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The growing interest to metabolites circulating in the blood is associated with the accumulation of factual
material on the involvement of low-molecular compounds in the development of a number of serious
diseases. This review reveals the effect of a whole class of chemical compounds — tryptophan metab-
olites — on various pathological processes. The following keywords were used to find the publications
in the PubMed database for the last 10 years: names of natural indole compounds, methods for their
detection, nosology of diseases and critical illness . The data are presented in sections, with the studies
of tryptophan metabolites in a variety of disease groups, such as cancer, cardiovascular disease, kidney
disease, bowel, mental disorders, atherosclerosis, etc. A particular attention is paid to the role of indole
compounds that enter the systemic circulation as a result of microbial biotransformation of tryptophan,
serotonin and other indole metabolites, which can be attributed to the “common metabolites” of humans
and microbiota. The most interesting clinical studies are summarized in the tables and figures. A number
of indole metabolites are considered as potential biomarkers. The authors of the review substantiate the
metabolomic approach to the study of a number of oncological, septic, mental and other intractable dis-
eases, which opens up new possibilities of influence on the pathological process by targeted regulation
in the metabolome/microbiome system.
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INTRODUCTION

Low molecular weight metabolites are intermediate
and final products of the main metabolic pathways, in-
dicate the degree of gene expression, the functional
activity of cellular enzymes, and other aspects, which
enables to consider them as probable participants
in pathological processes and often as candidate
biomarkers of various conditions. Modern laboratory
technologies have made it possible to establish that a
number of classes of low molecular weight compounds
in human blood are exclusively of microbial origin, that
is, they are products of microbiota metabolism [1], and a
number of other compounds have a common structure
in both humans and bacteria, that is, they are common
metabolites [2]. In a healthy organism, low molecular
weight compounds represented by metabolites of nor-
mal intestinal microflora, are determined in the blood
at relatively stable concentrations, which indicates the
adequacy of biochemical processes aimed at main-
taining homeostasis. Moreover, many metabolites are
directly involved in the mechanisms of human vital ac-
tivity. With an excessive intake of microbial metabolites

from the intestine into the internal environment of the
human body, they are neutralized in the liver with the
formation of sulfates, conjugates, and other water-sol-
uble components for excretion in the urine. In various
diseases, the natural interactions of bacterial metabo-
lites with the human body become distorted, and the
normally harmonious integration of the endogenous
metabolic pathways of an individual and microbiota is
destroyed, which can acquire a pathological pattern in
different organs and systems. Much attention in the lit-
erature is paid to such microbiota metabolites as short
certain fatty acids (SCFA). It has been proven that they
are an important energy substrate for enterocytes, en-
sure the functioning of the local immunological barrier,
prevent the development of inflammation of the intes-
tinal wall, etc. [3]. Microbial metabolites of aromatic
structure, products of microbial biodegradation of the
amino acid tyrosine are significant in the development
of septic shock and multiple organ failure [4].

In a number of diseases, special attention should
be paid to serotonin and other indole metabolites
that have their own biological activity and enter the

92 https://doi.org/10.17816/clinpract19068



REVIEWS

systemic circulation, including as a result of micro-
bial biotransformation of tryptophan and other indole
compounds. Tryptophan is one of the essential amino
acids; the indole ring of tryptophan is synthesized in
nature by microorganisms and plants, and cannot be
synthesized by the human body. Tryptophan enters the
human body with food, therefore it is believed that the
tryptophan content can be regulated by diet [5]. How-
ever, it turned out that it is much more difficult to con-
trol the metabolism of tryptophan and its derivatives.

GENERAL INFORMATION

ON TRYPTOPHAN METABOLISM

Tryptophan plays an important role in human me-
tabolism. Tryptophan derivatives are formed in two
main ways, which can be called indole and kynurenine
(Fig. 1) [6]. The indole pathway of tryptophan conver-
sion (conditionally divided into serotonin and microbial)
leads to the formation of the neurotransmitter serotonin,
the “sleep hormone” melatonin, as well as a number of
other metabolites containing the indole ring, such as
tryptamine, which undergoes further biotransforma-
tion with the formation of indoleacetic, indole propionic
acid, indole, and indoxyl. The kynurenine pathway is
accompanied by destruction of the indole ring of tryp-
tophan and leads to the formation of L-kynurenine, ky-
nurenine and quinolinic acids or the coenzyme nico-

tinamide adenine dinucleotide (NAD+). The formation
of kynurenine consumes most of the incoming tryp-
tophan, and only 5-10% is used for the formation of
serotonin and melatonin [5]. Part of the tryptophan ab-
sorbed with food goes to bacterial degradation (4—-6%),
resulting in the formation of indole acids (for example,
3-indole propionic acid) and indole. As a result of sero-
tonin metabolism, in particular, 5-hydroxyindoleacetic
acid is formed [7].

Despite the growing interest in the clinical signifi-
cance of indole compounds, in the international data-
base of the human metabolome [8], the information on
changes in blood concentrations of certain tryptophan
metabolites in various diseases is rather scarce. The
information is given mainly about schizophrenia and
uremia, which are summarized in Table 1.

The ratio of kynurenine to tryptophan serum levels
enables to assess the production and activity of the
key enzyme indolamine 2,3-dioxygenase. This non-se-
creted intracellular enzyme is capable of inducing tryp-
tophan catabolism with the formation of a number of
products that have a significant effect on the immune
system functions. Changes in the activity of indola-
mine-2,3-dioxygenase can be considered as an infor-
mative biomarker that has prognostic value in assess-
ing the course and outcome for a number of diseases
and conditions, such as sepsis, community-acquired

Fig. 1. Scheme of tryptophan metabolism: (1) tryptophan 5-hydroxylase; (2) tryptophan 2,3-dioxygenase; (3)
aromatic-L-amino acid decarboxylase; (4) indolethylamine N-methyltransferase; (5) kynurenine formamidase;

(6) kynurenine 3-monoxidase;

(7) mitochondrial aldehyde dehydroxylase;

(8) mitochondrial aldehyde

dehydroxylase or aldehyde oxidase; (9) serotonin N-acetyltransferase; (10) acetylserotonin O-methyltransferase

(Cited from [6]).
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Table 1

Concentrations of indole compounds (tryptophan metabolites) in normal conditions and in various
diseases according to the Humane Metabolom Data Base (HMDB) [8]

Indole compounds / Norm,
. Source
tryptophan metabolites blood, yM
54.5+9.7 [9]
Tryptoph

ryptophan 81.3:3.36  [10]
Serotonin 0.85+0.077 [10]
Kvnurenine 1.6+0.1 [12]
¥ 1740121 | [10]
. . 2.85 [13]

Indol t d
ndoleacetic aci 0.05 [4]
Indole-3 propionic acid 0.481 [15]
5-hydroxyindoleacetic acid 0.0516 [16]
Indoxyl sulfate 2.49+1.36 [13]

pneumonia, angina pectoris, acute myocardial infarc-
tion, etc. [17].

Impairment of tryptophan metabolism leads to the
formation of immunoactive kynurenines, which affects
the function of T cells and is associated with the de-
velopment of autoimmune reactions [18]. Not only a
decrease in the tryptophan level can be considered
as the consequences, but also the production of im-
munoactive kynurenines which can act as ligands of
the aryl hydrocarbon receptor [19]. Changes in the lev-
els of metabolites of the kynurenine pathway are asso-
ciated with mental disorders and dysfunctions of the
gastrointestinal tract [20]. Thus, the regulation of the
bioavailability of circulating tryptophan and its metab-
olites may depend on the composition of the intestinal
microbiota, which in turn affects the state of immu-
noreactivity and influences the functioning of various
organs and systems.

Cardiovascular diseases

The effects of serotonin in the body are deter-
mined by its interaction with various types of central
and peripheral 5-hydroxytryptamine receptors (5-HT
receptors). Currently, 7 main types of serotonin recep-
tors and many subtypes have been identified, and the
activation of these receptor structures can cause both
a decrease and an increase in vascular tone, i.e. se-
rotonin is a smooth muscle tone modulator. The sero-
tonergic signaling system is involved in the regulation
of some vital functions of the body and is the target
of many pharmacologically active substances such as
antidepressants, anxiolytics, nootropics, antiemetics,
prokinetics, antimigraine and other groups of drugs.
The possibilities of correcting vascular insufficiency

94

Abnormalities

Di S
Isease in diseases, blood, uM ource
Schizophrenia 101+£4.48 [10]
Epilepsy 37.2 (34.3-40.1) [11]
Schizophrenia 0.61+0.096 [10]
Schizophrenia 2.35+0.162 [10]
Uremia 13.7 [13]
No data - -
Schizophrenia 0.0475 [16]
Uremia 21.11£12.20 [13]

using an analogue of endogenous serotonin, a Russian
pharmacopoeial drug serotonin adipate ester, are be-
ing studied; and its stable normalizing effect on vascu-
lar tone has been demonstrated [21].

The negative effects of serotonin include tachycar-
dia with preceding brief reflex bradycardia, increased
atrial contractility, development of atrial arrhythmias
[22] and pulmonary arterial hypertension through ef-
fects on smooth muscle contractility and vascular re-
modeling [23]. In addition, increased plasma serotonin
levels have been identified in sudden infant death syn-
drome. In serum samples taken from children who died
due to this syndrome (n = 61), serotonin levels were
significantly higher than in other children (n = 15) who
died from other causes (177 and 91 ng/ml, respectively,
p = 0.014). When comparing the same groups of chil-
dren, differences were also revealed in serum concen-
trations of 5-hydroxyindoleacetic acid (70 and 36 ng/
ml, respectively, p = 0.09). The data obtained may have
potential clinical significance, allowing an early assess-
ment of the risk of sudden infant death syndrome [24].

But not only serotonin can be used as a marker
indicating the cardiovascular system condition. The
researchers used potentially temperature-related key
inflammatory pathways measured by the levels of tryp-
tophan, tryptophan catabolites (including kynurenines),
and indolamine-2,3-dioxygenase activity in patients
survived after cardiac arrest. It is known that controlled
hypothermia in such patients improves significantly the
neurological prognosis, but increases the risk of infec-
tious complications. It was noted that a decrease in
serum tryptophan levels and an increase in the activity
of indolamine-2,3-dioxygenase in hypothermia are as-
sociated with an unfavorable outcome, probably due

https://doi.org/10.17816/clinpract19068



REVIEWS

to an increase in sensitivity to infectious complications
and sepsis under the influence of low temperatures,
while in patients with a favorable outcome, a tendency
towards higher values of tryptophan and low activity of
indolamine-2,3-dioxygenase persisted [25].

The levels of tryptophan and indole derivatives also
decrease significantly in cases of complicated ath-
erosclerosis, correlating with the ankle-brachial index
which is an indicator reflecting the state of blood cir-
culation in the lower extremities. An inverse correlation
was revealed with progressive atherosclerosis for in-
dole, indole-3-propionic acid, and indole-3-aldehyde
concentration, while a positive correlation was found
for the ratio of kynurenine to tryptophan. In multivariate
analysis, the kynurenine to tryptophan ratio was sig-
nificantly associated with postoperative cardiac com-
plications [26].

Bowel diseases

A distinctive aspect of metabolomic studies in gas-
troenterology is their focus on microbial metabolites.
It has been revealed that the tryptophan metabolites
3-indoleacetic and indole propionic acids are predom-
inantly of bacterial origin and are present in small con-
centrations not only in the serum, but also in the urine
of healthy people. In patients with ulcerative colitis and
celiac disease, a significant increase in 3-indoleacetic
acid was found in the blood, which may be due to an
increase in the metabolic activity of clostridia in rela-
tion to aromatic amino acids. The authors explain the
revealed increase in 3-indole propionic acid in patients
with celiac disease, compared with patients with ulcer-
ative colitis and healthy volunteers, by a possible differ-
ence in the amount and metabolic activity of Clostrid-
ium sporogenes in patients of these two groups [27].

Another metabolite of the intestinal microbiota
is 5-hydroxyindoleacetic acid (5-HIAA). Elevated
(> 20 uM) urinary 5-HIAA levels are noted in appen-
dicitis and gastroenteritis [28]. In these situations, the
source of 5-HIAA is the vasospastic mediator 5-hy-
droxytryptamine which is released from enterochro-
maffin cells during inflammatory processes and is
metabolized to the final product [29]. Some authors
believe that if the 5-HIAA level is not increased, appen-
dicitis can be ruled out with a high degree of probability
[30]. The level of 5-HIAA has been shown to decrease
in gangrenous appendicitis and in the case of the ap-
pendix perforation [31], while a number of authors note
that a decrease in the concentration of 5-HIAA may be
a warning sign of perforation [32]. However, other au-
thors do not support this idea and believe that the di-

agnostic value in acute appendicitis is not so great, and
cite comparison of 5-HIAA with other blood indicators
of inflammation (the level of leukocytes/neutrophils and
C-reactive protein) [33].

Colorectal and other cancers

In the pathogenesis of oncological diseases, there
are disorders of various metabolic pathways, namely
glycolysis, tricarboxylic acid cycle, urea, arginine, pro-
line, fatty acid metabolism, as well as metabolic disor-
ders associated with intestinal microbiota. When study-
ing the diagnostic significance and correlation with the
diagnosis, blood serum is more often the object of re-
search. For example, in patients diagnosed with a col-
orectal cancer, 249 serum metabolites were analyzed,
and only 72 of them differed significantly when com-
pared with those of healthy volunteers, and 5 of them
were tryptophan metabolites, namely 5-hydroxytryp-
tamine, tryptophan, indoxyl sulfate, indoxyl, N-acet-
yl-5-hydroxytryptamine, and tended to decrease in
concentration compared to healthy subjects [34]. The
subject of research can also be metabolites of other
biological substrates, for example, intestinal contents,
however the authors note that these data are more
difficult to interpret, since the quantitative and qualita-
tive composition of fecal metabolites is more variable
[35]. In urine, the tryptophan metabolite 5-hydroxyin-
doleacetic acid is regarded as a good biomarker for
early diagnostics of small intestine tumors [36]. In col-
orectal cancer, the decrease in indole propionic acid
in the intestinal contents is in a strong correlation with
the growth of actinobacteria in the intestinal microbiota
[37].

Metabolomics analysis can be informative not only
for early diagnostics, but also for monitoring the on-
cological process. Depending on the colorectal cancer
stage, the blood serum levels of metabolites change.
Thus, for benzoic acid, the strongest statistically sig-
nificant inverse correlation with the stage of the dis-
ease was revealed. It was revealed that the level of
3-indoleacetic acid also decreased with the disease
progression [38].

In patients diagnosed with leukoplakia and oral can-
cer, saliva was used as the test material, from which five
prognostically significant metabolites were isolated,
namely c-aminobutyric acid, phenylalanine, valine,
n-eicosanoic and lactic acids. Among the metabolites,
a significant increase in the concentration of 3-indole
propionic acid was noted [39]. Table 2 presents the
changes over time of tryptophan metabolites in can-
cerous diseases.
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Table 2
Changes in tryptophan metabolites in gastrointestinal cancerous diseases.
Substance Diagnosis Change Source

Indoxyl sulfate Colorectal cancer 1
Tryptophan Colorectal cancer 1 134
3-Indole propionic acid Leukoplakia and oral cancer 1 [39]
3-Indoleacetic acid
Tyrosine [38]

Colorectal cancer 1
Tryptophan

3-Indoxyl sulfate

Note. |/t — decrease/increase in the indicator.

Critical conditions, trauma, sepsis

The need to develop an individual approach to the
correction of metabolism leading to more effective
treatment of critically ill patients is being discussed [40].
In patients with community-acquired pneumonia with
an adverse clinical outcome, the ratios of the concen-
trations of tryptophan to serotonin and tryptophan to
kynurenine were studied in correlation with C-reactive
protein, procalcitonin, a simplified scale for assessing
multiple organ failure gSOFA (quick Sequential (Sep-
sis-related) Organ Failure Assessment) and the scale
for assessing the severity of pneumonia, but came to
the conclusion that the data on significance of changes
in indolamine-2,3-dioxygenase is still insufficient for
predicting the outcome [41].

The study of the serum metabolomic profile in trau-
matic brain injury revealed a decrease in the concen-
tration of indole-3-propanoic acid in the blood serum
[42], while the level of another indole derivative of se-
rotonin, namely melatonin, increased in the blood af-
ter traumatic brain injury in children, which is possibly
related to the response to oxidative stress or inflam-
mation caused by trauma [43]. Blood levels of mela-
tonin in subsequently deceased patients with severe
traumatic brain injury were higher than in survivors and
correlated with levels of malondialdehyde (an indica-
tor of lipid peroxidation) and total antioxidant activity
indicating the severity of brain damage [44]. The cor-
relation of increased concentrations of melatonin in the
blood with the mortality rate in septic patients was also
previously established [45]. However, experimental
work on mice has shown that melatonin promotes the
removal of damaged mitochondria using autophagy,
which suppresses traumatic brain injury-induced in-
flammation and weakens the secretion of inflammatory
cytokines [46]. The intake of exogenous melatonin after
traumatic brain injury improved sleep parameters and

96

had no side effects [47]; in patients in the resuscitation
and intensive care unit, it increased the total antioxi-
dant activity of the blood due to its immunomodulatory
and antioxidant properties [48].

Renal dysfunction, uremia

Colonic microorganisms produce compounds that
are normally excreted by the kidneys. Dysfunction of
the kidneys leads to the accumulation of certain com-
pounds in the patient’s body, which have a toxic effect
on vital organs; therefore, they are often called po-
tential uremic toxins [49]. Uremic toxins include phe-
nylacetyl-1-glutamine, 5-hydroxyindole, indoxyl glu-
curonide, p-cresol sulfate, and indoxyl sulfate. Some
of them, such as indoxyl sulfate, p-cresyl sulfate, and
trimethylamine-N-oxide, are involved in the destruction
of the intestinal epithelial barrier, thereby facilitating the
entry of toxins into the bloodstream. Part of tryptophan
under the action of tryptophanase, an enzyme of the
intestinal microbiota, in particular Escherichia coli,
is converted into indole. Further, part of the indole is
removed along with the feces, and part is absorbed
and enters the liver through the blood flow, where, after
oxidation and sulfatation, converts into indoxyl sulfate.
In chronic kidney disease, the concentration of indoxyl
sulfate in the blood gradually increases [50]. The entry
of uremic toxins into the bloodstream affects the state
of the cardiovascular system. Thus, in cardiovascular
diseases, an increase in the blood concentration of
3-indoleacetic acid above 3.73 pM/I correlates with a
higher mortality rate [51]. In an experiment on rats, it
was revealed that indole and indoxyl cause significant
hemodynamic changes, the effect of which is leveled
through the central and peripheral mechanisms with
the participation of serotonin receptors [52].

One of the main methods of combating chronic
renal failure is hemodialysis to reduce the amount of
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toxins in the blood. To assess the efficiency, a metab-
olomic analysis of serum is performed before and after
the hemodialysis procedure, with assessment of the
content of such uremic toxins as indoxyl sulfate, 3-in-
doleacetic acid, and hippuric acid [53].

Diseases of the central nervous system

and depressive disorders

The metabolic activity of the intestinal microbiome
can influence the development of depressive disorder
[54]. The effect of tryptophan metabolites on human
mental health can be assessed by laboratory meth-
ods by their level in the urine of patients. For example,
severe depressive disorder is characterized by de-
creased levels of trimethylamine oxide, indoxyl sulfate,
m-hydroxyphenyl acetate, 3-hydroxyphenylacetic acid,
as well as increased levels of p-hydroxyphenyl acetate,
isobutyrate, palmitic acid, lactate, and glycine. In mod-
erate depressive disorder, only two compounds have
been found, isobutyrate and trimethylamine oxide. In
schizophrenia, a kynurenine pathway disorder of tryp-
tophan metabolism is registered. namely a decrease
in the concentration of kynurenine acid is noted in the
blood plasma, and after therapy, its level is normal-
ized [55]. To assess the probability of acute cerebral
dysfunction, the evaluation of prognostic potential
of plasma serotonin concentration or acetylcholin-
esterase activity upon admission to the intensive care
unit is indicated [56]. A decrease in the concentration
of platelet serotonin is a differential sign of schizophre-
nia with symptoms of depression [57]. In women with
postpartum depression, a decrease in the level of neu-
rotransmitters (serotonin, dopamine, norepinephrine) is
noted, but, according to the authors, the development
of depression in these patients may be due to other
causes not associated with childbirth [58].

In patients with multiple sclerosis, molecular mech-
anisms have been identified, through which the micro-
biota regulates the immune response, namely, tryp-
tophan is metabolized by the intestinal microbiota into
agonists of the aromatic hydrocarbon receptor, which
influence astrocytes and limit inflammation in the cen-
tral nervous system [59].

INFLUENCE OF MICROBIOTA

ON INTESTINAL PERMEABILITY

It is noteworthy that the biodegradation products of
the aromatic amino acids tyrosine, phenylalanine, and
tryptophan regulate directly the degree of intestinal
permeability. In particular, indole propionic acid, a met-
abolic product of Clostridium sporogenes, increases

the permeability of the intestinal barrier in case of a de-
crease in concentration in the systemic circulation, with
subsequent disorders in the human immune system [1,
60]. However, even an acute shortage of tryptophan it-
self does not impair intestinal permeability and does
not affect significantly the levels of metabolites in the
blood [61].

Correction of the metabolic activity of the intestinal
microbiota is proposed to be used to restore mental
health. The term “psychobiotics” appeared not so long
ago, and distinguishes a group of probiotics that have
the ability to correct mental state [62]. A number of ex-
perimental studies demonstrate the efficiency of taking
various strains of microorganisms (Lactobacillus hel-
veticus, Lactobacillus casei, Bifidobacterium longum,
etc.) to reduce stress, anxiety, and improve the emo-
tional state [63]. Major placebo-controlled studies are
required to assess the psychobiotic potential of various
strains, as well as their efficacy and safety in humans.

The aryl hydrocarbon receptor (AHR) is a major
regulator of immune function in the gastrointestinal
tract. The resident microbiota is able to influence the
AHR-dependent signaling pathways through the pro-
duction of a variety of biologically active molecules that
act as agonists of the aryl hydrocarbon receptor, such
as indole or indole-3-aldehyde [64]. Indole-pyrorace-
mic acid is considered a precursor of indole-3-acetal-
dehyde, indole-3-aldehyde, and indole-3-acetic acid,
agonists of the aryl hydrocarbon receptor. The ability
of this acid to reduce inflammation by activating the
work of the AHR receptor has been demonstrated in a
mouse model of colitis [65]. In chronic kidney disease,
uremic toxins indoxyl sulfate (IS) and indole-3-acetic
acid of microbial origin may be involved in the inflam-
matory signaling pathway [66]. Thus, indoleacetic acid
affects the function of the aryl carbon receptor, which
leads to the expression of tissue factor in endothelial
cells and increases the risk of thrombosis [67].

METHODS FOR DETERMINING INDOLE

COMPOUNDS

The main methods of metabolic screening analysis
are gas chromatography-mass spectrometry and liquid
chromatography-mass spectrometry [68, 69]; nuclear
magnetic resonance spectroscopy and other analytical
methods are also used [70]. Methods of sample prepa-
ration for analysis play an important role in the interpre-
tation of the results [71-74]. The components analyzed
are extracted by the method of liquid-liquid extraction
using diethyl ether or by the method of solid-phase ex-
traction [75, 76].
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Fig. 2. The main changes characteristic of tryptophan and its metabolites in severe diseases and critical

conditions.
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Mass spectrometry techniques are not widely used
in clinical laboratory practice. A number of indole com-
pounds (serotonin, melatonin, 5-hydroxyindoleacetic
acid, trimethylamine oxide) can be determined by en-
zyme-linked immunosorbent assay, however, to date,
the test systems are generally validated only for scien-
tific research.

CONCLUSION

Thus, a number of indole compounds are found in
the systemic circulation, which are significant in the
pathogenesis and diagnostics of a number of diseases.
The main regularities of changes in the blood levels of
indole compounds presented in the review are sum-
marized in Fig. 2. It is important that most of them are
metabolites of the microbiota. Purposeful regulation
in the metabolome/microbiome system opens up new
perspectives for therapeutic effects on the pathologi-
cal process through the human microbiota. Until now,
the evidence base is not so great, and research in this
field continues and opens up a huge space for further
scientific research.
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