or temporary depletion of glucose supplies, cellular energy metabolism
will reflexively shift from glucose to adipose or protein metabolism to guarantee energy
production. This metabolic change can cause oxidative stress [5], as the catabolism of these
alternative energy sources is less energy efficient and yields lower ATP. The Harman free
radical/oxidative stress theory stipulates that physiological iron and other metals in the
body cause reactive oxygen species (ROS) accumulation in cells, as a by-product of normal
redox reactions. ROS are essentially by-products of a variety of pathways that are involved
in aerobic metabolism. The accumulation of oxidative stress constitutes one of the most
realistic hypotheses of aging and neurodegenerative disorders [1]. This oxidative stress in
turn can cause DNA damage, in the form of double strand breaks (DSBs). While the DNA
damage repair (DDR) process functions to repair these DSBs, it is well established that
with age, DDR is impaired and can no longer perform this function optimally. This leads
to the induction of mutations and/or chromosomal aberration, which in turn can cause
cell death, and, in extreme cases, cancer and neurodegenerative disorders [2]. With aging
there is a reduced ability to cope with cellular stresses, causing the body to become more
prone to a wide variety of pathologies [6]. The central nervous system (CNS), comprised
of post-mitotic tissue, is profoundly affected by DDR deficiencies. DDR dysfunction in
mature neural tissues is linked to both premature aging and neurodegenerative disorders,
such as AD [7].

Aging as a natural pathological process is slowly developing and coordinated by the
interaction of multiple signaling systems across several somatic tissues. This complexity
makes it a difficult process to therapeutically target. Chadwick et al. [2] demonstrated
that such complex systems possess some degree of organization, with some proteins
possessing a greater regulatory network function than others. These are the so-called
‘keystones’ (alternatively termed ‘hubs’). Targeting these proteins facilitates regulating
these complex disorders, in contrast to controlling the process at every molecular point. One
such keystone recently identified is GIT2 (G protein-coupled receptor kinase interacting
transcript 2), an ADP-ribosylation factor GTPase-activating protein (Arf-GAP), and a class
A G-protein-coupled receptor (GPCR) interacting protein [2,8,9]. GIT2 was identified as an
important protein linked to several aspects of the aging process, through latent semantic
indexing (LSI). As GIT2 is a potentially important keystone in aging, it might represent
a crucial therapeutic target. However, canonical therapeutic targets are receptors, ion
channels, kinases, and phosphatases, hence GIT2, being a scaffolding protein, does not
represent an effective druggable target [10]. It was recently demonstrated that, in addition
to regulating intermediary cell metabolism events such as calcium mobilization, GPCRs can
also effectively regulate the expression profiles of multiple signaling proteins via slower
signaling modalities outside of the traditional G-protein-dependent functions [11]. This
suggests that GPCRs can be used to regulate the expression of specific signaling proteins,
to improve therapeutic activity [1,9]. GPCRs are also interesting drug candidates due to
their high diversity, targetability, and involvement in nearly every physiological process.
Our ongoing research has also demonstrated that the signaling functions of these receptors
are far more nuanced than previously conceptualized [2,10]. This signaling complexity
facilitates the creation of novel, signal-selective GPCR therapeutics. Previous research,
using GIT2 knock-out (KO) mice to investigate expression relationships in the context
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of metabolic aging, identified a consistently downregulated GPCR, the relaxin-family
peptide receptor 3 (RXFP3), in the CNS, pancreas, and liver [10]. This association therefore
suggests perhaps that GIT2 may act as a novel aging-specific signaling adaptor for the
RXFP3 receptor.

1.2. Relaxin-Family Peptide Receptor 3

RXFP3, previously known as GPCR135, was deorphanized through the identification
of its endogenous ligand relaxin-3 (RLN3), also known as insulin-like peptide 7 (INSL7).
This class A rhodopsin-like receptor, together with its relaxin peptide family and their
receptors, is a branch of the insulin superfamily, which consists of insulin and insulin-like
growth factor 1 and 2 (IGF1 and -2) [12]. This receptor, originally named the SALPR
(somatostatin- and angiotensin-like peptide receptor [13]), is primarily expressed in the
CNS [14–16]. There are currently four members in the relaxin family of GPCRs, i.e., RXFP1-
4. In contrast to RXFP1 and RXFP2, RXFP3 and its closely related family member RXFP4
couple to Gαi, causing inhibition of cAMP production through a pertussis toxin-sensitive
mechanism [12]. RXFP3 and RXFP4, also resemble each other in structure, where both
are classical type I peptide receptors with short amino (N)-terminal domains, and both
are evolutionarily related to somatostatin and angiotensin receptors. In addition, the
endogenous ligands for these two receptors are RLN3 and insulin-like peptide 5 (INSL5),
respectively, which both play a role in neuroendocrine signaling [17].

While RXFP3 has been classified as a class A rhodopsin-like receptor, it appears that it
is not in its entirety a canonical rhodopsin-like GPCR. As detailed by van Gastel et al. [10],
RXFP3 does not contain a typical transmembrane domain 3 (TM3) Aspartate-Arginine-
Tyrosine ‘DRY’ motif, but instead has a Threonine-Arginine-Tyrosine ‘TRY’ motif. This
natural variation of this classical GPCR activation motif may demonstrate altered activa-
tion state kinetics, with an augmented level of ligand-independent constitutive activity.
Furthermore, the highly conserved ExxxD motif, which is vital for RLN3 binding, has been
identified at the second transmembrane domain on the extracellular side [18].

The relaxin peptides are small (approximately 60 amino acids long), and similarly to
insulin, share a common two-domain structure with an α- and a β-chain in their mature
form [12]. The α-chain appears to be important for receptor–ligand binding affinity, while
the β-chain of RLN3 is mainly responsible for binding and activation of RXFP3 [19]. RLN3
is the most recently identified relaxin family peptide, with the presence of the characteristic
RxxxRxxI/V relaxin-binding motif found in the β-chain of all relaxin peptides; however, the
remainder of the sequence displays low homology with other relaxin-family peptides. RLN3
is the only member of the relaxin-family with a sequence conserved across species [20,21],
and this neuropeptide is believed to be the ancestral peptide of the family [20,22]. The
RLN3/RXFP3 system demonstrates strong indications of ligand-receptor co-evolution, where
nearly all amino acids have been subject to purifying selection for both genes and display a
near perfect parallel in both mammals and teleosts [23], both in structure and function [20,23].
Teleosts possess two rln3 paralogs (rln3a and b) and multiple rxfp3-type genes, which are
not all orthologous to mammalian RXFP3 [23]. However, it has been shown that intracellular
loops 1 and 3 are important in terms of selection, indicating that a large part of selection
for these GPCRs concerns downstream receptor signaling and not just selection for ligand
binding [23].

Further investigation of the functions of this receptor has uncovered that RXFP3 might
play a vital role in several aging-related disorders, as a connection has been found to several
hallmarks of aging, such as oxidative stress and DNA damage response [24], similarly to
the aging keystone GIT2 [6,7]. In addition, research by other groups has elucidated possible
roles for RXFP3 in stress responses [25], anxiety [26], depression [26,27], feeding [15,28–30],
arousal [28], and alcohol addiction [31]. Given the plethora of possible physiological activities
of RXFP3, we will next assess how RXFP3 functionality may intersect with several of the
classical hallmark processes involved with the aging process (Figure 1).
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Figure 1. The human RXFP3 receptor functionally intersects with multiple hallmarks of aging. The
RXFP3 receptor has been shown by multiple researchers to be associated, at the molecular signaling
level, to activities that constitute many of the classical hallmarks of aging. In doing so the RXFP3
potentially represents, in conjunction with its synergistic relationship with the GIT2 signaling adaptor,
a novel systems-level therapeutic target for the multidimensional interdiction of the pathological
aging process.

2. Intersection of RXFP3 Signaling with the Hallmarks of Aging

While the aging process is a complex network of biological processes unique to every
individual, there are various common molecular components of the aging process. These
components, or so-called ‘hallmarks of aging’, manifest during normal healthy aging,
accelerate pathological aging when aggravated and retard normal aging when relieved [32].
López-Otín et al. [32] described nine such hallmarks contributing to the aging process:
(1) genomic instability; (2) telomere attrition; (3) epigenetic alterations; (4) loss of proteosta-
sis; (5) deregulated nutrient sensing; (6) mitochondrial dysfunction; (7) cellular senescence;
(8) stem cell exhaustion; and (9) altered intercellular communication. Due to the overlap
and simultaneous occurrence of these alterations in aging, it is difficult to estimate the
relative contribution of each hallmark. In the following section, the involvement of the
RXFP3/RLN3 signaling system in multiple processes underpinning several hallmarks of
aging will be described.

2.1. Metabolic and Mitochondrial Dysfunction

Metabolic syndrome (MetS), which is mainly observed in late-middle aged and older
adults, is typified by insulin resistance, and leads to major impairments including adipose
lipogenesis, defective glycogen synthesis, and glucose uptake in skeletal muscle. Dysfunc-
tion of adipose tissue caused by MetS is widely recognized as a significant hallmark of
the aging process [33]. While many older individuals seem to maintain a healthy body
mass index (BMI), they are still prone to abdominal obesity, increasing their likelihood of
developing MetS [34,35]. Furthermore, aging-related alterations in metabolic pathways and
body fat distribution seem to be the active participants in a vicious cycle that is a possible
accelerating factor in the aging process, as well as for the onset of many diseases [36].
For cellular metabolic pathways, glucose is the most utilized source of cellular energy
and is typically produced from ingested dietary carbohydrates, but it can also be created
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within the body itself by gluconeogenesis. Glycolysis is the primary mechanism of energy
generation in a wide variety of cells and tissues [37]. This mitochondrial process ultimately
aims to generate, from glucose metabolism, adenosine trisphosphate (ATP) and reduced
nicotinamide adenine dinucleotide (NAD). However, along with this positive effect of
mitochondrial energetics, these organelles are also the primary source of ROS, which have
been implicated in one of the best-characterized theories of aging, i.e., the oxidative stress
theory [38,39]. ROS can cause damage by irreparably affecting the structure of many
molecules of the body that are potent controllers of natural aging, e.g., the telomeric regions
of DNA [39].

It has been shown that even modest levels of metabolic dysfunction can exert profound
effects upon CNS tissues [3,40,41]. This is likely due to different factors, i.e., high energetic
requirements of the CNS, combined with a high sensitivity of post-mitotic neuronal tissues
to metabolic stress [6,42]. One of the key organs responsible for maintaining an effective
interaction between neurological activity and energy balance is the hypothalamus. This
small but vital part of the brain is involved in the aging process, as it coordinates both
peripheral and central functions associated with neuroendocrine functionality, through
the hypothalamic-pituitary-adrenal (HPA) axis [43]. The RXFP3/RLN3 system is highly
expressed in different regions involved in the HPA axis, such as the paraventricular nucleus,
indicating an involvement in metabolic control [15,44–46]. Administration of corticotropin-
releasing factor (CRF) has been shown to result in the activation of RLN3 containing
neurons in the nucleus incertus, further supporting its functional role in the HPA axis [47].
DeAdder et al. [48] demonstrated that glucose-deprived brain slices display increased
cell death and damage, while treatment with RLN3 returned these levels to baseline.
Furthermore, blocking the receptor using the RXFP3 antagonist, B1-22R eliminated the effect
of RLN3 treatment. Moreover, addition of L-NIL, a NOSII inhibitor, partially eliminated
the RLN3 treatment effect. This indicates the involvement of NO synthase in the protective
function of the RLN3/RXFP3 system in glucose deprivation [48].

In recent years it has become apparent that mitochondrial dysfunction may be one of
the central factors that allow metabolic changes to impact the aging process [49,50]. For the
RXFP3 signaling system it is interesting to note that the identified aging keystone factor
GIT2 has also been shown to be a potent regulator of mitochondrial functionality [10,51,52].
Given this data, it is not surprising that natural protective mechanisms, e.g., in times of
oxidative stress such as in ischemic stroke, that include mitochondrial and respiration
support can be affected by relaxin (relaxin-2 (RLN2) and RLN3) peptides [53]. GIT2 has
also been shown to be sensitive to ischemic events in multiple tissues [54]. Thus, single
nucleotide polymorphism analysis of large patient cohorts identified GIT2 as a marker that
confers susceptibility to early-onset MI myocardial infarction), hypertension, or chronic
kidney disease.

2.2. Oxidative Stress

Oxidative stress refers to an imbalance between the generation of ROS and antioxi-
dants, in favor of ROS, leading to disruption of redox signaling and control and eventually
molecular oxidative attack [55]. ROS comprise unstable oxygen radicals (e.g., superoxide
radicals and nonradical molecules such as hydrogen peroxide) that, at moderate concen-
trations, have important intracellular signaling functions, e.g., for the control of nerve
transmission and immune regulatory processes. Moreover, low levels of oxidative stress
by ROS even appear to be beneficial to organisms. Among others, Doonan et al. demon-
strated that it may indeed prolong lifespan in yeast and C. elegans [56,57], demonstrating
the role of ROS in triggering cell proliferation and survival in response to normal stress
conditions and physiological signals [57]. Oxidative exposure of cells occurs naturally as
ROS are continually produced during normal aerobic metabolism via the electron transport
chain in mitochondria, which is not only a source of ATP, but also ROS [58]. However,
ROS are not produced in an unregulated manner, with rates of ROS production typically
being extremely low (~0.1 nM H2O2 formed min−1 mg−1 mitochondrial protein, ~0.01%
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of metabolic rate) [56]. Nevertheless, ROS levels may increase in damaged or aged mito-
chondria which cause accumulation of ROS beyond physiological levels [56]. When their
production overwhelms the capacity of antioxidant systems, they can cause irreversible
molecular damage to macromolecules (e.g., lipids, proteins, and nucleic acids) and accumu-
lated cell disruption, affecting multiple cellular functions, which over time is associated
with cellular senescence and aging [6,58].

Van Gastel et al. [24] identified superoxide dismutase 1 (SOD1), sirtuin 1 (SIRT1),
Ras GTPase-activating, and peroxiredoxin 6 (PRDX6) among the proteins functionally
interacting with RXFP3, indicating a role in oxidative stress responsiveness. Loss of PRDX6
expression has previously been observed in aging cells and was shown to increase ROS
production [59]. Furthermore, slight overexpression of RXFP3 resulted in an increased
expression of PRDX6, indicating a synergistic role in the response to aging and oxidative
stress [24]. Similar to PRDX6, SOD1 is also upregulated with RXFP3 overexpression [24].
Deletion of SOD1 in yeast and mouse models leads to increased oxidative stress and DNA
damage. Elevated oxidative stressors, such as hydrogen peroxide, regulates the nuclear
localization of SOD1. This process is associated with the Ataxia-Telangiectasia-mutated
(ATM)/mec1 serine/threonine protein kinase (Mec1) regulation of gene expression to
prevent oxidative stress-related DNA damage [60]. Similar to SOD1, the SIRT1/FoxO
axis is important for the regulation of the response to metabolic and oxidative stress
through the overexpression of antioxidants [61]. Recent evidence has also demonstrated
that relaxin-3, acting via RXFP3, possesses the capacity to attenuate oxidative damage
induced by glucose deprivation in cultured brain slices, through the manipulation of the
nitric oxide generation system [48]. The specificity of this effect of relaxin-3 at the RXFP3
was demonstrated by a selective inhibition through the action of the RXFP3 antagonist,
B1-22R [48]. Taken together it seems that RXFP3-associated signaling complexes (often
referred to as receptorsomes [10,24]) could act as a sensor for oxidative stress and regulate
the cellular response to it.

2.3. DNA Damage

The amino acid sequence of RXFP3 displays multiple phosphorylation sites for kinases
involved in DDR (i.e., ATM/PRKDC at serine 269 and 360: https://scansite4.mit.edu/,
accessed on 12 April 2022). This could explain its association with GIT2 in aging and
neurodegeneration. As discussed, DNA damage is one of the hallmarks of the aging
process [32]. It has been demonstrated that many advanced aging disorders are linked to
mutations in DDR proteins, e.g., a mutation occurs in ATM causing Ataxia-Telangiectasia
(AT) [62]. ATM plays a central role in the maintenance of genome stability and phosphory-
lates proteins involved in the canonical DDR process. The phosphorylation preferentially
takes place on serine (S) or threonine (T) residues preceded by glutamine (Q), the so-called
SQ/TQ motifs [63]. This is required for normal DNA damage repair [63]. Interestingly,
some researchers have demonstrated that ATM protein kinase is a sensor for ROS in human
cells, concluding that ATM can be directly activated by oxidation [64]. RXFP3 contains two
SQ motifs, which strongly suggests the potential involvement of RXFP3 as a sensor for
oxidative stress, leading to aging. RXFP3 also contains a phosphorylation site for PRKDC.
PRKDC binds to SxQ motifs, which in the case of RXFP3 x is a leucine (L), found in the
receptor sequence in extracellular loop 2. In classical class A GPCRs these ATM and PRKDC
sites would be located in the intracellular domain, whereas in RXFP3 they are located in
the extracellular loops. However, it is highly likely that in this case the sites are still accessi-
ble to intracellular ATM/PRKDC. Recently it has been hypothesized that GPCRs can be
inserted inside-out in intracellular membranes such as the nucleus, endoplasmic reticulum,
or mitochondria [65–67]. This would mean that the extracellular loops are accessible by
intracellular ATM/PRKDC. Moreover, it has also been shown through surface accessibility
topological predictions that these three sites are likely to be accessible to soluble hydrophilic
factors. It has also been demonstrated that the majority of GPCRs are held in intracellular
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vesicles as a receptor reserve for plasma membrane recycling [68], and the TRY motif likely
increases the amount of intracellular retained receptors [69].

Besides the phosphorylation sites for ATM and PRKDC, it was found that activa-
tion of RXFP3, through its endogenous ligand RLN3, increased PRKDC phosphorylation
while resulting in a decrease of histone H2AX (H2AX) and breast cancer type 1 suscep-
tibility protein (BRCA1) phosphorylation [24]. H2AX phosphorylation is one of the first
molecular indicators of DNA damage that can then be repaired through the activity of
BRCA1. Co-immunoprecipitation, using selective affinity purification of an N-terminally
haemagglutinin-tagged RXFP3, also indicated interaction of RXFP3 and activated PRKDC,
highlighting the importance of RXFP3 in DNA damage repair through PRKDC [24].

2.4. Epigenetic Alterations

Epigenetic alterations to nucleic acids are a component of the normal cellular signaling
landscape. Alterations to patterns of epigenetic profiles across the aging process are potentially
one of the key factors for controlling individual healthy aging trajectories [70–72]. As aging
is linked with altered epigenetic mechanisms of gene regulation, such as DNA methylation,
histone modification and chromatin remodeling, and non-coding RNAs, the potential ther-
apeutic control of these mechanisms is a potentially effective strategy for interdicting the
generation of pathological aging phenotypes. It has been shown that the methylation status of
RXFP3 can be associated with aging-related changes in several cancers, including endometrial
and cervical malignancies [73–75]. Alterations to the methylation status has also been shown
for several other receptors with respect to these specific cancers, e.g., orexin-2 receptor [76],
C-X-C chemokine receptor type 4 [77], and the P2X purinoceptor 7 [78]. It is interesting to
note, however, that with respect to the role of RXFP3 in the aging process, Huang et al. [79]
identified coordinated changes in RXFP3 epigenetic regulation along with CIDEA (cell death
activator CIDEA), which has also been implicated in metabolic pro-aging molecular signaling
activities [80].

2.5. Nutrient Sensing

The complex and intricate aging process is implicitly associated with the glucometabolic
system. Indeed, many of the first aging-regulating genes discovered in species such as C. elegans
were nearly all associated with the insulinotropic system [81,82]. Given this, it is also interesting
to note that the metabolic underpinning of nearly all diseases is now apparent, demonstrating
the importance of therapeutic intervention in these systems [83–92]. From an intervention
standpoint, simple lifestyle modifications have subsequently demonstrated that caloric restric-
tion (CR) can be effective in controlling the glucometabolic system to attenuate the incidence
and magnitude of aging-related disease [93–99]. Thus, it is clear that the ability of cells and
tissues to sense fuel sources for energy metabolism is critical for the maintenance of homeostasis
across lifespan [100]. The main components of signaling pathways sensitive to the changes in
the nutrient availability include insulin, TOR (target of rapamycin), AMPK (5′-AMP-activated
protein kinase), and the sweet-taste receptor system [86,101,102]. Impairments of these signal-
ing pathways can trigger various metabolic disorders. Thus, disrupted functioning of AMPK
can reduce the stress resistance capacity of cells as well as engendering the development of
insulin resistance [103,104]. Activation or suppression of metabolic sensors might increase
lifespan in various organisms and improve aging-related indicators in humans [105–107].

While a considerable amount of nutrient sensing is controlled by factors directly
linked to the insulinotropic system, there are multiple other systems (including GPCRs)
that also regulate the functionality of this longevity regulating paradigm. In this light, it is
interesting to note that RLN3 is an insulin-like peptide that has also been shown to be a
controller of nutrient sensing and catabolic metabolism [108–110]. Demonstrating a further
nuance of the positioning of the RXFP3 system, it has also been shown that regulation
of food intake is also associated with psychosocial changes, suggesting that RXFP3 can
act as a nexus between generic stress responses and cellular protection mechanisms to
combat the deleterious effects of nutrient deprivation [29]. To further investigate this, it
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would be interesting to investigate such a proposal through the implementation of RXFP3
antagonist introduction or tissue-selective RXFP3 expression attenuation or silencing with
short hairpin RNA or CRISPR/Cas9 approaches.

2.6. Cell Senescence

Aging-related diseases are caused by the progressive degradation of the integrity of
communication systems within and between organs. This process is associated with a de-
creased efficiency of receptor signaling systems and an increasing inability to cope with stress,
leading to apoptosis and cellular senescence [111–113]. Cellular senescence is a natural process
during embryonic development but more recently it has been shown to also be involved in
the development of aging-related disorders and is now considered to be one of the major
hallmarks of aging. Advances in the molecular understanding of GPCR signaling complexity
have expanded their therapeutic capacity tremendously [114–118]. Thus, emerging data
now suggest the involvement of GPCRs and their physically associating adaptor proteins in
the development of cellular senescence [119–121]. With the proven efficacy of therapeutic
GPCR targeting, it is reasonable to now consider GPCRs as potential platforms for controlling
cellular senescence and aging-related disorders. RXFP3 has been functionally associated with
the senescence process in several studies. Recently Anckaerts et al. [122] demonstrated that
interventions that induced premature brain aging and senescence (without excessive cell loss)
in the context of AD resulted in significant diminutions in both RXFP3 and GIT2 expression
in the retrosplenial cortex. Senescent cellular programs, especially in the aging context, are
often induced by the overburdening of cells with oxidative stress. Several studies have linked
this deleterious process to the significant alteration of RXFP3 expression levels [24,123] as well
as the ROS regulating factor PRDX6 [24,124]. PRDX6 has subsequently been shown to be a
crucial integrator of aging-associated cellular senescence programs [59].

2.7. Proteostasis/Fibrosis

Maintaining cellular protein homeostasis, or proteostasis, requires the well-coordinated
control of protein synthesis, folding, conformational integrity, and ultimately degrada-
tion. Proteostasis activities coordinate these diverse processes across the lifespan of all
organisms [125]. The proteostatic regulatory network ensures that cells have the pro-
teins they need, while minimizing misfolding or aggregation events that are hallmarks
of aging-associated proteinopathies, such as Alzheimer’s, Parkinson’s, and Huntington’s
disease [126–130]. It is now clear that the capacity of cells to maintain proteostasis under-
goes a decline during aging, rendering the organism susceptible to these pathologies. One
of the most common pathological sequalae of altered proteostasis is the dysfunction of
basement complexes (an extracellular matrix network of glycoproteins and proteoglycans)
that can cause fibrosis in multiple tissues across the lifespan [41]. Given our previously
demonstrated evidence regarding the potential anti-aging activity of RXFP3 [24], it is
not surprising that components of the RXFP3/RLN3 system have been shown to have
antifibrotic activity. For example, Hossain et al. [131] showed that RLN3, albeit acting
via the RXFP1 receptor, could decrease collagen expression in a murine cardiomyopathy
model. It has also been shown that RLN3 treatment of cardiac fibroblasts inhibited ROS-
and inflammasome-mediated collagen synthesis under high glucose conditions [132]. In
addition to this, in the context of cultured cardiac fibroblasts, exposure of these cells to
hyperglycemic conditions (that predisposes to fibrosis) causes an elevation in mRNA levels
of RXFP3 [133]. Based on this data, it is clear that RLN3/RXFP3 signaling could represent a
novel therapeutic avenue for diabetic cardiomyopathy [133].

3. RXFP3 in Aging-Related Disorders

As discussed, the aging process is largely driven by glucometabolic dysfunction.
Hence, conditions such as T2DM or MetS are potent triggers of multiple forms of aging-
related disease. Therefore, it is important to consider that the mechanisms through which
glucose metabolism becomes dysregulated over time require more in-depth investigation.
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While the insulinotropic system is the primary mechanism for controlling glucose uptake
and use, it has been shown in recent years that there are many other receptor systems
(especially GPCRs) that also potently regulate glucose metabolism [86,128,134–137]. Here,
we propose that the RXFP3 system, especially when it is actively interacting with GIT2,
also forms part of this glucometabolic family [2,5,24,133]. Even though there has been
a significant focus on investigating the role of glucose metabolism in the aging process
(potentially via the profound link with mitochondrial support in aging), there is also the
strong impact of the adipose tissue system in this paradigm [138–140]. Reinforcing the
potential importance of RXFP3 in the aging process, it has been demonstrated that RLN3
can play an important role in adipogenesis and maturation [141]. This functionality may
not be entirely unexpected as RXFP3 appears likely to be a manager of energy metabolism
in times of aging-associated metabolic disruption [10]. Hence, RXFP3 has been associated
with the functionality of energy metabolic systems involving dietary-related weight gain,
insulinotropic functions, and adipogenic activities that are strong players in the aging
process [3,10,29,138,142–144]. In the next sections we will highlight the contributions and
activities of RLN3/RXFP3 signaling in aging-related disease. These insights strengthen the
concept that the RXFP3-GIT2 signaling system may represent a novel signaling relationship
system that can be developed for novel and effective anti-aging therapeutics.

3.1. Alzheimer’s Disease

It is now well appreciated that many classical central nervous system neurodegen-
erative disorders, such as Alzheimer’s, Parkinson’s, and Huntington’s disease, share
many common etiological features with perhaps the primary one being metabolic dys-
function [126,128,145,146]. With respect to AD, it has been shown that RXFP3 levels are
significantly altered in the neocortex of depressed Alzheimer’s patients [147]. Alzheimer’s
disease is primarily represented as a dysfunctional capacity for short-term memory forma-
tion and then, at a later stage, a dysfunction in long-term memory recollection. It is relevant
to note that depletion of RXFP3 levels in the brain have been associated with long-term
memory regulation in adult mice [27]. In addition to long-term memory recall, RXFP3
functionality has also been associated with spatial memory formation [148,149].

3.2. Anxiety and Post-Traumatic Stress Disorder

Anxiety, along with associated disorders such as post-traumatic stress disorder (PTSD),
have in recent years been strongly associated with premature aging conditions [150–153].
With respect to the impact of RXFP3 upon anxiety-related disorders, it has been shown that
specific central stimulation generates an anxiolytic effect in model organisms [154]. While
acute effects of RXFP3 stimulation can generate anxiolytic effects, it has recently been shown
that chronic localized RXFP3 stimulation instead can actually promote anxiety behavior [26].
Thus, it appears that the anxiety-related activities of RXFP3 may be highly context specific in
experimental animal models [155]. Such a phenomena therefore entails a more detailed view
in human patients of this specific situation and therefore RXFP3-based interventions could
potentially be therapeutic targets for certain forms of anxiogenic activity.

It is interesting to note that the RXFP3-GIT2 signaling axis seems to be a priority
signaling system for central anxiety/stress conditions, as not only is GIT2 involved in
anxiety-related behavior directly, it is also a potent regulator of the glucose metabolic
system that intertwines with anxiety-related conditions [156,157]. Moreover, it has been
shown that both RXFP3 and GIT2 are highly expressed in the amygdala [123,158,159].
There is also evidence to suggest that through common activities related to stress responses
RXFP3 and GIT2 together may contribute in a coordinated manner to interconnect anxiety
behaviors [158] and stress responses such as hyperphagia or binge-eating [160–162]. This
anxiety-related condition will likely then feed into the generation of metabolic dysfunction
via metabolic or diabetic syndromes. While impulsive behavioral responses in response
to stress are seen with food, there is also considerable evidence that this stress-induced
activity also includes augmented alcohol seeking activity [163].
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3.3. Schizophrenia

Our recent work has begun to provide evidence for the aging-related control of
schizophrenia and schizophrenia-related conditions [164–166]. Relaxin ligands, as well as
RXFP3 itself, have been suggested by some researchers to be implicated in schizophrenia-
related conditions [167,168]. Again, demonstrating the metabolic basis of aging, it has been
shown that relaxin-3, RXFP3, and RXFP4 polymorphisms have been linked to metabolic
disruptions in patients treated with anti-psychotic medications [169]. Schizophrenia and
other affective conditions are typified by periods of mania and heightened activity states,
and it has been demonstrated that cognitive arousal states can also be strongly affected
by RXFP3 activity in experimental animal models [144]. In regard to the potential for
a specific RXFP3-GIT2 signaling axis in the aging process, it is interesting to note that
epigenetic modifications (hypermethylation) of GIT2 have recently been shown by the
creation of schizophrenic differential methylation networks (SDMNs) from schizophrenia
patient data [170]. The specific effects of this modification of GIT2 in this paradigm has,
however, yet to be shown [164].

3.4. Obesity and Metabolic Dysfunction

Multiple experimental animal and longitudinal studies have demonstrated that diet-
induced obesity promotes pro-aging phenotypes [84,97,171,172]. A considerable compo-
nent of the obesity-based drive of aging likely results in alterations in insulin sensitivity as
well as the drive towards alternative sources of energy, such as lipid- or protein-mediated
metabolism that can incur a greater level of oxidative stress [173–175].

RXFP3 expression and activity has been shown to be closely associated with both
eating behavior alterations [161,176] as well as the physiological responses to augmented
food intake [160,177–179]. In many of these experiments it has been noted that the role
of RXFP3 in these scenarios is more pronounced in females compared to males [177].
Concordant with this, it has been shown that female RXFP3 knock-out mice present with
more heightened anxiety behavior than male RXFP3 knock-out mice in assessments of
anxiety, such as the elevated plus maze. Hence, male RXFP3 knock-out mice spent more
time in the open arms of the maze indicating their lower levels of anxiety than their female
RXFP3 knock-out counterparts [144]. Experimental animals fed a high fat/glucose diet
(a common mechanism to accelerate metabolic aging) displayed significant alterations
in the CNS expression of RLN3 and RXFP3 [178]. These diet-induced obese (DIO) male
rats displayed significantly higher levels of RLN3 expression compared to control diet ad
libitum fed animals. This increased expression of RLN3 in DIO rats likely engenders the
hyperphagic condition found in this experimental cohort. This study found that during
a metabolic challenge of refeeding after food deprivation, the DIO rats only exhibited
an increased expression of RXFP3 receptors in brain regions involved in food intake
regulation [178]. With respect to the links between the RLN3/RXFP3 system and human
obesity it has been shown that RLN3 genetic polymorphisms are significantly associated
with traits including obesity, hypercholesterolemia, and diabetes [169]. The intersection
of RLN3/RXFP3 signaling between stress-responsive binge eating and this greater role
of RXFP3 in predisposition to obesity demonstrates the importance of this system in the
control of glucometabolic dysfunction in the aging context. Given these associations,
considerable activity has since focused on the development of RLN3-based interventions
for obesity paradigms [162,179,180].

3.5. Ischemic Stroke

Aging is considered to be one of the strongest independent risk factors for ischemic
stroke-based injuries [181,182]. Hence, almost three-quarters of all strokes occur in people
aged ≥65 years. Ischemic damage is cellular destruction associated with altered nutrient or
oxygen support–resulting in energy deprivation and ROS-based damage. A recent study
reported that relaxin peptides can protect tissues from ischemic damage. Using a rat stroke
model, it was demonstrated that RXFP3 activation (using RLN2 and RLN3) reduced the
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extent of cellular/tissue damage induced by the application of vascular ligation [53]. In
this study it was reported that the ability to reduce the size of infarcts induced by tran-
sient middle cerebral artery occlusions was primarily mediated by selective activation of
RXFP3. In addition to this, RXFP3 stimulation also demonstrated the capacity to reduce the
damaging effects of oxygen and glucose deprivation in cellulo-cultured primary astrocytes.

3.6. Reproductive Aging

The control of reproductive behavior is tightly linked to the functional cellular/tissue
mechanisms associated with energy metabolism and food availability [59,98,122,183–185].
As reproductive behavior and physiology are tightly controlled at certain points in the
lifespan, it is not surprising that the broader relaxin system likely intersects with this
aging–reproduction nexus. The role of relaxin in the reproductive process is one of the best
studied aspects of its molecular biology [186–188]. In a recent study that investigated the
effects of premature defects in the female reproductive system (i.e., ovariectomy) it was
found that in areas of the brain that demonstrated a dysfunctional network connectivity,
there was a significant alteration in the levels of both RXFP3 expression and its potential
preferred partner, GIT2 [122]. Thus, it is likely that this receptor system [10] can also form a
functional bridge between the aging process and the reproductive system.

3.7. Alcohol Abuse

Alcohol use disorders are a leading cause of preventable deaths worldwide. Sobering
patients often experience alcohol use relapses in times of physical and psychosocial stress.
Both RLN3 and RXFP3 have been shown to modulate stress-induced relapse to alcohol
seeking in rats. The amygdala is one of the most crucial areas of the CNS that controls
this pathobiology. The central nucleus of the amygdala (CeA) in the rat receives a RLN3
innervation and possesses considerable levels of RXFP3 expression. In addition to this,
the CeA receives considerable input from corticotropin releasing factor (CRF) neurons
demonstrating a functional intersection between stress and this activity of the RLN3/RXFP3
system. In this specific scenario it is thought that CeL (lateral CeA) CRF neurons provide
both local inhibitory GABA and excitatory CRF signals to the CeA neurons [189].

As discussed previously, alcohol seeking behavior can be a major component of
PTSD/anxiety phenotypes [190]. Recent research has also indicated that the response to
alcohol intake is also affected by the age of the afflicted individual [191]. As we have con-
tended that these stress-related conditions are potentially driven by metabolic disruption,
it is unsurprising that recent research has started to propose that alcoholism behavior is
also linked to pathological aging [192–194]. Recent evidence has indicated that alcoholism
can even lead to Alzheimer-like conditions that have a strong neuroinflammatory compo-
nent [195]. Excessive and inappropriate alcohol abuse results in the generation of multiple
co-morbidities, including neurodegenerative atrophy, dysfunctional immune responses,
and accelerated or premature aging [194,196]. One of the better studied functions of RXFP3
has been its regulatory capacity in alcohol seeking behavior [26,163]. In contrast to the
RXFP3-based actions on feeding behavior [177], it has been shown that only male RLN3
knock-out animals showed an increase in alcohol preference [197]. Thus, it is possible that
RXFP3-based therapeutics could be a potential future target for the treatment of alcoholism.

4. Conclusions

Aging is one of the largest risk factors for nearly every type of major mortality-
causing disease in the world today. Therefore, tractable mechanisms for controlling this
highly complex process are urgently required as a molecular target for intervention. The
therapeutic interdiction of the aging process is currently one of the most studied therapeutic
areas. Interventions in the aging process often fall into either lifespan extension strategies or
damage/disease reduction strategies. While lifespan extension is an interesting goal [198]
interventions that seek to reduce the accumulation rates of damage [199,200] may be more
likely to impact medicine more immediately. With respect to lifespan extension, one of
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the most studied current modes of intervention is the cellular rejuvenation process. In
this context it is often proposed that through selective genetic modulation of longevity
regulating factors a reversal of aging-related damage can be achieved [198,201]. Several
prominent reports have indeed suggested that reversal of aging damage can occur, e.g.,
in vivo ectopic expression of three (Oct4, Sox2, Klf4) of the four Yamanaka reprogramming
factors [202] was able to promote axon regeneration after previous eye injury [203] and also
stem multiple aspects of aging-related disease such as renal failure, cardiomyopathies, and
diabetic conditions [201]. While generating dramatic results these interventions are still at
the experimental animal phase and will be unlikely to transition to the human stage soon.

Lifestyle (e.g., exercise) and dietary interventions (e.g., caloric restriction) have been
shown to be effective in slowing down the molecular aging process [95,98,99,204,205] in
controlled experimental conditions, however the adherence of human patients to these is
often poor and difficult to maintain for long periods of time [206]. Exercise and caloric
restriction are proposed to exert beneficial effects through natural augmentations of cy-
toprotective systems through the introduction of a mild stress. An alternative method to
induce this stress is via a controlled exposure to other stressors such as heat, cold, or mild
irradiation [207–209]. While interventions such as caloric restriction and exercise are still
problematical for adherence, these even more drastic mild stressors are much less likely to
be accepted by a clinical audience.

In addition to genetic or lifestyle interventions the use of polypharmacological natural
compounds, e.g., quercetin or resveratrol [171,210], has gained significant interest in recent
years but has often stalled following the transition from experimental conditions to more
clinical settings [211,212]. It is likely that the complex polypharmacological actions of these
natural agents could be the issue with respect to this transition, as many of these effects may
be specific to smaller groups of patient populations and may also be highly influenced by
diet and compound metabolism variation. The concept of tackling complex disorders, e.g.,
pathological aging, in a polypharmacological manner may indeed be a good strategy as
many systems may need remediation. The natural compounds may indeed exert systemic
beneficial effects, but as that could be through a variety of molecular targets a coherent
response profile in patients may be hard to obtain. A pragmatic approach may be to identify
natural receptor signaling systems that present an ability to interdict pathological aging
at a systemic level, e.g., the RXFP3/RLN3 system, especially when combining with the
GIT2 signaling paradigm. Our research, as well as that of others, has identified RXFP3 as a
potential crucial factor in controlling both the classical hallmarks of molecular aging and
the etiological process of multiple forms of aging-associated disease (Figure 2). Moreover,
our research outlined here also indicates that there are multiple points of intersection
between the RXFP3 signaling paradigm and molecular signaling mechanisms of aging-
associated disease. We have previously shown that RXFP3 possesses a strong functional
relationship with the aging keystone, GIT2. Thus, this synergistic relationship presents as a
completely novel therapeutic mode for attenuating aging pathology in a multidimensional
manner. In this intervention avenue there is a strong systemic anti-aging component
combined with the capacity to generate more selective and specific molecular intervention,
compared to naturally occurring compounds. Hence, this approach is a form of engineered
polypharmacology. To further advance this research it would be interesting to generate
signal-selective compounds that target the RXFP3 in a manner that specifically stimulate the
RXFP3 to generate GIT2-dependent signaling outputs. This agent could then be introduced
to ex vivo or in vivo experimental paradigms to demonstrate a capacity of such agents to
ameliorate aging-associated damage and also aging-induced disease phenotypes.
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Figure 2. The human RXFP3 receptor is involved in multiple disorders associated with dysfunctional
aging. Alterations in the activity and expression of the human RXFP3 receptor have been shown by
multiple research teams to play a pivotal role in the disease processes depicted. The participation of
RXFP3 in these disorders indicates a role for perturbed natural aging signaling mechanisms in these
conditions. Hence, it is likely that further investigation of the diverse signaling capacity of RXFP3
may help generate novel therapeutics for these conditions that work via altering the rate of aging in
these disorders.
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of Complex Biological Systems and Orchestrate the Interface between Health and Disease. Int. J. Mol. Sci. 2021, 22, 13387. [CrossRef]
[PubMed]

102. Cokorinos, E.C.; Delmore, J.; Reyes, A.R.; Albuquerque, B.; Kjøbsted, R.; Jørgensen, N.O.; Tran, J.; Jatkar, A.; Cialdea, L.; Esquejo,
R.M. Activation of skeletal muscle AMPK promotes glucose disposal and glucose lowering in non-human primates and mice.
Cell Metab. 2017, 25, 1147–1159. [CrossRef] [PubMed]

103. Kume, S. Pathophysiological roles of nutrient-sensing mechanisms in diabetes and its complications. Diabetol. Int. 2019, 10,
245–249. [CrossRef] [PubMed]

104. Barone, E.; Di Domenico, F.; Perluigi, M.; Butterfield, D.A. The interplay among oxidative stress, brain insulin resistance and
AMPK dysfunction contribute to neurodegeneration in type 2 diabetes and Alzheimer disease. Free Radic. Biol. Med. 2021, 176,
16–33. [CrossRef]

105. Liu, Y.; Jurczak, M.J.; Lear, T.B.; Lin, B.; Larsen, M.B.; Kennerdell, J.R.; Chen, Y.; Huckestein, B.R.; Nguyen, M.K.; Tuncer, F. Fbxo48
inhibitor prevents pAMPKalpha degradation and ameliorates insulin resistance. Nat. Chem. Biol. 2021, 17, 298–306. [CrossRef]

106. Lee, J.Y.; Kennedy, B.K.; Liao, C.Y. Mechanistic target of rapamycin signaling in mouse models of accelerated aging. J. Gerontol. A
Biol. Sci. Med. Sci. 2020, 75, 64–72. [CrossRef]

107. Carmona, J.J.; Michan, S. Biology of Healthy Aging and Longevity. Rev. Investig. Clin. 2016, 68, 7–16.
108. Long, Y.C.; Tan, T.M.; Takao, I.; Tang, B.L. The biochemistry and cell biology of aging: Metabolic regulation through mitochondrial

signaling. Am. J. Physiol. Endocrinol. Metab. 2014, 306, E581–E591. [CrossRef]

http://doi.org/10.1681/ASN.2018060609
http://doi.org/10.1074/jbc.M116.773820
http://doi.org/10.1016/j.celrep.2015.09.065
http://doi.org/10.3389/fphys.2014.00231
http://doi.org/10.1016/j.bbi.2013.10.013
http://doi.org/10.1371/journal.pone.0070257
http://www.ncbi.nlm.nih.gov/pubmed/23950916
http://doi.org/10.1155/2012/732975
http://www.ncbi.nlm.nih.gov/pubmed/22934110
http://doi.org/10.1210/en.2011-1615
http://www.ncbi.nlm.nih.gov/pubmed/21937750
http://doi.org/10.1093/jn/10.1.63
http://doi.org/10.1007/s11357-997-0004-2
http://doi.org/10.1038/ncomms4557
http://doi.org/10.1210/en.2007-0161
http://doi.org/10.1371/journal.pone.0004146
http://doi.org/10.1371/journal.pone.0002398
http://doi.org/10.1016/j.metabol.2007.07.018
http://doi.org/10.3390/ijms222413387
http://www.ncbi.nlm.nih.gov/pubmed/34948182
http://doi.org/10.1016/j.cmet.2017.04.010
http://www.ncbi.nlm.nih.gov/pubmed/28467931
http://doi.org/10.1007/s13340-019-00406-9
http://www.ncbi.nlm.nih.gov/pubmed/31592045
http://doi.org/10.1016/j.freeradbiomed.2021.09.006
http://doi.org/10.1038/s41589-020-00723-0
http://doi.org/10.1093/gerona/glz059
http://doi.org/10.1152/ajpendo.00665.2013


Int. J. Mol. Sci. 2022, 23, 4387 18 of 22

109. De Ávila, C.; Chometton, S.; Ma, S.; Pedersen, L.T.; Timofeeva, E.; Cifani, C.; Gundlach, A.L. Effects of chronic silencing of
relaxin-3 production in nucleus incertus neurons on food intake, body weight, anxiety-like behaviour and limbic brain activity in
female rats. Psychopharmacology 2020, 237, 1091–1106. [CrossRef]

110. De Ávila, C.; Chometton, S.; Calvez, J.; Guèvremont, G.; Kania, A.; Torz, L.; Lenglos, C.; Blasiak, A.; Rosenkilde, M.M.;
Holst, B. Estrous Cycle Modulation of Feeding and Relaxin-3/Rxfp3 mRNA Expression: Implications for Estradiol Action.
Neuroendocrinology 2021, 111, 1201–1218. [CrossRef]

111. Tanaka, M. Relaxin-3/insulin-like peptide 7, a neuropeptide involved in the stress response and food intake. FEBS J. 2010, 277,
4990–4997. [CrossRef] [PubMed]

112. Abdelmohsen, K.; Srikantan, S.; Tominaga, K.; Kang, M.; Yaniv, Y.; Martindale, J.L.; Yang, X.; Park, S.; Becker, K.G.; Subramanian,
S.; et al. Growth inhibition by miR-519 via multiple p21-inducing pathways. Mol. Cell. Biol. 2012, 32, 2530–2548. [CrossRef]
[PubMed]

113. Muñoz-Espín, D.; Serrano, M. Cellular senescence: From physiology to pathology. Nat. Rev. Mol. Cell Biol. 2014, 15, 482–496.
[CrossRef] [PubMed]

114. Santos-Otte, P.; Leysen, H.; van Gastel, J.; Hendrickx, J.O.; Martin, B.; Maudsley, S. G Protein-Coupled Receptor Systems and
Their Role in Cellular Senescence. Comput. Struct. Biotechnol. J. 2019, 17, 1265–1277. [CrossRef]

115. Donnelly, D.; Maudsley, S.; Gent, J.P.; Moser, R.N.; Hurrell, C.R.; Findlay, J.B.C. Conserved polar residues in the transmembrane
domain of the human tachykinin NK2 receptor: Functional roles and structural implications. Biochem. J. 1999, 339, 55–61.
[CrossRef]

116. Wang, L.; Chadwick, W.; Park, S.; Zhou, Y.; Silver, N.; Martin, B.; Maudsley, S. Gonadotropin-releasing hormone receptor system:
Modulatory role in aging and neurodegeneration. CNS Neurol. Disord. Drug Targets 2010, 9, 651–660. [CrossRef]

117. Gesty-Palmer, D.; Yuan, L.; Martin, B.; Wood, W.H., 3rd; Lee, M.; Janech, M.G.; Tsoi, L.C.; Zheng, J.; Luttrell, L.M.; Maudsley,
S. β-Arrestin-Selective G Protein-Coupled Receptor Agonists Engender Unique Biological Efficacy in Vivo. Mol. Endo. 2013, 2,
296–314. [CrossRef]

118. Maudsley, S.; Patel, S.A.; Park, S.; Luttrell, L.M.; Martin, B. Functional signaling biases in G protein-coupled receptors: Game
Theory and receptor dynamics. Mini Rev. Med. Chem. 2012, 12, 831–840. [CrossRef]

119. Van Gastel, J.; Leysen, H.; Boddaert, J.; Vangenechten, L.; Luttrell, L.M.; Martin, B.; Maudsley, S. Aging-related modifications to G
protein-coupled receptor signaling diversity. Pharmacol. Ther. 2021, 223, 107793. [CrossRef]

120. Gusach, A.; Maslov, I.; Luginina, A.; Borshchevskiy, V.; Mishin, A.; Cherezov, V. Beyond structure: Emerging approaches to study
GPCR dynamics. Curr. Opin. Struct. Biol. 2020, 63, 18–25. [CrossRef]

121. Leysen, H.; van Gastel, J.; Hendrickx, J.O.; Santos-Otte, P.; Martin, B.; Maudsley, S. G Protein-Coupled Receptor Systems as
Crucial Regulators of DNA Damage Response Processes. Int. J. Mol. Sci. 2018, 19, 2919. [CrossRef] [PubMed]

122. Gao, Z.; Lei, W.I.; Lee, L.T.O. The Role of Neuropeptide-Stimulated cAMP-EPACs Signalling in Cancer Cells. Molecules 2022, 27, 311.
[CrossRef] [PubMed]

123. Anckaerts, C.; van Gastel, J.; Leysen, V.; Hinz, R.; Azmi, A.; Simoens, P.; Shah, D.; Kara, F.; Langbeen, A.; Bols, P.; et al.
Image-guided phenotyping of ovariectomized mice: Altered functional connectivity, cognition, myelination, and dopaminergic
functionality. Neurobiol. Aging 2019, 74, 77–89. [CrossRef] [PubMed]

124. Meadows, K.L.; Byrnes, E.M. Sex- and age-specific differences in relaxin family peptide receptor expression within the hippocam-
pus and amygdala in rats. Neuroscience 2015, 284, 337–348. [CrossRef]

125. Salovska, B.; Kondelova, A.; Pimkova, K.; Liblova, Z.; Pribyl, M.; Fabrik, I.; Bartek, J.; Vajrychova, M.; Hodny, Z. Peroxiredoxin 6
protects irradiated cells from oxidative stress and shapes their senescence-associated cytokine landscape. Redox Biol. 2022, 49, 102212.
[CrossRef]

126. Klaips, C.L.; Jayaraj, G.G.; Hartl, F.U. Pathways of cellular proteostasis in aging and disease. J. Cell Biol. 2018, 217, 51–63.
[CrossRef]

127. Maudsley, S.; Devanarayan, V.; Martin, B.; Geerts, H. Brain Health Modeling Initiative (BHMI). Intelligent and effective informatic
deconvolution of “Big Data” and its future impact on the quantitative nature of neurodegenerative disease therapy. Alzheimers
Dement. 2018, 14, 961–975. [CrossRef]

128. Moons, R.; Konijnenberg, A.; Mensch, C.; Van Elzen, R.; Johannessen, C.; Maudsley, S.; Lambeir, A.M.; Sobott, F. Metal ions shape
α-synuclein. Sci. Rep. 2020, 10, 16293. [CrossRef]

129. Janssens, J.; Etienne, H.; Idriss, S.; Azmi, A.; Martin, B.; Maudsley, S. Systems-Level G Protein-Coupled Receptor Therapy Across
a Neurodegenerative Continuum by the GLP-1 Receptor System. Front. Endocrinol. 2014, 5, 142. [CrossRef]

130. Martin, B.; Lopez de Maturana, R.; Brenneman, R.; Walent, T.; Mattson, M.P.; Maudsley, S. Class II G protein-coupled receptors
and their ligands in neuronal function and protection. Neuromol. Med. 2005, 7, 3–36. [CrossRef]

131. Korfei, M.; MacKenzie, B.; Meiners, S. The ageing lung under stress. Eur. Respir. Rev. 2020, 29, 200126. [CrossRef] [PubMed]
132. Hossain, M.A.; Man, B.C.S.; Zhao, C.; Xu, Q.; Du, X.-J.; Wade, J.D.; Samuel, C.S. H3 Relaxin Demonstrates Antifibrotic Properties

via the RXFP1 Receptor. Biochemistry 2011, 50, 1368–1375. [CrossRef] [PubMed]
133. Zhang, X.; Fu, Y.; Li, H.; Shen, L.; Chang, Q.; Pan, L.; Hong, S.; Yin, X. H3 relaxin inhibits the collagen synthesis via ROS- and

P2X7R-mediated NLRP3 inflammasome activation in cardiac fibroblasts under high glucose. J. Cell. Mol. Med. 2018, 22, 1816–1825.
[CrossRef] [PubMed]

http://doi.org/10.1007/s00213-019-05439-1
http://doi.org/10.1159/000513830
http://doi.org/10.1111/j.1742-4658.2010.07931.x
http://www.ncbi.nlm.nih.gov/pubmed/21126312
http://doi.org/10.1128/MCB.00510-12
http://www.ncbi.nlm.nih.gov/pubmed/22547681
http://doi.org/10.1038/nrm3823
http://www.ncbi.nlm.nih.gov/pubmed/24954210
http://doi.org/10.1016/j.csbj.2019.08.005
http://doi.org/10.1042/bj3390055
http://doi.org/10.2174/187152710793361559
http://doi.org/10.1210/me.2012-1091
http://doi.org/10.2174/138955712800959071
http://doi.org/10.1016/j.pharmthera.2020.107793
http://doi.org/10.1016/j.sbi.2020.03.004
http://doi.org/10.3390/ijms19102919
http://www.ncbi.nlm.nih.gov/pubmed/30261591
http://doi.org/10.3390/molecules27010311
http://www.ncbi.nlm.nih.gov/pubmed/35011543
http://doi.org/10.1016/j.neurobiolaging.2018.10.012
http://www.ncbi.nlm.nih.gov/pubmed/30439596
http://doi.org/10.1016/j.neuroscience.2014.10.006
http://doi.org/10.1016/j.redox.2021.102212
http://doi.org/10.1083/jcb.201709072
http://doi.org/10.1016/j.jalz.2018.01.014
http://doi.org/10.1038/s41598-020-73207-9
http://doi.org/10.3389/fendo.2014.00142
http://doi.org/10.1385/NMM:7:1-2:003
http://doi.org/10.1183/16000617.0126-2020
http://www.ncbi.nlm.nih.gov/pubmed/32641389
http://doi.org/10.1021/bi1013968
http://www.ncbi.nlm.nih.gov/pubmed/21229994
http://doi.org/10.1111/jcmm.13464
http://www.ncbi.nlm.nih.gov/pubmed/29314607


Int. J. Mol. Sci. 2022, 23, 4387 19 of 22

134. Zhang, X.; Pan, L.; Yang, K.; Fu, Y.; Liu, Y.; Chen, W.; Ma, X.; Yin, X. Alterations of relaxin and its receptor system components in
experimental diabetic cardiomyopathy rats. Cell Tissue Res. 2017, 370, 297–304. [CrossRef] [PubMed]

135. Kim, W.; Doyle, M.E.; Liu, Z.; Lao, Q.; Shin, Y.K.; Carlson, O.D.; Kim, H.S.; Thomas, S.; Napora, J.K.; Lee, E.K.; et al. Cannabinoids
inhibit insulin receptor signaling in pancreatic beta-cells. Diabetes 2011, 60, 1198–1209. [CrossRef] [PubMed]

136. Martin, B.; Shin, Y.K.; White, C.M.; Ji, S.; Kim, W.; Carlson, O.D.; Napora, J.K.; Chadwick, W.; Chapter, M.; Waschek, J.A.; et al.
Vasoactive intestinal peptide-null mice demonstrate enhanced sweet taste preference, dysglycemia, and reduced taste bud leptin
receptor expression. Diabetes 2010, 59, 1143–1152. [CrossRef] [PubMed]

137. Chapter, M.C.; White, C.M.; DeRidder, A.; Chadwick, W.; Martin, B.; Maudsley, S. Chemical modification of class II G protein-
coupled receptor ligands: Frontiers in the development of peptide analogs as neuroendocrine pharmacological therapies.
Pharmacol. Ther. 2010, 125, 39–54. [CrossRef]

138. Zhou, J.; Livak, M.F.A.; Bernier, M.; Muller, D.C.; Carlson, O.D.; Elahi, D.; Maudsley, S.; Egan, J.M. Ubiquitination is involved in
glucose-mediated downregulation of GIP receptors in islets. Am. J. Physiol. Endocrinol. Metab. 2007, 293, E538–E547. [CrossRef]

139. Camell, C.D. Adipose tissue microenvironments during aging: Effects on stimulated lipolysis. Biochim. Biophys. Acta. Mol. Cell
Biol. Lipids 2022, 1867, 159118. [CrossRef]

140. Lu, B.; Huang, L.; Cao, J.; Li, L.; Wu, W.; Chen, X.; Ding, C.J. Adipose tissue macrophages in aging-associated adipose tissue
function. Physiol. Sci. 2021, 71, 38. [CrossRef]

141. Fonseca, G.W.P.D.; von Haehling, S. The fatter, the better in old age: The current understanding of a difficult relationship. Curr.
Opin. Clin. Nutr. Metab. Care 2022, 25, 1–6. [CrossRef] [PubMed]

142. Yamamoto, H.; Shimokawa, H.; Haga, T.; Fukui, Y.; Iguchi, K.; Unno, K.; Hoshino, M.; Takeda, A. The expression of relaxin-3 in
adipose tissue and its effects on adipogenesis. Protein Pept. Lett. 2014, 21, 517–522. [CrossRef] [PubMed]

143. Gallander, G.E.; Bathgate, R.A.D. Relaxin family peptide systems and the central nervous system. Cell. Mol. Life Sci. 2010, 67,
2327–2341. [CrossRef] [PubMed]

144. Munro, J.; Skrobot, O.; Sanyoura, M.; Kay, V.; Susce, M.T.; Glaser, P.E.; de Leon, J.; Blakemore, A.I.; Arranz, M.J. Relaxin
polymorphisms associated with metabolic disturbance in patients treated with antipsychotics. J. Psychopharmacol. 2012, 26,
374–379. [CrossRef] [PubMed]

145. De Avila, C.; Chometton, S.; Lenglos, C.; Calvez, J.; Gundlach, A.L.; Timofeeva, E. Differential effects of relaxin-3 and a selective
relaxin-3 receptor agonist on food and water intake and hypothalamic neuronal activity in rats. Behav. Brain Res. 2018, 336,
135–144. [CrossRef] [PubMed]

146. Miquel, S.; Champ, C.; Day, J.; Aarts, E.; Bahr, B.A.; Bakker, M.; Bánáti, D.; Calabrese, V.; Cederholm, T.; Cryan, J.; et al. Poor
cognitive ageing: Vulnerabilities, mechanisms and the impact of nutritional interventions. Ageing Res. Rev. 2018, 42, 40–55.
[CrossRef]

147. Maudsley, S.; Chadwick, W. Progressive and unconventional pharmacotherapeutic approaches to Alzheimer’s disease therapy.
Curr. Alzheimer Res. 2012, 9, 1–4. [CrossRef]

148. Haidar, M.; Tin, K.; Zhang, C.; Nategh, M.; Covita, J.; Wykes, A.D.; Rogers, J.; Gundlach, A.L. Septal GABA and Glutamate
Neurons Express RXFP3 mRNA and Depletion of Septal RXFP3 Impaired Spatial Search Strategy and Long-Term Reference
Memory in Adult Mice. Front. Neuroanat. 2019, 13, 30. [CrossRef]

149. Haidar, M.; Guèvremont, G.; Zhang, C.; Bathgate, R.A.D.; Timofeeva, E.; Smith, C.M.; Gundlach, A.L. Relaxin-3 inputs target
hippocampal interneurons and deletion of hilar relaxin-3 receptors in "floxed-RXFP3" mice impairs spatial memory. Hippocampus
2017, 27, 529–546. [CrossRef]

150. García-Díaz, C.; Gil-Miravet, I.; Albert-Gasco, H.; Mañas-Ojeda, A.; Ros-Bernal, F.; Castillo-Gómez, E.; Gundlach, A.L.; Olucha-
Bordonau, F.E. Relaxin-3 Innervation from the Nucleus Incertus to the Parahippocampal Cortex of the Rat. Front. Neuroanat. 2021,
15, 674649. [CrossRef]

151. Vida, C.; González, E.M.; De la Fuente, M. Increase of oxidation and inflammation in nervous and immune systems with aging
and anxiety. Curr. Pharm. Des. 2014, 20, 4656–4678. [CrossRef] [PubMed]

152. Green, E.; Fairchild, J.K.; Kinoshita, L.M.; Noda, A.; Yesavage, J. Effects of Posttraumatic Stress Disorder and Metabolic Syndrome
on Cognitive Aging in Veterans. Gerontologist 2016, 56, 72–81. [CrossRef] [PubMed]

153. Rutter, L.A.; Vahia, I.V.; Passell, E.; Forester, B.P.; Germine, L. The role of intraindividual cognitive variability in posttraumatic
stress syndromes and cognitive aging: A literature search and proposed research agenda. Int. Psychogeriatr. 2021, 33, 677–687.
[CrossRef] [PubMed]

154. Mañas-Ojeda, A.; Ros-Bernal, F.; Olucha-Bordonau, F.E.; Castillo-Gómez, E. Becoming Stressed: Does the Age Matter? Reviewing
the Neurobiological and Socio-Affective Effects of Stress throughout the Lifespan. Int. J. Mol. Sci. 2020, 21, 5819. [CrossRef]

155. Rytova, V.; Ganella, D.E.; Hawkes, D.; Bathgate, R.A.D.; Ma, S.; Gundlach, A.L. Chronic activation of the relaxin-3 receptor on
GABA neurons in rat ventral hippocampus promotes anxiety and social avoidance. Hippocampus 2019, 29, 905–920. [CrossRef]

156. Zhang, C.; Chua, B.E.; Yang, A.; Shabanpoor, F.; Hossain, M.A.; Wade, J.D.; Rosengren, K.J.; Smith, C.M.; Gundlach, A.L. Central
relaxin-3 receptor (RXFP3) activation reduces elevated, but not basal, anxiety-like behaviour in C57BL/6J mice. Behav. Brain Res.
2015, 292, 125–132. [CrossRef]

157. Palmer, B.W.; Shir, C.; Chang, H.; Mulvaney, M.; Hall, J.M.H.; Shu, I.W.; Jin, H.; Lohr, J.B. Increased Prevalence of Metabolic
Syndrome in Veterans with PTSD Untreated with Antipsychotic Medications. Int. J. Ment. Health 2021, 5, 10. [CrossRef]

http://doi.org/10.1007/s00441-017-2662-4
http://www.ncbi.nlm.nih.gov/pubmed/28776188
http://doi.org/10.2337/db10-1550
http://www.ncbi.nlm.nih.gov/pubmed/21346174
http://doi.org/10.2337/db09-0807
http://www.ncbi.nlm.nih.gov/pubmed/20150284
http://doi.org/10.1016/j.pharmthera.2009.07.006
http://doi.org/10.1152/ajpendo.00070.2007
http://doi.org/10.1016/j.bbalip.2022.159118
http://doi.org/10.1186/s12576-021-00820-2
http://doi.org/10.1097/MCO.0000000000000802
http://www.ncbi.nlm.nih.gov/pubmed/34861670
http://doi.org/10.2174/0929866520666131217101424
http://www.ncbi.nlm.nih.gov/pubmed/24345292
http://doi.org/10.1007/s00018-010-0304-z
http://www.ncbi.nlm.nih.gov/pubmed/20213277
http://doi.org/10.1177/0269881111408965
http://www.ncbi.nlm.nih.gov/pubmed/21693553
http://doi.org/10.1016/j.bbr.2017.08.044
http://www.ncbi.nlm.nih.gov/pubmed/28864207
http://doi.org/10.1016/j.arr.2017.12.004
http://doi.org/10.2174/156720512799015082
http://doi.org/10.3389/fnana.2019.00030
http://doi.org/10.1002/hipo.22709
http://doi.org/10.3389/fnana.2021.674649
http://doi.org/10.2174/1381612820666140130201734
http://www.ncbi.nlm.nih.gov/pubmed/24588831
http://doi.org/10.1093/geront/gnv040
http://www.ncbi.nlm.nih.gov/pubmed/26220415
http://doi.org/10.1017/S1041610220000228
http://www.ncbi.nlm.nih.gov/pubmed/32172714
http://doi.org/10.3390/ijms21165819
http://doi.org/10.1002/hipo.23089
http://doi.org/10.1016/j.bbr.2015.06.010
http://doi.org/10.1080/00207411.2021.1965398


Int. J. Mol. Sci. 2022, 23, 4387 20 of 22
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