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ABSTRACT. The analysis of the peculiarities of tryptophan metabolism in children suffering from celiac disease is
presented. Tryptophan is one of the eight essential amino acids that are not produced in the human body, and their
intake from food is necessary for protein synthesis and cell proliferation, including cells of the immune system.
Tryptophan is metabolized by the human body to a large number of different signaling molecules and it occurs in
three ways: indole, serotonin, kynurenine pathways. Tryptophan metabolism catabolites play a signaling role in the
human body and in the intestinal microbial community. It is noted that tryptophan and its metabolites play a key
role in suppressing inflammation and maintaining the integrity of the intestinal barrier. Tryptophan metabolites,
especially kynurenine, also contribute significantly to immune regulation. In turn, a decrease in tryptophan intake in
the body can affect the psychological state of patients with celiac disease through the serotonin pathway of amino
acid metabolism, causing the development of depression and anxiety. Therefore, changes in tryptophan metabolism
may potentially underlie the impaired immune response in celiac disease, affecting both the development of the
disease and the persistence of symptoms, despite following a gluten-free diet.
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PE3IOME. lMpepcTaBneH aHanus ocobeHHocTeln MeTabonnama TpuntodaHa y AeTei, CTpafatoLnx Lenuakumei.
TpuntodaH ABNAETCH OAHON U3 BOCbMU HE3aMEHUMbIX (3CCEHLNaNbHbIX) aMUHOKUCNOT, KOTOPbIE He Bblpa-
0aTbIBAOTCA B OPraHU3me YesioBeKa, U UX NOCTYMJIEHWE C NULLeli Heo6X0AMMO ANS CMHTe3a 6enika, nponude-
pauun KNeTok, BKNYas KNETKM UMMYHHOI cucTeMbl. TpuntodaH MeTabonusupyeTcs opraHu3MoM YenoBeka
[0 60NbLIOr0 KONIMYECTBA PA3NMYHbIX CUTHANbHbIX MOMEKYN, U NPOMCXOAMUT 3TO TPEMSA NYTAMM: UHAOMbHbI,
CEPOTOHUHOBDI, KWHYPEHUHOBDIW NyTW. KaTa6onuTbl TpunTohaHOBOro 06MeHa UrpatoT CUrHanbHy ponb B
OpraHu3me yenoBeka U B MMKPOGHOM cO06LLeCTBe KuwweyHnka. OTMEeYeHO, YTo TpMNTodaH 1 ero MeTabonuThl
UrpatoT KYeBYHO PONb B NOJABNEHUN BOCNANEHNA U NOAAEPXKAHWN LLeNOCTHOCTM KU eyHoro 6apbepa. Takxe
MeTabonuTbl TpUnTodaHa, 0CO6EHHO KMHYPEHWH, BHOCAT 3HAUUTENbHbIA BKNaZ B UMMYHHYIO perynsauuto. B ceoro
ouyepefb, CHUKEHMe NOCTYNNeHNs TpuntodaHa B OpraHn3M MOXET BANATb HA NCUXONOrMYecKoe COCTOSHME NaLu-
EHTOB C LiefInakneii Yepes CEpOTOHUHOBLIN MNyTb MeTab6011M3Ma aMUHOKUCIIOThI, Bbi3biBasi pa3BUTUE Lenpeccuu
n TpeBoru. CnegoBatenbHo, U3MeHeHUs MeTabonmama TpuntopaHa NOTEHLNUANbHO MOTYT NieXaTb B OCHOBE
HapyLWeHHOro UMMYHHOIO OTBETA MPU LiefiMakuu, BNUASA KaK Ha pa3BUTue 3a60NeBaHNs, TaK U Ha COXPaHeHne
CUMNTOMOB, HECMOTPSA Ha cobntogeHne 6e3rNoTEHOBO ANETbI.
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INTRODUCTION

Celiac disease is a chronic autoimmune ente-
ropathy caused by gluten intolerance in patients
with the HLA-DQ2 or HLA-DQ8 haplotypes [1, 2].
The disease is characterized by gastrointestinal
symptoms (abdominal bloating, diarrhea), as well
as involvement of other organs and systemic dis-
orders such as osteoporosis, infertility, anemia,
depression, skin lesions, and neurological disor-
ders [3]. Currently, the only effective treatment
for celiac disease is the complete elimination
of gluten from the diet. A gluten-free diet (GFD)
can lead to regression of clinical symptoms and
serological and histological remission in most
patients [1]. However, adhering to strict dietary
restrictions is a challenge for some patients due
to the limited availability and high cost of glu-
ten-free products, as well as their taste charac-
teristics, which reduces the effectiveness of the
GFD [4, 5]. In addition, a patient’s self-imposed
adherence to dietary restrictions without prior
consultation with a dietitian may lead to a reduc-
tion in several important nutrients [1, 3].

Essential amino acids play a crucial role in
immune system function, maintaining intestinal
integrity, and regulating metabolism. Insufficient
absorption of these amino acids during an inflam-
matory process in the intestine, as well as ad-
herence to strict dietary restrictions in GFD, may
play a role in the pathogenesis of the disease.
Moreover, changes in the amino acid composi-
tion of plasma and feces correlate with disease
progression [6, 7].

The gastrointestinal tract (GIT) is the first to
come into contact with antigens entering our
body along with food. Furthermore, the GIT ini-
tiates the processes of nutrient metabolism with
the participation of the gut microbiota. The in-
testinal immune system, together with the mu-
cosal epithelium, provides a protective barrier
that prevents toxins and antigens from entering
the systemic circulation and causing damage
[8]. The nature of the immune response to anti-
gens derived from food or produced as a result
of nutrient metabolism is largely determined by
the phenotype of intestinal dendritic cells and
their degree of maturation, which is shaped by
their interaction with regulatory T cells (Treg) [9,
10]. Dendritic cells are distributed throughout
the intestine, in addition to mesenteric lymph
nodes, lymphoid follicles, and Peyer’s patches.
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The function of dendritic cells is to take up an-
tigens for subsequent presentation to naive T
cells. Based on their functional activity, dendrit-
ic cells are classified as immunogenic and tole-
rogenic. The former activates T-cell immunity,
while the latter participate in inducing tolerance
in peripheral T cells [11]. The primary function
of Tregs is to control the intensity and duration
of the immune response by regulating the func-
tion of T-effector cells (T-helpers and T-killers)
[12]. To suppress the immune response, Tregs
secrete transforming growth factor B, interleu-
kins (IL) 10 and 35. Additionally, Tregs express
cytotoxic T-lymphocyte glycoprotein 4 (CTLA-4),
that is a membrane protein that serves as a cell
receptor of the immunoglobulin superfamily and
inhibits T-cell activation by binding to B7 ligands
(CD80/CD86) on the surface of dendritic cells. It
has been suggested that tryptophan catabolism
is an important factor influencing Treg function
[9]. Furthermore, it has been established that low
concentrations of this amino acid limit T-cell pro-
liferation while simultaneously increasing Treg
production [13]. In turn, tryptophan catabolism is
limited by the cytosolic heme protein indoleamine
2,3-dioxygenase (ID0). This enzyme participates
in inhibiting the immune response, preventing a
potential exacerbation of inflammatory reactions
and inducing antigen tolerance [14].

The aim of this review was to analyze data in
the latest literature devoted to tryptophan meta-
bolism in patients with celiac disease.

MECHANISMS OF TRYPTOPHAN
METABOLISM IN HUMANS

Tryptophan is one of the eight essential ami-
no acids that cannot be produced. Their intake
through food is necessary for protein synthesis
and cell proliferation, including immune system
cells. Catabolites of tryptophan metabolism play
a signaling role in the human body and in the gut
microbiome. Receptors and signaling pathways
for so-called tryptophan signaling molecules
(TSMs), their cellular targets, and their physio-
logical and metabolic effects are currently being
actively studied. It has been established that vir-
tually all catabolites of tryptophan metabolism
are signaling molecules. Many of them exert their
signaling role through aryl hydrocarbon recep-
tors (AhR). The dominant pathway of tryptophan
metabolism is the kynurenine pathway, which is
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the source of universal signaling molecules: ky-
nurenine, quinolinic acid, and kynurenic acid. The
indole pathway of tryptophan catabolism is the
primary for microbes, with the exception of indole
formation reactions in immune cells. It serves as a
source of interkingdom and interspecies signaling
molecules such as indole and its derivatives: in-
dole-3-pyruvate, indole-3-lactate, indole-3-acetate,
indole-3-propionate, indole-3-acrylate, indole-3-bu-
tyrate, and indole-3-acetaldehyde. Serotonin and
melatonin are also universal signaling molecules
and have been extensively studied in various di-
seases of the nervous system [15]. A decrease in
tryptophan concentration in biological fluids will
affect cellular functions and the state of homeo-
stasis. Various factors can influence tryptophan
bioavailability, ranging from the composition of
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the gut microbiome to systemic inflammatory sig-
nals. Gut microorganisms can absorb tryptophan
themselves and thus limit its availability to the
host organism. Formed metabolites exert a local
effect on both the microbiome and the host's cells.
Tryptophan can also be formed through microbial
synthesis and recycling of other amino acids re-
sulting from peptide breakdown [16]. This amino
acid is found in bread, chocolate, cheese, cottage
cheese, yogurt, oatmeal, peanuts, bananas, beans,
milk, fish, turkey, chicken, and dried prunes, and in
small amounts in corn [17]. Consequently, a strict
restrictive gluten-free diet, impaired absorption,
as well as prolonged stress which contributes to
elevated cortisol levels that compete with trypto-
phan in celiac disease, can lead to a reduction in
tryptophan intake in the patient.

{ Bocnanenue
d Inflammation nnK
T IPC
J lMpoBoCcnaAUTEABHbIX
LMTOKMHOB MAK P
N Proinflammatory < IAC
cytokines
MK B
0 bapbepHoi dyHKLMK IMC
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7T Barrier function
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Fig. 1. The main pathways and effects of tryptophan metabolism: GIT — gastrointestinal tract; IA — indole-3-aldehyde;
IAC — indoleacrylic acid; IDO — indoleamine-2,3-dioxygenase; IMC — indolelactic acid; IPC — indolepropionic acid; IAA —
indole-3-acetic acid; NAD+ — nicotinamide adenine dinucleotide; Treg — regulatory T cells (borrowed from [20], with

modifications)

Puc. 1. OcHoBHble NyTH 1 3ddekTbl MeTaboanama TpuntodaHa: XXKT — XeAyAOUHO-KULEYHbIN TpakT; MA — MHAOA-3-
anbpervp; MAK — nHponakpunoBas kucnota; MAO — mHAONAMKH-2,3-AnoKeureHasa; UMK — MHAOAMOAOYHAA KUCAOTA;
MK — nHaoanponuoHoBas kucnota; MYK — nHAoA-3-ykeycHas knucnota; HAA+ — HUKOTUHaMUAGAEHUHANHYKAEOTHA; Treg —
PEeryAsTopHble T-KAETKM (3anuMCTBOBaHO U3 [20], C UISMEHEHUAMM)
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Tryptophan is metabolized into a large number
of different signaling molecules [18, 19], and this
occurs via three pathways (Fig. 1).

INDOLE PATHWAY

The indole metabolic pathway involves the gut
microbiota, which converts tryptophan into indole
and its derivatives, which in turn act as ligands
for aryl hydrocarbon receptors (AhR) [20]. Indole
is the most common microbial indole catabolite
of tryptophan and is synthesized by Proteus vulga-
ris, Bacteroides thetaiotaomicron, and Escherichia
coli [15, 17, 21]. Clostridium sporogenes converts
tryptophan into tryptamine, indole-lactic acid
(ILA), and indolepropionic acid (IPA). ILA is also
produced by Bifidobacterium spp. and Rumino-
coccus gnavus [20, 22]. IPA contributes to the ex-
pression of tight junction proteins, zonulin-1 and
occludin, maintaining the integrity of the intestinal
epithelium, which reduces the entry of bacterial
lipopolysaccharides into the bloodstream [20].
Peptostreptococcus spp. metabolize tryptophan
into indole-acrylic acid (lIAcrA), which also im-
proves the intestinal barrier function and reduces
inflammatory responses of immune cells. M. Wlo-
darska et al. found that treatment of mouse bone
marrow macrophages stimulated by bacterial Ii-
popolysaccharide with IAcrA resulted in increased
anti-inflammatory cytokine IL-10, accompanied by
a decrease in IL-1B and IL-6 [23]. Some members
of Bacteroides spp. and Clostridium spp. produce
ILA and indole-3-acetic acid (IAA), which is de-
carboxylated to form skatole. Lactobacillus spp.
metabolize tryptophan into indole-3-aldehyde (IA)
and ILA [20].

Indole has a beneficial effect on intestinal mu-
cosal cells, increasing the expression of genes
involved in maintaining the intestinal barrier func-
tion, and also inhibits inflammatory processes
[24]. In addition, indole stimulates the secretion
of glucagon-like peptide 1 by enteroendocrine
cells, suppressing gastric secretion and peristal-
sis, which creates a feeling of satiety [25].

The AhR (aryl hydrocarbon receptor) signaling
pathway is activated, serving as a key system
of cellular regulation. Inactive AhR in the cyto-
plasm can bind various ligands and translocate
to the nucleus, activating genes responsible for
xenobiotic metabolism, immunity, and mainte-
nance of barrier function, which is essential for
regulating immune mechanisms, regeneration,
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growth, and differentiation of immunocompe-
tent cells. Impaired activation of this pathway
underlies the pathogenesis of certain metabolic
diseases as well as malignant neoplasms [26].
AhR ligands include not only indoles but also
flavonoids, polyphenols, and other compounds
involved in maintaining the integrity of the intes-
tinal barrier [27]. Activation of AhR by indole and
its derivatives, such as the tryptophan metabo-
lite tryptamine, regulates intestinal motility [26].
In addition, tryptamine interacts with IDO and
AhR, participating in immunological control and
reducing the expression of pro-inflammatory cy-
tokines, normalizing the expression of the epithe-
lial tight junction protein zonulin-1, which leads
to improved barrier function of the intestinal wall
and reduced inflammation [25]. Furthermore, AhR
expression by intestinal mucosal cells decreases
during periods of celiac disease exacerbation.
However, interaction between the intestinal mi-
crobiota and AhR in patients with celiac disease
remains not fully established [28].

SEROTONIN PATHWAY

The gut-brain axis is a bidirectional system of
communication, linking the brain’s emotional and
cognitive centers with the peripheral functioning
of the digestive tract. It is becoming increasingly
evident that the gut microbiota influences behav-
ior, as do tryptophan and serotonin, suggesting
that changes in the gut may play a significant
role in the pathophysiology of human central
nervous system (CNS) disorders [29]. It is known
that more than 90% of serotonin is synthesized
in the enterochromaffin cells of the intestine and
in the brain. There, through a series of chemical
reactions, 5-hydroxylation and decarboxylation by
tryptophan decarboxylase in the presence of iron
ions and the pteridine cofactor, tryptophan is con-
verted into serotonin and 5-hydroxyindoleacetic
acid [17]. Serotonin (5-hydroxytryptamine) is a key
regulator of adaptive responses to environmental
factors, as well as states and changes in the cen-
tral nervous system, including mood, libido, cog-
nitive abilities, aggression, anxiety, nociception,
body temperature, and eating behavior. Up to 3%
of dietary tryptophan is used for serotonin synthe-
sis. The blood-brain barrier is considered imper-
meable to serotonin, and its primary function is to
regulate inflammatory and immune processes in
the gastrointestinal tract [17, 30].
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The gut microbiota controls the serotonin
pathway of tryptophan metabolism by synthesi-
zing deoxycholic acid, a stimulator of serotonin
synthesis [31]. Since Escherichia, Streptococcus,
Enterococcus, Pseudomonas, and Candida are
capable of synthesizing serotonin, it can be as-
sumed that modulating the gut microbiota may be
effective for normalizing the levels of this bioge-
nic amine [17].

K.Z. Sanidad found that serotonin signals
T cells to increase intracellular IA levels and sup-
press mTOR activation, thereby promoting Treg
differentiation both ex vivo and in vivo in the in-
testines of newborn mice. Oral administration of
serotonin to newborn mice led to the formation of
long-term antigen-specific immune tolerance, me-
diated by T cells, to both food antigens and com-
mensal bacteria [30].

THE KYNURENINE PATHWAY

More than 90% of all tryptophan in the body
is metabolized in the liver via the kynurenine
pathway, forming nicotinic acid via kynurenine
with the participation of IDO. This enzyme is
expressed throughout the human body depen-
ding on the concentration of pro-inflammatory
cytokines, primarily interferon y. However, its
maximum expression is found in the brain, gas-
trointestinal tract, and liver [16]. Through the ca-
tabolic products of IDO, kinurenines, tryptophan
suppresses immune processes by modulating
the activity of T-effector cells and stimulating
the proliferation of Tregs, thereby inducing im-
munological tolerance [32]. In addition, trypto-
phan participates in regulating neuronal func-
tions and maintaining intestinal homeostasis
via the kynurenine pathway [15, 17]. Kynurenine
is considered a signaling molecule that exerts
effects via AhR. It can also be metabolized into
signaling molecules that regulate inflammation
and promote increased immunological tolerance
[33]. Creating a local or systemic environment
with high kynurenine levels and low tryptophan
levels alters the function of surrounding cells.
T-lymphocytes are also susceptible to these
changes, as tryptophan exerts immunomodula-
tory and immunosuppressive effects on T-cells,
regulating their activation and function, including
the induction of tolerance via the AhR receptor.
Tryptophan also influences the differentiation of
T-regulatory cells, which is important in the con-
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text of inflammation, autoimmune diseases, and
neuroimmune processes [15]. Tryptophan cata-
bolism occurs in inflamed tissue areas, reducing
their damage [34]. Pro-inflammatory cytokines
shift tryptophan metabolism toward kynurenine
formation [34, 35].

It is believed that tryptophan catabolism via
the kynurenine pathway is one of the mechanisms
that ensures tolerance of the human immune sys-
tem. The breakdown of tryptophan reduces the
levels and availability of this amino acid, thereby
suppressing T-cell proliferation. In addition, pro-
ducts of tryptophan catabolism, such as kynure-
nine, 3-hydroxykinurenine, and 3-hydroxyanthra-
nilate, inhibit T-cell proliferation, possibly through
apoptotic mechanisms [36].

A high nicotinamide content in the diet likely
deactivates the mechanism that halts the body's
production of nicotinamide from tryptophan via
kynurenine and causes immune intolerance, in-
cluding in the fetus, and infertility. It is hypothe-
sized that the decline in birth rates in certain re-
gions may be associated with the consumption of
meat low in tryptophan [37].

TRYPTOPHAN INFLUENCES
IMMUNO-INFLAMMATORY PROCESS

The described functions of tryptophan enable
control of immune and inflammatory reactions in
the gut by altering its concentration and inducing
its biologically active metabolites. Enzymes that
limit the rate of amino acid metabolism play an
important role in each of its degradation path-
ways. The role of certain amino acids and vita-
mins in modulating the immune response and
inflammatory reactions in immunopathological
diseases of the gastrointestinal tract has now
been established [7, 12]. For example, changes
in the metabolism of essential amino acids have
been identified in patients with celiac disease,
which may result from a combination of genetic
predisposition, dietary changes, and the activity
of the gut microbiota [38, 39]. The gut microbi-
ome participates in requlating the production of
tryptophan-derived bioactive metabolites, utili-
zing both dietary and microorganism-synthesized
amino acids [31].

Tryptophan metabolism can potentially influ-
ence an immune response in several ways. First,
the conversion of tryptophan to kynurenine via IDO
can lead to local depletion of the amino acid, which
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inhibits the proliferation of T cells, which are key
players in the immune response. Second, certain
tryptophan metabolites formed via the kynurenine
pathway promote the production of Tregs, which
perform an important role in maintaining immune
tolerance [7].

TRYPTOPHAN DEFICIENCY
AND CELIAC DISEASE

Adherence to a strict gluten-free diet by pa-
tients with celiac disease can lead to reduced
tryptophan intake, which alters amino acid meta-
bolism and may potentially exacerbate inflamma-
tory processes in patients with celiac disease [40].

Thus, according to N. Van Hees et al., long-
term adherence to a gluten-free diet led to re-
duced plant protein intake in patients with celi-
ac disease. The blood levels of essential amino
acids, including tryptophan, were lower in these
patients compared to those who did not follow any
dietary restrictions [41]. A study by V. Lamas et al.
found that patients with celiac disease experience
a decrease in AhR ligand concentrations during
disease exacerbation, which reduces the activity
of this signaling pathway [42]. S. Nikolaus et al.
reported that serum tryptophan concentrations in
patients with inflammatory bowel diseases were
significantly lower than in the control group. The
lowest tryptophan concentrations were observed
in patients with Crohn’s disease. Analysis of tryp-
tophan metabolite concentrations reveals high
degradation activity in patients with inflamma-
tory bowel disease, suggesting that tryptophan
deficiency may contribute to the development or
exacerbation of the disease. S. Nikolaus et al.
conclude that the administration of high doses of
tryptophan metabolites (nicotinamide, 1A) as die-
tary supplements may alter the state of the gut mi-
crobiome, thereby enhancing the anti-inflammato-
ry effect of tryptophan [43].

A study by F. Asgari showed that gliadin en-
hances the expression of maturation markers
such as CD83, CD86, and HLA-DR, and promotes
the secretion of tumor necrosis factor-a and IL-12
in dendritic cells. Vitamin A, tryptophan, and their
metabolites increase the expression of CD103
while simultaneously limiting the expression of
HLA-DR, CD83, and CD86. They also enhance the
expression of RALDH2 and IDO and promote the
secretion of TGF-B (transforming growth factor )
and IL-10, while simultaneously limiting the secre-
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tion of IL-12 and TNF-a (tumor necrosis factor a).
The data obtained indicate that vitamin A and tryp-
tophan have a beneficial effect on the course of
celiac disease, highlighting their potential as the-
rapeutic agents for this condition [12].

Given that tryptophan is a precursor of sero-
tonin, a neurotransmitter that plays a key role in
mood regulation, its reduced consumption may
lead to the onset of depressive symptoms in pa-
tients with celiac disease [44].

CONCLUSION

Tryptophan metabolism plays an important
role in maintaining physiological processes in the
gastrointestinal tract. Tryptophan derivatives pro-
duced via the indole pathway have a significant ef-
fect on the integrity and function of the intestinal
barrier, increasing the expression of tight junction
proteins and reducing inflammation. The conver-
sion of tryptophan to kynurenine via IDO can lead
to local depletion of the amino acid, which inhibits
the proliferation of T cells, key participants in the
immune response in celiac disease (see Fig. 1).
In addition, certain metabolites formed via the
kynurenine pathway promote the generation of
Tregs, which play a crucial role in maintaining im-
mune tolerance. A strict gluten-free diet may lead
to reduced consumption of tryptophan-rich foods.
In turn, decreased dietary tryptophan intake and
disturbances in its metabolism may potentially
influence the immune response in celiac disease.
These factors contribute to the pathogenesis of
the disease and the persistence of clinical symp-
toms despite adherence to a gluten-free diet.
Dietary adjustments and increased consumption
of tryptophan-rich foods, on the one hand, and
modulation of the gut microbiota to normalize the
metabolism of this amino acid, on the other, may
represent promising therapeutic strategies for pa-
tients with inflammatory bowel diseases.
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