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Osteoporosis, a debilitating disease caused by an imbalance between the action of osteoblasts and osteoclasts, is

becoming an increasing problem in todagging populationAlthough many advances in this field have addressed
certain aspects of disease progression and pain management, new approaches to treatment afEhigqairiedv
focuses on the influence of tryptophan, its metabolites and their influence on bone remddgitoghan is a precursor

to serotonin, melatonin, kynurenines and niacin. Changes of tryptophan levels were noticed in bone metabolic diseases.
Moreover some works indicate that tryptophan plays a role in osteoblagé@cedifiation. Serotonin can exertfdifent

effects on bones, which depend on site of serotonin synthesis. Gut-derived serotonin inhibits bone formation, whereas
brain-derived serotonin enhances bone formation and decreases bone resorption. Melatonin, inéeeaséatiornh of

human mesenchymal stem cells into the osteoblastic cell lineage. Results of melatonin action on bone are anabolic and
antiresorptive Activation of the second tryptophan metabolic pathwthg kynurenine pathways associated with
osteoblastogenesis and can be implicated in the occurrence of bone diseases. Oxidation products like kynurenine stopped
proliferation of bone marrow mesenchymal stem c@llds may result in inhibition of osteoblastic proliferation and
differentiation. Kynurenic acid acts as an antagonist at glutamate receptors, which are expressed on osteoclasts.
Quinolinic acid activates N-methyl-D-aspartate receptors. 3-hydroxyanthranilic acid exhibits pro-oxidant and
antioxidant activity Decreased concentration of 3-hydroxyanthranilic acid can be one of the causes of osteoporosis. 3-

hydroxykynurenine reduced the viability of osteoblast-like cells. Picolinic acid exerted osteodedidnefitro.
Kynurenine derivatives exert variousfegfts on bones. Discovery of the exact mechanism of action of tryptophan

metabolites on bones may take us a step closer to understanding the complicated mechanism of bone metabolism, which

in turn may result in finding a newffective therapy for treating bone diseases.
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INTRODUCTION organisms, for instance being a precursor to compounds such as
serotonin, melatonin, niacin and kynurenine derivatives (3-6).
Bone remodeling is a process that occurs throughout a The serotonin biosynthesis pathway begins with converting
persons entire life. Osteoblasts, necessary for this process, afe-tryptophan into 5-hydroxy-tryptophaithe principal enzyme
responsible for forming new bone tissue while osteoclasts takef this conversion is tryptophan hydroxylase (THje next and
part in bone resorptiorThis complex process is regulated by last step of serotonin biosynthesis is decarboxylation catalyzed
many factors, some of which are still not well understdod. by L-amino acid decarboxylase (Big. 1).
imbalance between osteoblast and osteoclast action leads to Melatonin (N-acetyl-5-methoxytryptamine), which controls
many metabolic diseases, of which osteoporosis is most welkircadian rhythm, is synthesizeth the serotonin pathwajfo
known (1). synthesize melatonin, it is necessary to convert serotonin to N-
The cause of osteoporosis is the above-mentioned imbalanezetyl-5-hydroxytryptamineThis step is carried out with the
- excessive bone resorption and ifisignt bone formation, enzyme N-acetyltransferase, which is activated in darkiiess.
which leads to increased risk of fractures and significanfinal enzyme, 5-hydroxyindole-O-methyltransferase converts N-
reduction in quality of life (1, 2)laking into account increasing acetyl-5-hydroxytryptamine into melatonin (8, 8d. 1).
life expectancy and an ageing population, it can be reasonably The second tryptophan metabolic pathway is the kynurenine
concluded that osteoporosis is, and will continue to be, gathwaywhich leads to the production of many active metabolites.
growing public health problem. The end product of this pathway is nicotinamide adenine
Tryptophan (TRP), one of the 22 standard amino acidslinucleotide (NAD) Fig. 2). NAD is a coenzyme in redox
isolated in 1901, belongs to the group of exogenous amino acidseactions, which also fulfills many other meaningful functions in
This means that it cannot be synthesized lgamisms, and must organismsThe kynurenine pathway dRP degradation is linked
be provided in the dietTRP plays an important role in to the occurrence of many neurodegenerative, psychiatric, and
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Pernowet al. examined changes in amino acids includiiRp

in men with idiopathic osteoporosis (13). feiences between
postmenopausal osteoporosis and male idiopathic osteoporosis
(MIO) are noticeable in microstructural abnormaliti€kere is

also evidence of osteoblast dysfunction and decreased bone
formation in MIO. Bone resorption, which is clearly increased in
postmenopausal osteoporosis, can be normal or only slightly
increased in MIO. Measured levels DRP in erythrocytes in

MIO were lower than in controls and correlated positively with
femoral neck and lumbar spine bone mineral density as well as
histomorphometry variables of bone formation (13, 14).

Tryptophan in alcohol induced osteoporosis

The involvement of TRP in other osteoporosis models,
specifically alcohol induced osteoporosis, was examined by Pallu
et al. (15). They used synchrotron ultraviolet microspectroscopy

on rat cortical bone because they observed of an excess apoptosis
in osteocytes. Synchrotron UMicrospectroscopy allows for an
evaluation of osteocyte metabolismThey assayed
tryptophan/collagen ratios and noticed that it was dependent on
alcohol dose. Dferences were significant between moderate and
high alcohol consumption samples in the tryptophan/collagen
ratio. Considering the relation ®RPand serotonin, measurement

N-acetyl of this ratio could give data related to serotonin metabolism.
transferase Significant diferences in the ratio dependent on alcohol dose,
indicate that tryptophan metabolic pathway is connected with
osteocyte response to high alcohol consumption (15).

serotonin

N-acetyl- ) Tryptophan and aging
5-hydroxytryptamine
The prevalence of osteoporosis is highest among the aging
population.The correlation between higher age and osteoporosis
can be attributed to the aforementioned increased levels of
oxidation products fronTRR, as well as augmented numbers of
reactive oxygen species (ROS). ROS can influence generation
and survival of bone cells, which may be a visible in link between
oxidative stress and a decrease in bone mineral density (16, 17).
melatonin The pathogenic age-dependent impact of oxidized metabolites on
bone resulting in decreasing its mass was acknowledged by El
Rafaeyet al. (18) (Table 1). UnmodifiedTRP activates anabolic
signaling pathways in bone marrow mesenchymal stem cells
Fig. 1. The synthesis of serotonin and melatonin from (BMMSCs). Data indicate that L-tryptophan stimulated the
tryptophan. proliferation of BMMSCs, increased expression of oste_ocalcm
and the alkaline phosphatase protein, which is considered a
marker of diferentiation. All these elements signal that L-
tryptophan plays a role in osteoblastidetiéntiation. In contrast,
inflammatory diseases, cances well as and disorder associated oxidize products stopped proliferation of BMMSCs, which may
with HIV. Moreover activation of the kynurenine pathway is resultin inhibition of osteoblastic proliferation andelientiation
associated with osteoblastogenesis, which can be implicated in theading to bone loss (18FiQ. 3).
occurrence of bone diseases (6, 10-12). Oxidation products like kynurenine are formed dudRP
This review focuses on tryptophan and its metabolic productslegradation through the kynurenine pathvifde levels of these
- serotonin, melatonin and kynurenine derivatives, and theipxidation products are dependent on age. Brei@y. noticed a
influence on bone metabolistihe authors would particularly drop in bothTRP and indoleamine 2, 3-dioxygenase (IDO)
like to highlight the issue regarding the kynurenine pathway inlevels with age in all tissue (19). Indoleamine 2, 3-dioxygenase
the view of bone remodeling, as the least known pathway in thactivity in the liver and kidney also decreased with Agévity
guestion, but with interesting influences on bones. of IDO in the brain, howevemcreasedThese observations are
in agreement with the findings of kynurenine enhancement and
reduction ofTRPin the brain (19).

5-hydroxyindole-
O-methyltransferase

TRYPTOPHAN

Tryptophan in male idiopathic osteoporosis SEROTONIN PATHWAY

. . . Serotonin
Coming back to the crucial compound for the serotonin and
kynurenines synthesis pathwa§yRP, changes in its level were A primary rate-limiting factor in serotorgic functioning is
observed in various conditionFhere are findings showing tryptophan hydroxylase (Tph) enzynigd. 1). Until 2003, there
changes inTRP concentrations in bone metabolic diseases.was no evidence for existance of more than one isoforfiplof
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Fig. 2. The kynurenine pathway

That same yearWalther et al. proved, by using theélph brain serotonin and were deficient in serotonin on the periphery
knockout murine model, thatph exists in two isoforms (20). This revelation led to the discovery of a new gene, called
During the experimentph KO mice exhibited a normal level of tryptophan hydroxylase 2 (Tph-2), which encodes the second
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Fig. 3. Influence of serotonin and kynurenines on bone cells. BDS enhances bone formation and decreases bone resorption. BDS
activates 5-HIR,. in VMH what leads to decreased sympathetic tone in osteoblasts. Results of this action are decreased synthesis of
RANKL triggered by inhibition of PKA/AF4 pathway and increased osteoblaspsbliferation connected with molecular clock
gene/cyclin D1 cascade. Leptin can inhibit synthesis of BDS. LRP-5 through canémitgathway can increase osteoblasts’
proliferation and by inhibitindph-1 can suppress GDS synthesis. GDS inhibits bone formation by blocking ostephiéifgsation

through FOXO1 mechanisms. Kynurenine derivatives exert multi-fafexst eh bones. Decreased bone formation can be caused by
KYN. KYN via RUNX2-related mechanisms can stop proliferation and osteogefécedifiation of MSCs. KYN also act @xhRs.

Activation of AhR connected with ERK pathway can inhibit pre-osteoblasts and osteoliagtrdiation and proliferation. KYNAS

NMDA-Rs' antagonist. Blocking NMDA-Rs linked to ERK pathway contributes to decreased proliferation of osteoblasts and also
decreased RANKL-induced osteclastogenesis. On the other haisda@énist of NMDA-RsActivation of these receptors can result

in stimulation of RANKL-induced osteoclastogenesis. Contrary to this actionc@pAstimulate diérentiation of MSCs into
osteoblastia RUNX2-related mechanisrithe same ééct is exerted by RPand FA. Mechanisms which are only suggested and need
further examination are presented by dotted line.

ADR[3,, B, adrenegic receptorAhR, aryl hydrocarbon receptdTF4, activating transcription factor 4; BDS, brain-derived serotonin;
CREB, 3'-5'-cyclic adenosine monophosphate response element binding; CycD1, cyclin D1; DR, dorsal raphe; ERK, extracellular
signal-regulated kinase; FOXO1, forkhead box protein O1; GDS, gut-derived serotoniry, liakérferony;, KYN, kynurenine;

KYNA, kynurenic acid; LRP5, low-density lipoprotein receptelated protein 5; MSCs, mesenchymal stem cell; NMDA-Rs, N-
methyl-D-aspartate receptors; QRGteoprotegerin;/& picolinic acid; RANK, receptor activator of nuclear factor kappa-B; RANKL,
receptor activator of nuclear factor kappa-B ligand; RUNX2, runt-related transcription fatpdrl2 tryptophan hydroxylase Tph2,

tryptophan hydroxylase Z;RR tryptophan; QA, quinolinic acid.

isoform of the enzymd.ph-2 is characteristics of neuronal cells Gut-derived serotonin
and is linked to serotonin synthesis in the brain. On the other
hand tryptophan hydroxylase 1 (Tph-1) is responsible for the Three serotonin receptors are expressed in osteoblasts: 5-HT
synthesis of peripheral serotonin (20). Ri, 5-HT-R,, and 5-HTR,,. Peripheral serotonin, mainly

In organisms, serotonin plays a key role in the centralproduced in gastrointestinal tract mucosa, can bind to the-5-HT
nervous system, the gastrointestinal tract afectsf processes Ry, receptoymaking osteoblasts a ¢t for gut-derived serotonin
like hemostasis.There are also works which indicate the (GDS). This reaction triggers the 5-FHR;/PKA/CREB/cyclins
importance of serotonin on bone metabolism. Furthermore, theignaling cascad@fter binding serotonin to 5-HR;,, inhibition
site of serotonin synthesis is significant because tdrdifices of  of cAMP production and phosphorylation of cAM@sponse
action on bone (21F{g. 3). element-binding (CREB) mediated by protein kinag®KA) is
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observed. Hécts of this inactivation are evident in decreasedExperiments on mice allowed the identification of two key
expression of cyclin genes and lead to decreased osteobld®DXO1 complexes, whose activity is specifically regulated by
proliferation (21, 22)Table 1) (Fig. 3). serotonin through the 5-HR,, receptor Of the first FOXO1
Knowledge of the exact mechanism of action of GDS iscomplex is connected with CREB and the second is linked to
crucial because of the potential in using its arresting propertieactivating transcription factor 4 TA&4). The mechanism of
in osteoporosis treatment. Kode al. provided evidence that action of FOXO1 is directly related to levels of circulating
gut-derived serotonin influences osteoblasts proliferationserotonin. Under normal levels of GDS, osteoblast proliferation
through forkhead box protein O1 (FOXO1) (23)he is not disturbed and FOXO1 interacts with CREB &Tdr4.
transcription factor FOXO1 regulates cell proliferation in When levels of serotonin are high, FOXO1 prefers creating
mammals, whereas iiC. elegans the homolog of FOXO association withATF4. This condition also counteracts the
mediates serotonin signaling depending on environmentforming of FOXO1-CREBAIl these actions, which arefeét of

Table 1. Effects and mechanisms of action of tryptophan, serotonin and melatonin on bone.

Compound Effect Mechanism References
Bone formation Bone
resorption
Tryptophan | stimulating the RUNX2-related 18
proliferation and mechanism*;
differentiation of
BMMSCs;
Gut- suppressing FOXO1-related 21,22,32
derived osteoblast mechanism (5-HT-
serotonin proliferation; R1b/PKA/CREB/cyclins
signaling cascade);
Brain- inhibiting inhibiting synthesis of 22,23
derived proliferation and RANKL via blocking
serotonin differentiation of PKA/ATF4 dependent
osteoclasts; pathway;
stimulating via molecular clock
osteoblast gene cascade;
proliferation;
Melatonin | stimulating RUNX2-related 37, 38, 39,
differentiation of mechanism; 41
MSCs into
osteoblastic cell
lineage;
protective effect antioxidant properties
of mesenchymal (weakend H,0,-induced
stem cells; MSC apoptosis);
inhibiting stimulating
proliferation and osteoprotegerin
differentiation of expression causing
osteoclasts; inactivation of RANKL;
suppressing reducing of circulating
estrogen levels of gonadal
influence on estrogens through
bone formation, | melatonin down-
stimulating regulation of the
proliferation and | hypothalamic-pituitary
differentiation reproductive axis*,
of osteoclasts *; | interfering with the
activation of the
estrogen receptor*,
regulating activity of the
aromatases®;

*suggested é&ct or mechanism - needs further examination;

ATF4, activating transcription factor 4; BMMSc, bone marrow mesenchymal stem cells; CREB, 3-5-cyclic adenosine
monophosphate response element binding; ERK, extracellular signal-regulated kinase; FOXO1, forkhead box protein O1; MMSc,
mesenchymal stem cells; RUNX2, runt-related transcription factor 2; PKA, protein RinB#eNKL, receptor activator of nuclear

factor kappa-B ligand.
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high levels of GDS, result in suppressed osteoblast proliferatiom the duodenum. Decreased level of GDS results in decreased 5-

(23) (Table 1) (Fig. 3). HT-Ry, signaling in osteoblasts, increased CREB expression and
function as well as increased CycD1 expressibih.these
Brain-derived serotonin elements contribute to osteoblast proliferation and promote bone

mass accruallhis mechanism of action was proven¥Yadavet

The fact that GDS cannot cross the blood-brain barrier raisedl. by using microarray and gene deletion in mice (30, 31). Itis
questions about the role of brain serotonin in bone metabolisralso supported by observation that levels of GDS were
(21, 22). It is now well known that brain serotonin has thesignificantly elevated in OPPG patients (30-32).
opposite €ect of GDS on bone mass. GDS inhibits bone
formation, but does not faict bone resorption, whereas brain- Tryptophan hydroxylase 1 (Tph-1) inhibitors
derived serotonin (BDS) enhances bone formation and decreases
bone resorption. Serotonin receptor 5-RJ is expressed in Osteoporosis is a disease whose onset has a clear connection
ventromedial hypothalamic neuron$hrough this receptpr to menopause. It is a prominent problem, especially among
dorsal raphe BDS signals decrease sympathetic tone kyostmenopausal women with decreased levels of estrdpen.
inhibiting the synthesis of epinephririene results of decreased most popular model research on postmenopausal osteoporosis is
sympathetic tone are evident in osteoblasts d{ig anirenegic the ovariectomized rat model (OVX). Ovariectomy induces
receptors (ADI,), which are expressed on these necessary fodisruption of bone remodeling, leading to osteoporosi€t Bl
bone synthesis cells. Decreased bone resorption is achieved bged this model in experiments where they examined ursolic
inhibiting the PKA/ATF4 dependent pathwaywhich is  acid derivatives influence onTph-1 (33). Results of this
connected with the synthesis of receptor activator of nucleaexperiment revealed that these specific ursolic acid derivatives
factor kappa-B ligand (RANKL). RANKLs known to be a cure OVX in an anabolic mechanism of action. Given the known
protein involved in bone resorption through osteoclast activityfact thatTph-1 is the principal enzyme of GDS biosynthesis,
Data provided by Chabbi-Achengdi al. showed that RANKL  potential Tph-1 inhibitors could become a therapeutic strategy
induced local serotonin synthesis in osteoclast precursors arfdr treating of osteoporosis in the future (33, 34).
enhanced the expression dph-1 (24). Increased bone
formation is observed thanks to the molecular clockSdective serotonin reuptake inhibitors (SSRIs) and bones
gene/cyclinD1 cascade (22). Opposite to GDS, BDS contributes

to osteoblast proliferatiornmgble 1) (Fig. 3). The involvement of serotonin in bone metabolism
encourages researchers to discover the exact mechanism action
Serotonin and leptin of serotonin, focusing on a deeper understanding of the process

and making the discovery useful for potentiabés for new

Substances which influence brainstem-derived serotonin caosteoporosis therapieg&dditionally, it gives the impetus to
affect bone metabolism. One of these is leptin - a hormoneonsider serotonig’ influence on bone drugs, which are now
produced in adipocyte$o be more precise, leptin inhibits bone used in various disorders and interact with the serotonin system.
mass accrualThe exact mechanism of the regulation of boneOne such group of drugs is selective serotonin reuptake
mass by leptin, proposed Madawet al., is based on a double inhibitors (SSRIs). SSRIs are commonly used antidepressants
inhibitory loop (25) Fig. 3). First, leptin inhibits synthesis of with high afinity for the serotonin transporter (5-HTT).
BDS. Then, as a consequence of the previous actionSerotonin transporters are located in osteocytes, osteoblasts and
sympathetic tone is increased. Sympathetic tone hademt @i  osteoclasts, which raise the question about the potential of SSRIs
both osteoblasts and osteoclasts. Leptin acts by binding to Olte increase the risk of bone fracture. In their wérdelet al.
R,. ODb-R, receptors, which are expressed in variousshow that the risk of osteoporotic fracture is statistically much
hypothalamic neurons, like ventromedial hypothalamic nucleihigher for antidepressants with higliimify for the 5-HTT The
Ventromedial hypothalamic nuclei are well known sites of BDSseverity of risk clearly depends on the degree of 5-HTT
production, but are not located in osteoblasts. Osteoblasishibition (35). Conclusions drawn by Hodgeal. are that the
expressADR[32 receptors and the finalfe€t of reduced bone use of SSRIs is linked to lower bone mineral density in
mass results through sympathetic tone ARR[, receptors.  postmenopausal women and men, as well as a higher risk of
Furthermore, it is proven that inactivation of these receptors ifiracture (36)An important issue is that, as indicated\grdel
mice results in a high bone mass (25). Likewise, genetic ablatioat al., antidepressants interact with a lot of neurotransmitter
of the leptin gene in mice leads to increased bone mass. teceptors and the participation of other mechanisms cannot be
resulted in greater numbers of osteoblasts and a higher bomxcludedAn example is clomipramine, with its higHfiafty for
formation rate (26, 27). the 5-HTT but its administration is not associated with

osteoporotic fractures (35).
Serotonin and low-density lipoprotein receptor-related protein
5 (LRP5)
MELATONIN

Osteoporosis pseudoglioma syndrome (OPPG) is a disorder
with specific eye abnormalities and osteoporosis, with an onset Melatonin fulfills many physiological functions, and it can
in early childhoodThis inherited disease is caused by a loss-of-also afect bone metabolism. Receptors for melatonin, did
function mutation in LRP5 (28)he opposite type of mutation MT, are expressed on osteoblasts and osteoclasts. Some studies
in LRP5, a gain-of-function, causes high bone magse also indicate that melatonin can be produced locally in bone
connection between LRP5 and bone metabolism is obvious, bumharrow Described results of melatorgnaction on bone are
the exact mechanisms are still not well understdaa. models  anabolic and antiresorptivefefts (lable 1) (Fig. 4). Sudies
of action currently existHig. 3). In the first model, LRP5 with human mesenchymal stem cells showed that melatonin
functions as aVnt coreceptor and controls bone mass throughincreased dferentiation of these cells into an osteoblastic cells
canonicaWnt signaling. Data in favor of this model were given lineage.This action is associated with augmented expression of
by Cuiat al. (29).The second model is based on inhibitigh- RUNX2 and bone morphogenic proteins -2 andh@ditionally,
1 expression, which leads to suppression of serotonin synthesigelatonin can suppresg peroxisome proliferateactivated



785

MT QMT $AT

MT2 :

MT2
ical ERK 3
car\]&)mca pathway g pathway
pathway g [ canonical \ Z canonical
\—‘_R)UNXZ_' — g Wnt ) Wnt
@ pathway 9 athwa
2 % p y
o]

Som

OPG RANKL

¥
increased bone
formation

RANK

RANKL
RANKL

Hematopoietic stem cell

Pre-osteoclast Osteoclast

Fig. 4. Influence of melatonin on bone cells. Melatonin exerts anabolic and antiresorfgits eh boneThrough binding to MT
receptors on MSCs, melatonin increasefedéhtiation of MSCs into osteoblasta canonicalWnt and ERK pathwayBinding to MT,
receptors on pre-osteoblasts activates the same pathways and stimulates pre-ostiffbiastiation, and increases synthesis of
osteoprotegerin, which inhibits tifentiation of osteoclasts by prevention of binding RANKIRANK. MT, receptors are expressed

also on osteoblasts. Its activation leads to increastatifiation and proliferation of these cells. ERK, extracellular signal-regulated
kinase; MSCs, mesenchymal stem cells; MiElatonin; M, melatonin receptor 2; ORPGsteoprotegerin; RANK, receptor activator

of nuclear factor kappa-B; RANKL, receptor activator of nuclear factor kappa-B ligand; RUNX2, runt-related transcription factor 2.

receptors (PAR-y) and reduce oxidative stress (37, 38anget theories however need further research (41). In the Melatonin

al. showed protective &fct of melatonin on mesenchymal stem Osteoporosis Preventionusly by Kotlarczyket al. 18 women

cells (MSCs) (39). Pretreating of this compound significantlyreceived 3 mg of melatonin for 6 months, although results did

weakened LD,-induced MSCs apoptosisthis efect was  not show significant changes in bone density (42jed$ of

dependent on dose. It has been also suggested that melatomielatonin in treatment of osteopenia are also assessed in

reduces the synthesis of RANKB7-39). randomized control trialsTreatment of Osteopenia with
Other evidence suggesting melatorinimpact on bone Melatonin ended in June 2014. Results are not published yet,

metabolism is seen in animal and human studies. Irbut ‘Melatonin-Micronutrients for Osteopeni@reatment

pinealectomized animals, bone marker turnover increased arftudy’ is still ongoing (38).

bone mineral density was lessened. Data from studies with

melatonin administration to rodents howeveshowed

enhancement in bone mass. In humans, increased bone KYNURENINE PATHWAY

resorption may be linked to an age-related drop in melatonin

levels at night. Moreovenight-time work is connected with a Tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-

higher risk of osteoporotic fractures (37-3%dditionally, dioxygenase (IDO)

adolescent idiopathic scoliosis is associated with the

dysfunction of the melatonin signaling pathwawut the exact Enzymes tryptophan 2,3-dioxygenase (TDO) and

etiology is not known. Disturbances in melatonin synthesis catindoleamine 2,3-dioxygenase (IDO) play a major role in the first

be linked to other disease with bone abnormalities such astep of the kynurenine pathwayig. 3). These enzymes convert

Smith-Magenis and Klinefelter syndromes. In the latter TRPto N-formylkynurenine, which is non-enzymatically turned

concentration of melatonin is decreased (37). In Smith4into the stable product - kynureninEDO and IDO in normal

Magenis syndrome patients, Elsstal. described inversion of physiological conditions act in parallel. Howeyemn

melatonin levels during the day (40). Contrary to the bonepathological conditions this balance is disturbed, resulting in

protective eflect of melatonin, some findings indicate an decreasedDO activity and increased IDO activity1(L

antiestrogenic action of melatonin, which may suppress The first step of the kynurenine pathway in the liver is

estrogers influence on bone formationTable 1). These  primarily catalyzed byDO, but this enzyme is also expressed
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in central nervous system1(141). IDO can be found throughout proposed to be one of the mechanisms of bone loss in disorders
the body in most cell types. 2007 brought the discovery of dike bisphosphonate-related osteonecrosis of the jaw-like
novel IDO-related tryptophan catabolic enzyme - a secondlisease (49).
isozyme which was named IDO-2. IDO-2 shows similar  The kynurenine/tryptophan ratio is an indicator of both
structural and enzymatic activities to IDO. In contrast to IDO,inflammation caused by IFM-and IDO activity Another
IDO-2 is less often expressed (43-45). indicator of INFy-mediated inflammation is plasma neopterin,
The induction of IDO, which results in turninBRP into which is released from macrophages after {FNimulation. It
kynurenine, can be initiated by inflammatory factors, like amyloidis known that low grade chronic systemic inflammation is
peptides, lipopolysaccharides, Hpvbteins and interferop(IFN- connected to an increased risk of fractures and bone loss, which
y). IFN-y is known to be the most potent activator of IDO, which generally leads to a higher risk of osteoporobie Hordaland
could induce IDO in MSCs. IFN-induces gene expression and Health $udy assessed the links between hip fractures and
enzymatic activity of indoleamine 2,3-dioxygenaseThe metabolites of the kynurenine pathwag well as the association
findings of Meisekt al. show that in MSCs IDO is stimulated by between this pathway’'metabolites and hip bone mass density

IFN-yin a dose-dependent manner (46). In reference to bone mineral densftydings indicate an inverse
association between the kynurenine/tryptophan ratio and bone
Indoleamine 2,3-dioxygenase IDO and interferon y 1IFN-}) mineral density only in the oldest populations, and only in male

patients (50).This result is in accordance with studies which
MSCs are multipotent cells which have the ability to indicate that IFNy enhances bone degradation in inflammatory
differentiate into a variety of cell types like osteoblasts,conditionsAs it relates to the risk of hip fractures, there was no
chondrocytes and adipocytes. Besides originating from bonénk between the kynurenine/tryptophan ratio and the risk of hip
marrow MSCs have been isolated from post-natal and fetafractures (50, 51).
tissues. Due to their abilitgySCs are a promising tool which
can be used in regenerative and transplant medicine (10, 12).

What is important is that MSCs have potent KYNURENINE
immunomodulatory functions. MSCs like professional antigen-
presenting cells inhibitT-cell response by IDO-mediated Kynurenine is a compound produced in the first step of

tryptophan degradatioifhese cells inhibiT-cell proliferation =~ TRP degradation through the kynurenine pathwayree

by stopping the cell cycle in the G1 phase. Immunomodulatorgompounds are produced directly from kynurenine.
functions of MSCs also fdct other cell function, for example Kynurenine aminotransferase converts kynurenine into
proliferation of NK and B cells, as well as dendritic cell kynurenic acid (KYNA), kynurenine 3-monoxygenase
maturation (10, 12, 46). IDO expression by MSCs is notconverts kynurenine to 3-hydroxykynurenine (3-HKYN), and
constitutive, but like aforementioned, depends on {FNe kynureninase converts kynurenine to anthranilic acid (AA)
confirm the involvement of IDO in suppressivefeets of  (Fig. 2). Sudies have linked increasing levels of kynurenine
MSCs onT cell, studies with IDO inhibitors were examined. with increasing age (18, 52). Other studies have shown
The result of this was that using IDO inhibitors was linked toheightened levels of kynurenine in disorders like chronic
the prevention of a reduction i cell proliferation. In some kidney disease (53) and rheumatoid arthritis (54). Kynurenine,
works TRP replacement was assessed as a possibility ofs an oxidation product afRP, exhibited the ability to stop
reversion inhibition ofT cell proliferation, but it was not BMMSCs proliferation and osteogenic féifentiation Table 2)
effective (46). This fact suggests that products of the (Fig. 3). Increasing levels of pathogenic kynurenine due to

kynurenine pathway can be involved in this process. aging and the inhibition of anabolic signals leads to the
In regard to boney/idal et al. showed in their work that the development of osteoporosis (18).
addition of INFy accelerated human MSC fdifentiation into Kynurenines other attributes can indicate its role in

osteoblasts in a dose-dependent manner (ER). @). The metabolic bone disease. Kynurenine can act on the aryl
mechanism of action which IFiM-exerted on bone formation hydrocarbon receptor (AhR) (55, 56)d. 3). AhR is the ligand-
consists of IDO-mediated kynurenine pathway activafidns activated transcription factor which belongs to the transcription
is proven by two factsThe first is that blocking IDO leads to factor superfamilyand plays a key role in the modulation of the
the inhibition of osteoblastogenesiEhe second fact is taken immune system. Kynurenine, which is endogenshiR ligand,
from findings from IDO knockout mice, which showed that can augment IgE-mediated mast cell activati@nAhR. These
these mice exhibited osteopenia with an increased number effects are confirmed by data froAhR deficient BMMCs,
osteoclasts and a decreased number of osteobfasibolic which show that potentiation of IgE-mediated mast cell
doses of IFNy activate IDO and'RP degradatiorin vitro and activation was not observed in these cell, and by data from
in vivo. These suggest that IDO plays an important role instudies with AhR antagonist which indicate on inhibiting
osteoblastogenesis and bone formation (12). On the other handiscussed é&écts by AhR antagonist (57)AhR may impact
some studies using mice show that IENin inflammatory  regulatoryT cells and IL-17 producing helper cell equilibrium,
conditions, contributes to enhanced bone degradsgition cell because generation of these cells is controlledH#y (58).As
receptor activator of nuclear factoiB (RANK) signaling. Gao  was pointed earliersuppression of regulator¥ cells is the

et al. proved that in experimental models of postmenopausaputative cause of bone loss in bisphosphonate-associated
osteoporosis, infection induced by bacteria and inflammatiorosteonecrosis of the jaw (49).

preponderated pro-osteoclastogenic properties of IRA7). Other describedhR functions are connected with normal
Likewise, in humans, treatment of osteopetrosis known adone development. Herligt al. usedAhR knockout mice, in
marble bone disease, in which bones become pathologicallwhich alterations in cortical and trabecular bone tissue were
denserIFN-y has been shown to bdeftive in increasing bone observed (59). IiYu et al. findings mice withAhR deletion in
resorption (48)Above and beyond IFN-activity, IDO can  osteoclasts showed an increase in bone mass and decreased bone
wield influence orT cells. Impacts of cell can be achieved by resorption.In vitro, murine cells stopped d#rentiation and
IDO, by inhibiting T cell proliferation or reducing levels of weakened osteoclastogenesis were noticed fg®ther study
TRP, which results in suppression ofcell activity IDO can  with the collagen-induced arthritis model showed #&@R can
affect regulatoryT cells as well. Suppression of these cells isinhibit osteoblast proliferation and tBfentiation via the
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extracellular recepteactivated kinase (ERK) signaling pathway KYNURENIC ACID

which can cause bone erosion in arthridhR-dependent

activation of this signaling pathway can inhibit pre-osteoblast Kynurenic acid (KYNA), a compound which is produced
proliferation and dierentiation too (61)Additionally, AhR from kynurenine with kynurenine aminotransferase, is able to
ligands can déct bones. Dioxins, which can be found among block N-methyl-D-aspartate (NMDA) receptors (52, 55). It has
environmental pollutants, have a higfiiriify to AhR and can  been shown that KYNA, at low concentrations, can impact the
induce osteopenia (56, 59, 60). Exposure to dioxins can result iglycine modulatory site of NMDA-R&Vhen the concentration is
decreased bone mineral density and strength, as well as alteretreased howeveKYNA affects the glutamate site of NMDA-
geometry in bone tissue (59, 60, 62). Bones exposed to 2, 3, Rs (49). Besides this, KYN&an act oro-amino-3-hydroxy-5-
8-tetrachlorodibenzo-p-dioxin (TCDD) were more vulnerable tomethyl-4-isoxazolepropionic acid (AM¥ receptors and is also
micro-cracking (59)The efects of inhibition of dioxin on bone known as a non-competitive antagonist @f7-nicotinic-
formation were achieved by usiAR antagonists (59, 63l acetylocholine receptors{NR). Additionally, another taget for
these findings suggest that treatment WilR antagonists and KYNA is the orphan G-protein-coupled receptor GPR35, which
inhibition of AhR in the osteoclast lineage can bring potentialcan be activated by the discussed compound (52, 5&jieS
benefits in treatment of bone metabolism diseases. Furtheshowed that in patients with inflammatory bowel diseases, the
research linking kynurenindhR and bones is required. number of GPR35 is increased, which can be linked to

Table 2. Effects and mechanism of action of kynurenine derivatives on bone.

Compound Effect Mechanism References
Bone formation Bone resorption
Kynurenine blocking BMMSC | RUNX2-related 18
proliferation and mechanism*; via
osteogenic ERK-pathway*;
differentiation;
Kynurenic blocking antagonist of 52,55, 64
acid differentiation of NMDA-Rs; via
osteoblasts and ERK-pathway*;
RANKL-induced
osteclastogenesis*;
Anthranilic | antioxidant inhibiting 3- 65, 66
acid properties; hydroxyanthranilic
acid oxidase which
converts 3-HAA
into QA with pro-
oxidant properties;
3-hydroxy- | antioxidant pro-oxidant - 52, 65, 66
anthranilic | properties; properties;
acid
3-hydroxy- reducing viability | — 69
kynurenine osteoblast-like
cells;
Picolinic osteogenic potential RUNX2-related 12
acid - recovering the mechanism*;
capacity of BMMSC
obtained
from IDO1—/— mice
to differentiate and
inducing osteoblasts
differentiation;
Quinolinic | osteogenic potential RUNX2-related 12,52,74
acid - recovering the mechanism*;
capacity of BMMSC
obtained
from IDO1—/— mice
to differentiate;
enhancing agonist of NMDA-
RANKL-induced Rs on osteoclast*;
osteclastogenesis*;

*suggested ééct or mechanism, needs further examination; - mechanism is not described;

3-HAA, 3-hydroxyanthranilic acid; BMMSc, bone marrow mesenchymal stem cells; ERK, extracellular signal-regulated kinase;
IDO1, tryptophan 2,3-dioxygenase; NMDA-Rs, N-methyl-D-aspartate receptors; RANKL, receptor activator of nuclear factor kappa-
B ligand; RUNX2, runt-related transcription factor 2; QA, quinolinic acid.
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augmented levels of KYNASS). Levels of KYNAcan be very levels are linked to a higher risk of hip fracture (50, Fhis
different in various diseases. For example, in chronic renasuggests that antioxidant activity of 3-HA%&n be one of the
failure, this level is elevated in hepatic and renal tissue, as well dactors exerting influence on bone metabolic disease.
in the lungs, intestine, and spleen (53). Concentration of KYNA,
considered as an endogenous neuroprotector and compound
having anti-epileptic actions (52, 55), was decreased in the brain 3-HYDROXYKYNURENINE
in Huntingtons disease. In contrast, patients with schizophrenia
were diagnosed with increased levels of KYM/Acerebrospinal 3-hydroxykynurenine (3-HKYN) is formed from kynurenine
fluid (52). Elevation of these levels was also noticed withwith kynurenine-3-monooxygenase. In the next steps, this
progressing age. (55). compound can be converted into aforementioned 3-
Apart from a reduction of fibroblastic growth factband an  hydroxyanthranilic acid or xanthurenic acigid. 2). 3-HKYN
impact on diferent factors (52, 55), KYNAs an antagonist at can produce free radical species, which may result in initiation
glutamate receptors, which was mentioned above (54)of apoptosis (54, 55, 69). 3-HKYN is also known as a
Glutamate receptors are expressed on osteoclast cells, whideuroactive compound, revealing cellular toxicity (52, 55).
suggest that KYNAan influence bone remodeligntagonists  Fatokunet al. showed that 3-HKYN reduced the viability of
of NMDA-Rs can inhibit diferentiation of osteoblasts and osteoblast-like cells (69)¢ble 2).
RANKL-induced osteoclastogenesiglfle 2) (Fig. 3). There is Hordaland HealthtBdy revealed that 3-HKYN is connected
also evidence that activation of NMDA-Rs is connected with thewith a higher risk of hip fractureAdditionally, levels of 3-
ERK signaling pathway (64). Forregtal. measured levels of HKYN were more augmented among women than men in the
KYNA in rheumatoid arthritis and osteoporosis patients, bumiddle-age group of examined patients (50, 51). In another
they did not notice any changes (54, 65). On the other hand, dastudy 3-HKYN had a positive correlation to inflammatory
from Hordaland Health t8dies present a connection between markers (70)The latter connection of 3-HKYN with a higher
KYNA and bone mass density (50). risk of hip fracture tie 3-HKYN to bone metabolic disease.
Moreover levels of 3-HKYN in patients with rheumatoid
arthritis were decreased. Forrestl. suggest that the reduction
ANTHRANILIC ACID of 3-HKYN concentration can be a consequence of the
AND 3-HYDROXYANTHRANILIC ACID conversion into xanthurenic acid by the kynurenine
aminotransferase enzyme (54).
Another compound that is produced from kynurenine, in this
case with kynureninase, is anthranilic acid (AAA can be

converted into 5-hydroxyanthranilic acid or 3-hydroxyanthranilic XANTHURENIC ACID
acid (3-HAA).The latter compound can also be produced by the
conversion of 3-HKYN Fig. 3). Modified levels ofAA and 3- Xanthurenic acid is a compound for which Maligaal.

HAA can be found in various disorders like neurodegenerativgproved ability to induce cell apoptosis connected with nuclear
and psychiatric disorders, as well as in coronary heart diseasBNA cleavage, cytochrome C release and activation of caspase
stroke or osteoporosis. -3, -8 and -9 (71). In patients with rheumatoid arthritis,
In patients with osteoporosis, the concentration of 3-HAAconcentration of this compound was augmented. In patients with
was decreased, but levels/A& were increased when compared osteoporosis howevethe Hordaland Healtht&ly positively
with controls. Darlingtonet al. additionally assessed the 3- linked xanthurenic acid concentration to bone mineral density in
hydroxyanthranilic acid: anthranilic acid ratio (3-HAA:AA), all sex and age groups (50, 58)ese contradictory data indicate
which was reversed in patients with osteoporosis (65, 66). Ithat further investigation about the role of xanthurenic acid in
regard to rheumatoid arthritis, patients fetig from this  bone metabolism is necessary
disease showed decreased levels of 3-H&Avell (54, 65-67).
Besides this, the Iga#t al. study presents data of heightened

levels of AA in synovial fluid from patients with rheumatoid PICOLINIC ACID
arthritis when compared to patients with osteoarthritis (68). In
addition to changes in 3-HAAnd AA levels, high oxidative Picolinic acid (R), an isomer of nicotinic acid, is produced

stress levels were also noticéks is known, 3-HAAexhibits  from  3-hydroxyanthranilic acid trough 2-amino-3-
pro-oxidant and antioxidant activityvhich depends on local carboxymuconate-semialdehyBig. 2). It is considered as an
redox conditions (52, 55, 65Jdble 2). Darlingtonet al. (66) endogenous neuroprotectant with the ability of chelating zinc or
suggests that decreased concentrations of 3-EbAbe one of iron for example, and blocking neurotoxicity caused by QA.
causes of osteoporosis due to ifisignt antioxidant protection. Some studies showed antiviral and apoptotic activity of this
Arguments in favor of this were observed in patients withcompound on HIVL and HSV2 (12, 52).

osteoporosis, in which augmented markers of oxidative stress Vidal et al. assessed activity ofARn relation to boneshey
were noticed (55, 65, 66). 3-HAZan be converted into picolinic treated human MSCs with three fdient doses of & and

acid (RA) and quinolinic acid (QA), which is a neurotoxin with observed that it exerted strong and dose-dependent osteogenic
pro-oxidant propertiesAA can reduce this conversion by effectsin vitro. Additionally, this efect was connected with
inhibiting 3-hydroxyanthranilic acid oxidase (3-HAQRble 2). augmented levels of expression of the osteogenic genes RUNX2
There is a possibility that this action serves to reduce celand osteocalcin in cell§dble 2) (Fig. 3). Data from testing the
toxicity (65, 66).The same studies, which include describedeffect of FA on ex vivo cultures of bone marrow stromal cells
changes in patients with osteoporosis, showed the influence dfom IDO KO mice showed that picolinic acid caused
the treatment on levels of 3-HAEJAA. After an efective two  augmentation in a number of colony-forming units-osteoblasts.
years of therapy with raloxifene or disodium etidronate,What is important, this &fct exceeded the osteogenic upshot of
concentrations of 3-HAAand AA were all consistent with osteoblastogenesis induction medium on bone marrow stromal
control levels (65)These data, along with findings from the cells from wild type miceThese findings, along with the fact
Hordaland Health tBdy, show that 3-HAAis positively  that high doses ofAPare well tolerated, indicate thaARan be
connected with bone mineral density in women and&RAatigh a potential bone anabolic used in osteoporosis treatment (52).



QUINOLINIC ACID

Quinolinic acid (QA), previously mentioned in the context
of its neurotoxicity is another compound produceth the
kynurenine pathwaylt selectively activates NMDA-RsTéble
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cyclic adenosine monophosphate; CREB, 3’-5’-cyclic adenosine
monophosphate response element binding; Gycixlin D;;
ERK, extracellular signal-regulated kinase; FOXO1, forkhead
box protein O1; GDS, gut-derived serotonin; HIRuman
immunodeficiency virus; HS2, herpes simplex virus type 2;

2). This efect, plus the ability to generate ROS, is consideredDO, indoleamine 2, 3-dioxygenase; IFM-interferony; KO,

a foundation of neurotoxic action. Besides QWaving
immunomodulatory activityit has shown that its concentration
increased during immune response. Morepv&A is
associated with neurodegenerative disorders,Alkbeimers
disease, Huntingtos'disease and dementia due to K2, 55,
72, 73).

In view of bone, QAas NMDA-Rs subtype of glutamate

knockout; KYNA, kynurenic acid; LRP5, low-density
lipoprotein receptoerelated protein 5; MIO, male idiopathic
osteoporosis; MSCs, mesenchymal stem cells;, Mlelatonin

receptor 1; M7, melatonin receptor 2; NAD, nicotinamide
adenine dinucleotide; NMDA, N-methyl-D-aspartate; NMDA-
Rs, N-methyl-D-aspartate receptors; OPRP@teoporosis

pseudoglioma syndrome; OVX, ovariectomized rat mod&); P

receptors agonist has possible impact on bone metabolismjcolinic acid; PKA, protein kinasé; PPAR-y, y peroxisome
because of proof about the occurrence of glutamate receptors pnoliferatoractivated receptors; RANK, receptor activator of

osteoclasts and osteoblasts (74). In a studyidal et al.

nuclear factor kappa-B; RANKL, receptor activator of nuclear

osteogenic potential was noticed after treating bone marroviactor kappa-B ligand; ROS, reactive oxygen species; RUNX2,

stromal cells with QATable 2) (Fig. 3). The observed &fct was
weaker however than obtained aftér tReatment (12).

runt-related transcription factor 2; SSRIs, selective serotonin
reuptake inhibitors;TCDD, 2, 3, 7, 8-tetrachlorodibenzo-p-
dioxin; TDO, tryptophan 2, 3-dioxygenasé&ph, tryptophan
hydroxylaseTRR tryptophan; QA, quinolinic acid&y7NR, a-7-

CONCLUSION

In recent years, knowledge about serotaniattion has
increased. Howeverfurther examinations are still required to
define its precise mechanism of action and to evaluate the
potential of inhibiting Tph-1. We believe that blocking this
principal enzyme of GDS synthesis is the right course to
intensify research (33As it was mentioned before, serotonin 1.
exerts two-sided &fct on bone (21), so the next important issue
is the safety of drugs, which interact with the serotonin systen2.
and are currently used in treatment of various disorders (35, 36).

From all TRP metabolites - melatonin is the most widely
used in clinical practice, as it relates to bones. Despite the fact
that data from animal studies are promising (37-39), results fror3.
clinical trials will reveal its real usability in the treatment of bone
disease (38).

Kynurenine derivatives and its influence on bones are still
the least well known from all th&RP metabolic products. 4.
Knowledge about mechanisms underlying its action on bone and
bone cells is very limited and its current level only gives an
indication of its multi-faceted &fct. From investigations of the 5.
kynurenine pathwaywe find extraordinarily interesting areas
regardingAhR receptors and its agonist - KYN, as well &s-P
a compound which is well tolerated even at high doses (52) an@l.
showed osteogenic potential (12).

The discovery of the influence of tryptophanmhetabolic
products on the process of bone remodeling sets ngetsdior
pharmacological studiest a time of dynamically developing
research, special attention should be paid to discover the exact
mechanism of action of melatonin, serotonin and currently no8.
well known kynurenines in the context of bone, bearing in mind
increasing life expectancy and other factors contributing to
development of osteoporosis. Currenthsuficient therapy of
this disease demonstrates the need for a continuation ardd
expansion of studies in this field, which may lead to finding a
new efective therapy and more importantly - a better quality of
life for patients in the future.

7.

Abbreviations: 3-HAA, 3-hydroxyanthranilic acid; 3-HAO,
3-hydroxyanthranilic acid oxidase; 3-HKYN, 3-
hydroxykynurenine; 5-HR, serotonin receptor; 5-HTT 11.
serotonin transporterAA, anthranilic acid; ADRB,, [
adrenegic receptorAhR, aryl hydrocarbon receptdkMPA, a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acidyF4,
activating transcription factor 4; BDS, brain-derived serotonin;
BMMSCs, bone marrow mesenchymal stem cells; cABHB'-

10.

12.

nicotinic-acetylocholine receptors.
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