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Abstract: Although aging is considered a normal process, there are cellular and molecular changes
that occur with aging that may be detrimental to health. Osteoporosis is one of the most common
age-related degenerative diseases, and its progression correlates with aging and decreased capacity
for stem cell differentiation and proliferation in both men and women. Tryptophan metabolism
through the kynurenine pathway appears to be a key factor in promoting bone-aging phenotypes,
promoting bone breakdown and interfering with stem cell function and osteogenesis; however, little
data is available on the impact of tryptophan metabolites downstream of kynurenine. Here we review
available data on the impact of these tryptophan breakdown products on the body in general and,
when available, the existing evidence of their impact on bone. A number of tryptophan metabolites
(e.g., 3-hydroxykynurenine (3HKYN), kynurenic acid (KYNA) and anthranilic acid (AA)) have a
detrimental effect on bone, decreasing bone mineral density (BMD) and increasing fracture risk. Other
metabolites (e.g., 3-hydroxyAA, xanthurenic acid (XA), picolinic acid (PIA), quinolinic acid (QA),
and NAD+) promote an increase in bone mineral density and are associated with lower fracture risk.
Furthermore, the effects of other tryptophan breakdown products (e.g., serotonin) are complex, with
either anabolic or catabolic actions on bone depending on their source. The mechanisms involved in
the cellular actions of these tryptophan metabolites on bone are not yet fully known and will require
further research as they are potential therapeutic targets. The current review is meant as a brief
overview of existing English language literature on tryptophan and its metabolites and their effects on
stem cells and musculoskeletal systems. The search terms used for a Medline database search were:
kynurenine, mesenchymal stem cells, bone loss, tryptophan metabolism, aging, and oxidative stress.
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1. Introduction

The size of the aging population (65 years or more) is projected to increase by about 60% by 2030 [1].
This poses a challenge to the healthcare system because of the associated increase in age-related chronic
diseases. There is an urgent need for new treatments to address these issues, requiring an increase in
research on aging and the aging process. Dementia, cardiovascular diseases, frailty, sarcopenia, and
osteoporosis are examples of different conditions that significantly impact the lives of this population
and for whom age is a major risk factor. Specifically, osteoporosis was estimated to affect almost 54
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million Americans aged 50 years or older in 2010 [2]. Osteoporosis is characterized by a decrease
in bone mineral density (BMD) and structural deterioration of the bone. The frequently associated
condition of physical frailty predisposes falling and the combination of frailty and osteoporosis results
in an increased risk of fractures [3]. Treatment for bone fractures represent an economic burden for
patients as the average incremental direct cost increase in the 6 months following a long bone fracture
ranged from $5707 to $39,041 in 2012 [4].

Mesenchymal stem cells (MSCs) are multipotent progenitor cells mainly found in the bone marrow
(BM) that can differentiate into osteoblasts and thus promote bone formation [5]. Hypoxic conditions
within healthy BM are thought to influence the proliferation and cell-fate commitment of hematopoietic
stem cells (HSCs) and MSCs [6-8]. However, with age, there is a marked increase in oxidative stress
within the BM and a loss of the normal microarchitectural niches because of osteoporosis, which alters
the hypoxic environment and, thus, impairs normal stem cell function [9]. This increase in reactive
oxygen species (ROS) and its associated damage to MSCs contributes to the pathogenesis of many
age-related diseases. An increase in ROS has been associated with decreased Wnt, Hedgehog, BMP,
and ERK signaling pathways, all of which are important for bone formation [10]. Furthermore, an
impairment of MSC differentiation into osteoblasts has been found in patients with osteoporosis due
to an imbalance of bone deposition and resorption [11]. The specific pro-oxidative agents that cause
such downregulation remain unclear and represent an area for further investigation.

Aromatic amino acids (tryptophan, phenylalanine, and tyrosine) are generally known to have
antioxidant properties and to play a role in MSC survival and proliferation. Tryptophan (Trp) in
particular has been shown to upregulate ERK phosphorylation/activation in bone marrow stromal
cells (BMSCs); ERK activation is involved in the cell response to extracellular proliferation signals [12].
Additionally, Trp was found to upregulate the Akt pathway and FOXM1 of an aging BM under
normoxic conditions (21% O,). The Akt pathway promotes cell cycle progression and proliferation,
whereas FOXM1 is a transcription factor known to protect cells against oxidative stress [13]. Trp
metabolism through the kynurenine pathway has also been associated with modulation of age-related
chronic inflammation, known as inflammaging [14]. As a result, the kynurenine (Kyn)/Trp ratio has
been used as a biomarker to detect inflammaging and the onset of age-related diseases. With age, this
ratio has been reported to increase, either due to an age-dependent decrease in Trp levels and/or an
increase in Kyn [14,15]. Evidence suggests that elevated levels of Kyn with age are linked to a higher
incidence of chronic diseases and with a lower life expectancy in several adult mammals [16,17]. In
this review, we will discuss in detail different Trp metabolites with a particular focus on those of the
Kyn pathway (Figure 1). Specifically, we will focus on what is the known about the impact of Kyn
pathway metabolites, including serotonin and melatonin, on bone. Although the kynurenine pathway
has been previously studied in relation to CNS abnormalities, its role in musculoskeletal disorders is an
emerging area of research. The current review is meant as a brief overview of existing English language
literature on tryptophan and its metabolites and their effects on stem cells and musculoskeletal systems.
The search terms used for a Medline database search were: kynurenine metabolites, mesenchymal
stem cells, bone loss, tryptophan metabolism, aging, and oxidative stress and although the major
emphasis was on more recent articles (2010-2020), the search extended back to 1984.
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Figure 1. Tryptophan metabolism.

2. Kynurenine Impacts MSCs and Causes Age-Related Bone Loss

We have previously shown that with aging, both MSC number and differentiation capacity
decrease. The mechanism responsible for these changes is not known [18]. Kyn is produced
from Trp breakdown through either tryptophan 2,3-dioxygenase (TDO), mostly in the liver, or via
indoleamine 2,3-dioxygenase (IDO) —1 or —2, occurring in most tissues [19]. Specifically, IDO is readily
activated by pro-inflammatory cytokines, with interferon-gamma (IFN-y) being the most potent [20,21].
IDO-dependent activation of the Kyn metabolic pathway has been found to inhibit osteogenesis and
bone formation [19]. This enzyme is expressed in macrophages and to a lesser extent in MSCs [19]. As
osteoclasts are derived from macrophages, one could infer that they are the principal IDO-expressing
cells in bone and play a major role in Kyn production. Within bone, Kyn has been associated with
multiple age-related phenotypes seen in patients with osteoporosis. In a study by El Refaey et al. [19],
feeding 12-month-old mice increasing Kyn concentrations (50 M and 100 uM) mimicked the bone
aging process resulting in bone parameters comparable to those of a 24-month-old mouse. These
authors reported lower bone volume (BV), lower bone volume over total volume (BV/TV), increased
number of TRAP-labeled osteoclasts, greater bone resorption marker levels, and decreased Hdac3
expression, with Kyn feeding [19]. Such parameters are similar to those observed in aged bone.
Reduction in Hdac3 expression was linked to higher BM adiposity, which is also seen with aging [22].

Recently, a number of studies have focused on the potential mechanisms through which Kyn
could induce an aging phenotype in bone. These include: enhanced MSC senescence, decreased
autophagy, increased oxidative stress, reduced osteogenic factors, and altered miRNA expression,
among others [23-25]. Although much of the bone-related research focuses on Kyn, not much is known
about other Trp metabolites, specifically those downstream of Kyn. Further research in this area would
help in targeting specific pathways in Trp metabolism for pharmacological treatment of bone loss.

2.1. Kynurenic Acid Antagonizes NMDA Receptors Found on Osteoclasts

Kynurenine can be further catabolized into various downstream products such as kynurenic acid
(KYNA). This metabolite is well-known for its neuroprotective role in the central nervous system (CNS)
because of its antagonism of glutamate receptors such as the NMDA, AMPA, and kainate receptors [26].
Thus, increased KYNA levels are associated with amelioration of the excitotoxic conditions seen in
age-related disorders like Alzheimer’s (AD) and Parkinson’s disease. Moroni et al. [27] found that
there was an increase in the KYNA content in the brain and blood of 18-month-old rats, compared to
3-month-old rats. However, KYNA levels failed to increase in the liver and kidneys of aged rats [27].
This suggests an organ-specific increase in KYNA with age. On the other hand, the effects of KYNA on
bone are not completely clear. One study confirmed the presence of ionotropic glutamate receptors
in osteoblasts, osteocytes, and osteoclasts, the latter having the highest concentration. They also
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found that blocking the NMDA receptor in osteoclasts inhibited bone resorption [28]. These data
would suggest that KYNA should antagonize the resorptive action of osteoclasts in bone. Our group
conducted a study to explore the effects of this metabolite on bone and found that treatment with
KYNA resulted in bone loss in the periphery [29], although the mechanism responsible for this bone
loss is still to be elucidated. KYNA effects on MSCs, specifically, are not known.

2.2. 3-Hydroxykynurenine Increases Oxidative Stress and Leads to Cytotoxic Effects

Via the enzyme Kyn monooxygenase, 3-Hydroxykynurenine (3HKYN) is produced by
hydroxylation of Kyn. In contrast to KYNA, 3HKYN is mostly known for its cytotoxicity through
its ability to induce ROS leading to apoptosis [30,31]. This oxidation product has been associated
with several age-related diseases such as Huntington’s disease (HD) and cataracts [32,33]. Regarding
bone aging phenotypes, oxidative stress has been found to reduce osteogenic markers in MSCs [10].
In a study conducted by Fakondut et al. [33], the capacity of 3HKYN to reduce osteoblast-like cell
(MC3T3-EL1 cells) viability due to its pro-oxidative nature was tested. These authors found that at doses
of 250 uM to 1 mM over a period of 60 h, BHKYN reduced cell viability and further than blocking its
effects on oxidative stress resulted in restored cell viability [34]. However, the 3HKYN concentrations
used were much higher than those seen physiologically, and concentrations of 3HKYN that are usually
seen with aging were not studied. Nevertheless, in humans 3HKYN was associated with an increased
risk of hip fractures in elderly women over a 9 to 11-year period [35]. Further studies should address
the specific effects of SHKYN within aging cells and whether its concentration increases in bone
with aging.

2.3. The 3-Hydroxyanthranilic Acid to Anthranilic Acid Ratio

Anthranilic acid (AA) is also part of the Kyn pathway and can be directly produced from Kyn
through the enzyme kynureninase. Not much is known about direct AA effects on the body, but
synthetic derivatives have been used as immunosuppressive and anti-inflammatory drugs [36,37].
3-Hydroxyanthranilic acid (3HAA) can be a product of either SHKYN or AA. This metabolite is reported
to have both antioxidant and pro-oxidant behavior depending on its chemical environment [38]. When
in a pro-oxidant environment, 3HAA auto-oxidizes by dimerizing into cinnabarinic acid [39]. 3BHAA
has been found to prevent 3-amyloid aggregation by binding to a specific region within the protein
that, in the absence of 3HAA, promotes its misfolding [40]. This represents a potential research area to
target for Alzheimer’s disease (AD). A study by Darlington et al. [41] assessed the importance of the
3HAA:AA ratio as a biological marker to indicate the progression of disorders with an inflammatory
component. They found that this ratio was significantly reversed in patients with osteoporosis, as
patients showed not only lower baseline levels for 3HAA, but also higher levels of AA compared
to control [41]. Some studies suggest that a possible explanation is an inhibition of the enzymatic
conversion of AA to 3HAA, thus resulting in lower levels of 3HAA [42]. Another project from the
Hordaland Health Study examined the relationship between different Kyn pathway metabolites and
BMD. They found a positive correlation between BMD and 3HAA in differently aged groups of both
men and women [43]. Nevertheless, much more knowledge about these metabolites is needed to
understand their impact on aging bone and MSCs.

3. Xanthurenic Acid Induces Cell Apoptosis

Xanthurenic acid (XA) is also produced from 3HKYN by an enzymatic reaction catalyzed by Kyn
aminotransferase. XA is a well-studied Trp metabolite that is known to trigger apoptosis by promoting
the release of cytochrome C, resulting in the destruction of mitochondria as well as structural proteins
such as gelsolin [44]. It is also reported that XA induces the translocation of several pro-apoptotic
Bcl-2 family proteins to mitochondria, thus inducing apoptotic mechanisms [45]. This metabolite
accumulates in aging tissues and has been associated with certain degenerative diseases, such as
senile cataracts, through its ability to promote cell death and disrupt the normal physiology of the
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lens epithelium [46]. Much data exist about the cytotoxic impact of XA and its negative effect on the
human lens, but little is known concerning its impact on aging bone. Considering the data obtained,
one could hypothesize that XA would likely negatively affect bone and lead to an aging phenotype.
However, the same Hordaland Health Study project mentioned earlier found a positive correlation
between BMD and XA [43]. These results suggest a novel mechanism of XA effects on aging bone.

3.1. Picolinic Acid Increases Bone Marrow Adiposity

Picolinic acid (PIA) results from the conversion of 3HAA to 2-amino-3-carboxymuconate-6-
semialdehyde (ACMS) and then to PIA by an enzymatic reaction. This metabolite is mostly known as a
metal chelator, and thus, PIA has been used as a way to introduce chelators into biological systems [47].
Some studies report PIA as having a neuroprotective role because it has been shown to block the
neurotoxic effects of quinolinic acid (QA) within the cortex of the brain [48,49]. However, levels of PIA
within the CNS in the context of neurodegenerative diseases have yet to be explored. Regarding bone,
Vidal et al. [50] conducted a series of tests to explore the effects of PIA. They found that IDO knockout
murine MSCs that were treated with increasing concentrations of PIA recovered their osteogenic
potential. They also reported that PIA-treated human MSCs (hMSCs) increased their expression of
osteogenic genes like Runx2 and osteocalcin (OCN) in vitro [50]. Our group conducted a study to test
the in vivo effects of PIA in mice. We found that feeding PIA did not impact BMD, trabecular bone, or
bone microstructure, but did result in increased BM adiposity. Furthermore, lipid storage genes such
as Plinl and Cidec were increased in PIA-treated MSCs [51]. Notably, these two studies not only were
performed in different systems (in vitro versus in vivo) but also used different concentrations of PIA,
indicating that there might be a dose dependence to the effect of this metabolite on bone.

3.2. Quinolinic Acid Is a Neurotoxin Related to Neurodegenerative Diseases

Quinolinic acid (QA) is formed from ACMS through a non-enzymatic reaction. In contrast to PIA,
this metabolite is widely known for its excitotoxicity via its activation of NMDA receptors [52]. In
a study by de Bie et al. [53], the cerebrospinal fluid of 49 women of all ages (0-90 years) was tested
and a positive correlation between QA and age determined [53]. Additionally, concentrations in the
cortex of mammals like rats were reported to increase with advancing age [54]. As a result, QA has
been implicated in multiple neurodegenerative diseases including AD, HD, and amyotrophic lateral
sclerosis (ALS) [55]. Outside the CNS, not much is known about the impact of QA on the body;
however, one might expect QA to promote bone loss through its activation of the NMDA receptor. In
the same Vidal et al. [50] study mentioned earlier, the impact of QA on ex vivo MSCs lacking IDO
was tested. Contrary to expectations, QA increased the osteogenic potential of these cells, but to a
significantly lesser extent than PIA [50]. Like picolinic acid, the impact of QA on MSCs needs to be
addressed in an in vivo setting.

3.3. Nicotinamide Adenine Dinucleotide (NAD+) Decline Is Related to the Appearance of Age-Related Diseases

Nicotinamide adenine dinucleotide (NAD+) is the terminal oxidation product of Trp breakdown
through the Kyn pathway and is a key cofactor in multiple biological processes. Although its
better-known function is its role in mitochondrial redox reactions and ATP production, it also plays an
important role in anabolic pathways for many macro-nutrients [56]. NAD+ is known to decline with
aging and this decline coincides with the appearance of age-related diseases [56-58]. Even though some
groups suggest a depletion of Trp with age, Schultz & Sinclair report that CD38, a NADase, increases
in certain tissues with age and its inhibition leads to increased NAD+ [57], suggesting that changes in
NAD+ may play an important role in aging pathology. This decline in NAD+ levels is reported to
cause mitochondrial dysfunction and an inability to repair DNA damage. It is also associated with
diabetes, atherosclerosis, and AD [59]. A study by Igbal & Zaidi assessed the role of NAD+ and its
metabolites (ADP-ribose and cyclic ADP-ribose) in osteoclastogenesis. Although their results showed
no direct impact of NAD+, they found that increasing concentrations of cyclic ADP-ribose had an
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osteoclastogenic effect, as did the addition of exogenous ADP-ribosyl cyclase. On the other hand, its
non-cyclic form had an inhibitory effect on osteoclast formation [60].

These data have suggested a potential therapeutic role for NAD+ supplementation to prevent
age-related decline in function. A review presented by Aman et al. [60] reported that long-term
administration of NAD+ precursors such as nicotinamide mononucleotide (NMN) was able to counter
some hallmarks of aging and increase insulin sensitivity and bone density and improve immune
function [61]. The impact of NAD+ repletion on muscle stem cell (MuSC) function in aged mice
was also examined; investigators found that treatment with nicotinamide riboside (NR), an NAD+
precursor, increased the number of MuSCs and enhanced muscle function [62].

3.4. The Dual Role of Serotonin in Bone Homeostasis

In contrast to the Kyn pathway, much more is known about the impact of serotonin (SE) on
bone and organ function. SE is derived from Trp through a two-step reaction in which tryptophan
hydroxylase (Tph) 1 or 2 is the rate-limiting enzyme. Tphl is mainly found in the pineal gland and the
gut, whereas Tph2 is the main enzyme in serotonergic neurons [63,64]. This molecule is widely known
for its role as a neurotransmitter in the CNS where it is derived mainly from the raphe nuclei in the
brainstem. There are multiple responses to SE known depending on the receptor expressed by the
cell; however, it is mostly recognized for its role in preventing depressive and anxiety-like symptoms.
Brain-derived serotonin (BDS) levels have been found to decrease with age and to be associated with
late-life depression and AD [65]. On the other hand, most SE is found in the periphery where it is
produced mainly in the gut. Gut-derived serotonin (GDS) is known to regulate gut motility, platelet
aggregation, and bone homeostasis [66]. Nonetheless, not much is known about how GDS changes
with age and the impact of gut microbiota on its levels.

The effects of SE on bone are known to be complex, as GDS and BDS have opposite effects on
the skeletal system. Mice lacking Tph2 show a bone loss phenotype, with increased bone resorption
and lower BV/TV [67]. This result suggests that BDS plays a key role in bone homeostasis. SE can
also promote bone formation by decreasing sympathetic tone through Htr2c receptors found in the
ventromedial nucleus in the hypothalamus (VMH) [67]. Increased sympathetic tone is known to
promote bone loss by the interaction of leptin with ObR receptors also found in the VMH [68,69].
This interaction in the bone occurs through [32-adrenergic receptors found on osteoblasts and leads to
mechanisms that reduce osteoblast proliferation and increase osteoclast differentiation [69]. GDS is
known to increase bone resorption and to negatively impact the skeletal system. SE produced in the
periphery does not cross the blood-brain barrier into the CNS.

Abnormalities in the tryptophan/serotonin/kynurenine pathway have also been implicated in
the pathogenesis of the bone disease associated with chronic kidney disease (CKD-MBD) [70,71].
Kalaska et al. [72] examined the correlation between serum kynurenine metabolites and parameters
of bone turnover in rats after partial nephrectomy. They found that after one month, the bones of
nephrectomized rats had a significant increase in osteoclast number as well as decreased cortical bone
mineral density. These changes were associated with a significant increase in serum levels of both
KYN and 3-HKYN. There was also significant upregulation of expression of the AhR gene, presumably
the mediator of KYN effects. In contrast to peripheral effects, central kynurenine metabolism (similarly
to serotonin) may have a beneficial impact on bone parameters in the setting of renal insufficiency [73].
Rats undergoing partial nephrectomy were found to have a significant elevation in KYN with a decrease
in tryptophan levels in brain areas examined (cerebellum, brainstem, frontal cortex, hypothalamus and
striatum) and an increase in tibial cross-sectional area and wall thickness.

Lrp5-deficient mice have increased Tph1 [74-76] and in humans, mutation in the Lrp5 gene causes
osteoporosis pseudoglioma, which is characterized by bone loss and blindness [74]. While Lrp5 does
not directly promote bone loss, its regulation of GDS levels impacts bone homeostasis in patients with
osteoporosis pseudoglioma [77]. A study by Yadav & Ducy explored the mechanism through which
SE acts on bone and found that the Htr1b receptor was highly expressed on osteoblasts. Knockdown
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of this receptor resulted in a higher bone formation rate and an increased number of osteoblasts.
Furthermore, these authors reported that GDS acted by decreasing cAMP response element-binding
protein (CREB) and cyclin D1 interaction [75]. Another study found that high circulating levels of GDS
suppressed osteoblast proliferation mechanisms by an ability to decrease association between CREB
and Forkhead box protein 1 (FOXO1) transcription factors [78].

3.5. The Use of Melatonin as an Osteogenic Therapy

Melatonin is another Trp breakdown product and is synthesized in the pineal gland downstream
of serotonin production. Its secretion is controlled mainly by the suprachiasmatic nucleus, and it has
a role in regulating the sleep-wake cycle and modulating body temperature [79]. Melatonin can be
produced by almost every cell in the body and is a powerful mitochondrial anti-oxidant. In fact, the
gut appears to have the highest melatonin concentrations in the body (four hundred times higher than
the pineal gland). Melatonin is synthetized in the enterochromaffin cells in the gut and seems to serve
a paracrine function [80].

Melatonin has been reported to decrease during aging, and this reduction is associated with a
deregulation of the circadian rhythms of the body and an increase in oxidative stress [81]. Recently, the
therapeutic role of melatonin in preventing age-related characteristics was explored. Fang et al. [81]
examined the effects of melatonin supplementation on canine adipose-derived mesenchymal stem
cells. They found that melatonin attenuated cell senescence and reduced endoplasmic reticulum stress
(ERS), both of which are characteristics of aging [82]. Another study explored the effect of treating
murine MSCs with melatonin after an ischemic injury, which leads to increased cellular levels of ROS.
In this study, melatonin decreased autophagy-mediated apoptosis and ERS by increasing prion protein
PrPC, which is involved in reducing oxidative stress [83].

A number of recent studies have used melatonin to treat osteoporosis. Kotlarczyk et al. [84]
found that melatonin treatment decreased the bone resorption to bone formation ratio (NTX:OCN) in
perimenopausal women, as measured by the serum levels of the respective markers [84]. Another
study showed that treating perimenopausal and postmenopausal women with melatonin resulted
in increased BMD and osteocalcin, an osteogenic marker [85]. Other studies have focused on the
mechanisms through which melatonin may exert its bone-forming effects. Zhang et al. [86] explored the
osteogenic mechanism of melatonin on human mesenchymal stem cells (hMSCs) and discovered that
it promoted the expression of Runx2. In addition, they found that it suppressed the adipogenic marker,
PPAR-y [86]. Another group reported that melatonin exerted an osteoblastogenic effect through the
MT?2 receptor by increasing expression of proliferation markers such as Runx2, Bmp2, and Bglap [87].
Thus, melatonin may represent a therapeutic option in the treatment of osteoporosis.

4. Summary

Tryptophan is an important amino acid in the body’s normal physiology, and deregulation of its
metabolism has been implicated in the aging process. Although much attention has been given to the
effects of kynurenine in promoting aging bone phenotypes, few studies have investigated the impact
of its downstream metabolites. Data from studies presented in this review and summarized in Table 1,
suggest a complex role for the different kynurenine metabolites in normal/abnormal bone physiology.
For example, KYNA, 3HKYN, and AA are all associated with osteoporosis, with its decreased BMD
and increased risk of fractures. In contrast, some investigators have found that SHAA, XA, PIA, QA,
and NAD+ have a beneficial impact on bone mass.
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Table 1. Impact of tryptophan metabolites on bone characteristics.

Tryptophan  Oxidative BM

Metabolites Stress Adiposity BMD BV/TV Osteogenesis  Osteoclastogenesis

1. Kyn 1 1 ! l l 1
2. KYNA !
3. 3HKYN 1 !
5. 3HAA 1
6. XA 1
7. PIA 1 0
8. QA 0
9. NAD+ 1 1 *
10. GDS ! ! 1
11. BDS 1 0 !
12. ME 1 ! 0

Summary of the impact of tryptophan metabolism on bone homeostasis. * ADP-ribose inhibits osteoclastogenesis;
cyclic ADP-ribose promotes osteoclastogenesis.

5. Discussion

The current review discusses available English language literature on what is known about the
impact of various tryptophan metabolites on stem cells and musculoskeletal tissues. The review is
limited by the fact that little is known about some of the specific metabolite effects on bone and muscle.
In these cases, specific metabolite effects on other tissues are discussed.

These studies highlight the need for further research on the impact of these tryptophan metabolites
on aging bone. Defining the underlying mechanisms may permit the development of therapeutics
targeting specific metabolites in the Trp metabolic pathway.

Melatonin is a powerful mitochondrial anti-oxidant and could have potential therapeutic benefits
in modulating the progression of age-related diseases such as osteoporosis and sarcopenia. It is
also possible that it might be more practical to inhibit the kynurenine pathway and selectively add
back metabolites that are of benefit; for example, Castro-Portugez and Suthphin [84] have suggested
inhibition of the kynurenine pathway with selective replacement of NAD+. NAD+ is important in
mitochondrial bioenergetics and supplementation has been associated with increased longevity [88].
Inhibition of the first step in this pathway by inhibiting indoleamine 2,3-dioxygenase (IDO) is already
an experimental strategy that has been used for treating certain types of cancer [89]. Thus, modulation
of the tryptophan catabolic pathway has the potential to benefit not only musculoskeletal aging but
also other age-related diseases, such as neurodegenerative disorders, cancer, and vascular diseases.

These goals may be further complicated by the fact that the tryptophan metabolites have both
endocrine and paracrine roles. For example, tryptophan breakdown occurs predominantly through the
TDO pathway in the liver and in fact the majority of the kynurenine in the brain is derived from this
circulating kynurenine transported through the blood brain barrier. In contrast to the setting of tissue
inflammation, kynurenine is produced locally through activation of IDO. Tissue-targeted modulation
of the activity of these metabolites may present a major challenge in view of the need to minimize
undesirable side effects to allow therapeutic use of the various metabolites of the Kyn pathway.
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Abbreviations

3HKYN 3-hydroxykynurenine

KYNA kynurenic acid

AA anthranilic acid

BMD bone mineral density

XA xanthurenic acid

PIA picolinic acid

QA quinolinic acid

TDO trypophan 2,3-dioxygenase

MSC mesenchymal stem cell

BM bone marrow

HSC hematopoietic stem cell

ROS reactive oxygen species

BMSC bone marrow stromal cell

Kyn kynurenine

Trp tryptophan

IDO indoleamine 2,3-dioxygenase

BV bone volume

vV total volume

TPH tryptophan hydroxylase

KAT kynurenine aminotransferase

KMO kynurenine monooxygenase

ACMS 2-amino-3-carboxymuconate-6-semialdehyde
ACMSD 2-amino-3-carboxymuconate-6-semialdehyde decarboxylase
3-HAO 3-hydroxyanthanilate oxidase

QPRT quinolinate phosphoribosyl transferase
CNS central nervous system

AD Alzheimer’s Disease; Huntington’s Disease
HD; 3BHAA  3-hydroxyanthranilic acid

OCN osteocalcin

ALS amyotrophic lateral sclerosis

NAD nicotinamide adenine dinucleotide
MuSC muscle stem cell

SE serotonin

BDS Brain-derived serotonin

GDS gut-derived serotonin

VMH ventromedial nucleus of hypothalamus
ME melatonin

ERS endoplasmic reticulum stress
References

1.  He, W,; Goodkind, D.; Kowal, P. An Aging World: 2015. International Population Reports; P95-16-1, 3-11; United

States Census Bureau: Suitland, MD, USA, 2016.

Wright, N.C.; Looker, A.C.; Saag, K.G.; Curtis, ].R.; Delzell, E.S.; Randall, S.; Dawson-Hughes, B. The recent
prevalence of osteoporosis and low bone mass in the United States based on bone mineral density at the
femoral neck or lumbar spine. J. Bone Miner. Res. 2014, 29, 2520-2526. [CrossRef]

Sozen, T.; Ozisik, L.; Basaran, N.C.; 021§1k, L. An overview and management of osteoporosis. Eur. J.
Rheumatol. 2017, 4, 46-56. [CrossRef]

Bonafede, M.; Espindle, D.; Bower, A.G. The direct and indirect costs of long bone fractures in a working age
US population. J. Med Econ. 2012, 16, 169-178. [CrossRef] [PubMed]

Charbord, P. Bone marrow mesenchymal stem cells: Historical overview and concepts. Hum. Gene Ther.
2010, 21, 1045-1056. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/jbmr.2269
http://dx.doi.org/10.5152/eurjrheum.2016.048
http://dx.doi.org/10.3111/13696998.2012.737391
http://www.ncbi.nlm.nih.gov/pubmed/23035626
http://dx.doi.org/10.1089/hum.2010.115
http://www.ncbi.nlm.nih.gov/pubmed/20565251

Int. ]. Mol. Sci. 2020, 21, 6670 10 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Mohyeldin, A.; Garzon-Muvdi, T.; Quifiones-Hinojosa, A. Oxygen in stem cell biology: A critical component
of the stem cell niche. Cell Stem Cell 2010, 7, 150-161. [CrossRef] [PubMed]

Suda, T.; Takubo, K.; Semenza, G.L. Metabolic regulation of hematopoietic stem cells in the hypoxic niche.
Cell Stem Cell 2011, 9, 298-310. [CrossRef] [PubMed]

Ivanovic, Z.; Bartolozzi, B.; Bernabei, P.A.; Cipolleschi, M.G.; Rovida, E.; Milenkovic, P.; Praloran, V,;
Dello Sbarba, P. Incubation of murine bone marrow cells in hypoxia ensures the maintenance of
marrow-repopulating ability together with the expansion of committed progenitors. Br. . Haematol.
2000, 108, 424-429. [CrossRef]

Chen, F; Liu, Y.; Wong, N.K; Xiao, J.; So, K.E. Oxidative stress in stem cell aging. Cell Transplant. 2017, 26,
1483-1495. [CrossRef]

Atashi, F.; Modarressi, A.; Pepper, M.S. The role of reactive oxygen species in mesenchymal stem cell
adipogenic and osteogenic differentiation: A review. Stem Cells Dev. 2015, 24, 1150-1163. [CrossRef]

Li, X.; Zhou, Z.; Zhang, Y.; Yang, H. IL-6 contributes to the defective osteogenesis of bone marrow stromal
cells from the vertebral body of the glucocorticoid-induced osteoporotic Mouse. PLoS ONE 2016, 11, e0154677.
[CrossRef]

Ding, K.; Cain, M.; Davis, M.; Bergson, C.; McGee-Lawrence, M.; Perkins, C.; Hardigan, T.; Shi, X.; Zhong, Q.;
Xu, J.; et al. Amino acids as signaling molecules modulating bone turnover. Bone 2018, 115, 15-24. [CrossRef]
[PubMed]

El Refaey, M.; Zhong, Q.; Hill, W.D.; Shi, X.-M.; Hamrick, M.W.; Bailey, L.; Johnson, M.; Xu, J.; Bollag, W.B.;
Chutkan, N.; et al. Aromatic amino acid activation of signaling pathways in bone marrow mesenchymal
stem cells depends on oxygen tension. PLoS ONE 2014, 9, €91108. [CrossRef] [PubMed]

Sorgdrager, FJ.H.; Naudé, PJ.W.; Kema, LP; Nollen, E.A.; De Deyn, PP. Tryptophan metabolism in
inflammaging: From biomarker to therapeutic target. Front. Immunol. 2019, 10, 2565. [CrossRef] [PubMed]
Caballero, B.; Gleason, R.E.; Wurtman, R.J. Plasma amino acid concentrations in healthy elderly men and
women. Am. J. Clin. Nutr. 1991, 53, 1249-1252. [CrossRef]

Kim, B.; Hamrick, M.W.; Yoo, H.].; Lee, S.H.; Kim, S.J.; Koh, J.-M.; Isales, C. The detrimental effects of
kynurenine, a tryptophan metabolite, on human bone metabolism. J. Clin. Endocrinol. Metab. 2019, 104,
2334-2342. [CrossRef]

Ma, S.; Yim, S.H.; Lee, S.; Kim, E.B.; Lee, S.-R.; Chang, K.-T.; Buffenstein, R.; Lewis, K.N.; Park, T.J.;
Miller, R.A.; et al. Organization of the mammalian metabolome according to organ function, lineage
specialization, and longevity. Cell Metab. 2015, 22, 332-343. [CrossRef]

Zhang, W.; Ou, G.; Hamrick, M.; Hill, W.; Borke, J.; Wenger, K.; Chutkan, N.; Yu, J.; Mi, Q.-S; Isales, C.M.; et al.
Age-related changes in the osteogenic differentiation potential of mouse bone marrow stromal cells. ]. Bone
Miner. Res. 2008, 23, 1118-1128. [CrossRef]

El Refaey, M.; McGee-Lawrence, M.E.; Fulzele, S.; Kennedy, E.J.; Bollag, W.B.; Elsalanty, M.; Zhong, Q.;
Ding, K.-H.; Bendzunas, N.G.; Shi, X.-M.; et al. Kynurenine, a tryptophan metabolite that accumulates with
age, induces bone loss. ]. Bone Miner. Res. 2017, 32, 2182-2193. [CrossRef]

Yeung, A.W.; Terentis, A.C.; King, N.J.; Thomas, S.R. Role of indoleamine 2,3-dioxygenase in health and
disease. Clin. Sci. 2015, 129, 601-672. [CrossRef]

Mailankot, M.; Nagaraj, R.H. Induction of indoleamine 2,3-dioxygenase by interferon-gamma in human lens
epithelial cells: Apoptosis through the formation of 3-hydroxykynurenine. Int. J. Biochem. Cell Boil. 2010, 42,
1446-1454. [CrossRef]

McGee-Lawrence, M.E.; Carpio, L.R.; Schulze, R.J.; Pierce, J.L.; McNiven, M.A.; Farr, ].N.; Khosla, S.;
Oursler, M.].; Westendorf, ].J. Hdac3 deficiency increases marrow adiposity and induces lipid storage and
glucocorticoid metabolism in osteochondroprogenitor cells. J. Bone Miner. Res. 2015, 31, 116-128. [CrossRef]
[PubMed]

Dalton, S.; Smith, K.; Singh, K.; Kaiser, H.; Kolhe, R.; Mondal, A K.; Khayrullin, A.; Isales, C.M.; Hamrick, M.W,;
Hill, W.D,; et al. Accumulation of kynurenine elevates oxidative stress and alters microRNA profile in human
bone marrow stromal cells. Exp. Gerontol. 2020, 130, 110800. [CrossRef] [PubMed]

Kondrikov, D.; Elmansi, A.; Bragg, R.T.; Mobley, T.; Barrett, T.; Eisa, N.; Kondrikova, G.; Schoeinlein, P.;
Aguilar-Perez, A.; Shi, X.-M.; et al. Kynurenine inhibits autophagy and promotes senescence in aged bone
marrow mesenchymal stem cells through the aryl hydrocarbon receptor pathway. Exp. Gerontol. 2020, 130,
110805. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.stem.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/20682444
http://dx.doi.org/10.1016/j.stem.2011.09.010
http://www.ncbi.nlm.nih.gov/pubmed/21982230
http://dx.doi.org/10.1046/j.1365-2141.2000.01842.x
http://dx.doi.org/10.1177/0963689717735407
http://dx.doi.org/10.1089/scd.2014.0484
http://dx.doi.org/10.1371/journal.pone.0154677
http://dx.doi.org/10.1016/j.bone.2018.02.028
http://www.ncbi.nlm.nih.gov/pubmed/29499416
http://dx.doi.org/10.1371/journal.pone.0091108
http://www.ncbi.nlm.nih.gov/pubmed/24727733
http://dx.doi.org/10.3389/fimmu.2019.02565
http://www.ncbi.nlm.nih.gov/pubmed/31736978
http://dx.doi.org/10.1093/ajcn/53.5.1249
http://dx.doi.org/10.1210/jc.2018-02481
http://dx.doi.org/10.1016/j.cmet.2015.07.005
http://dx.doi.org/10.1359/jbmr.080304
http://dx.doi.org/10.1002/jbmr.3224
http://dx.doi.org/10.1042/CS20140392
http://dx.doi.org/10.1016/j.biocel.2010.04.014
http://dx.doi.org/10.1002/jbmr.2602
http://www.ncbi.nlm.nih.gov/pubmed/26211746
http://dx.doi.org/10.1016/j.exger.2019.110800
http://www.ncbi.nlm.nih.gov/pubmed/31790802
http://dx.doi.org/10.1016/j.exger.2019.110805
http://www.ncbi.nlm.nih.gov/pubmed/31812582

Int. ]. Mol. Sci. 2020, 21, 6670 11 0f 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Elmansi, A.M.; Hussein, K.A.; Herrero, S.M.; Periyasamy-Thandavan, S.; Aguilar-Pérez, A.; Kondrikova, G.;
Kondrikov, D.; Eisa, N.H.; Pierce, J.L.; Kaiser, H.; et al. Age-related increase of kynurenine enhances
miR29b-1-5p to decrease both CXCL12 signaling and the epigenetic enzyme Hdac3 in bone marrow stromal
ells. Bone Rep. 2020, 12, 100270. [CrossRef]

Majlath, Z.; Torok, N.; Toldi, J.; Vécsei, L. Memantine and kynurenic acid: Current neuropharmacological
aspects. Curr. Neuropharmacol. 2016, 14, 200-209. [CrossRef]

Moroni, E; Russi, P; Carl4, V.; Lombardi, G. Kynurenic acid is present in the rat brain and its content increases
during development and aging processes. Neurosci. Lett. 1988, 94, 145-150. [CrossRef]

Chenu, C.; Serre, C.; Raynal, C.; Burt-Pichat, B.; Delmas, P. Glutamate receptors are expressed by bone cells
and are involved in bone resorption. Bone 1998, 22, 295-299. [CrossRef]

Isales, C.; Ding, K.; Bollag, W. Kynurenic acid a tryptophan metabolite induces bone loss in mice. Innov.
Aging 2018, 2, 100-101. [CrossRef]

Stone, T.W.; Stoy, N.; Darlington, L.G. An expanding range of targets for kynurenine metabolites of tryptophan.
Trends Pharmacol. Sci. 2012, 34, 136-143. [CrossRef]

Okuda, S.; Nishiyama, N.; Saito, H.; Katsuki, H. Hydrogen peroxide-mediated neuronal cell death induced
by an endogenous neurotoxin, 3-hydroxykynurenine. Proc. Natl. Acad. Sci. USA 1996, 93, 12553-12558.
[CrossRef]

Guidetti, P; Bates, G.P.; Graham, R.K.; Hayden, M.R.; Leavitt, B.R.; Macdonald, M.E.; Slow, E.J.; Wheeler, V.C.;
Woodman, B.; Schwarcz, R. Elevated brain 3-hydroxykynurenine and quinolinate levels in Huntington
disease mice. Neurobiol. Dis. 2006, 23, 190-197. [CrossRef]

Korlimbinis, A.; Truscott, R.J.W. Identification of 3-hydroxykynurenine bound to proteins in the human Lens.
A possible role in age-related nuclear cataract. Biochemistry 2006, 45, 1950-1960. [CrossRef]

Fatokun, A.A_; Stone, T.W.; Smith, R.A. Responses of differentiated MC3T3-E1 osteoblast-like cells to reactive
oxygen species. Eur. ]. Pharmacol. 2008, 587, 35—41. [CrossRef]

Apalset, EM.; Gjesdal, C.G.; Ueland, PM.; Oyen, ].; Meyer, K.; Midttun, @.; Eide, G.E; Tell, G.S. Interferon
gamma (IFN-y)-mediated inflammation and the kynurenine pathway in relation to risk of hip fractures: The
Hordaland Health Study. Osteoporos Int. 2014, 25, 2067-2075. [CrossRef]

Hertenstein, A.; Schumacher, T.; Litzenburger, U.; Opitz, C.A.; Falk, C.S,; Serafini, T.; Wick, W.; Platten, M.
Suppression of human CD4+ T cell activation by 3,4-dimethoxycinnamonyl-anthranilic acid (tranilast) is
mediated by CXCL9 and CXCL10. Biochem. Pharmacol. 2011, 82, 632-641. [CrossRef]

Inglis, J.J.; Criado, G.; Andrews, M., Feldmann, M.; Williams, R.O. The anti-allergic drug,
N-(3’ 4’-dimethoxycinnamonyl) anthranilic acid, exhibits potent anti-inflammatory and analgesic properties
in arthritis. Rheumatology 2007, 46, 1428-1432. [CrossRef]

Pérez-Gonzalez, A.; Alvarez-Idaboy, J.; Galano, A. Dual antioxidant/pro-oxidant behavior of the tryptophan
metabolite 3-hydroxyanthranilic acid: A theoretical investigation of reaction mechanisms and kinetics. New
J. Chem. 2017, 41, 3829-3845. [CrossRef]

Dykens, J.; Sullivan, S.G.; Stern, A. Oxidative reactivity of the tryptophan metabolites 3-hydroxyanthranilate,
cinnabarinate, quinolinate and picolinate. Biochem. Pharmacol. 1987, 36, 211-217. [CrossRef]

Meek, A.R.; Simms, G.A.; Weaver, D.F. Searching for an endogenous anti-Alzheimer molecule: Identifying
small molecules in the brain that slow alzheimer disease progression by inhibition of 8-amyloid aggregation.
J. Psychiatr. Neurosci. 2013, 38, 269-275. [CrossRef]

Darlington, L.G.; Forrest, C.M.; Mackay, G.M.; Smith, R.A.; Smith, AJ.; Stoy, N.; Stone, T.W. On the biological
importance of the 3-hydroxyanthranilic Acid: Anthranilic acid ratio. Int. |. Tryptophan Res. 2010, 3. [CrossRef]
Huang, Y.; Ogbechi, J.; Clanchy, F.; Williams, R.O.; Stone, T.W. IDO and kynurenine metabolites in peripheral
and CNS disorders. Front. Immunol. 2020, 20, 388. [CrossRef]

Apalset, EM.; Gjesdal, C.G.; Ueland, PM.; Midttun, @.; Ulvik, A.; Eide, G.E.; Meyer, K.; Tell, G.S. Interferon
(IFN)-y-mediated inflammation and the kynurenine pathway in relation to bone mineral density: The
Hordaland Health Study. Clin. Exp. Immunol. 2014, 176, 452—460. [CrossRef]

Malina, H.Z.; Richter, C.; Mehl, M.; Hess, O.M. Pathological apoptosis by xanthurenic acid, a tryptophan
metabolite: Activation of cell caspases but not cytoskeleton breakdown. BMC Physiol. 2001, 1, 7. [CrossRef]
Malina, H.Z.; Hess, O.M. Xanthurenic acid translocates proapoptotic Bcl-2 family proteins into mitochondria
and impairs mitochondrial function. BMC Biol. 2004, 5, 14. [CrossRef]


http://dx.doi.org/10.1016/j.bonr.2020.100270
http://dx.doi.org/10.2174/1570159X14666151113123221
http://dx.doi.org/10.1016/0304-3940(88)90285-6
http://dx.doi.org/10.1016/S8756-3282(97)00295-0
http://dx.doi.org/10.1093/geroni/igy023.377
http://dx.doi.org/10.1016/j.tips.2012.09.006
http://dx.doi.org/10.1073/pnas.93.22.12553
http://dx.doi.org/10.1016/j.nbd.2006.02.011
http://dx.doi.org/10.1021/bi051744y
http://dx.doi.org/10.1016/j.ejphar.2008.03.024
http://dx.doi.org/10.1007/s00198-014-2720-7
http://dx.doi.org/10.1016/j.bcp.2011.06.013
http://dx.doi.org/10.1093/rheumatology/kem160
http://dx.doi.org/10.1039/C6NJ03980D
http://dx.doi.org/10.1016/0006-2952(87)90691-5
http://dx.doi.org/10.1503/jpn.120166
http://dx.doi.org/10.4137/IJTR.S4282
http://dx.doi.org/10.3389/fimmu.2020.00388
http://dx.doi.org/10.1111/cei.12288
http://dx.doi.org/10.1186/1472-6793-1-7
http://dx.doi.org/10.1186/1471-2121-5-14

Int. ]. Mol. Sci. 2020, 21, 6670 12 of 14

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

Malina, H.Z.; Richter, C.; Eppstein, B.E.; Hess, O.M. Lens epithelial cell apoptosis and intracellular CaZt
increase in the presence of xanthurenic acid. BMC Opthalmol. 2002, 2, 1. [CrossRef]

Grant, R.S.; Coggan, S.E.; Smythe, G.A. The physiological action of picolinic acid in the human brain. Int. J.
Tryptophan Res. 2009, 2, 71-79. [CrossRef]

Cockhill, J.; Jhamandas, K.; Boegman, R.J.; Beninger, R. Action of picolinic acid and structurally related
pyridine carboxylic acids on quinolinic acid-induced cortical cholinergic damage. Brain Res. J. 1992, 599,
57-63. [CrossRef]

Beninger, R.J.; Colton, A.M.; Ingles, ].L.; Jnhamandas, K.; Boegman, R.J. Picolinic acid blocks the neurotoxic
but not the neuroexcitant properties of quinolinic acid in the rat brain: Evidence from turning behavior and
tyrosine hydroxylase immunohistochemistry. Neuroscience 1994, 61, 603—-612. [CrossRef]

Vidal, C.; Li, W,; Santner-Nanan, B.; Lim, C.K.; Guillemin, G.J.; Ball, H.].; Hunt, N.H.; Nanan, R.; Duque, G.
The kynurenine pathway of tryptophan degradation is activated during osteoblastogenesis. Stem Cell. 2014,
33, 111-121. [CrossRef]

Ding, K.; McGee-Lawrence, M.E.; Kaiser, H.; Sharma, A K,; Pierce, ].L.; Irsik, D.L.; Bollag, W.B.; Xu, J.;
Zhong, Q.; Hill, W.; et al. Picolinic acid, a tryptophan oxidation product, does not impact bone mineral
density but increases marrow adiposity. Exp. Gerontol. 2020, 133, 110885. [CrossRef]

Jhamandas, K.H.; Boegman, R.J.; Beninger, R.J.; Miranda, A.F,; Lipic, K.A. Excitotoxicity of quinolinic acid:
Modulation by endogenous antagonists. Neurotox. Res. 2000, 2, 139-155. [CrossRef]

De Bie, J.; Guest, J.; Guillemin, G.J.; Grant, R.; Bie, J. Central kynurenine pathway shift with age in women. J.
Neurochem. 2015, 136, 995-1003. [CrossRef]

Moroni, E; Lombardi, G.; Moneti, G.; Aldinio, C. The excitotoxin quinolinic acid is present in the brain of
several mammals and its cortical content increases during the aging process. Neurosci. Lett. 1984, 47, 51-55.
[CrossRef]

Tan, L.; Yu, J. The kynurenine pathway in neurodegenerative diseases: Mechanistic and therapeutic
considerations. J. Neurol. Sci. 2012, 323, 1-8. [CrossRef]

Braidy, N.; Berg, J.; Clement, J.; Khorshidi, E; Poljak, A.; Jayasena, T.; Grant, R.; Sachdev, P.S. Role of
nicotinamide adenine dinucleotide and related precursors as therapeutic targets for age-related degenerative
diseases: Rationale, biochemistry, pharmacokinetics, and outcomes. Antioxid Redox Signal. 2019, 30, 251-294.
[CrossRef]

Schultz, M.B.; Sinclair, D.A. Why NAD* Declines during aging: It's destroyed. Cell Metab. 2017, 23, 965-966.
[CrossRef]

McReynolds, M.R.; Chellappa, K.; Baur, J. Age-related NAD*decline. Exp. Gerontol. 2020, 134, 110888.
[CrossRef]

Johnson, S.; Imai, S. NAD* biosynthesis, aging, and disease. F1000Research 2018, 7, 132. [CrossRef]

Igbal, J.; Zaidi, M. Extracellular NAD" metabolism modulates osteoclastogenesis. Biochem. Biophys. Res.
Commun. 2014, 349, 533-539. [CrossRef]

Aman, Y.,; Qiu, Y.; Tao, J.; Fang, E.E. Therapeutic potential of boosting NAD™ in aging and age-related
diseases. Transl. Med. Aging 2018, 2, 30-37. [CrossRef]

Zhang, H.; Ryu, D.; Wu, Y.; Gariani, K.; Wang, X.; Luan, P; Damico, D.; Ropelle, E.R.; Lutolf, M.P,;
Aebersold, R;; et al. NAD™* repletion improves mitochondrial and stem cell function and enhances life span
in mice. Science 2016, 352, 1436-1443. [CrossRef]

Kwon, Y.H.; Wang, H.; Denou, E.; Ghia, J.-E.; Rossi, L.; Fontes, M.E.; Bernier, S.P,; Shajib, S.; Banskota, S.;
Collins, S.M.; et al. Modulation of gut microbiota composition by serotonin signaling influences intestinal
immune response and susceptibility to colitis. Cell Mol. Gastroenterol. Hepatol. 2019, 7, 709-728. [CrossRef]

Patel, P.D.; Pontrello, C.; Burke, S. Robust and tissue-specific expression of tph2 versus tphl in rat raphe and
pineal gland. Biol. Psychiatr. 2004, 55, 428-433. [CrossRef]

Meltzer, C.C.; Smith, G.; DeKosky, S.T.; Pollock, B.G.; Mathis, C.A.; Moore, R.Y.; Kupfer, D.J.; Reynoldsiii, C.F.
Serotonin in aging, late-life depression, and Alzheimer’s Disease: The emerging role of functional imaging.
Neuropsychopharmacology 1998, 18, 407-430. [CrossRef]

Yano, J.; Yu, K,; Donaldson, G.P; Shastri, G.G.; Ann, P; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K;
Hsiao, E.Y. Indigenous bacteria from the mut Microbiota regulate host serotonin biosynthesis. Cell 2015, 161,
264-276. [CrossRef]


http://dx.doi.org/10.1186/1471-2415-2-1
http://dx.doi.org/10.4137/IJTR.S2469
http://dx.doi.org/10.1016/0006-8993(92)90852-Z
http://dx.doi.org/10.1016/0306-4522(94)90438-3
http://dx.doi.org/10.1002/stem.1836
http://dx.doi.org/10.1016/j.exger.2020.110885
http://dx.doi.org/10.1007/BF03033790
http://dx.doi.org/10.1111/jnc.13496
http://dx.doi.org/10.1016/0304-3940(84)90385-9
http://dx.doi.org/10.1016/j.jns.2012.08.005
http://dx.doi.org/10.1089/ars.2017.7269
http://dx.doi.org/10.1016/j.cmet.2016.05.022
http://dx.doi.org/10.1016/j.exger.2020.110888
http://dx.doi.org/10.12688/f1000research.12120.1
http://dx.doi.org/10.1016/j.bbrc.2006.08.108
http://dx.doi.org/10.1016/j.tma.2018.08.003
http://dx.doi.org/10.1126/science.aaf2693
http://dx.doi.org/10.1016/j.jcmgh.2019.01.004
http://dx.doi.org/10.1016/j.biopsych.2003.09.002
http://dx.doi.org/10.1016/S0893-133X(97)00194-2
http://dx.doi.org/10.1016/j.cell.2015.02.047

Int. ]. Mol. Sci. 2020, 21, 6670 13 of 14

67.

68.

69.
70.

71.

72.

73.

74.
75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Yadav, V.K,; Oury, E; Suda, N.; Liu, Z.-W.; Gao, X.-B.; Confavreux, C.; Klemenhagen, K.C.; Tanaka, K.F;
Gingrich, J.A.; Guo, X.E,; et al. A serotonin-dependent mechanism explains the leptin regulation of bone
mass, appetite, and energy expenditure. Cell 2009, 138, 976-989. [CrossRef]

Irani, B.G.; Le Foll, C.; Dunn-Meynell, A.; Levin, B.E. Effects of leptin on rat ventromedial hypothalamic
neurons. Endocrinology 2008, 149, 5146-5154. [CrossRef]

Takeda, S.; Karsenty, G. Central control of bone formation. J. Bone Miner Metab. 2001, 19, 195-198. [CrossRef]
Pawlak, D.; Oksztulska-Kolanek, E.; Znorko, B.; Domaniewski, T.; Rogalska, J.; Roszczenko, A.; Brzoska, M.M.;
Pryczynicz, A.; Kemona, A.; Pawlak, K. The Association between Elevated Levels of Peripheral Serotonin
and Its Metabolite—5-Hydroxyindoleacetic Acid and Bone Strength and Metabolism in Growing Rats with
Mild Experimental Chronic Kidney Disease. PLoS ONE 2016, 11, e0163526. [CrossRef]

Mor, A.; Pawlak, K.; Kalaska, B.; Domaniewski, T.; Sieklucka, B.; Zieminska, M.; Cylwik, B.; Pawlak, D.
Modulation of the paracrine kynurenic system in bone as a new regulator of osteoblastogenesis and bone
mineral status in an animal model of chronic kidney disease treated with LP533401. Int. |. Mol. Sci. 2020, 21,
5979. [CrossRef]

Kalaska, B.; Pawlak, K.; Domaniewski, T.; Oksztulska-Kolanek, E.; Znorko, B.; Roszczenko, A.; Rogalska, J.;
Brzoska, M.M.; Lipowicz, P.; Doroszko, M.; et al. Elevated levels of peripheral kynurenine decrease bone
strength in rats with chronic kidney disease. Front. Physiol. 2017, 8, 836. [CrossRef]

Kalaska, B.; Pawlak, K.; Oksztulska-Kolanek, E.; Domaniewski, T.; Znorko, B.; Karbowska, M.; Citkowska, A.;
Rogalska, J.; Roszczenko, A.; Brzoska, M.M,; et al. A link between central kynurenine metabolism and bone
strength in rats with chronic kidney disease. Peer . 2017, 5, €3199. [CrossRef]

Ducy, P; Karsenty, G. The two faces of serotonin in bone biology. J. Cell Biol. 2010, 191, 7-13. [CrossRef]
Yadav, V.K.; Ducy, P. Lrp5 and bone formation. Ann. N. Y. Acad. Sci. 2010, 1192, 103-109. [CrossRef]

Yadav, VK,; Ryu, J.; Suda, N.; Tanaka, K.F,; Gingrich, J.A.; Schiitz, G.; Glorieux, FH.; Chiang, C.Y.; Zajac, ].D.;
Insogna, K.; et al. Lrp5 controls bone formation by inhibiting serotonin synthesis in duodenum. Cell 2008,
135, 825-837. [CrossRef]

Yadav, VK.; Arantes, H.P; Barros, E.R.; Lazaretti-Castro, M.; Ducy, P. Genetic analysis of Lrp5 function in
osteoblast progenitors. Calcif. Tissue Int. 2010, 86, 382-388. [CrossRef]

Kode, A.; Mosialou, I; Silva, B.C.; Rached, M.; Zhou, B.; Wang, J.; Townes, T.M.; Hen, R.; Depinho, R.A;
Guo, X.E.; et al. FOXO1 orchestrates the bone-suppressing function of gut-derived serotonin. J. Clin. Investig.
2012, 122, 3490-3503. [CrossRef]

Brown, G.M. Light, melatonin and the sleep-wake cycle. . Psychiatr. Neurosci. 1994, 19, 345-353.

Chen, C.Q.; Fichna, J.; Bashashati, M.; Li, Y.-Y.; Storr, M. Distribution, function and physiological role of
melatonin in the lower gut. World . Gastroenterol. 2011, 17, 3888-3898. [CrossRef]

Karasek, M. Melatonin, human aging, and age-related diseases. Exp. Gerontol. 2004, 39, 1723-1729. [CrossRef]
Fang,].; Yan, Y.; Teng, X.; Wen, X.; Li, N,; Peng, S.; Liu, W.; Donadeu, EX.; Zhao, S.; Hua, J. Melatonin prevents
senescence of canine adipose-derived mesenchymal stem cells through activating NRF2 and inhibiting ER
stress. Aging 2018, 10, 2954-2972. [CrossRef]

Lee, ].H.; Yoon, Y.; Han, Y.S,; Jung, SK.; Lee, S.H. Melatonin protects mesenchymal stem cells from
autophagy-mediated death under ischaemic ER-stress conditions by increasing prion protein expression.
Cell Prolif. 2018, 52, €12545. [CrossRef]

Kotlarczyk, M.P,; Lassila, H.C.; O'Neill, C.K.; D’Amico, F; Enderby, L.T.; Witt-Enderby, P.A.; Balk, J.L.
Melatonin osteoporosis prevention study (MOPS): A randomized, double-blind, placebo-controlled study
examining the effects of melatonin on bone health and quality of life in perimenopausal women. J. Pineal.
Res. 2013, 52, 414-426. [CrossRef]

Bao, T.; Zeng, L.; Yang, K.; Li, Y;; Ren, F; Zhang, Y.; Gao, Z. Can Melatonin improve the osteopenia of
perimenopausal and postmenopausal women? A meta-analysis. Int. |. Clin. Endocrinol. 2019, 2019, 5151678.
[CrossRef]

Zhang, L.; Su, P; Xu, C.; Chen, C.; Liang, A.; Du, K;; Peng, Y.; Huang, D. Melatonin inhibits adipogenesis and
enhances osteogenesis of human mesenchymal stem cells by suppressing PPARy expression and enhancing
Runx2 expression. J. Pineal. Res. 2010, 49, 364-372. [CrossRef]

Maria, S.; Samsonraj, R.M.; Munmun, E; Glas, J.; Silvestros, M.; Kotlarczyk, M.P; Rylands, R.; Dudakovic, A.;
Van Wijnen, A.J.; Enderby, L.T.; et al. Biological effects of melatonin on osteoblast/osteoclast cocultures,


http://dx.doi.org/10.1016/j.cell.2009.06.051
http://dx.doi.org/10.1210/en.2008-0357
http://dx.doi.org/10.1007/s007740170042
http://dx.doi.org/10.1371/journal.pone.0163526
http://dx.doi.org/10.3390/ijms21175979
http://dx.doi.org/10.3389/fphys.2017.00836
http://dx.doi.org/10.7717/peerj.3199
http://dx.doi.org/10.1083/jcb.201006123
http://dx.doi.org/10.1111/j.1749-6632.2009.05312.x
http://dx.doi.org/10.1016/j.cell.2008.09.059
http://dx.doi.org/10.1007/s00223-010-9350-7
http://dx.doi.org/10.1172/JCI64906
http://dx.doi.org/10.3748/wjg.v17.i34.3888
http://dx.doi.org/10.1016/j.exger.2004.04.012
http://dx.doi.org/10.18632/aging.101602
http://dx.doi.org/10.1111/cpr.12545
http://dx.doi.org/10.1111/j.1600-079X.2011.00956.x
http://dx.doi.org/10.1155/2019/5151678
http://dx.doi.org/10.1111/j.1600-079X.2010.00803.x

Int. ]. Mol. Sci. 2020, 21, 6670 14 of 14

bone, and quality of life: Implications of a role for MT2 melatonin receptors, MEK1/2, and MEKS5 in
melatonin-mediated osteoblastogenesis. |. Pineal Res. 2018, 64, e12465. [CrossRef]

88. Castro-Portuguez, R.; Sutphin, G.L. Kynurenine pathway, NAD(+) synthesis, and mitochondrial
mitochondrial dysfunction: Targeting tryptophan metabolism to promote longevity and healthspan. Exp.
Gerontol. 2020, 132, 110841. [CrossRef]

89. Zhai, L; Bell, A.; Ladomersky, E.; Lauing, K.L.; Bollu, L.; Sosman, J.A.; Zhang, B.; Wu, J.D.; Miller, S.D.;
Meeks, ].J.; et al. Immunosuppresive IDO in cancer: Mechanisms of action, animal models, and targeting
strategies. Front. Immunol. 2020, 11, 1185. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1111/jpi.12465
http://dx.doi.org/10.1016/j.exger.2020.110841
http://dx.doi.org/10.3389/fimmu.2020.01185
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Kynurenine Impacts MSCs and Causes Age-Related Bone Loss 
	Kynurenic Acid Antagonizes NMDA Receptors Found on Osteoclasts 
	3-Hydroxykynurenine Increases Oxidative Stress and Leads to Cytotoxic Effects 
	The 3-Hydroxyanthranilic Acid to Anthranilic Acid Ratio 

	Xanthurenic Acid Induces Cell Apoptosis 
	Picolinic Acid Increases Bone Marrow Adiposity 
	Quinolinic Acid Is a Neurotoxin Related to Neurodegenerative Diseases 
	Nicotinamide Adenine Dinucleotide (NAD+) Decline Is Related to the Appearance of Age-Related Diseases 
	The Dual Role of Serotonin in Bone Homeostasis 
	The Use of Melatonin as an Osteogenic Therapy 

	Summary 
	Discussion 
	References

